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Abstract. Restraint water‑immersion stress (RWIS) can induce 
a gastric mucosal lesions within a few hours. The medial 
prefrontal cortex (mPFC) is involved in the RWIS process. 
The present study investigated the modulatory effects and 
molecular mechanisms of the mPFC on gastric function under 
an RWIS state. Male Wistar rats were divided into four groups; 
namely, the control, RWIS 4 h (RWIS for 4 h only), sham‑oper-
ated and bilateral‑lesioned (bilateral‑lesioned mPFC) groups. 
The gastric erosion index (EI) and gastric motility (GM) were 
determined, and the proteomic profiles of the mPFC were 
assessed by isobaric tags for relative and absolute quantitation 
(iTRAQ) coupled with two‑dimensional liquid chromatog-
raphy and tandem mass spectrometry. Additionally, iTRAQ 
results were verified by western blot analysis. Compared 
with the RWIS 4 h group and the sham‑control group, the 
bilateral‑lesioned group exhibited a significantly lower EI 
(P<0.01). In the bilateral‑lesioned group, RWIS led to a signifi-
cant decrease in EI and GM. When comparing the control and 
RWIS 4 h groups, 129 dysregulated proteins were identified, of 
which 88 were upregulated and 41 were downregulated. Gene 
Ontology functional analysis demonstrated that 29 dysregu-
lated proteins, including postsynaptic density protein 95, were 
directly associated with axon morphology, axon growth and 
synaptic plasticity. Ingenuity pathway analysis revealed that 
the dysregulated proteins were mainly involved in neurological 
disease signaling pathways, including the NF‑κB and ERK 
signaling pathways. These data indicated that the presence of 
the mPFC exacerbates gastric mucosal injury in awake rats 
during RWIS. Although the quantitative proteomic analysis 
elucidated the nervous system molecular targets associated 

with the production of gastric mucosal lesions, such as the role 
of PSD95. The underlying molecular mechanisms of synaptic 
plasticity need to be further elucidated.

Introduction

Stress‑induced gastric mucosal lesion (SGML) is one of the 
most common visceral complications following trauma. 
Restraint water‑immersion stress (RWIS) is a type of 
heavy‑duty compound stress, including physiological stress 
(e.g. hunger, restraint and cold water) and psychological stress 
(e.g. anger, conditioned fear and anxiety), that can cause 
serious gastrointestinal dysfunction, and has been widely used 
to study the pathogenesis of SGML to identify medications 
that can cure SGML (1‑6). Previous studies have demonstrated 
that hyperfunction of the parasympathetic nervous system 
contributes to the peripheral mechanisms of gastrointestinal 
dysfunction induced by RWIS (3‑8). Concerning the central 
mechanisms of this dysfunction, the medulla gastrointestinal 
centers (primary central regions) and the hypothalamus 
(a higher‑level central region) are known to be involved in 
these physiological processes (9‑15). However, little is known 
regarding the roles of the cerebral cortex (the highest‑level 
central region) in this process.

The medial prefrontal cortex (mPFC) comprises the 
infralimbic cortex (IL) and prelimbic cortex (PL). The PL has 
been implicated in various cognitive, emotional and executive 
functions, and thus is considered the ‘cognitive‑emotional 
cortex’  (16). The IL exerts a pronounced influence on 
visceral/autonomic nerve activities through its direct) projec-
tions to the medulla gastrointestinal motor centers. The IL 
is consequently involved in regulating gastrointestinal and 
cardiovascular activities, and thus is also considered the 
‘visceral motor cortex’ (17,18). The expression levels of Fos in 
the PL and IL have been demonstrated to be increased during 
stress  (19,20), and the present study also revealed that the 
activities of PL and IL neurons increased during RWIS in rats, 
which suggested that the mPFC are involved in the organismal 
response to RWIS.

Previous studies have mainly focused on the emotional 
and cognitive functions of the mPFC (21,22), with few reports 
examining the association between the damaged mPFC and 
autonomic function activity (23,24). Little is known regarding 
the involvement of the mPFC in the process of modulating 
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gastrointestinal function under the RWIS state, and the 
possible roles the mPFC serves. Therefore, one purpose of 
the present study was to investigate the modulatory effects of 
the mPFC on gastric function under the RWIS state.

Additionally, to investigate how the mPFC regulated 
gastric function during RWIS and to further explore the 
neuromolecular mechanisms of SGML, a combined isobaric 
tag for relative and absolute quantitation (iTRAQ)‑liquid chro-
matography‑tandem mass spectrometry (LC‑MS/MS)‑based 
proteomics approach, one of the most sensitive proteomic 
technologies that can detect and quantitatively analyze 
low‑abundance proteins in complex biological samples (25,26), 
was used to identify differences in protein expression in the 
mPFC of RWIS rats.

Materials and methods

Animals. Adult male Wistar rats (n=60; age, 7‑8 weeks, body 
weight, 280‑320 g) provided by the Experimental Animal 
Centre of Shandong Normal University (Jinan, China), were 
housed at 22±2˚C under a 12 h light/dark cycle, a relative 
humidity of 50‑60% and with free access to food and water 
prior to the initiation of RWIS. Prior to the experiments, rats 
were fasted for 24 h, but allowed access to tap water ad libitum.

