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Purpose: Through network pharmacology combined with molecular docking and in vivo validation, the study examines the
unexplored molecular mechanisms of Tongxieyaofang (TXYF) in the treatment of irritable bowel syndrome (IBS). In particular, the
potential pharmacological mechanism of TXYF alleviating IBS by regulating CHRM3 and intestinal barrier has not been studied.
Patients and Methods: LC-MS technique and TCMSP database were used in combination to identify the potential effective
components and target sites of TXYF. Potential targets for IBS were obtained from Genecards and OMIM databases. PPI and cytoHub
analysis for targets. Molecular docking was used to validate the binding energy of effective components with related targets and for
visualization. GO and KEGG analysis were employed to identify target functions and signaling pathways. In the in vivo validation,
wrap restraint stress-induced IBS model was employed to verify the change for cytoHub genes and CHRM3 expression. Furthermore,
inflammatory changes of colon were observed by HE staining. The changes of Ach were verified by ELISA. IHC and WB validated
CHRM3 and GNAQ/PLC/MLCK channel variations. AB-PAS test and WB test confirmed the protection of TXYF on gut barrier. The
NF-kB/MLCK pathway was also verified.

Results: In TXYF decoction, LC-MS identified 559 chemical components, with 23 remaining effective components after screening in
TCMSP. KEGG analysis indicated that calcium plays a crucial role in TXYF treated for IBS. Molecular docking validated the binding
capacity of the effective components Naringenin and Nobiletin with cytoHub-gene and CHRM3. In vivo validation demonstrated that
TXYF inhibits the activation of Ach and CHRM3 in IBS, and inhibits for the GNAQ/PLC/MLCK axis. Additionally, TXYF
downregulates TNF-a, MMP9, and NF-xB/MLCK, while modulating goblet cell secretion to protect gut barrier.

Conclusion: TXYF inhibits Ach and CHRM3 expression, regulating the relaxation of intestinal smooth muscle via GNAQ/PLC/
MLCK. Additionally, TXYF inhibits NF-xB/MLCK activated and goblet cell secretion to protect gut barrier.

Keywords: irritable bowel syndrome, tongxieyaofang decoction, Ach, CHRM3, GNAQ/PCL/MLCK, gut barrier

Introduction

Irritable bowel syndrome (IBS) is a complex and diverse chronic digestive system disorder characterized by abdominal
pain and accompanying intestinal dysfunction. IBS affects 9% to 23% of the global population." The latest Rome
classification divides IBS into four subtypes: IBS with constipation (IBS-C), IBS with diarrhea (IBS-D), IBS mixed type
with both constipation and diarrhea, and unclassified IBS.>® A global meta-analysis showed that the subtypes of IBS-D,
IBS-C, IBS-M and IBS-U accounted for 23.4%, 22.0%, 24.0% and 22.2%, respectively, in patients with IBS. According
to the Chinese research report, among IBS patients, IBS-D, IBS-C and IBS-M accounted for 74.1%, 15.1% and 10.8%
respectively. Among these, IBS-D is the most clinically common sub-type and significantly impacts patients’ daily lives.
The pathophysiology of IBS is not fully understood, and there is a lack of highly effective clinical treatments for IBS.*
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Therefore, there is an urgent need to research the molecular mechanisms of IBS to provide more evidence for clinical
treatment.

Traditional Chinese Medicine (TCM) treatment of IBS has the characteristics of high safety and strong efficacy, and
its therapeutic potential should not be overlooked. In terms of its mechanism, TCM exhibits the characteristic of
addressing diseases at multiple levels and targets. However, this also makes the mechanism of action of the drugs
more complex. The classic TCM formula Tongxieyaofang (TXYF) has been used for treating gastrointestinal diseases
since ancient medical literature, and is now also used in the clinical treatment of IBS.> The TXYF formula contains four
Chinese herbs: Salvia, Citrus peel, Atractylodes, and Paeonia lactiflora. These herbs contain many potential bioactive
components that interact with multiple therapeutic targets. Clinical data suggests that TXYF can alleviate the clinical
symptoms of IBS patients.® In animal experiments, researchers have found that TXYF can alleviate IBS-D symptoms in
rats.” Furthermore, TXYF can alleviate IBS by regulating 5-hydroxytryptamine and substance P.* Additionally, TXYF
can also alleviate IBS by regulating 5-HT levels through intervention in the intestinal flora.” In microbiota-gut-brain axis
studies, TXYF has also been found to have a preventive effect on depressive behavior in mice.'” Although the
mechanism of TXYF in the treatment of IBS has been discussed and studied by scholars, there are still unclear aspects.
In the pathogenesis of IBS, it is proposed that stimulation of cholinergic receptors (CHRM1 and CHRM3) by acetylcho-
line causes abnormal intestinal motility."' In addition, IBS is thought to be associated with low-grade inflammation, and
inflammatory stimulation may lead to damage to the intestinal barrier.'> These aspects have not been further studied in
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the treatment of IBS with TXYF. Therefore, further exploration of the treatment of IBS with TXYF decoction is
necessary and can provide more reliable evidence for the clinical application of TXYF decoction.

