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Abstract
Background

Diarrhea-predominant irritable bowel syndrome (IBS-D) is frequently accompanied by anxiety and
intestinal barrier dysfunction, yet the central mechanisms linking stress-related neural signaling to
peripheral colonic injury remain incompletely understood.

Aims

To investigate whether paraventricular hypothalamic nucleus (PVN) CRF/CRF-R1 signaling acts
upstream of colonic barrier dysfunction and whether electroacupuncture (EA) alleviates IBS-D-like and
anxiety-like phenotypes by modulating this pathway.

Methods

An IBS-D-like mouse model with anxiety-like behaviors was established by combining chronic restraint
stress with intermittent chemical stimulation. Visceral sensitivity, bowel dysfunction, and anxiety-like
behaviors were assessed. PVN CRF signaling was bidirectionally manipulated by stereotactic
microinjection, and downstream changes in colonic CRF/CRF-R1 signaling, mast cell activation,
inflammatory signaling, tight junction-related proteins, and permeability-associated markers were
evaluated.

Results

Model mice exhibited visceral hypersensitivity, diarrhea-like symptoms, anxiety-like behaviors, and
colonic barrier impairment. EA improved both gastrointestinal and affective abnormalities and reduced
PVN CRF/CRF-R1 overactivation. Intra-PVN CRF administration reproduced key bowel and behavioral
abnormalities in otherwise normal mice, whereas CRF-R1 blockade alleviated these changes in model
mice. Central manipulation of PVN CRF signaling was accompanied by corresponding alterations in
colonic CRF/CRF-R1 expression, mast cell degranulation, TNF-α/NF-κB/MLCK signaling, tight junction-
related proteins, and permeability-associated changes.

Conclusions

These findings support a PVN-driven brain–gut–barrier mechanism in which CRF/CRF-R1 signaling
contributes to bowel dysfunction, anxiety-like behavior, and colonic barrier injury in IBS-D-like mice. EA
alleviated these abnormalities, at least in part, through modulation of this pathway.

1. Introduction
Irritable bowel syndrome (IBS) is a common disorder of gut-brain interaction characterized by recurrent
abdominal pain associated with altered bowel habits 1–4. Among its subtypes, diarrhoea-predominant
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IBS (IBS-D) is particularly prevalent and is associated with substantial impairment in quality of life and a
considerable socioeconomic burden1, 2. In addition to bowel symptoms, IBS frequently co-occurs with
psychiatric disorders, especially anxiety and depression 5. In IBS-D with emotional comorbidity,
gastrointestinal dysfunction and affective disturbances often coexist, suggesting coordinated
dysregulation along the brain-gut axis. Although the pathogenesis of IBS is multifactorial, epithelial
barrier dysfunction is increasingly recognized as an important pathological feature, together with
visceral hypersensitivity and low-grade mucosal inflammation 6, 7. Current treatments, including dietary
interventions, fecal microbiota transplantation, antispasmodics, neuromodulators, and probiotics, aim to
relieve both gastrointestinal and psychological symptoms 8–10. However, their efficacy remains variable,
highlighting the need for more effective mechanism-based therapies.

Stress-related corticotropin-releasing factor (CRF) signaling is considered a potential driver of brain-gut
dysregulation in IBS 11–18. CRF is a key mediator of the stress response and is distributed in both the
central nervous system and peripheral tissues, including the gastrointestinal tract. In patients with IBS-D,
elevated CRF levels are positively associated with symptom severity and the extent of anxiety and
depression19–21. Mechanistically, CRF has been linked to mast cell activation, chronic intestinal
inflammation, visceral hypersensitivity, and impairment of mucosal barrier integrity12–14. These
observations suggest that stress-related CRF signaling may provide an important molecular link between
central stress responses and peripheral intestinal barrier injury in IBS-D.

The paraventricular nucleus (PVN) of the hypothalamus is a critical autonomic and neuroendocrine
integration center that plays an important role in the regulation of gastrointestinal function 22, 23. As a
major hypothalamic source of CRF, the PVN is well positioned to translate stress-related signals into
downstream gastrointestinal responses 24. Previous studies have shown that CRF neurons are involved
in stress-induced gastric dysfunction 18, supporting the importance of central CRF pathways in stress-
related gastrointestinal regulation. Nevertheless, it remains unclear whether CRF/CRF receptor 1 (CRF-
R1) signaling within the PVN lies upstream of colonic barrier injury and permeability-related alterations in
IBS-D with emotional comorbidity.

Electroacupuncture (EA) has been reported to improve gastrointestinal symptoms and emotional
disturbances in disorders of gut-brain interaction 25–30. On this basis, EA may represent a potential
intervention capable of interrupting stress-related CRF signaling along the brain-gut pathway. Therefore,
the present study focused on PVN CRF/CRF-R1 signaling and the peripheral colonic CRF-related pathway
to determine whether central CRF signaling contributes to IBS-D-like and anxiety-like phenotypes by
promoting colonic neuroimmune activation, barrier injury, and permeability-related alterations, and
whether EA can ameliorate these abnormalities by suppressing this pathway. By addressing these
questions, this study sought to clarify whether PVN CRF/CRF-R1 signaling functions upstream of colonic
barrier dysfunction and to provide experimental evidence for a PVN-driven brain-gut-barrier mechanism
in IBS-D with emotional comorbidity.

Page 3/33



2. Materials and methods

2.1 Animals
Male C57BL/6J mice (8–10 weeks old) were obtained from Hangzhou Ziyuan Experimental Animal
Science and Technology Co., Ltd. Mice were housed (six per cage) under controlled conditions (12 h
light/dark cycle, 23–25°C, 50% humidity) with ad libitum access to food and water, except where
specified. All procedures were approved by the Animal Experimentation Ethics Committee of Anhui
University of Chinese Medicine (Approval No. AHUCM-mouse-2024148) and were conducted in
accordance with relevant animal welfare regulations and the ARRIVE guidelines.