Experimental design
Grouping. Rats were selected randomly and divided into 
four groups; namely, the control, RWIS 4 h, sham‑operated 
and bilateral‑lesioned groups (Table I). Rats in the control 
group (n=18) and RWIS 4 h group (n=18) were used in the 
analysis of proteomics (6  rats/group) and western blotting 
(WB; 12  rats/group), and their stomachs were removed to 
measure the erosion index (EI). Rats in the sham‑operated 
group (n=12) and bilateral‑lesioned group (n=12) were used to 
record gastric motility (GM; 6 rats/group) and to analyze EI 
(6 rats/group).

Stress protocols. RWIS was performed as previously 
described  (10,11). Experiments were performed between 
7:00  am and 12:00  pm. All procedures were performed 
according to the National Institutes of Health Guidelines for 
the Care and Use of Laboratory Animals (http://ishare.iask.
sina.com.cn/f/13722703.html) and were approved by the 
Institutional Animal Care and Use Committee of Shandong 
Normal University (approval no. AEECSDNU2018003).

Gastrointestinal dysfunction in rats with mPFC lesions 
exposed to RWIS
Stereotaxis and lesion. To estimate the gastrointestinal 
dysfunction induced by RWIS, rats were anaesthetized with 
isoflurane in a three‑way valve connection induction box 
(anesthetic dose,  4%; air flow rate,  700‑800 ml/min) and 
placed on a stereotaxic apparatus (cat. no. 51600; Stoelting 
Co.). Subsequently, the anesthetic concentration was adjusted 
to maintain an anesthetic dose of 2.5% and an air flow rate of 
600 ml/min. The procedure was carried out when no response 
was observed when the tail or toes of the rat were clamped. 
After the skull was exposed and the area was disinfected, 
mPFC lesions were produced in the PL and IL, according to 
the Atlas of Paxinos and Watson (27). To ensure complete 

destruction of the PL, which was ~2.6 mm in length, two sites 
of the PL were targeted, an anterior site (4.5 mm rostral to the 
obex, a depth of 3.4 mm below the surface of the obex, and 
0.6 mm lateral to the midline) and a posterior site (3.1, 3.6 
and 0.6 mm), while the site of the IL targeted was 3.1, 5.0 and 
0.5 mm. The microelectrodes were inserted into the target 
brain area, which was damaged by a direct current method 
(current intensity, 2.0 mA; 4 sec; repeated five times). For rats 
in the sham‑operated group, microelectrodes were inserted 
into the bilateral target brain areas without electricity and 
were removed after the same duration as that applied to the 
lesioned group. To prevent infection in the rats, all surgical 
instruments were disinfected. Following surgery, rats were 
housed in groups of two with soft bedding and were injected 
with gentamicin [8x104 U; intraperitoneal  (i.p.)] daily for 
3 consecutive days to prevent sepsis.

Recording and analysis of GM. Animals were placed on a 
small‑animal operating table in the supine position. A midline 
laparotomy was performed, and a latex balloon filled with 
water (5 mm in diameter) was inserted into the pyloric region 
through a small incision in the forestomach wall. The balloon 
was connected to a pressure transducer via a thin polyethylene 
tube. The rats were then exposed to RWIS for 4 h. GM signals 
were fed into the Biological Function Experiment system 
(BL‑420; Chengdu Taimeng Software Co., Ltd.). GM was 
recorded for at least 20 min prior to RWIS and then twice 
per hour for 10 min starting from the 2nd h during the RWIS 
(Fig.  1). Alterations in gastric contractions, including the 
frequency, duration, amplitude, GM index and contraction 
fraction, were analyzed 20 min before the RWIS (segment A), 
at the 2nd h during the RWIS (segments B and C), at the 3rd h 
(segments D and E) and at the 4th hour (segments F and G). 
The GM  index and contraction fraction were analyzed to 
reflect the duration of the contraction state of the rat stomach. 
The motility index was defined as the product of amplitude 
and duration for every wave of contraction in the study, while 
contraction fraction=(total duration/20 min) x100%. To elimi-
nate disturbances caused by respiration or muscle tremors in 
the rats, contraction waves with an amplitude of >2 mmHg 
were selected for analysis.

Cardiac perfusion and histologic identification. Rats were 
deeply anesthetized with a pentobarbital‑Na+ injection 
(100 mg/kg BW; i.p.) and perfused via the ascending aorta 
with 100 ml 0.9 mol/l normal saline followed by 400 ml 40 g/l 
formaldehyde. Subsequently, brains were removed, placed 
in the same fixative for 4 h (4˚C) and infiltrated with 200 g/l 
sucrose overnight at 4˚C. A series of coronal sections of the 
mPFC were cut (30 µm thick) in a cryostat and stained via 
the Nissl method (28) at 45˚C for 30 min to determine whether 
the location of the damaged site was accurate (Fig. 2). Rats with 
damage in the appropriate range were selected for subsequent 
GM statistical analyses.

Proteomic analysis in the mPFC of rats exposed to RWIS
Sample preparation. Rats were deeply anesthetized with a 
pentobarbital‑Na+ injection (100 mg/kg BW; i.p.) and sacri-
ficed by decapitation. The brains were rapidly dissected, and 
the mPFCs (coordinates, 4.64‑2.60, 2.40‑5.40 and 1.20 mm) 
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was harvested. To minimize the individual differences among 
rats, three individual samples were mixed for protein extrac-
tion and 2 repeated protein extracts were prepared for each 
group.