Network pharmacology is an interdisciplinary approach that combines medical, biological and informatics aspects. It
is convenient for comprehensively identifying drug targets and analyzing drug mechanisms of action. This is consistent
with the emphasis on “compatibility” and “holistic concept” in traditional Chinese medicine. Network pharmacology can
provide potential theoretical support for the clinical application of traditional Chinese medicine prescriptions by
uncovering different drug targets and mechanisms of action between diseases and prescriptions.'?

CHRM3, TNF-oa and MMP9 are core targets identified in the network pharmacology analysis, and they have captured
our attention. CHRM3 is a member of the muscarinic acetylcholine receptor, belonging to the G protein-coupled receptor
family.'* Acetylcholine can stimulate CHRM3 to promote the coupling of Gq/G11 with CHRM3, activating PLC/MLCK
to control smooth muscle contraction. Symptoms of diarrhea or constipation in patients with IBS are associated with
abnormal bowel movements.'> CHRM3 can stimulate macrophages to exert a pro-inflammatory effect.'® Inflammatory
macrophages can produce TNF-a and MMP9. TNF-q, as a systemic inflammatory cytokine, is believed to be associated
with intestinal inflammation. Intestinal inflammation is thought to be related to damage to the gut barrier.'” MMP9 plays
an important role in the pathogenesis of intestinal inflammation and can increase intestinal epithelial permeability.'®

This study aims to evaluate the potential targets and pathways of TXYF in treating IBS using network pharmacology.
Through the integration of resources in network pharmacology, the main effective components of TXYF decoction were
selected, and molecular docking and in vivo validation were conducted for the core targets CHRM3, TNF-0, and MMP9.
The impact of the Calcium signaling pathway on colonic smooth muscle in IBS, as indicated by the KEGG enrichment
results, was also validated. Additionally, the study explores the influence of NF-kB/MLCK on the intestinal barrier.
These findings aim to provide a more reliable basis for the clinical application of TXYF decoction in the treatment
of IBS.

Materials and Methods

Network Pharmacology of TXYF and IBS

Active Ingredient and Target of TXYF

Search for the component drugs of TXYF (Chenpi, Fangfeng, Baizhu, Baishao) in TCMSP (http://Isp.nwu.edu.cn/tcmsp.php)
using the criteria of OB (oral bioavailability) > 30% and DL (drug-likeness) > 0.18 to screen for effective components and

their targets. UniProt was used for protein name conversion. The correlation between core effective components and targets
was analyzed using Cytoscape software (version 3.7.2). LC-MS was used to conduct mass spectrometry analysis of the TXYF
decoction and obtain the effective chemical components of the decoction.

Venn for IBS and TXYF

Enter “Intestinal stress syndrome” into public data websites such as OMIM, GeneCard and TTD, and download the
disease targets provided by the websites. Take the intersection of the obtained targets with the targets of TXYF to
obtained 90 targets (Group A). In addition, we took the intersection of disease targets obtained from different databases
(OMIM and GeneCard) and then intersected them with the targets of TXYF to obtain more precise target objectives,
resulting in a singular target, CHRM3.

Protein-Protein Interaction Networks (PPI)

“Group A” data and CHRM3 were separately input into the STRING website for protein-protein interaction (PPI)
analysis, with the species set to human and a minimum required interaction score of 0.4. The data was then imported into
Cytoscape software for cytoHub and MOCDE analysis.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
GO and KEGG enrichment analysis was conducted to explore the potential signaling pathways of the interaction between
TXYF and IBS. Metascape database (https://metascape.org) was used to separately process and conduct enrichment

analysis of the common target genes in “Group A” and CHRM3, obtaining their BP (biological processes), CC (cellular
components), MF (molecular functions), and KEGG results. With parameters set as P < 0.01, Min Overlap > 3, Min
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Enrichment > 15. All data was imported into the Hiplot website (https://hiplot.com.cn) for the visualization of GO and
KEGG results.

Molecular Docking and Visualization

The most interactive effective components with the targets (top 5) and cytoHub targets or CHRM3 were selected for molecular
docking. The receptor protein structure was obtained from the Protein Data Bank (PDB) (https://www]1.rcsb.org/), and the 3D
structures were optimized using PyMOL software (version 2.3.0). The 3D structure files of the effective components

Naringenin, Nobiletin, Kaempferol, Beta-sitosterol, and Wogonin were downloaded from the PubChem database and
molecular force field optimization was performed using Chem3D. AutoDock Tools software (version 1.5.6) was utilized
for protein optimization. The grid set-up was designed for semi-flexible docking and Lamarckian genetic algorithm.
AutoDock Vina (version 1.2.0) was executed for molecular docking to obtain the binding free energy. Naringenin and
Nobiletin targets with binding energy scores less than —7.2 kcal-mol-1 were visualized using PyMOL software (version 2.3.0).