Animals were allocated to experimental groups using a randomized procedure.

Blinding: Investigators conducting behavioral testing and outcome assessments, as well as those
performing statistical analyses, were blinded to group allocation until completion of data analysis.

2.2 Reagents
Isoflurane (#R510-22-10) was purchased from RWD Company; acetic acid (#10000218) from Sinopharm
Chemical Reagent Co., Ltd.; CRF (#TRC-C695750) from LGC Company; and Antalarmin (#HY-124457)
from MCE Company. The following antibodies were obtained from ZENBIO Biotechnology Co., Ltd.: CRF
primary antibody (#860209), CRFR1 monoclonal antibody (#370069), NF-κB P65 monoclonal antibody
(#380172), Myosin light chain kinase (MLCK) monoclonal antibody (#R381015); The TNF-α monoclonal
antibody (#60291-1-Ig) was obtained from Proteintech Biotechnology CO. HRP-conjugated goat anti-
rabbit secondary antibody (#ZB-2301) and HRP-conjugated goat anti-mouse secondary antibody (#ZB-
2305, ACTIN (#TA-09)) were purchased from Zs-BIO Co., Ltd.;The prestained protein marker (#26617)
was obtained from Thermofish; ZO-1 monoclonal antibody (#21773-1-AP), Occludin monoclonal
antibody (#27260-1-AP), and Claudin-1 primary antibody (#13050-1-AP); Hematoxylin-eosin stain
(#G1005), toluidine blue stain (#G1032), electron microscope fixative (#G1102), BCA protein quantitative
detection kit (#G2026-200T), ultrasensitive ECL chemiluminescence kit (#G2020-25ML), bovine serum
albumin (BSA) (#GC305010), DAPI staining reagent (#G1012), and anti-fluorescence quenching blocking
tablets (#G1401) were purchased from Servicebio. The diamine oxidase (DAO) kit (#JL-T2400-48
samples), mouse interleukin 1β (IL-1β) ELISA kit (#JL18442-96T), mouse interleukin 6 (IL-6) ELISA kit
(#JL20268-96T), and mouse TNF-α ELISA kit (#JL10484-96T) were obtained from Jianglai Biologicals.

2.3 Experimental models and evaluation
To recapitulate the comorbidity of IBS-D and emotional disturbance observed in patients, we established
a mouse model using a protocol adapted from previous reports with modifications 31, 32. This composite
model integrates chronic psychological restraint stress and intermittent colonic chemical irritation.

Briefly, mice were individually restrained in ventilated 50 mL conical tubes (with the plunger fixed at the
40 mL mark) for 3 h per session, twice daily, over 28 consecutive days. To enhance visceral sensitivity,
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intrarectal administration of 3% acetic acid (150 µL) was performed every other day from day 22 onward.
Age-matched control mice were housed under standard conditions without any intervention.

Model validity was assessed at the endpoint by visceral sensitivity (AWR during colorectal distension),
bowel function (diarrhea index), and anxiety-like behaviors (reduced open-arm exploration in the elevated
plus maze and reduced center activity in the open field test).

2.4 Electroacupuncture stimulation
Electroacupuncture was delivered once daily for 20 min for 7 consecutive days using a disperse–dense
waveform (Hua Tuo SDZ-IV; Suzhou Medical Supplies Factory Co., Ltd.). Stimulation was set at 0.5 mA
and 2/10 Hz. Sterile disposable needles (0.25 × 13 mm) were inserted at ST25 (bilateral; 5 mm lateral to
the umbilicus), BL25 (bilateral; 5 mm lateral to the L4 spinous process), and GV20 (midline at the vertex).
Mice were anesthetized with isoflurane (3% induction; 0.5%–1% maintenance).

2.5 Evaluation of visceral sensitivity
Visceral sensitivity was assessed using the abdominal withdrawal reflex (AWR) during colorectal
distension (CRD). Mice were fasted for 12 h before testing. A lubricated balloon catheter was inserted
0.5 cm into the colorectum. After a 15 min acclimation period, the balloon was inflated stepwise to 20,
40, 60, and 80 mmHg for 20 s, with a 4 min inter-stimulus interval between distensions. AWR scores
were independently rated by two observers blinded to group allocation, and the mean of three
measurements was recorded. AWR scoring criteria were: 0, no response; 1, brief head
movement/occasional writhing; 2, mild abdominal muscle contraction; 3, clear abdominal contraction
with abdominal lifting; 4, strong contraction with body arching and pelvic lifting.

2.6 Determination of diarrhea index
Clean, dry trays lined with fresh filter paper (changed hourly) were used for stool collection. Over a 6 h
period, the total number of fecal pellets, the number of loose stools, and the diameter of each loose stool
were recorded by two independent investigators. The diarrhea index was calculated as follows:

Diarrhea index = dilute stool rate × average dilute stool grade

Dilute stool rate = number of dilute stools/total number of stools

Average dilute stool grade = sum of all dilute stool grades/number of dilute stools

Dilute stool grades were classified based on stool diameter:

< 1 cm = grade 1; 1-1.9 cm = grade 2; 2–3 cm = grade 3; and 3 cm = grade 4.

If feces could not be separated into discrete pellets, the default was recorded as one pile equaling one
pellet.

2.7 Behavioural experiments
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2.7.1 OFT
Mice were placed in the peripheral zone of the OFT arena (RWD Life Science Co., Ltd., China). The open
field apparatus consisted of a square arena (100 cm × 100 cm × 50 cm, length × width × height).
Following a 30 s acclimatization period, locomotor activity and anxiety-like behavior were recorded for 5
min and analyzed using SMART v3.0, including total distance traveled, distance traveled in the center
zone, and time spent in the center zone.

Center-zone definition: The center zone was defined in SMART v3.0 as the central region of the arena,
with boundaries set identically for all animals prior to analysis.

