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Purpose: Nonsteroidal anti-inflammatory drugs (NSAIDs) are widely used but often cause small intestinal ulcers (SIUs), for which
effective therapies are lacking. Sishen Pill (SSP), a traditional Chinese medicine, shows therapeutic promise, yet its mechanisms
remain unclear. This study integrates network pharmacology, molecular docking, and experimental validation to systematically
investigate SSP’s protective mechanisms against NSAID-induced SIUs.

Patients and Methods: Active SSP ingredients were screened using the Traditional Chinese Medicine Systems Pharmacology
(TCMSP) and Encyclopedia of Traditional Chinese Medicine (ETCM) databases. SIU-related targets were retrieved from GeneCards
and DisGeNET. Protein-protein interaction (PPI) networks were constructed via STRING and Cytoscape, followed by Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGGQG) pathway enrichment analyses. Molecular docking (AutoDock Vina,
PyMOL) validated ligand-target interactions. In vivo validation employed an indomethacin-induced SIU rat model to assess SSP’s
effects on ulcer severity, inflammation, oxidative stress, and PI3K/AKT signaling.

Results: We identified 66 bioactive SSP ingredients, 222 drug targets, and 144 SIU-related targets. Molecular docking revealed high
binding affinity of SSP components (quercetin, bavachinin, rutaecarpine, evodiamine) to key targets (AKT1, HSP90AAI, IL6,
MAPKI1, BCL2). KEGG analysis highlighted the PI3K/AKT pathway as central. In vivo, SSP reduced ulcer indices, suppressed pro-
inflammatory cytokines (TNF-a, IL-1f, IL-6), and attenuated oxidative stress. SSP also downregulated PI3K and AKT1 mRNA
expression, confirming pathway modulation.

Conclusion: This study elucidates SSP’s multi-target mechanism against NSAID-induced SIUs, emphasizing its role in suppressing
inflammation, oxidative stress, and PI3K/AKT signaling. These findings provide a scientific foundation for SSP’s clinical application
and highlight its potential as a safe, effective alternative to conventional therapies.
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Introduction

Medication within the class of Nonsteroidal Anti-inflammatory Drugs (NSAIDs) is extensively acknowledged and
employed for its efficacy in analgesic, antipyretic, and mitigating inflammation. ' However, their prolonged use is
associated with various gastrointestinal complications. Mucosal injury induced by NSAID, characterized by inflamma-
tion and ulceration, can manifest in both the stomach and proximal duodenum, as well as in the more distal sections of
the small intestine. 33 The occurrence of NSAIDs induced small intestinal ulcers (SIUs) has seen an upward trend, largely
due to the widespread utilization of NSAIDs in chronic pain management, especially among the elderly population. The
increase in detection rate is also attributed to the introduction of advanced endoscopic methods, such as capsule

endoscopy and double-balloon enteroscopy, which facilitate direct observation of the small intestine. ‘_‘5
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The precise etiology underlying NSAID-induced SIUs has yet to be fully determined, although numerous
theories have been postulated. A widely recognized hypothesis posits that NSAIDs suppress the activity of the
cyclooxygenase (COX) enzyme, thereby impeding the synthesis of prostaglandins essential for safeguarding the
gastrointestinal mucosa.®,” Emerging studies have implicated the gut microbiome in the pathogenesis of SIUs.® The
existing therapeutic strategies for NSAID-induced SIUs are constrained, primarily consisting of NSAID withdrawal
or the administration of proton pump inhibitors (PPIs). However, these treatments do not directly target the small
intestine and have been shown to be effective primarily for gastric ulcers.” Indeed, these drugs could potentially
exacerbate NSAID-induced SIUs by altering the gut microbiota composition.'® Thus, there exists an urgent
requirement to devise alternative treatment approaches for managing NSAID-induced SIUs. Indomethacin
(INDO), a type of NSAIDs, is frequently utilized to induce small intestinal ulcers in animal models due to its
potent ulcerogenic effect.'’