Protein extraction. The sample was resuspended in ~8 times 
the volume of lysis buffer [4% SDS, 100 mM HEPES (pH 7.6), 
containing protease inhibitor cocktail and PMSF]. The homog-
enate was high frequency shocked for 2 min, placed on ice for 

Figure 1. Illustration of gastric motility recordings. Segment A was the 20 min before stress; segments B and C represent 10 min each in the 2nd hour of stress; 
segments D and E represent 10 min each in the 3rd hour; segments F and G represent 10 min each in the 4th hour. RWIS, restraint water‑immersion stress.

Table I. Design of the experiment.

Group	N umber, n	 Surgery	R WIS for 4 h	D etection 

Control group	 18	N o	N o	EI , Proteomics and WB
RWIS 4 h group	 18	N o	 Yes	EI , Proteomics and WB
Sham‑operated group	 12	 Sham 	 Yes	 GM and EI
Bilateral‑lesioned group	 12	 Bilateral‑lesioned	 Yes	 GM and EI

Bilateral‑lesioned, bilateral‑lesioned medial prefrontal cortex; RWIS, restraint water‑immersion stress; GM, gastric motility; EI, erosion index; 
WB, western blotting.

Figure 2. Histological sites of microelectrodes in the PL and IL of the rat. (A) The position of the PL in the brain atlas (27). (B) Representative frozen brain 
sections of PL. (C) Representative frozen brain sections of IL. fmi, forceps minor of the corpus callosum; IL, infralimbic cortex; PL, prelimbic cortex.

https://www.spandidos-publications.com/10.3892/mmr.2019.10462
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2 min (repeated 5 times), and then boiled for 10 min. After 
centrifugation at 25,000 x g for 30 min at 4˚C, the supernatant 
was collected and stored at‑80˚C. The total protein concen-
tration was measured using a Bicinchoninic Acid (BCA) kit 
(Beijing Transgen Biotech Co., Ltd.).

In‑solution digestion and labeling. Equal amounts of the 
extracted protein were mixed according to the groupings and 
then precipitated with acetone overnight at 4˚C. After the 
protein was resuspended in triethylammonium bicarbonate 
buffer, protein quantification was performed using the BCA 
kit. The proteins were reduced by 5 mmol/l dithiothreitol at 
56˚C for 30 min and alkylated by 10 mM indoleacetic acid at 
room temperature for 30 min. The sample was then diluted 
with 50 mM ammonium bicarbonate until the concentration 
of urea was <1 M. Trypsin (Sigma‑Aldrich; Merck KGaA) was 
added to the sample at a mass ratio of 1:50 (enzyme:protein) 
at 37˚C for 12 h. The iTRAQ labeling of digested peptide 
samples was performed following the manufacturer's protocol 
with 8‑plex isobaric tags for relative and absolute quantitation 
(iTRAQ) labeling kit (AB Sciex, USA). The purified peptides 
were collected and stored at ‑80˚C until further use.

Ultra‑performance liquid chromatography (UPLC)‑​
quadrupole linear ion trap tandem mass spectrometry 
(QTRAP‑UPLC‑MS/MS) detection. The mixed peptides were 
redissolved with buffer A (20 mM ammonium formate in 
water, pH 10.0), and then fractionated on a Waters UPLC using 
a C 18 column (c18; 2.1x50 mm; 1.7 µm; Waters Corporation). 
Peptides were eluted at a flow rate of 600 µl/min with a linear 
gradient of 5‑35% solvent B (acetonitrile) over 10 min, with 
solvent A  composed of 20  mM ammonium formate with 
pH adjusted to 10. Following the separation, the column was 
re‑equilibrated at initial conditions for 15 min. The absor-
bance at 214 nm was monitored, and a total of 10 fractions 
were collected per sample.

The fraction was separated by nano‑high‑performance 
liquid chromatography (Eksigent) on a secondary RP analyt-
ical column (Eksigent Technologies, Inc.; C18; 3  µm; 
150 mm x 75 µm). Peptides were subsequently eluted using 
the following gradient conditions: Phase B (98% ACN with 
0.1% formic acid) from 5‑40% B (0‑100 min). The total flow 
rate was maintained at 300 nl/min. An electrospray voltage of 
2.5 kV vs. the inlet of the mass spectrometer was used.

The QTOF  4600 mass spectrometer was operated in 
information‑dependent data acquisition mode to switch auto-
matically between MS and MS/MS acquisition. MS spectra 
were acquired across the mass range of 350‑1,200 m/z. The 
25 most intense precursors were selected for fragmentation per 
cycle with a dynamic exclusion time of 18 sec.

Data processing. All MS/MS samples were analyzed using 
Mascot (version 2.3.0; Matrix Science, Ltd.). Mascot was 
set up to search the UniProt_rat database (https://www.
uniprot.org; 35,962  sequences) with a fragment ion mass 
tolerance of 0.1 Da and a parent ion tolerance of 25.0 PPM. 
Carbamidomethyl of cysteine, iTRAQ8 plex of lysine and the 
n‑terminus were specified in Mascot as fixed modifications. 
Oxidation of methionine and iTRAQ8 plex of tyrosine were 
specified in Mascot as variable modifications.

Scaffold (version Scaffold_4.4.1.1; Proteome Software, 
Inc.) was used to validate the LC‑MS/MS‑based peptide and 
protein identifications. Peptide identifications were accepted 
at a false discovery rate (FDR) <1.0% by the Scaffold Local 
FDR algorithm (29). Protein probabilities were assigned by 
the Protein Prophet algorithm (30). Only those proteins with a 
probability >90% were accepted.