2.7.2 EPM
The elevated plus (RWD Life Science Co., Ltd., China) maze consisted of two open arms and two closed
arms (arm length 35 cm, arm width 5 cm) connected by a central platform (5 cm × 5 cm). The closed
arms were surrounded by 15 cm-high walls. The maze was elevated 40–55 cm above the floor. Mice
were acclimated in a quiet environment for 30 min before testing, after which they were placed at the
center facing an open arm. Behavior was recorded for 5 min and analyzed using SMART v3.0; the
number of open-arm entries and time spent in the open arms were quantified. The apparatus was
cleaned with 70% ethanol between animals.

2.8 Intracerebral cannula drug delivery
Mice were anesthetized and placed in a stereotaxic frame (RWD, #68803) on a heating pad (36°C).
Bilateral guide cannulae were implanted targeting the PVN using the following coordinates relative to
bregma: AP − 0.62 mm, ML ± 0.25 mm, DV − 4.55 mm. After 7 days of recovery, drugs were infused
bilaterally (0.5 µL per side over 5 min), and the injector was left in place for an additional 5 min to
minimize backflow. Postoperative analgesia was not administered, as it was considered to potentially
interfere with neurobehavioral assessments. Animals were closely monitored during postoperative
recovery and throughout the 7-day recovery period for general condition, activity, grooming, and wound
status. No adverse events were observed.

Animals with cannula placements outside the PVN, unilateral misplacement, or obvious tissue damage
along the injection track were excluded from the final analysis. No additional exclusion criteria were
applied.

2.9 Preparation of CRF-R1 antagonist
Antalarmin (CRF-R1 antagonist, #HY-124457, MCE) was prepared by dissolving 5 mg of Antalarmin in 0.5
mL of dimethyl sulfoxide (DMSO) with vortexing until fully dissolved to yield a 10 mg/mL stock solution.
To prepare the working solution, 25 µL of the stock solution was diluted with 975 µL of sterile saline to
obtain a final 0.25 mg/mL concentration. For bilateral intra-PVN infusion, 0.5 µL was delivered per side,
corresponding to 125 ng per side. Aliquots were stored in sterile Eppendorf tubes (EP tubes) at − 20°C,
protected from light, and used without repeated freeze-thaw cycles.
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2.10 Preparation of CRF solution
CRF (1 mg) was dissolved in 1 mL of sterile phosphate-buffered saline (PBS) at pH 7.4 with gentle
vortexing. For bilateral intra-PVN infusion, 0.5 µL was delivered per side, corresponding to 0.5 µg per
side. The solution was filtered using a 0.22 µm sterile filter, aliquoted into sterile EP tubes, and stored at
− 80°C.

2.11 Western blot assay
Colon tissue proteins were extracted and quantified. Protein samples were subjected to SDS-PAGE and
transferred to PVDF membranes via wet transfer. After incubation with primary antibodies, membranes
were washed and incubated with HRP-conjugated goat anti-rabbit IgG (1:5000, GB23303, Servicebio) at
room temperature (RT). Detection was performed using a chemiluminescent substrate, and images were
captured using a Tanon 5200 imaging system. The relative protein expression levels were normalized to
β-actin and quantified using ImageJ software (version 1.54f).

2.12 Immunofluorescence (IF)
Mouse colon tissues were paraffin-embedded and sectioned at 5 µm thickness, while brain tissues were
cryosectioned at 40 µm. Tissue sections were washed with PBS for 5 min × 3 times, followed by blocking
with 0.5% Triton X-100 and 5% BSA at RT for 1 h. Subsequently, sections were incubated at 4°C for 16 h
with primary antibody in a solution containing 0.3% Triton X-100, 3% BSA, and 3% donkey serum. After
incubation, sections were washed with PBS (5 min × 3 times), followed by incubation at RT, protected
from light, for 2 h with the corresponding secondary antibody. After washing again with PBS (5 min × 3
times), the sections were mounted and observed using a fluorescence microscope (LEICA DM 2500
LED). Quantitative analysis of fluorescence intensity was performed using ImageJ software (version
1.54f).

2.13 Enzyme-linked immunosorbent assay (ELISA)
Blood was collected from the abdominal aorta of mice and left at RT for 1 h, then centrifuged at 3000 ×g
for 15 min to separate the serum. The supernatant was collected and stored at 4°C. All ELISA procedures
were performed according to the manufacturer's protocols and analyzed using an enzyme-linked
immunosorbent analyzer (RT-6100, Rayto). A standard curve was generated by plotting standard
concentrations against their corresponding absorbance values.

2.14 Hematoxylin and eosin (HE) and toluidine blue
staining
Colon tissues were fixed in 4% paraformaldehyde for 24 h, dehydrated through a graded ethanol series,
embedded in paraffin, and sectioned at 5 µm thickness. Sections were floated on a 42°C water bath to
facilitate expansion, carefully transferred onto adhesive-coated slides, and flattened using a histological
brush to remove wrinkles. Slides were then dried in a 60°C slide dryer for 1 h. For HE staining, sections
after staining were differentiated with acid alcohol and mounted with neutral gum. Microscopic
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observations were made using a LEICA DM 2500 LED microscope. For toluidine blue staining, after
dehydration, embedding, sectioning, and deparaffinization, sections were stained with toluidine blue
solution, differentiated with glacial acetic acid until nuclei and granules were clearly defined, and
mounted with neutral gum. MC degranulation in the intestinal mucosa was microscopically observed,
with MCs identified as round, oval, or irregular in shape.

2.15 Transmission electron microscopy of colonic mucosal
ultrastructure
Mouse colon tissues were trimmed into ~ 1 mm³ blocks, rinsed in pre-cooled PBS (3 × min), dehydrated
through graded ethanol, processed according to standard TEM procedures, and imaged using a
transmission electron microscope (Hitachi HT7800).