Frying and Identification of TXYF

TXYF Decoction

All herbs of TXYF (Saposhnikoviae Radix, Citri Reticulatae Pericarpium, Atractylodis Macrocephalae Rhizoma and Paeoniae
Radix Alba) were purchased from the Outpatient Department of Zhejiang Chinese Medical University (Hangzhou, China). Place
all the medicinal herbs in water. For each portion of the herbs (Atractylodis Macrocephalae Rhizoma 18g, Paeoniae Radix Alba
12g, Citri Reticulatae Pericarpium 9g and Saposhnikoviae Radix 6g), add 600mL of water. After boiling for 2h, the liquid was
filtered. The extract is processed in a vacuum drying oven until no liquid is present. Finally, 15g of TXYF extract powder was
obtained. According to the formula: Yield % = Dry matter mass/Initial quality of medicinal materials. The results show that
the extraction rate is about 33%. All plants name has been checked with http://www.theplantlist.org.

LC-MS

The analysis was conducted using the chromatograph: UltiMate 3000 RS and mass spectrometer: Q Exactive (Thermo
Fisher Scientific Co., Ltd). A 200uL sample was added to ImL of a mixed solution (methanol: water = 8:2) and vortexed.
Then, 2-3 zirconium dioxide grinding beads were added and the mixture was vortexed for 3 minutes. The sample was
subsequently centrifuged at 4°C (at 20000 x g) for 10 minutes, and the supernatant was filtered through a 0.22pum
membrane filter for analysis. The data collected from high-resolution liquid chromatography was initially processed
using CD2.1 (Thermo Fisher) and then subjected to database retrieval and comparison (mzCloud, mzVault, ChemSpider).

Mice Zoopery

Ethical Statement

The animal study was approved by the Ethics Committee for Animal Study in Animal Ethical and Welfare Committee of
Zhejiang Chinese Medical University (approval number: No. ZSLL-2018-014). This study followed the 3R standard
measures of animal welfare: Replacement, Reduction and Refinement. All the data comes from the public data platform
Genecards, OMIM and TTD. The research on the public database has been exempted from ethical approval by the Ethics
Committee of Zhejiang Hospital of Traditional Chinese Medicine (Acceptance number: 2024-YBK-002-01).

IBS Model

7-week-old male C57BL/6 mice were purchased from the Experimental Animal Center of Zhejiang Chinese Medical
University. All mice were divided into 6 cages, with ad libitum access to food and water. The environmental conditions
included a temperature of 22+1°C, humidity of 55+10%, low noise, and a 12-hour light-dark cycle. After 7 days of
acclimatization, the mice were randomly divided into 3 groups (n = 8/group): control group, IBS group and IBS+TXYF
group. IBS model was induced using wrap restraint stress (WRS) method. The IBS group received intragastric
administration of PBS (10 mL/kg). The IBS+TXYF group received TXYF decoction. Reference to previous effective
dose (11.2 g/kg)."® Intragastric administration and body weight recordings were conducted once daily.
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AWR Score Fecal Water Content

At the end of each experiment, each mouse was assessed for visceral sensitivity, according to the methodology outlined
in the previous article.?’ Stimulation was applied in three different levels of distension (0.25/0.35/0.50 mL). Each
distension was repeated three times. The average value of the abdominal withdrawal reflex (AWR) was calculated as the
final score for each mouse. The AWR scores were quantified using the method described previously. The specific score is
as follows: 0 =no behavioral response to distension; | =brief head movements followed by immobility; 2 = contraction
of abdominal muscles without lifting of the abdomen; 3 =lifting of the abdomen; 4 =body arching and lifting of the
pelvic structure. Fecal water content before and after treatment was measured by placing the feces in a drying oven for 10
hours and then assessing the changes in weight.

Western Blot (WB)

The method was consistent with the previous description. Protein extraction from the mouse colon segment was
conducted for WB validation. Additionally, membrane re-probing technique was utilized, where stripping buffer was
used to strip the previous antibody for subsequent incubation with a new antibody. The antibodies used were all diluted at
a ratio of 1:1000. The antibodies included: anti-TNF-o (#11948), anti-PTGS2 (#4842), anti-CASP3 (#9662), anti-MMP9
(#3852), anti-ESR1 (PAB47907), anti-AKT (MAB51173), anti-BCL2 (#3498), anti-CHRM3 (PAB39793), anti-ZO-1
(PAB36669), anti-Occludin (#91131), anti-MUC2 (PAB39041), anti-GNAQ (WL05054), anti-GNA11 (WL00806), anti-
MLCK (PAB35659) and anti-B-Actin (#4967). The antibodies are derived from: Cell Signaling Technologies, Danvers,
MA, USA or Bioswamp Life Science Lab, Wuhan, China. Electro chemiluminescence detection reagents, RIPA Lysis
Buffer, bicinchoninic acid (BCA) protein assay kit, Western Blot Fast Stripping Buffer, Anti-rabbit IgG and Anti-mouse
IgG from Epizyme Biotech Company (Shanghai, China). Protease and Phosphatase Inhibitor Cocktail from Thermo
Scientific, USA. Polyvinyl difluoride (PVDF) membranes pore size 0.2 pm from Thermo Scientific, USA. The images
were captured with Bio-Rad gel imaging system and analyzed by Quantity One software. The Western blot test can only
accommodate 15 samples, so only 4 mice were shown, and 8 mice were included in the statistics.