Quantitative data analysis. Scaffold Q+ (version Scaffold_​
4.4.5; Proteome Software, Inc.) was used to quantitate 
iTRAQ peptide and protein identifications. In the present 
study, a ± 1.2‑fold change between rats in the control and 
RWIS groups and P<0.05, calculated by a t‑test, was set as 
the threshold for categorizing upregulated and downregulated 
proteins.

Bioinformatic analysis. Gene Ontology (GO) annotation, 
including biological processes (BP), cellular components 
(CC) and molecular functions (MF), and pathway enrichment 
analysis of all identified proteins and differentially expressed 
proteins were implemented using the online tool Database 
for Annotation, Visualization and Integrated Discovery 6.8 
(http://david.abcc.ncifcrf.gov/). Ingenuity Pathways Analysis 
(IPA) software (version  7.5; Ingenuity Systems; Qiagen 
Bioinformatics) was used to identify the biological functions 
and signaling pathways in the annotations of the differentially 
expressed proteins. The GO annotations involving signaling 
pathways and networks were ranked in terms of the enrichment 
of the differentially expressed proteins.

Validation of proteins by WB. iTRAQ results were verified 
using WB. Rats were deeply anesthetized with a pentobar-
bital‑Na+ injection (100 mg/kg BW; i.p.) and sacrificed by 
decapitation, and the mPFC was harvested and immediately 
homogenized in ~1 g:3 ml mass to weight RIPA lysis buffer 
[50 mmol/l Tris‑HCl (pH 7.4), 150 mmol/l NaCl, 1 mmol/l 
PMSF, 1 mmol/l EDTA, 1% Triton X‑100, 0.1% SDS; pH 7.6]. 
To minimize the individual differences of the rats, 2 individual 
samples were mixed for protein extraction and 3  repeated 
protein extracts protein extracts for each group. Following 
incubation on ice for 30 min, homogenates were centrifuged at 
14,400 x g for 15 min at 4˚C and supernatants were collected. 
The total protein concentration was measured using the 
BCA kit. To minimize the individual differences between 
the rats, three individual samples were mixed for protein 
extraction, and protein extracts were prepared in triplicate or 
quadruplicate for each group. Total protein extracts (30 µg) 
were mixed with 5X SDS sample buffer [62.5 mM Tris‑HCl 
(pH  6.8), 2%  SDS, 10%  glycerol, 5%  β‑mercaptoethanol, 
0.005% bromophenol blue] and were separated by SDS‑PAGE 
on 10% acrylamide gels. Proteins were electrotransferred 
onto PVDF membranes (EMD Millipore, 60 V, 4˚C, 150 min) 
following activation with 100% methanol at room temperature 
for 5 min. The membranes were blocked with 5% non‑fat 
dry milk in 0.01 M PBS containing 0.1% Tween‑20 for 2 h 
at room temperature, and then incubated at 4˚C overnight 
with the primary antibodies targeting postsynaptic density 
protein 95 (PSD95; 1:2,000 dilution; cat. no. ab18258; Abcam), 
N‑myc downregulated gene family 1 (NDRG1; 1:1,000 dilu-
tion; cat. no. CY7079; Shanghai Abways Biotechnology Co., 
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Ltd.), SYN (1:800 dilution; cat. no. ab32594; Abcam), and 
GAPDH (1:2,000 dilution; cat. no. AB0037; Shanghai Abways 
Biotechnology Co., Ltd.) or β‑tubulin (1:4,000 dilution; 
cat. no. AB0039; Shanghai Abways Biotechnology Co., Ltd.). 
Following three rinses in TBS with Tween‑20, the secondary 
antibodies (horseradish peroxidase‑conjugated anti‑rabbit; 
1:1,000 dilution; cat. no. SP9001; OriGene Technologies, Inc.) 
were added, and the membranes were incubated for 1 h at 
room temperature. After the membranes were rinsed, protein 
expression levels were detected by enhanced chemilumines-
cence and visualized by autoradiography (exposure time, 
1‑3 min; Omni‑ECL™; cat. no. SQ201; Epizyme Biotech). In 
order to facilitate the segmentation of the PVDF membranes, 
the molecular weight between the internal reference and the 
target protein should have a significant size difference; there-
fore, GAPDH (37 kDa) was utilized as the loading control for 
PSD95 (95 kDa) and NDRG1(43 kDa), while β‑tubulin (55 kDa) 
was used for SYN (38 kDa). For quantitative assessment, the 
integrated optical density of SYN, NDRG1 and PSD95 was 
measured using Image‑Pro Plus version 6.0 software (Media 
Cybernetics, Inc.).

Evaluation of gastric mucosal damage. The stomachs of the 
sacrificed rats were removed, placed in 1% formaldehyde 
solution at room temperature for 30 min and incised along 
the greater curvature. Gastric mucosal lesions were measured 
using the EI (31).

Statistical analysis. The statistical procedures were performed 
using SPSS version 20.0 software (IBM Corp.). The results are 
presented as the mean ± mean squared error. Statistical anal-
yses of the WB data (n=3) and gastric contraction index for the 
sham‑operated group (n=6) and bilateral‑lesioned group (n=6) 
was performed using a Student's t‑test. Statistical analyses of 
the gastric contraction index before (n=6) RWIS, and at the 
2nd, 3rd or 4th h after RWIS, were performed by self‑matched 
analyses; the 2nd, 3rd and 4th h after RWIS, as well as the 
EI (n=6), were analyzed by one‑way ANOVA followed by a 
Student‑Newman‑Keuls post hoc test. P<0.05 was considered 
to indicate a statistically significant difference.