2.16 Statistical analysis
Statistical analyses were performed using SPSS 25.0, and data visualization using GraphPad Prism 9.
Data are expressed as mean ± standard deviation (mean ± SD). For comparisons between two groups,
unpaired t-tests were used when data met the assumptions of normal distribution. One-way ANOVA was
applied for comparisons among multiple groups, followed by Tukey's test for post hoc analysis when
variance was homogeneous; otherwise, Dunnett's T3 test was employed. When normality or
homogeneity of variance was not satisfied, the Kruskal–Wallis test was used. A P value < 0.05 was
considered statistically significant. No formal sample size calculation was performed; sample sizes were
based on previous experience and common practice in similar animal studies.

3. Results
3.1 Electroacupuncture alleviates visceral hypersensitivity, intestinal dysfunction, and anxiety-like
behaviors in mice model of IBS-D with emotional comorbidity

To evaluate the therapeutic effects of electroacupuncture (EA), we established a mouse model of IBS-D
with emotional comorbidity using chronic restraint stress combined with chemical stimulation (Fig. 1A,
B). We first assessed model establishment by comparing the Model group with the Control group.
Compared with the Control group, mice in the Model group showed significant weight loss (P < 0.001;
Fig. 1C), together with marked visceral hypersensitivity and intestinal dysfunction, as reflected by a
reduced visceral pain threshold, increased fecal water content, and higher diarrhea index scores (P < 
0.001; Fig. 1D–F). Behavioral tests further indicated the presence of anxiety-like changes in the Model
group. In the elevated plus maze (EPM), Model mice showed a lower percentage of open-arm entries
than Control mice (P < 0.001; Fig. 1G, H). In the open field test (OFT), they also exhibited reduced total
distance traveled, reduced distance traveled in the center zone, and less time spent in the center zone (P 
< 0.05, P < 0.01; Fig. 1I–L). Together, these findings indicate that the IBS-D model with emotional
comorbidity was successfully established.
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We next examined the effects of EA on these abnormalities. Compared with the Model group, EA-treated
mice showed increased body weight and visceral pain thresholds, along with reduced fecal water
content and diarrhea index scores (P < 0.01, P < 0.001; Fig. 1C–F). EA also attenuated anxiety-like
changes. In the EPM, EA increased the percentage of open-arm entries (P < 0.01; Fig. 1G, H). In the OFT,
EA-treated mice showed increases in total distance traveled, center distance, and center time (P < 0.05;
Fig. 1I–L). These results indicate that EA ameliorates both intestinal dysfunction and anxiety-like
behaviors in this comorbid IBS-D model.

Histological examination of the distal colon provided further support for these findings (Fig. 1M). In the
Control group, the colonic mucosa was intact, with well-organized crypt architecture and no obvious
inflammatory cell infiltration. In contrast, the Model group showed disrupted mucosal architecture and
irregular glandular arrangement, accompanied by inflammatory cell infiltration in the mucosa and
submucosa. EA treatment partially restored mucosal structure, with a more regular glandular
arrangement and reduced inflammatory cell infiltration compared with the Model group.

Given that EA improved both intestinal dysfunction and anxiety-like behaviors in this comorbid model, we
next investigated whether these effects were associated with alterations in the PVN CRF/CRF-R1
signaling pathway.

3.2 Electroacupuncture suppresses CRF and CRF-R1 protein expression in the hypothalamic PVN of
IBS-D mice with emotional comorbidity

The hypothalamic PVN is a key brain region involved in stress responses and anxiety regulation, and has
been implicated in stress-related gastrointestinal dysfunction 33. To determine whether PVN CRF/CRF-R1
signaling is altered in IBS-D with emotional comorbidity, we first examined CRF and CRF-R1 protein
expression in the PVN. Compared with the Control group, mice in the Model group showed significantly
increased protein levels of both CRF and CRF-R1 in the PVN (P < 0.001; Fig. 2A, B). Immunofluorescence
staining further supported these findings, showing higher mean fluorescence intensities of CRF and CRF-
R1 in the Model group than in the Control group (P < 0.01, P < 0.001; Fig. 2C, D). These results indicate
that PVN CRF/CRF-R1 signaling is upregulated in IBS-D mice with emotional comorbidity.

We next examined whether EA modulated these molecular changes. Compared with the Model group, EA
treatment significantly reduced CRF and CRF-R1 protein expression in the PVN (P < 0.001, P < 0.01;
Fig. 2A, B). Consistently, the mean fluorescence intensities of CRF and CRF-R1 were also decreased in
the EA group (P < 0.05, P < 0.001; Fig. 2C, D). These findings suggest that PVN CRF/CRF-R1 signaling
may contribute to the comorbid phenotype and represent a potential central target of EA intervention.

3.3 Activation of PVN CRF signaling induces IBS-D-like and
anxiety-like phenotypes that are attenuated by
electroacupuncture
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To determine whether activation of PVN CRF signaling is sufficient to induce bowel and affective
abnormalities, we performed bilateral microinjection of CRF into the PVN of control mice and then
examined whether EA could attenuate the resulting phenotypes, as shown in the experimental timeline
and schematic (Fig. 3A, B). Compared with the Control (Vehicle) group, intra-PVN CRF microinjection
induced significant visceral hypersensitivity (P < 0.001; Fig. 3C) and intestinal dysfunction, as reflected by
increased fecal water content and higher diarrhea index scores (P < 0.001; Fig. 3D, E). In addition, CRF
microinjection elicited anxiety-like changes, as indicated by a lower percentage of open-arm entries in
the elevated plus maze (EPM) (P < 0.01; Fig. 3F, G) and reduced total distance traveled, center distance,
and center time in the open field test (OFT) (P < 0.01, P < 0.001; Fig. 3H–K). These results indicate that
activation of PVN CRF signaling is sufficient to recapitulate key IBS-D-like and anxiety-like phenotypes in
otherwise normal mice.