The Sishen Pill (SSP), a medicinal formulation from traditional Chinese medicine (TCM), has been extensively
employed in the therapeutic management of gastrointestinal disorders, including chronic diarrhea, irritable bowel
syndrome (IBS), non-specific colitis, among others.'> The therapeutic efficacy of SSP is attributed to its multiple
components which have diverse biological activities. Recent scientific investigations have validated the clinical benefits
of SSP in gastrointestinal health. Studies have demonstrated that SSP exhibits significant protective effects against colitis,
mainly through its antioxidant, anti-inflammatory, and cytoprotective activities.'*'* In addition, SSP has been reported to
regulate gut microbiota, enhance intestinal barrier function, and modulate immune responses, thereby improving overall
gut health.'”,'® However, the therapeutic potential of SSP in addressing NSAID-induced SIUs has not been extensively
researched. The objective of this research is to bridge the existing knowledge gap by examining the possible ameliorative
impact of SSP on indomethacin-induced SIUs.

Network pharmacology represents a novel methodology for probing the potency and therapeutic mechanisms under-
lying TCM."” It elucidates the complex web of interactions among various constituents of the medication and their
molecular targets, thereby illuminating the cooperative and integrative therapeutic mechanisms characteristic of TCMs.'®
Employing this methodology offers a comprehensive framework for assessing the therapeutic efficacy and intrinsic
mechanisms of SSP on indomethacin-induced SIUs.

In this study, we utilized network pharmacology to explore the molecular targets and related signaling pathways of
SSP in the treatment of SIUs. Initial validation was accomplished through molecular docking. Subsequently, utilizing
a range of experimental methodologies, the influence of SSP in treating NSAID-induced SIUs was confirmed through
in vivo experiments. Our findings are expected to provide a theoretical foundation for the therapeutic efficacy of SSP in
SIUs.

Materials and Methods

Integrative Network Pharmacology Investigation

Identification of Bioactive Compounds from Sishen Pill (SSP)

Sishen Pill was composed of 6 herbs, including Buguzhi (Psoralea corylifolia L.), Wuzhuyu (Evodiae Fructus),
Roudoukou (Myristica fragrans Houtt)., Wuweizi (Schisandrae Chinensis Fructus), Shengjiang (Zingiber officinale
Rosc)., and Dazao (Jujubae Fructus). The active compounds of Buguzhi (Psoralea corylifolia L.) was retrieved from
ETCM Database, accessible at http:// www.tcmip.cnt/ETCM2/front/ (accessed on 25 July 2024). For the other five TCMs,
active constituents were sourced from Traditional Chinese Medicine System Pharmacology Database and Analysis

Platform (TCMSP, https://www.tcmsp-e.com/, accessed on 26 July 2024), with selection criteria including oral bioavail-
ability (OB)>30% and drug-likeness (DL)>0.18.

Identification of Target Proteins for Bioactive Compounds

The active components discussed in Section 2.1.1 were employed to explore their prospective protein targets through the
TCMSP database. Subsequently, the associated human genes were retrieved from the UniProt database. Complementary
data was further supplemented using resources from the PubChem database.
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Acquisition of Small Intestinal Ulcers-Related Gene Targets
To identify gene targets associated with small intestinal ulceration (SIU), we utilized the GeneCards database (http://
www.genecards.org, accessed on 27 July 2024)."” employing the keyword “ulceration of small intestine”. Targets

exhibiting relevance scores exceeding twice the median value were chosen for further analysis. Complementary data
were also extracted from the DisGeNET database (https://www.disgenet.com/, accessed on 28 July 2024) to enhance the

robustness of our target identification process.

Development and Examination of the Protein-Protein Interaction (PPl) Network

Genes pivotal for the construction of a PPI network were identified by isolating the shared targets between SSP and SIUs,
using the Venny online tool. The subsequent construction of the PPI network for these shared targets was facilitated by
the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING), available at https://string-db.org/ and accessed
on 28 July 2024.%° This comprehensive database, which encompasses both established and predicted protein interactions,

served as a resource for exploring the interrelationships among the identified genes. The study focused on proteins from
the species “Homo sapiens”, with a minimum confidence threshold established at 0.9. Concurrently, free nodes were
excluded to streamline the PPI network visualization. The constructed protein-protein interaction network was then
uploaded into Cytoscape software (version 3.10.1) for in-depth analysis. Through the analysis of network topology
parameters, the central targets were identified, visualized, and characterized.