Enzyme-Linked Immunosorbent Assay (ELISA)

The colonic levels of MLCK (MU31148), PLC (MU307L5) and ACh (MU30372) were quantified using ELISA assay
kits strictly following the instructions provided by the supplier Bioswamp Life Science Lab, Wuhan, China. The
absorbance at a wavelength of 450nm was measured using Thermo Varioskan Flash (Thermo Scientific, USA). The
sample concentrations of MLCK, PLC and ACh were calculated using the equation obtained from a four-parameter
logistic curve fit based on the standard curve, into which the OD values were inputted.

Hematoxylin-Eosin (H&E) or AB-PAS Staining

The fixation, embedding, and sectioning of colon tissue were consistent with previous practices.’’ HE staining was
performed using hematoxylin-eosin stain for 3—5 minutes, followed by differentiation and bluing. Subsequently,
dehydration was carried out with 85% and 95% gradient alcohols for 5 minutes each, and then stained in eosin
Y solution for 5 minutes. For AB-PAS staining, following the requirements of the reagent kit, staining was performed
with solution C, followed by acidification with solution B and final light-protected staining with solution A. The sealing
process was similar: the slices were successively placed in absolute ethanol I for 5 minutes, absolute ethanol II for 5
minutes, absolute ethanol III for 5 minutes, xylene I for 5 minutes, xylene II for 5 minutes for transparency, and then
sealed with neutral gum.

Immunohistochemistry
The experimental procedure remains consistent with the previous method.”’ However, unlike the previous experiment,
the antibody used this time is: anti-CHRM3 (1:200, BA1783-1, BOSTER, State of California, USA).

Immunofluorescence

The experimental procedure is consistent with the previous method.”’ However, unlike the previous experiment, the
antibodies used this time are: anti-ZO-1 (1:50, PAB36669, Bioswamp, China) and anti-Occludin (1:200, GB111401,
Servicebio, China). Slides were observed and scanned using a virtual slide microscope (Olympus, Japan, VS120-S6-W).
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Biochemical Detection of Hepatorenal Toxicity

Set the corresponding parameters on the automatic biochemical instrument (version: Chemray 800, Rayto, Shenzhen,
China), handle the serum sample according to the requirements, put the sample into the instrument for testing and derive
the result. Detection target: ALT (aminotransferase), AST (aspartate transaminase) and Cre (creatinine).

Statistic Analysis

The experimental data were statistically analyzed using GraphPad Prism (version 8.0.2, La Jolla, CA, USA). All data
were expressed as mean +standard error of the mean (SEM). One-way analysis of variance (ANOVA) was used to
compare the differences among groups, and P < (.05 was considered statistical significance.

Results
Network Pharmacology Suggests That TXYF Regulates IBS Through Different Targets
and Signaling Pathways

LC-MS technology was used to detect the chemical components of the TXYF decoction, revealing a total of 559
constituents (Figure 1A-D). Through screening in the TCMSP database, 23 effective constituents were identified,
including 18 Saposhnikoviae Radix, 5 Citri Reticulatae Pericarpium, 7 Atractylodis Macrocephalae Rhizoma, and 13
Paeoniae Radix Alba. The corresponding targets for these effective constituents were obtained from TCMSP. The
relationships between the herbs- component-targets were visualized using Cytoscape software (Figure 2A).
The“irritable bowel syndrome (IBS)* targets gathered from various disease databases were intersected with the TXYF
targets to create a Venn diagram (Figure 2B). The intersecting targets were then used to construct a PPI network diagram
through STRING (Figure 2C). Data was imported into Cytoscape for visualization of correlation levels. Further analysis
using cytoHub and MODCE revealed CAPS3, MMP9, TNF, BCL2, IL6, PTGS2, ESR1, AKT, TP53 and TGFBI as the
core targets of this analysis (Figure 2D and E). Subsequently, GO and KEGG analyses were conducted based on the
intersecting targets for further exploration (Figure 2F and G). To further identify the key targets regulated by TXYF in
IBS, we intersected IBS targets obtained from different databases with TXYF targets. Consequently, we identified
CHRM3 (Figure 2H). We conducted a PPI analysis using the single target “CHRM3” in the STRING database. Due to
the single target, the website defaulted to a maximum number of interactors to show: no more than 10 interactors. We
exported these results and input them into Cytoscape software for further cytoHub analysis (Figure 2I). We exported the
GO and KEGG results obtained from the STRING analysis of CHRM3 and generated visual representations (Figure 2J
and K). One result that attracted our strong interest was the KEGG result showing enrichment of calcium signaling
pathways and cholinergic synaptic targets. The size of the nodes represents the count results, indicating the degree of
enrichment, while the darkness of the nodes indicates the relevance, representing statistical significance.

Select the top five effective components with the most interactions with targets from Figure 1D. Molecular docking
them with cytoHub targets or CHRM3 (Figure 3A and B). Consistently, a binding energy less than —7.2 is considered to
indicate high binding affinity. Select Naringenin and Nobiletin, which exhibit the highest interactions. Visualize their
molecular docking results with the specified targets (Naringenin vs CAPS3, MMP9, TNF, AKT, PTGS2, ESR1, BCL2,
and CHRM3; Nobiletin vs TNF, PTGS2, AKT, CAPS3 and BCL2). The molecular docking score for these interactions
should be less than —7.2 (Figure 3C-E).