We next examined whether EA could mitigate these CRF-induced abnormalities. Compared with the CRF
group, the CRF + EA group showed a higher visceral pain threshold (P < 0.05; Fig. 3C), together with
reduced fecal water content and lower diarrhea index scores (P < 0.001, P < 0.01; Fig. 3D, E). EA also
attenuated anxiety-like changes, as evidenced by an increased percentage of open-arm entries in the
EPM (P < 0.01; Fig. 3F, G) and increases in total distance traveled, center distance, and center time in the
OFT (P < 0.05, P < 0.01; Fig. 3H–K). These findings indicate that activation of PVN CRF signaling is
sufficient to induce key IBS-D-like and anxiety-like phenotypes, and that EA partially counteracts these
CRF-driven abnormalities.

3.4 Blockade of PVN CRF-R1 signaling alleviates IBS-D-like
and anxiety-like phenotypes in comorbidity model mice
To complement the gain-of-function experiment above, we next tested whether pharmacologic blockade
of PVN CRF-R1 signaling could alleviate established bowel and affective abnormalities in the
comorbidity model. To this end, the selective CRF-R1 antagonist antalarmin was bilaterally administered
into the PVN of model mice (Fig. 4A, B). Compared with the vehicle-treated Model group, intra-PVN
administration of antalarmin significantly alleviated visceral hypersensitivity (P < 0.01; Fig. 4C) and
improved intestinal dysfunction, as indicated by reduced fecal water content and lower diarrhea index
scores (P < 0.05, P < 0.01; Fig. 4D, E). Antalarmin also attenuated anxiety-like changes, as shown by an
increased percentage of open-arm entries in the EPM (P < 0.05; Fig. 4F, G) and increases in total distance
traveled, center distance, and center time in the OFT (P < 0.01; Fig. 4H–K). These findings indicate that
PVN CRF-R1 signaling functionally contributes to the bowel and affective abnormalities of the
comorbidity model.

Together with the CRF microinjection results, these findings support a causal contribution of PVN
CRF/CRF-R1 signaling to the somatic and emotional phenotypes of the comorbidity model.

3.5 PVN CRF signaling regulates peripheral colonic
CRF/CRF-R1 expression
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To determine whether central PVN CRF signaling is associated with changes in the peripheral colonic
CRF system, we first examined colonic CRF and CRF-R1 expression after intra-PVN CRF microinjection.
Western blot analysis showed that intra-PVN CRF microinjection significantly increased colonic CRF and
CRF-R1 protein levels compared with the Control group (P < 0.001; Fig. 5A). Immunofluorescence
staining of the distal colon further showed increased CRF fluorescence intensity in the CRF group (P < 
0.001; Fig. 5B). We next examined whether EA could attenuate these CRF-induced colonic changes.
Compared with the CRF group, EA treatment significantly reduced colonic CRF and CRF-R1 protein
expression (P < 0.001; Fig. 5A) and decreased CRF fluorescence intensity in the distal colon (P < 0.01;
Fig. 5B). These findings indicate that activation of PVN CRF signaling is associated with enhanced
peripheral colonic CRF system expression, which can be attenuated by EA.

To complement the gain-of-function experiment above, we next examined whether blockade of central
CRF-R1 signaling would reverse colonic CRF system abnormalities in the comorbidity model. Western
blot analysis showed that intra-PVN administration of the CRF-R1 antagonist antalarmin significantly
reduced colonic CRF and CRF-R1 protein expression compared with the vehicle-treated Model group (P < 
0.01, P < 0.001; Fig. 5C). Consistently, immunofluorescence analysis showed that antalarmin significantly
decreased CRF fluorescence intensity in the distal colon (P < 0.01; Fig. 5D). Together, these findings
indicate that PVN CRF/CRF-R1 signaling is associated with peripheral colonic CRF system expression.

These findings support the presence of a functional PVN-colonic CRF signaling axis linking central
stress signaling to peripheral colonic responses.

3.6 Electroacupuncture attenuates colonic mast cell
activation and the downstream TNF-α/NF-κB/MLCK
inflammatory pathway
To determine whether EA modulates downstream colonic neuroimmune activation, we first examined
mast cell activation in the distal colon. Toluidine blue staining showed that the mast cell degranulation
rate was significantly higher in the Model group than in the Control group (P < 0.001; Fig. 6A).
Consistently, immunofluorescence analysis showed increased fluorescence intensity of mast cell
tryptase (MCT), a marker of mast cell activation, in the Model group (P < 0.001; Fig. 6B). These findings
indicate that mast cell activation is enhanced in the colon of comorbidity model mice.

We next examined downstream inflammatory signaling in colonic tissue. Western blot analysis showed
that the protein levels of CRF, CRF-R1, TNF-α, NF-κB p65, and MLCK were all significantly increased in the
Model group compared with the Control group (P < 0.001; Fig. 6C). In addition, ELISA showed that serum
levels of the pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 were significantly elevated in the Model
group (P < 0.001; Fig. 6D–F). These results indicate that colonic mast cell activation is accompanied by
upregulation of downstream inflammatory signaling in the comorbidity model.

We next assessed the effects of EA on these changes. Compared with the Model group, EA treatment
significantly reduced both the mast cell degranulation rate and MCT fluorescence intensity in the distal
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colon (P < 0.01; Fig. 6A, B). EA also significantly decreased the colonic protein expression of CRF, CRF-
R1, TNF-α, NF-κB p65, and MLCK (P < 0.001; Fig. 6C), together with reduced serum levels of TNF-α, IL-1β,
and IL-6 (P < 0.001; Fig. 6D–F). These findings suggest that EA attenuates CRF-related mast cell-
inflammatory signaling in the colon, thereby providing a mechanistic link between central stress
dysregulation and peripheral mucosal injury.

3.7 Electroacupuncture restores colonic barrier integrity
and ameliorates permeability-related alterations
To assess colonic barrier integrity, we first examined the expression of tight junction (TJ) proteins in the
distal colon. Immunofluorescence analysis showed that the fluorescence intensities of Claudin-1, ZO-1,
and Occludin were significantly reduced in the Model group compared with the Control group (P < 0.05, P 
< 0.001; Fig. 7A–F). These findings indicate that barrier-associated TJ proteins are downregulated in the
comorbidity model.