Results

Gastric mucosal damage induced by RWIS. Spots and 
lineal hemorrhages were observed in the gastric mucosa in 
all groups except for the control group (0.00±0.00; Fig. 3). 
The EIs in the RWIS 4 h and sham‑operated groups reached 
38.50±3.62 and 36.83±4.42, respectively, with no significant 
difference between them (P>0.05). Compared with the EI 
in the RWIS 4 h and sham‑operated groups, the EI in the 
bilateral‑lesioned group (6.83±2.24) was alleviated signifi-
cantly (P<0.01).

Effects of bilateral‑lesioned mPFC on GM in rats during 
RWIS. A s shown in Fig. 4, RWIS led to an similar altera-
tion tendency of the curves of GM, from a high‑frequency, 
short‑term and low‑amplitude fast wave into a low‑frequency, 
long‑term and high‑amplitude slow wave, which is a sign of 
gastric hypermotility. Namely, the frequency of the contrac-
tile waves was reduced, while the duration and amplitude 

of the contraction waves were prolonged during RWIS in 
all groups.

Further analysis of GM demonstrated the differential influ-
ence degree between different groups, especial in motility 
index and contraction fraction (Fig. 5). In the sham‑operated 
group, the contraction fraction and motility index were 
significantly increased during stress compared with before 
stress (P<0.01 or P<0.05). In addition, with the prolongation 
of the RWIS time, the motility index gradually increased 
in a time‑dependent manner (Fig. 5A and B). By contrast, 
in the bilateral‑lesioned group, the motility index and the 
contraction fraction were significantly lower during stress 
compared with before stress, particularly in the 2nd hour of 
stress (P<0.01 or P<0.05; Fig. 5C and D). The percentages of 
contraction and the motility indexes for the sham‑operated 
and bilateral‑lesioned groups at different periods of RWIS 
(2, 3 and 4 h) were significantly different (P<0.01 or P<0.05; 
Fig. 5E and F). Overall, bilateral lesions of the PL and the IL 
exhibited a strong inhibitory tendency on the motility index 
in awake RWIS rats.

Proteomic analysis in the mPFC of rats exposed to RWIS
Identification of dysregulated proteins. Relative protein 
expression values were compared between the control and 
RWIS 4 h groups to identify differentially expressed proteins 
(Fig.  6A). In the present study, 129  unique proteins were 
classified as differentially expressed proteins (fold change 
ratio ≥1.2; P<0.05), of which 88 were significantly upregulated 
and 41 downregulated (Fig. 6B). The differentially expressed 
proteins were grouped into nine functional groups (Table SI). 
Of all dysregulated proteins, 24.81% (n=32 proteins) were 
classified as regulating proteins. Structural proteins were 
the second largest group with a total of 23.26% (n=30) of the 
proteins. Of additional proteins identified, 20.16% (n=26) 
were assigned to the enzyme group, 9.30%  (n=12) were 
transcriptional proteins, 7.75% (n=10) were associated with 
signal transduction, 5.43% (n=7) were transport proteins, and 
4.65% (n=6) were cell cycle proteins. Only 1.55% (n=2) were 
found to belong to the chaperone group, while 3.10% (n=4) 

Figure 3. Effect of RWIS on gastric mucosal lesions in medial prefrontal 
cortex‑lesioned rats. Mean ± MSE. **P<0.01. RWIS, restraint water‑immersion 
stress.

https://www.spandidos-publications.com/10.3892/mmr.2019.10462
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Figure 5. Effect of sham‑operated and bilateral‑lesioned prelimbic cortex and infralimbic cortex on the GM index and percentage of contraction in the awake 
RWIS rats. (A) Mean data for the GM index before and during RWIS in the Sham‑operated group. (B) Mean data for the contraction fraction before and 
during RWIS in the Sham‑operated group. (C) Mean data for the GM index before and during RWIS in the Bilateral‑lesioned group. (D) Mean data for the 
contraction fraction before and during RWIS in the Bilateral‑lesioned group. (E) Comparison of the effect of RWIS on GM index between groups in awake rats. 
(F) Comparison of the effect of RWIS on contraction fraction between groups in awake rats. n=6; mean ± MSE. *P<0.05 and **P<0.01 vs. respective control. 
GM, gastric motility; RWIS, restraint water‑immersion stress.

Figure 4. Effect of restraint water‑immersion stress on curves of gastric motility in awake rats of the sham‑operated group. n=6.
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were unknown in function. In the enzyme group, 30.77% (n=8) 
were associated with energy metabolism, 23.08% (n=6) with 
carbohydrate metabolism and 19.23% (n=5) with amino acid 
metabolism. Of the other enzymes identified, 7.70% (n=2) 
were involved in lipid acid metabolism, nucleic acids and the 
proteasome each, while 3.85% (n=1) was assigned to cofactors 
and vitamins.