Therapeutic Effects of TXYF on IBS Mice (Body Weight, Fecal Water Content, AVR Score)

The IBS-D model was wrap-restraint stress (WRS) (Figure 4A). Daily weight changes were recorded. The weight of the
IBS group mice was significantly lower than that of control group mice after WRS (P < 0.05). Following TXYF oral
administration, mice showed a significant increase in weight compared to the IBS group (P < 0.05) (Figure 4B). The
study results on fecal water content showed that the number of fecal pellets and water content in the IBS group were
significantly higher than those in the control group, and TXYF treatment significantly reduced these parameters in the
IBS model (Figure 4C). To assess the development of visceral hypersensitivity in the colon, we compared the AWR
scores of the three groups under the pressure stimulation of 0.25, 0.35, or 0.5 mL. The AWR scores in the IBS group
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The chemical constituents of TXYF were characterized by UHPLC-quadrupole orbital mass spectrometry
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Figure | lIdentification of chemical components of TXYF decoction by LC-MS. (A) TXYF chemical composition identification total ion flow diagram. (B) Structural
spectrogram information of Naringenin compounds. (C) Structural spectrogram information of Nobiletin compounds. (D) Main information on the top 20 compounds with
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Figure 2 Network pharmacology analysis for TXYF. (A) herbal-ingredient-target relationship diagram. (B) Venn for TXYF targets and target of IBS from all databases. (C)
The resutls of Figure (B) Input STRING to draw the PPl network; (D) Figure (C) Results in Cytoscape soft to analysis. (E) cytoHub and MODCE analysis. (F) KEGG analysis.
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Figure 4 Verify cytoHub targets in vivo. (A) Schematic illustrations of experimental protocols. (B) Changes of body weight of mice in each group (N = 8). (C) Fecal water
content in each group (N = 8). (D) AWR scores at a pressure stimulation of 0.25 mL/0.35 mL/0.5 mL (N = 8). (E) Changes of protein expression of cytoHub target in colon
tissue of mice in each group (N = 8). (F) Figure E was quantified in gray scale (N = 8). (G) Colon HE staining of mice in each group (N = 6). Values were meansxSD. N.S. =
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Abbreviations: IBS, irritable bowel syndrome; WRS, wrap restraint stress; PBS, phosphate buffer saline; TXYF, Tongxieyaofang decoction.
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were significantly higher than those in the control group (P < 0.01 at 0.25 mL, P < 0.001 at 0.35 mL, and P < 0.001 at
0.5 mL). The AWR scores in the TXYF group were significantly lower than those in the IBS group under 0.25 mL,
0.35 mL, and 0.5 mL stimulation (P < 0.05, P < 0.01, and P < 0.001, respectively). Although the AWR scores in the
TXYF group under 0.5 mL stimulation were higher than those in the control group (P < 0.01 for both comparisons),
there was no statistically significant difference in AWR scores compared to the control group under 0.25 mL and 0.35 mL
stimulations (P > 0.05) (Figure 4D). This evidence indicates that TXYF effectively alleviated IBS-induced diarrhea,
weight loss, and visceral sensitivity. Serum AST, ALT and Cre tests proved that TXYF had no significant toxicity to liver

and kidney (Figure S1).

Validation of the Role of TXYF in vivo Intervention on the Core Target of cytoHub in
the Colon

To verify the in vivo intervention effect of TXYF on the core targets of cytoHub, we collected colon tissues from IBS
model mice. Colon tissues from 4 randomly selected mice in each group were ground and used for protein extraction
experiments. The Western blot results showed a significant increase in TNF-a, MMP9, PTGS2, and AKT, and a decrease
in CASP3 and BCL2 in the colon tissues of the IBS model (P < 0.05). Following TXYF treatment, TNF-a, MMP9,
PTGS2, and AKT significantly decreased (P < 0.05), BCL2 was upregulated (P < 0.05), but there was no up-regulation
of CASP3 after TXYF treatment (P > 0.05). Additionally, ESR1 did not show statistical significance for the model group
due to large intra-group differences in the control group (P > 0.05), and TXYF was able to down-regulate the expression
of ESR1 (P < 0.05) (Figure 4E and F). TXYF treatment group did not show a down-regulation effect on CASP3 in the
colon of IBS mice. However, the significant changes in MMP9 and TNF-a are closely associated with inflammation
research. Therefore, HE staining was performed on the colon tissues. The results revealed no significant inflammatory
infiltration in the colon of IBS (Figure 4G). In conclusion, the experimental results suggest the activation of inflamma-
tion-related factors in the water avoidance stress IBS model, and this activation can be inhibited by TXYF. However,
there is no substantial inflammatory infiltration or organic damage.