We next examined epithelial ultrastructure by transmission electron microscopy (TEM). In the Model
group, the colonic epithelium showed sparse, disorganized, and shortened microvilli, together with
disrupted tight junctions and widened intercellular spaces (Fig. 7G). In addition, serum levels of diamine
oxidase (DAO), a marker associated with intestinal permeability, were significantly elevated in the Model
group compared with the Control group (P < 0.01; Fig. 7H). Together, these results indicate that the
comorbidity model is accompanied by colonic barrier disruption and permeability-related alterations.

We next assessed whether EA could reverse these abnormalities. Compared with the Model group, EA
treatment significantly increased the fluorescence intensities of Claudin-1, ZO-1, and Occludin (P < 0.05,
P < 0.01; Fig. 7A–F). TEM further showed that EA improved mucosal ultrastructure, with denser and more
regularly arranged microvilli, together with better-preserved tight junctions and intercellular architecture
(Fig. 7G). In addition, EA significantly reduced serum DAO levels compared with the Model group (P < 
0.05; Fig. 7H). Collectively, these data indicate that EA is associated with restoration of colonic barrier
integrity and improvement of permeability-related changes, which is consistent with suppression of the
PVN-driven brain-gut-barrier axis.

4. Discussion
Chronic stress is a major contributor to disorders of gut-brain interaction and is closely linked to the
coexistence of bowel dysfunction and affective symptoms in IBS-D 34. In the present study, mice
exposed to chronic restraint stress combined with chemical stimulation developed visceral
hypersensitivity, diarrhea-like manifestations, anxiety-like behaviors, low-grade mucosal inflammatory
changes, and evidence of colonic barrier impairment, supporting the suitability of this model for studying
stress-related IBS-D-like pathology 31, 32, 35–37. We further found that CRF and CRF-R1 expression in the
PVN was significantly increased in model mice, that intra-PVN CRF administration reproduced key
somatic and emotional abnormalities, and that intra-PVN CRF-R1 blockade alleviated these changes. In
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parallel, EA improved both central and peripheral abnormalities, including behavioral changes, colonic
inflammatory activation, and barrier-related injury. Together, these findings support the involvement of
PVN CRF/CRF-R1 signaling in the comorbid phenotype and indicate that EA exerts a broad modulatory
effect on this stress-related pathological process.

A key finding of the present study is that the significance of PVN CRF/CRF-R1 signaling may extend
beyond symptom regulation to an upstream role in colonic barrier dysfunction in IBS-D with emotional
comorbidity. Previous work has linked CRF signaling to stress-related gastrointestinal dysfunction and to
mast cell-associated mucosal abnormalities17–19, 22, 38–41. However, whether CRF/CRF-R1 signaling
within the PVN lies upstream of colonic barrier injury and permeability-related changes has remained
unclear. In the present study, PVN CRF activation induced bowel and affective abnormalities together
with enhanced colonic CRF signaling, whereas CRF-R1 blockade and EA both attenuated these changes.
These results support the view that PVN CRF/CRF-R1 signaling is not merely associated with IBS-D-like
pathology, but may function as an upstream regulator linking stress-related central dysfunction to
peripheral colonic injury.

The PVN is a major hypothalamic center integrating neuroendocrine and autonomic stress responses
and influencing gastrointestinal function 22, 42, 43. CRF, as a principal mediator of the stress response,

regulates both emotional and visceral processes through CRF receptors 44–48. Consistent with previous
studies showing that CRF-R1 preferentially mediates stress-induced colonic hypermotility and visceral
hypersensitivity 38, 40, 43, 49–52, our results showed that PVN CRF/CRF-R1 signaling was upregulated in
model mice and that gain- and loss-of-function manipulation of this pathway bidirectionally regulated
IBS-D-like and anxiety-like phenotypes. Notably, central manipulation of PVN CRF signaling also altered
colonic CRF and CRF-R1 expression, suggesting the presence of a functional top-down pathway linking
hypothalamic stress signaling to the peripheral CRF system. Although the precise descending routes
were not examined here, these findings support a PVN-colonic CRF signaling axis that may transmit
stress-related central signals to the gut.

At the peripheral level, our findings support a pathway in which enhanced colonic CRF signaling is
accompanied by mast cell activation, inflammatory signaling, and barrier disruption. Peripheral CRF and
its receptors are widely distributed in the gastrointestinal tract 53–58, and CRF-R1 activation has been
implicated in mast cell degranulation, intestinal inflammation, visceral hypersensitivity, and barrier
impairment 59–62. In line with this framework, model mice in the present study showed increased mast
cell degranulation, upregulation of CRF, CRF-R1, TNF-α, NF-κB p65, and MLCK, elevated circulating
inflammatory cytokines, reduced expression of Claudin-1, ZO-1, and Occludin, ultrastructural disruption
of tight junctions, and increased serum diamine oxidase (DAO). These findings are consistent with the
notion that mast cell-associated inflammatory activation contributes to disruption of epithelial junctional
integrity and permeability-related alterations 63–74. Thus, our data support a peripheral CRF-mast cell-
inflammatory-barrier cascade as an important downstream effector pathway in this comorbidity model.
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Acupuncture has been increasingly recognized as a non-pharmacological intervention for functional
gastrointestinal disorders, and the acupoint combination used here was selected on the basis of
previous studies and our prior work18, 24, 25, 46, 75–79. In the present study, EA reduced PVN CRF/CRF-R1
overactivity, attenuated CRF-driven bowel and affective abnormalities, suppressed colonic mast cell-
inflammatory activation, and improved barrier-related changes. These effects suggest that EA may
mitigate IBS-D-like pathology with emotional comorbidity by modulating stress-related central-peripheral
signaling rather than acting only at a single peripheral target.