GO annotation of the dysregulated proteins. On the premise 
that each dysregulated protein was assigned at least one 
term, the GO annotation was applied to reveal the CCs 
(Fig. 7A), MFs (Fig. 7B) and BPs (Fig. 7C) of the identi-
fied proteins. Out of the dysregulated proteins, 20%were 
cytoplasm‑associated proteins. Other main categories were 
‘extracellular exosome’ (17%), ‘nucleus’  (17%), ‘mitochon-
drion’ (9%), ‘cytosol’ (8%) and ‘membrane’ (7%; Fig. 7A). The 
MFs of the dysregulated proteins included ‘receptor binding’, 
‘ATP‑dependent RNA helicase activity’, ‘poly(A) binding’, 
‘structural molecule activity’, ‘scaffold protein binding’ and 
‘protein homodimerization activity’ (Fig. 7B). The GO anno-
tation showed that the 129 dysregulated proteins were mainly 
involved in BPs such as ‘multicellular organism development’, 
‘positive regulation of mRNA splicing’, ‘neurofilament bundle 
assembly’, ‘intermediate filament polymerization or depoly-
merization’, ‘response to lipid’, ‘lysosomal lumen acidification’, 
‘positive regulation of plasminogen activation’, ‘response to 
acrylamide’ and adult locomotory behavior’ (Fig. 7C).

IPA network analysis of the dysregulated proteins. Since 
the molecular function of proteins in organisms coordinates 
with various biological molecules, the roles of the differen-
tially expressed proteins were further analyzed using the IPA 
tool according to ‑log (P‑value). The IPA network analysis 
demonstrated that the dysregulated proteins were enriched 
in 79  functions, including ‘neurological disease’, ‘organ-
ismal injury and abnormalities’, ‘psychological disorders’, 
‘nervous system development and function’, ‘cell morphology’ 
and ‘tissue morphology’ (Fig.  8A). Notably, 22%  (n=29) 

of all dysregulated proteins were directly associated with 
nervous system functions, including axon morphology, 
axon growth, synaptic plasticity, and nerve development 
and apoptosis (Table II). NDRG1 encodes a 43 kDa protein 
and has been reported to be involved in stress responses 
and immunity  (32‑35). The discs large MAGUK scaffold 
protein 4 gene encodes PSD95, a protein localized at the 
postsynaptic density in neurons, which is associated with gluta-
matergic receptor signaling [N‑methyl‑D‑aspartate (NMDA); 
amino‑3‑hydroxy‑5‑methyl‑4‑isoxazolepropionic acid] and 
is probably associated with synaptic plasticity  (31,36‑38). 
Meanwhile, the dysregulated proteins were co‑enriched into 
five networks linked to repair, energy production, neurological 
disease and nervous system development and function. The 
top two networks of dysregulated proteins also exhibited 
focus hubs containing NF‑κB signaling (22 upregulated 
proteins and 8 downregulated proteins) and ERK1/2 signaling 
(22  upregulated proteins and 7  downregulated proteins; 
Fig. 8B and C).

WB validation. According to the GO and IPA network 
analyses, NDRG1 and PSD95 were upregulated 1.29‑fold 
and downregulated 0.28‑fold, respectively. SYN is involved 
in the physiological processes of synaptic vesicle introduc-
tion, transport and release of neurotransmitters  (39‑41), 
synaptic vesicle recirculation (42,43) and synaptogenesis and 
stability (44). To verify the results of the proteomic experi-
ment, SYN, NDRG1 and PSD95 were semi‑quantified by WB 
at the protein level (Table SII). With GAPDH or β‑actin used 
as a protein loading quantification control, the expression 
level of PSD95 was significantly decreased in the RWIS 4 h 
group compared with in the control group (P<0.05), which was 
consistent with the iTRAQ analysis results. The expression 
level of SYN (0.368±0.022 vs. 0.414±0.04) was decreased and 
that of NDRG1 (0.024±0.005 vs. 0.012±0.003) was increased 
in rats exposed to the RWIS for 4 h compared with rats in the 
control group, but the differences between the groups were not 
significant (Fig. 9).

Figure 6. Identification of the proteomic differences in the medial prefrontal cortex of rats between the control and RWIS 4 h groups by iTRAQ analysis. 
(A) Hierarchical clustering graph. A1 and A2 represent two repeats of the iTRAQ procedure conducted in the control cohort, while B1 and B2 represent two 
repeats conducted in the RWIS 4 h group. (B) Volcano plot representing the protein abundance alterations between the control group and the RWIS 4 h group. 
A total of 129 dysregulated proteins with ≥1.2‑fold change and P<0.05 were identified. iTRAQ, isobaric tag for relative and absolute quantification; RWIS, 
restraint water‑immersion stress.
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Discussion

Previous studies have focused on identifying the peripheral 
and primary central regulatory mechanisms of gastrointestinal 
dysfunction induced by RWIS (3‑15,45). However, little is 
known regarding the roles of the highest‑level central region, 

the cerebral cortex. To the best of our knowledge, the present 
study was the first to report on the role of the mPFC on gastric 
function in the RWIS state, and the molecular differences 
in the mPFC at the proteome level between a control and 
RWIS 4 h group, providing a basis to further understand the 
molecular mechanisms and pathogenesis of SGML.

Figure 7. Gene Ontology annotation of the dysregulated proteins between the control and restraint water‑immersion stress 4 h groups. (A) Cellular component 
terms of the identified proteins. (B) Molecular function terms. (C) Biological process terms. Only the first fifteen terms are shown.
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Figure 8. Key signaling pathways involving the differentially expressed proteins induced by restraint water‑immersion stress. (A) Top ten enriched pathways 
of the differentially expressed proteins for the functional map. (B) Key signaling pathways associated with cell cycle, repair and energy production. (C) Key 
signaling pathways associated with neurological disease and nervous system development and function. Red indicates the upregulated proteins, while green 
indicates the downregulated proteins. Only the top two networks of dysregulated proteins are shown. 