TXYF Inhibits Up-Regulated CHRM3 and Ach in IBS

In vivo detection of CHRM3 expression in IBS model mice was conducted. The Western blot (WB) and immunobhis-
tochemistry (IHC) results indicated a significant increase in CHRM3 expression in the colon of the IBS model group
compared to the control group (P < 0.05). Furthermore, the IHC results indicated that the increased CHRM3 expression
primarily localized in the epithelial cells. After TXYF treatment, the expression of CHRM3 decreased compared to the
IBS model group (P < 0.05) (Figure 5A and B). CHRM3, as a muscarinic acetylcholine receptor, is regulated by
acetylcholine (Ach). ELISA was utilized to detect the expression of Ach in the serum and colon. In both the serum and
colon, Ach in the IBS group was significantly increased compared to the control group. Conversely, after TXYF
treatment, Ach was significantly decreased compared to the IBS group (P < 0.05) (Figure 5C and D). Based on these
results, it is suggested that TXYF alleviates the diarrhea symptoms of IBS by reducing Ach and CHRM3 levels,
inhibiting their binding, and thereby relieving colonic smooth muscle spasms.

TXYF Alleviate IBS by Inhibiting GNAQ/PLC/MLCK Diastolic Smooth Muscle

In the KEGG enrichment analysis of CHRM3, the calcium signaling pathway shows the highest correlation. The
activation of Ach and CHRM3 is thought to regulate smooth muscle. We can see that CHRM3 activation of Gq or
G11 can affect the contractile function by affecting the expression of downstream MLCK (Figure S2). Therefore, we
measured the expression of GNAQ (Gq), GNA11 (G11), PLC and MLCK. The activation of GNAQ and MLCK in the
IBS model and their inhibition after TXYF treatment was confirmed in the WB experiment (P < 0.05). However, there
was no statistical difference for GNA11 (P > 0.05) (Figure 5E and F). ELISA results show that PLC and MLCK are
activated in IBS (P < 0.05). TXYF can downregulate the expression of PLC and MLCK (P < 0.05) (Figure 5G and H).
Therefore, we believe that TXYF alleviates smooth muscle excessive contraction and spasms and relieves IBS diarrhea
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Figure 5 The expression of CHRM3 and Gq/PLC/MLCK in colon of each group. (A) The IHC results of CHRM3 in the colon show that the arrow points to areas with high
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by inhibiting Ach and CHRM3, disrupting the coupling of CHRM3 with Gq, and down-regulating the expression of PLC/
MLCK.

TXYF Enhances Intestinal Chemical Barrier by Regulating Goblet Cell Secretion
Through the counting of goblet cells, we observed a reduction in goblet cells in the IBS model compared to the control
group. Following TXYF treatment, an increase in goblet cells was observed compared to the IBS model group. Statistical
analysis of randomly selected slices from three groups did not show significant differences (P > 0.05) (Figure 6A).
Further investigation into the secretion of goblet cells revealed that in the AB-PAS experiment, the secretion in the IBS
group was relatively reduced compared to the control group, with a lighter blue color indicating an increase in acidic
mucus produced by goblet cells. After TXYF treatment, the secretion of goblet cells still exhibited a light blue acidic
mucus, but it was reduced compared to the IBS group, with an overall increase in mucus secretion compared to the IBS
group (Figure 6B). Subsequently, we examined the intestinal-specific secretory protein MUC2 of goblet cells. The
Western blot results indicated a significant decrease in MUC?2 in the IBS group compared to the control, which increased
after TXYF treatment (Figure 6C and D). The experimental results suggest that TXYF can enhance intestinal chemical
barrier by increasing goblet cell secretion, thereby alleviating IBS.

TXYF Reduces Physical Barrier Damage by Inhibiting NF-xB/MLCK

In this experiment, under the premise of TNF-a and MLCK activation in the IBS model, we examined the changes in the
intestinal physical barrier components ZO-1 and Occludin. Both immunofluorescence and Western blot results demon-
strated a decrease in the expression of ZO-1 and Occludin in the IBS model compared to the control group. Following
TXYF treatment, the expression of ZO-1 and Occludin increased compared to the IBS group (Figure 6C-—F).
Subsequently, we analyzed the protein expression of Ikk-a, p65 and p-p65 in the NF-kB signaling pathway. Compared
to the control group, the IBS model group showed increased protein expression of IKK-a and p-p65. In contrast, the
TXYF treatment group exhibited decreased protein expression of IKK-o and p-p65 compared to the IBS model group
(Figure 6G). Based on all the experimental results, we hypothesize that TXYF may reduce intestinal physical barrier
damage through ZO-1 and Occludin, potentially achieved by inhibiting the activated NF-kB/MLCK signaling pathway.

Discussion

IBS, as one of the most common gastrointestinal functional disorders, significantly impacts patient quality of life.
However, Clinical treatment strategies for IBS-D have shown unsatisfactory results.”> TXYF has been widely and long-
term employed in clinical practice for treating IBS. Despite considerable research by scholars, the mechanisms under-
lying its therapeutic effects remain not completely understood, especially concerning intestinal motility and mucosal
barrier protection. In this study, we examined the molecular mechanisms of TXYF treatment in IBS-model mice. This
included a network pharmacology analysis focusing on cytoHub-targets and CHRM3. We validated the tight binding of
TXYF active components with the cytoHub-targets and CHRM3 from a virtual molecular docking perspective, with
subsequent visualization. In vivo validation confirmed TXYF regulatory effects on cytoHub-related targets and CHRM3.
The KEGG enrichment analysis of CHRM3 revealed the regulatory role of Gg/PLC/MLCK in IBS. Based on the premise
that TNF-o activation of NF-kB/MLCK damages tight connections in the gut.* Finally, we established that TXYF can
rescue the physical barrier damage in IBS-model colon by inhibiting the TNF-o/NF-kB/MLCK axis. Furthermore, TXYF
can salvage the chemical barrier damage in IBS-model colon by regulating goblet cell secretion.