Several limitations should be acknowledged. First, we did not perform double-label immunofluorescence
in this cohort to directly visualize CRF-R1 localization on colonic mast cells, although our previous work
24 provides relevant structural support. Second, while our findings implicate the PVN as a key upstream
hub, the specific autonomic pathways transmitting PVN CRF signals to the colon were not identified.
Third, sham EA and non-acupoint controls were not included, which limits assessment of acupoint
specificity. Fourth, although the present data support a pathway linking PVN CRF/CRF-R1 signaling to
peripheral barrier-related injury, some mechanistic links remain inferential and will require further
validation using pathway-specific or cell-specific approaches. Future studies combining neural circuit
tracing, targeted pathway manipulation, and cell-type-resolved analyses will help refine the brain-gut-
barrier mechanism proposed here.

Conclusion
In summary, the present study supports a PVN-driven brain–gut–barrier mechanism in IBS-D with
emotional comorbidity. Chronic stress was associated with activation of PVN CRF/CRF-R1 signaling,
which may contribute to bowel dysfunction, anxiety-like behavior, colonic neuroimmune activation, and
barrier-related injury. Electroacupuncture attenuated these abnormalities in association with suppression
of PVN CRF/CRF-R1 signaling and downstream mast cell–TNF-α/NF-κB/MLCK-related barrier disruption.
These findings identify PVN CRF/CRF-R1 signaling as a potential upstream regulator of colonic barrier
dysfunction and suggest that CRF-R1- and MLCK-related pathways may represent candidate mechanistic
targets in IBS-D.
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Figure 1

Electroacupuncture alleviates visceral hypersensitivity and anxiety-like behaviors in mice model of
IBS-D with emotional comorbidity.
(A) Schematic timeline of the experimental design. (B) Schematic representation of the procedure used
to establish the model of IBS-D with emotional comorbidity. (C) Body weight changes monitored
throughout the experiment (n=6). (D) Visceral sensitivity assessed by abdominal withdrawal reflex (AWR)
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scores in response to graded colorectal distension (CRD) (n=6). (E) Fecal water content (%) (n=6). (F)
Diarrhea index scores. (G) Percentage of entries into the open arms in the elevated plus maze (EPM) test
(n=6). (H) Representative movement tracking plots for the EPM (n=6). (I–L) Assessment of locomotor
activity and anxiety-like behavior in the open field test (OFT) (n=6): (I) total distance traveled; (J) distance
traveled in the center zone; (K) time spent in the center zone and (L) representative tracking plots. (M)
Representative hematoxylin and eosin (H&E)–stained sections of the distal colon (scale bar: 50 μm)
(n=6). Data are presented as mean ± SD. *P<0.05, **P<0.01, ***P<0.001. (Abbreviations: Control, naive
mice; Model, IBS-D with emotional comorbidity mice; EA, mice receiving electroacupuncture at ST25,
BL25, and GV20).
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Figure 2

Electroacupuncture suppresses CRF and CRF-R1 protein expression in the hypothalamic PVN of IBS-D
mice with emotional comorbidity

(A) Western blot analysis of CRF protein expression in the PVN (n=6). Left: Representative Western blot
bands. Right: Densitometric quantification of CRF protein levels normalized to the loading control β-
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actin. (B) Western blot analysis of CRF-R1 protein expression in the PVN (n=6). Left: Representative
Western blot bands. Right: Densitometric quantification of CRF-R1 protein levels normalized to β-actin.
(C) Immunofluorescence assessment of CRF in the PVN (n=3). Up: Representative micrographs showing
CRF expression (green). Nuclei were counterstained with DAPI (blue). Bottom: Quantification of the
mean fluorescence intensity of CRF. Scale bar: 50 μm. (D) Immunofluorescence assessment of CRF-R1
in the PVN (n=3). Up: Representative micrographs showing CRF-R1 expression (red). Nuclei were
counterstained with DAPI (blue). Bottom: Quantification of the mean fluorescence intensity of CRF-R1.
Scale bar: 50 μm. Data are presented as mean ± SD. *P<0.05, **P<0.01, ***P<0.001.
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Figure 3

Activation of PVN CRF signaling induces IBS-D-like and anxiety-like phenotypes that are attenuated by
electroacupuncture

(A) Schematic timeline of the experimental design. (B) Schematic illustration of bilateral stereotaxic
microinjection of CRF (or vehicle) into the PVN. (C)Visceral sensitivity assessed by AWR scores in
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response to graded colorectal distension (CRD) (n=6). (D) Fecal water content (%) (n=6). (E) Diarrhea
index scores (n=6). (F) Anxiety-like behavior in the elevated plus maze (EPM) (n=6): percentage of
entries into the open arms. (G) Representative movement tracking plots for the EPM test corresponding
to (F). (H–K) Assessment of locomotor activity and anxiety-like behavior in the open field test (OFT)
(n=6): (H) total distance traveled; (I) distance traveled in the center zone; (J) time spent in the center
zone; and (K) representative movement tracking plots for the OFT. Data are presented as mean ± SD.
*P<0.05, **P<0.01, ***P<0.001. (Abbreviations: Control, bilateral PVN microinjection of vehicle (PBS);
CRF, bilateral PVN microinjection of CRF; CRF+EA, bilateral PVN microinjection of CRF followed by
electroacupuncture).
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Figure 4

Blockade of PVN CRF-R1 signaling alleviates IBS-D-like and anxiety-like phenotypes in comorbidity
model mice

(A) Schematic timeline of the experimental design. (B) Schematic illustration of bilateral stereotaxic
microinjection of the CRF-R1 antagonist antalarmin (or vehicle) into the PVN. (C) Visceral sensitivity
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assessed by AWR scores in response to graded colorectal distension (CRD) (n=6). (D) Fecal water
content (%) (n=6). (E) Diarrhea index scores (n=6). (F) Anxiety-like behavior in the elevated plus maze
(EPM) (n=6): percentage of entries into the open arms. (G) Representative movement tracking plots for
the EPM test corresponding to (F). (H–K) Assessment of locomotor activity and anxiety-like behavior in
the open field test (OFT) (n=6): (H) total distance traveled; (I) distance traveled in the center zone; (J)
time spent in the center zone; and (K) representative movement tracking plots for the OFT. Data are
presented as mean ± SD. *P<0.05, **P<0.01.  (Model, comorbidity mice receiving bilateral PVN
microinjection of vehicle (2.5% DMSO in saline); Antalarmin, comorbidity mice receiving bilateral PVN
microinjection of antalarmin).