Figure 9. Verification of SYN, NDRG1 and PSD95 expression by WB. (A) Protein expression levels of SYN, NDRG1 and PSD95 in the control and RWIS 
4 h groups; (B) statistical analysis of WB between the control and RWIS 4 h groups. *P<0.05. NDRG1, N‑myc downstream regulated 1; PSD95, postsynaptic 
density protein 95; RWIS, restraint water‑immersion stress; WB, western blotting.
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Table II. Dysregulated proteins associated with neurotransmission, synapse and neuronal morphology in the medial prefrontal 
cortex of rats upon RWIS.

A, Axon morphology				  

Accession no.	 Protein name	 Gene name	 MW (kDa)	 FC

F1M3A4_RAT	N euronal tyrosine‑phosphorylated phosphoinositide‑3‑kinase	NE WGENE_	 78	 4.7968↓
	 adaptor 2	 1305560
A0A0G2K7K9_RAT	C almodulin‑regulated spectrin‑associated protein 2	C amsap2	 166	 0.5300↑
A0A0G2JTK1_RAT	 Tau tubulin kinase 1	 Ttbk1	 148	 0.3666↓

B, Axon growth				  

Accession no.	 Protein name	 Gene name	 MW(kDa)	 FC

MYPR_RAT	 Myelin proteolipid protein	 Plp1	 30	 0.8299↑
G3V6T0_RAT	 Hedgehog protein	 Shh	 48	 0.6817↑
C2D1A_RAT	C oiled‑coil and C2 domain‑containing protein 1A	C c2d1a	 104	 0.6298↓
EF1A1_RAT	E longation factor 1‑alpha 1	E ef1a1	 50	 0.5322↑
CSPG2_RAT	 Versican core protein	 Vcan	 300	 0.4502↑
NFL_RAT	 Neurofilament light polypeptide	 Nefl	 61	 0.4381↑
NFM_RAT	 Neurofilament medium polypeptide	 Nefm	 96	 0.3863↑
A0A0G2K677_RAT	 Spectrin beta chain	 Sptbn4	 289	 0.3412↑
A0A0G2K0S7_RAT	RA P1 GTPase‑activating protein 2	R ap1gap2	 81	 0.2788↓

C, Synaptic plasticity 				  

Accession no.	 Protein name	 Gene name	 MW(kDa)	 FC

CAC1B_RAT	 Voltage‑dependent N‑type calcium channel subunit alpha‑1B	C acna1b	 262	 0.7177↓
IF4A3_RAT	E ukaryotic initiation factor 4A‑III	E if4a3	 47	 0.5039↑
Q9WUW2_RAT	 Vesicle associated membrane protein 2B	 Vamp2	 15	 0.4841↓
PPT1_RAT	 Palmitoyl‑protein thioesterase 1	 Ppt1	 34	 0.4382↑
DLG4_RAT	D isks large homolog 4	D lg4	 80	 0.2774↓
STX1A_RAT	 Syntaxin‑1A	 Stx1a	 33	 0.2740↓

D, Nerve development and apoptosis				  

Accession no.	 Protein name	 Gene name	 MW(kDa)	 FC

CMGA_RAT	C hromogranin‑A	C hga	 52	 0.9774↓
PA1B2_RAT	 Platelet‑activating factor acetylhydrolase IB subunit beta	 Pafah1b2	 26	 0.6040↓
CN37_RAT	 2',3'‑cyclic‑nucleotide 3'‑phosphodiesterase	C np	 47	 0.5092↑
PEBP1_RAT	 Phosphatidylethanolamine‑binding protein 1 	 Pebp1	 21	 0.4709↑
AT2B2_RAT	 Plasma membrane calcium‑transporting ATPase 2	A tp2b2	 137	 0.4124↓
PARK7_RAT	 Protein/nucleic acid deglycase DJ‑1	 Park7	 20	 0.3574↑
PPP5_RAT	 Serine/threonine‑protein phosphatase 5	 Ppp5c	 57	 0.3466↑
MOG_RAT	 Myelin‑oligodendrocyte glycoprotein	 Mog	 28	 0.2948↑
SRR_RAT	 Serine racemase	 Srr	 36	 0.2822↑
B2RZA9_RAT	U be2l3 protein	U be2l3	 18	 0.2631↑

E, Neurotransmission				  

Accession no.	 Protein name	 Gene name	 MW(kDa)	 FC

SC6A9_RAT	 Sodium‑ and chloride‑dependent glycine transporter 1	 Slc6a9	 71	 0.7901↑

The FCs represent the ratios of the absolute intensities of proteins in the RWIS 4 h and control groups. ↑, upregulated; ↓, downregulated; MW, 
theoretical molecular weight; FC, fold change; RWIS, restraint water‑immersion stress.
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To demonstrate that the mPFC regulated gastric func-
tion under the RWIS state in awake rats, the present study 
compared the possible differential effects of sham or bilateral 
mPFC lesions on gastric mucosa injury induced by RWIS by 
measuring the EI. Compared with the RWIS 4 h group and 
the sham‑control group, the bilateral‑lesioned group exhib-
ited a significantly smaller EI, indicating that lesions of the 
mPFC could protect against gastric mucosa injury induced by 
RWIS. In other words, the mPFC exacerbated gastric mucosal 
injury in awake rats during RWIS, which was consistent with 
previous reports (19).