The LC-MS analysis detected 559 chemical components in the TXYF decoction. Subsequently, effective components
of TXYF and their corresponding targets were screened in TCMSP. A network was constructed using Cytoscape to
identify the top five effective components with the most interactions with targets. Naringenin and Nobiletin caught our
attention. After obtaining the intersection of IBS targets from the disease database and effective component targets of
TXYF, cytoHub analysis was conducted, resulting in the identification of core hub targets represented by CAPS3, MMP9
and TNF. Previous network pharmacology studies had briefly analyzed these targets. In this study, we performed
molecular docking validation and in vivo verification of these targets. At the molecular docking level, Naringenin was
found to tightly bind with CAPS3, MMP9, TNF, PTGS2, AKT1, BCL2, CASP3 and ESRI. Similarly, Nobiletin
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Figure 6 TXYF protects the gut barrier. (A) Goblet cell count (N = 6). (B) Typical representation of goblet cell secretion detected by AB-PAS staining (N = 6). Purple blue was
neutral mucin and various glycoproteins, light blue was acidic mucin. (C and D) Changes in the expression of MUC2 protein associated with goblet cells and tight junction (TJ)
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the number of mice selected, and one mouse represents one repeat.
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demonstrated tight binding with AKT1, PTGS2, TNF, CASP3 and BCL2. Consistent with the molecular docking results,
in colon tissues of IBS group compared to the control group, increased expression of MMP9, TNF-a, PTGS2, AKT and
IL6, along with decreased expression of CAPS3 and BCL2. But ESR1 did not exhibit any protein changes. Following
TXYF treatment, compared to the IBS group, decreased expression of MMP9, TNF-a, PTGS2, AKT, IL6 and ESR1,
along with increased expression of BCL2. But no changes were observed in CAPS3 protein expression. Overall, the data
suggests that TNF-o form tight associations with the primary effective components of TXYF and are significantly
regulated by TXYF in vivo. TNF-a has been found to increase in IBS and IBD indicating a close association with
intestinal inflammation.**> Consequently, we conducted HE staining of colon tissues, but we did not observe significant
inflammatory infiltration in the colon tissue. This suggests that even with the activation of relevant pro-inflammatory
factors, IBS did not exhibit organic changes in the colon.

CHRMS3 is a muscarinic acetylcholine receptor that is widely expressed in the intestines.?® In this study, datasets from
disease databases consistently revealed a close association between CHRM3 and IBS, and as CHRM3 acts as a target for
the effective components of TXYTF, it has piqued our interest. This study aimed to explore how TXYF alleviates IBS by
modulating CHRM3 through molecular docking and in vivo validation. In the molecular docking analysis, the effective
component of TXYF, Naringenin, tightly bound to CHRM3. Acetylcholine (Ach) is a signaling molecule in the central
and peripheral nervous systems that can regulate intestinal smooth muscle by interacting with CHRM3 and coupling with
Gg/G11 in the G protein.'*'> Previous research has demonstrated that increased Ach expression leads to increased
intestinal motility and is mediated through CHRM3 regulation of chloride ion secretion.”’ In studies of constipation,
a downregulation of CHRM3 expression was observed in constipation models, despite an upward trend in Ach
expression, leading to abnormally decreased intestinal motility that results in constipation. Increasing CHRM3 expression
can enhance intestinal motility and alleviate constipation.?®* In IBS diarrhea, excessive contraction of intestinal smooth
muscles leads to spasms. Normal levels of Ach and CHRM3 activity maintain normal intestinal contractions; however,
excessive expression of Ach and CHRM3 results in frequent and intense contractions, causing abnormal intestinal
motility and diarrhea.!" In our results, IBS-model mice experienced a significant increase in Ach in the intestines and
serum, accompanied by a significant increase in colon of CHRM3 protein expression. Following treatment with TXYF,
Ach levels decreased, along with a reduction in CHRM3 protein expression. Therefore, we believe that the abnormal
increase in Ach and CHRM3 is one of the causes of diarrhea in IBS, and that TXYF can alleviate diarrhea caused by
abnormal intestinal motility by downregulating Ach and CHRM3.

In KEGG enrichment analysis of CHRM3, we found the strongest enrichment relevance in the Calcium signaling
pathway. Within the Calcium signaling pathway, it is known that neurotransmitters regulate GPCR to activating
G-protein, which in turn activates PLC/MLCK to participate in motility.>® In other studies, it has been found that
CHRMS3 can increase the levels of Ca** by coupling with Gq/G11, thereby activating phospholipase C (PLC).*" It is well
established that after Ach activates CHRM3, CHRM3 coupling with Gq/G11 regulates intestinal smooth muscle
contraction.>” Both Ach as a neurotransmitter and CHRM3 as a member of GPCR have been confirmed to be activated
in the IBS model in this experiment. Furthermore, following TXYF treatment, the expression of both Ach and CHRM3
was down-regulated. Therefore, we were curious about the downstream regulation of GNAQ/PLC/MLCK, speculating
whether this is related to the diarrhea caused by abnormal intestinal motility in IBS. In the results, we observed that
GNAQ/PLC/MLCK were activated in the IBS model group. In comparison to the IBS group, the expression of GNAQ/
PLC/MLCK decreased after TXYF treatment. Therefore, we infer that after CHRM3 is activated by Ach and couples
with GNAQ, it subsequently activates PLC/MLCK, leading to abnormal intestinal contractions that cause diarrhea in
IBS. This effect is relieved after TXYF treatment.