Figure 5

PVN CRF signaling regulates peripheral colonic CRF/CRF-R1 expression
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(A) Western blot analysis showing the effects of intra-PVN CRF administration and EA intervention on
colonic CRF and CRF-R1 expression (n=6). Top: Representative Western blot bands in distal colon
tissues. Bottom: Densitometric quantification of colonic CRF (left) and CRF-R1 (right) protein levels
normalized to β-actin. (B) Immunofluorescence analysis of colonic CRF expression after intra-PVN CRF
administration and EA intervention (n=3). Left: Representative immunofluorescence micrographs
showing CRF expression (green) in the distal colon. Right: Quantification of the mean fluorescence
intensity of CRF. (C) Western blot analysis showing the effects of intra-PVN antalarmin administration on
colonic CRF and CRF-R1 expression (n=6). Top: Representative Western blot bands in distal colon
tissues. Bottom: Densitometric quantification of colonic CRF (left) and CRF-R1 (right) protein levels
normalized to β-actin. (D) Immunofluorescence analysis of colonic CRF expression after intra-PVN
antalarmin administration (n=3). Top: Representative immunofluorescence images showing CRF
expression (green) in the distal colon. Bottom: Quantification of the mean fluorescence intensity of CRF.
Scale bar: 20 μm. Data are presented as mean ± SD. **P<0.01, ***P<0.001. (Abbreviations: Control, mice
receiving bilateral PVN microinjection of saline [vehicle]; CRF, bilateral PVN microinjection of CRF;
CRF+EA, CRF microinjection followed by EA treatment; Model, IBS-D with emotional comorbidity mice
receiving bilateral PVN microinjection of vehicle [saline with matched DMSO]; Antalarmin, model mice
receiving bilateral PVN microinjection of antalarmin).
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Figure 6

Electroacupuncture attenuates colonic mast cell activation and the downstream TNF-α/NF-κB/MLCK
inflammatory pathway

(A) Toluidine blue staining of distal colon sections for the assessment of mast cell degranulation (n=6).
Left: Representative micrographs showing mast cell morphology. Black arrows indicate intact mast cells,
whereas red arrows indicate degranulated mast cells. Right: Quantification of the mast cell
degranulation rate. Scale bar: 50 μm. (B) Immunofluorescence analysis of mast cell tryptase (MCT) in
the distal colon (n=3). Left: Representative immunofluorescence micrographs showing MCT expression
(green). Nuclei were counterstained with DAPI (blue). Right: Quantification of the mean fluorescence
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intensity of MCT. Scale bar: 20 μm. (C) Western blot analysis of key proteins in the CRF–mast cell–
inflammation axis in the distal colon (n=6). Left: Representative Western blot bands showing the
expression of CRF, CRF-R1, TNF-α, NF-κB p65, and MLCK. Right: Densitometric quantification of protein
levels relative to β-actin. (D–F) ELISA analysis of serum inflammatory cytokines (n=6): (D) TNF-α; (E) IL-
1β; and (F) IL-6. Data are presented as mean ± SD. **P<0.01, ***P<0.001. (Abbreviations: Control, normal
group; Model, IBS-D with emotional comorbidity group; EA, electroacupuncture treatment group).

Figure 7

Electroacupuncture restores colonic barrier integrity and ameliorates permeability-related alterations

(A–C) Immunofluorescence analysis of tight junction proteins in the distal colon (n=3). Upper panels:
Representative immunofluorescence micrographs showing the expression of (A) Claudin-1, (B) ZO-1, and
(C) Occludin (red). Nuclei were counterstained with DAPI (blue). Lower panels: Corresponding
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quantification of the mean fluorescence intensity. Scale bar: 20 μm. (D) Representative transmission
electron microscopy (TEM) images showing the ultrastructure of epithelial tight junctions in the distal
colon. Tight junctions are indicated by red arrows. Compared with the Control group, the Model group
showed widened paracellular spaces and reduced electron density, whereas these ultrastructural
alterations were attenuated in the EA group. Scale bar: 2 μm. (E) ELISA analysis of serum diamine
oxidase (DAO) levels, a marker of intestinal permeability (n=6). Data are presented as mean ± SD.
*P<0.05, **P<0.01, ***P<0.001. (Abbreviations: Control, normal group; Model, IBS-D with emotional
comorbidity group; EA, electroacupuncture treatment group).

Figure 8

Proposed mechanism by which electroacupuncture ameliorates IBS-D and comorbid anxiety via a PVN-
driven brain–gut barrier axis.

Chronic stress induces hyperactivation of CRF neurons in the hypothalamic paraventricular nucleus
(PVN), resulting in aberrant CRF/CRF-R1 signaling. This central stress signal propagates to the periphery
through the brain–gut axis, upregulating colonic CRF and activating CRF-R1 on mucosal mast cells,
thereby promoting mast cell degranulation and the release of pro-inflammatory cytokines (TNF-α, IL-1β,
and IL-6). TNF-α activates NF-κB signaling, which increases myosin light-chain kinase (MLCK)
expression, leading to tight junction disassembly, epithelial barrier dysfunction, and increased intestinal
permeability. These peripheral alterations contribute to visceral hypersensitivity, while persistent PVN
CRF overactivation sustains anxiety-like behaviors. Electroacupuncture at ST25, BL25, and GV20
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suppresses PVN CRF hyperactivity, attenuates the downstream mast cell–TNF-α–NF-κB–MLCK
cascade, restores barrier integrity, and alleviates both visceral and affective abnormalities.
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