To further explore the role of the mPFC in modulating 
gastric function, the present study compared the motility 
index (reflecting the changes of contracting energy of rat 
stomach) and contraction fraction (reflecting the duration under 
contracting state of rat stomach) in awake RWIS rats. In the 
sham‑operated group, there was significant hyperactivity during 
stress exposure compared with that before stress, exhibited by 
the high GM index and contraction fraction, and this change 
had obvious time‑dependent characteristics. However, in the 
bilateral‑lesioned group, RWIS induced significant hypoactivity 
of GM compared with before stress, exhibited by the low GM 
index and contraction fraction. The results demonstrated the 
important role of mPFC in modulating the gastric function 
(Fig. 5). Furthermore, the mPFC is the only area of the cortex 
that projects directly to the hypothalamus and has a wide range 
of fiber connections to regions associated with autonomic 
visceral activity, including the nucleus of the solitary tract, dorsal 
motor nucleus of the vagus and nucleus ambiguous (16,46,47). 
Previous studies suggest that, as the most advanced center 
for regulating gastrointestinal activity, the mPFC can directly 
project to the brainstem and act directly on the gastrointestinal 
center of the medulla oblongata to quickly regulate gastrointes-
tinal activity (16,18,48). It was hypothesized that RWIS alters 
the activity of the mPFC, which may activate the peripheral 
parasympathetic nervous system pathway, and eventually leads 
to gastric dysfunction and even gastric mucosal damage.

In addition, the gastric contraction amplitude in bilat-
eral‑damaged rats was significantly decreased compared with 
that before stress, especially at the 2nd hour of stress. At the 
same time, the GM index in the bilateral‑lesioned group was 
significantly decreased compared with the sham‑operated group 
(Fig. 5E), indicating that GM was largely inhibited during RWIS 
due to the absence of the mPFC. Therefore, the aforementioned 
results suggested that RWIS altered the activity state of the 
mPFC, which in turn weakened the inhibitory effect of the 
mPFC on GM, leading to gastric hyperactivity. The results of the 
present study were in line with those of previous reports (49,50).

To provide further insights into the molecular mechanisms 
of the mPFC in the development of SGML induced by RWIS, 
and to ultimately identify medications that can cure this 
disease, the present study first reported the molecular differ-
ences in the mPFC at the proteome level between the control 
and RWIS 4 h groups.

A total of 129  differentially expressed proteins were 
identified; 88 proteins were upregulated, while 41 proteins 
were downregulated in the samples from the RWIS 4 h group 
compared with those from the control group. The altera-
tions in the expression levels of PSD95 and SYN, markers 
in the presynaptic terminal that reflect alterations in synaptic 

plasticity, were confirmed by WB, and the results were fully 
consistent with the iTRAQ findings. Compared with the control 
group, the RWIS 4 h group exhibited a higher concentration of 
NDRG1 in the mPFC, but the difference was not significant, 
which was potentially due to its low expression in the brain.

Bioinformatics analysis of these differentially expressed 
proteins demonstrated that most of the differentially expressed 
proteins were closely associated with the nervous system. GO 
annotation analysis demonstrated that these differentially 
expressed proteins were mainly involved in multicellular 
organism development, neurofilament bundle assembly and 
axon regeneration (Fig.  7). A total of 29  dysregulated 
proteins, including PSD95, were directly associated with axon 
morphology, axon growth, synaptic plasticity and other nervous 
system functions. As a scaffold protein, PSD95 interacts with 
receptors, kinases, structural proteins and signaling molecules. 
PSD95 is required for the activity and stability of the receptor 
on the postsynaptic membrane, and it serves an important 
role in synaptic development and plasticity (35,47,51,52). The 
consistent results of WB and iTRAQ indicated that the protein 
PSD95 may be associated with the central mechanism of gastro-
intestinal dysfunction induced by RWIS, but the underlying 
molecular mechanisms need to be investigated further.

IPA network analysis showed that the dysregulated proteins 
in the RWIS group were mainly involved in the regulation of 
the NF‑κB and ERK1/2 signaling pathways. Neuronal NF‑κB 
is localized in synaptic and somatic compartments, and is 
a potent transcription factor with evolutionarily conserved 
functions in learning and the growth of excitatory synaptic 
contacts (44). The occurrence of a gastric ulcer is speculated to 
be due to NDRG1, which affects the NF‑κB signaling pathway 
by reducing its regulation of the stomach and affecting signal 
transduction. The ERK signaling pathway, the main down-
stream target of the NMDA receptor (53), serves a key role 
in synaptic plasticity, long‑term enhancement, learning and 
memory, and other neural functions (54). A previous study 
revealed that astrocytes and neurons in the locus coeruleus 
mediate RWIS‑induced gastric mucosal damage via the 
ERK1/2 signaling pathway  (7). Since there are numerous 
factors regulating the ERK signaling pathway, further 
experimental studies are required.

In conclusion, the present study provided insights into the role 
of the mPFC in awake rats and the differential protein expression 
in the mPFC of rats with gastric muscosal lesions. Therefore, the 
present study provided a resource for determining the molecular 
regulatory mechanisms of gastric ulcers. PSD95 is associated 
with synaptic plasticity, and the mechanism of gastric ulcers 
is likely to be associated with synaptic plasticity; however, the 
specific mechanisms merit further exploration and elaboration.
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