Recent research indicates the presence of intestinal barrier damage in IBS.** In studies of the chemical barrier of the
intestinal barrier, the latest findings suggest that when TNF-a is knocked out, secretory progenitor cells differentiate into
goblet cells.** MMP9 has been found to be negatively correlated with the goblet cell-secreted protein MUC2, activation
of MMP9 can inhibit the expression of the goblet cell-secreted protein MUC2.*® Interestingly, in other studies, it has
been shown that CHRM3 can stimulate goblet cell secretion in the intestinal crypts by activating Ca>", which protects the
intestine.>® These are two contradicting results. To validate the changes in goblet cells in IBS, we conducted a count of
goblet cells in colon sections. In the IBS model group with increased TNF-a, a decrease in goblet cells was observed,
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whereas in the group with reduced TNF-a expression after TXYF treatment, an increase in goblet cells was noted.
However, after counting randomly selected slides, no statistically significant differences were found, implying that IBS
did not have a significant impact on the number of goblet cells. We believe that this may be due to the incomplete
elimination of TNF-o by TXYF inhibition. Some scholars have suggested that changes in goblet cell secretion in IBS can
disrupt the intestinal chemical barrier.***” We verified and obtained results showing a decrease in MUC2 expression in
goblet cell secretion in IBS model. In comparison to IBS group, following TXYF treatment, the expression of MUC2 in
goblet cells increased. This contradicts the results of the activation of the CHRM3 Ca”" pathway stimulating MUC2
secretion in the crypts of the small intestine. In other research, it has been suggested that this may be due to the disruption
of intestinal flora in the restraint-stress model, leading to disruption caused by an imbalance of amino acids.*® The
CHRM3-regulated Ca*" in the colon cannot inhibit the damage to the intestinal chemical barrier caused by the disruption
of the intestinal flora in IBS. Further research is needed. However, the results of this study indicate that TXYF does not
significantly affect the number of goblet cells, but it can increase goblet cell secretion, thereby inhibiting damage to the
intestinal chemical barrier.

The intestinal barrier includes not only the chemical barrier but also the physical barrier and the immune barrier.
Previous studies have indicated that MMP9 increases the permeability of intestinal epithelial TJ by activating the basal
lateral membrane receptor.®” At the same time, TNF-a can activate the NF-kB/MLCK signaling axis, contributing to the
damage of the physical barrier in the intestine.*” Furthermore, other studies on IBS have found a dysregulation of tight
junction proteins, leading to damage of gut barrier.*' Based on the activation of MMP9, TNF-a, and MLCK confirmed in
this study in IBS, and their inhibition following TXYF treatment, we examined the expression of the physical barrier
markers ZO-1 and Occludin. Our results show that in the colon of the IBS model mice, the expression of ZO-1 and
Occludin is down-regulated. In comparison to the IBS group, the TXYF treatment group showed up-regulation of ZO-1
and Occludin expression. Additionally, we examined the NF-kB signaling pathway, the results of which also confirmed
the activation of NF-xB in IBS. TXYF was found to inhibit the activation of NF-kB. Consequently, we conclude that
TXYF rescues the damage to the physical barrier of the colon in IBS by inhibiting the up-regulation of ZO-1 and
Occludin through the inhibition of NF-kxB/MLCK.

This study has several limitations. While previous research has demonstrated that knocking out CHRM3 in colonic
macrophages leads to an increase in TNF-a in the case of specific bacterial infections, the mutual relationship between
TNF-0 and CHRM3 in IBS has not been further investigated. Additionally, our study was only conducted in male mice
and did not include control groups of different genders. Future research needs to address these limitations and clarify the
broader implications of our findings. In conclusion, this study confirms the therapeutic effects of TXYF on restraint-
stress-induced IBS mice through CHRM3/Gq/PLC/MLCK, as well as TXYF’s therapeutic effects on the intestinal barrier
of restraint-stress-induced IBS mice through TNF-o/NF-xB/MLCK and regulation of goblet cell secretion. Overall,
compared to the untreated group, the general condition, histopathology, and abnormal protein expression in the treated
group of mice showed improvement. These findings underscore the potential of TXYF as a treatment for IBS and provide
further evidence for the clinical application of TXYF in IBS treatment.

Conclusion

TXYF can reduce the expression of Ach and CHRM3, inhibit the Gq/PLC/MLCK signal axis, and relieve IBS diarrhea
by dilating IBS colon. In addition, TXYF protects the intestinal barrier by regulating the TNF-a, NF-kB/MLCK axis, and
goblet cell secretion.
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