Construction of the Bioactive Compounds-Target-Disease Network

For the creation of a comprehensive network visualization that encompasses compounds, their molecular targets, and
associated diseases, we utilized Cytoscape version 3.10.1 to import data concerning active constituents and drug-disease
intersection targets. Network analysis was conducted utilizing the Network Analyzer plugin, with bioactive constituents
and their molecular targets visualized as nodes within the network. Connections representing interactions between these
active components and shared targets were illustrated as edges.

Enrichment Analysis of GO Function and KEGG Pathways
Utilizing the DAVID bioinformatics resource (https://david.ncifcrf.gov/home.jsp/, accessed on 29 July 2024), the target

genes under investigation were analyzed for GO functional categories and KEGG pathway enrichment. For visualization,
we selected GO terms and pathways that were enriched, with a significance threshold of p-values less than 0.05. Bar
graphs representing GO enrichment and bubble graphs depicting KEGG pathway enrichment were generated using the
website of Microbiotics (https://www.bioinformatics.com.cn, accessed on 1 August 2024).

Molecular Docking

The Network Analyzer plugin was utilized to calculate degree values within the Bioactive Compounds-Target-Disease
network, which helped identify the principal bioactive constituents for molecular docking with small ligands. Key
molecular targets were determined by analyzing the PPI network. The Protein Data Bank (PDB, https://www.rcsb.org/,

accessed on 9 August 2024) was consulted to retrieve relevant protein structures. The preparation of small molecules
were conducted using PyMOL, and AutoDock was applied to incorporate hydrogen atoms and to produce output files in
the pdbqt format for the ligand. Active ingredient files were sourced from TCMSP. Molecular docking was conducted
using AutoDock Vina 1.5.7. The PyMOL was utilized to visualize the docking outcomes for various targets and proteins.

In vivo Experiments

Animals

Male Sprague-Dawley (SD) rats with a weight range of 200-250 g (n = 20) were procured from the Shanghai Laboratory
Animal Center (SLACCAS Laboratory Animal Inc., Shanghai, China). The supplier’s license number is SCXK (Hu)
2019-0005. The rats were maintained at the Animal Center of the International Institute of Medicine, Zhejiang
University, under controlled conditions. The animal housing facility maintained a temperature range of 22°C + 2°C,
complemented by a 12-hour alternating light and darkness cycle facilitated by artificial lighting sources. All animals were
allowed to acclimate for one week upon arrival before initiating any experimental procedures. All animal-related
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experimental procedures were carried out following the protocols outlined by the Experimental Animal Ethics
Committee of Zhejiang University School of Medicine (ZJU20240649).

Drugs

The Sishen Pill (lot: 17080051) was procured from Tong Ren Tang Natural Medicine Co. Ltd., (Beijing, China). The
composition included Buguzhi (Psoralea corylifolia L.), Wuzhuyu (Evodiae Fructus), Roudoukou (Myristica fragrans
Houtt)., Wuweizi (Schisandrae Chinensis Fructus), Shengjiang (Zingiber officinale Rosc)., and Dazao (Jujubae Fructus).
These were formed into pills following the dose ratio of 1:2:4:2:2:2, respectively (100, 200, 400, 200, 200, and 200 g).
Although our study primarily relied on network pharmacology to predict the active constituents of SSP, we did not
perform our own HPLC analysis. Instead, we refer to the study by Zhang,?' and Hu,?* which employed a robust HPLC
method to characterize the chemical profile of SSP in its traditional pharmaceutical form. Indomethacin (HY-14397) was
purchased from MCE (MedChemExpress, Shanghai, China).

Establishment of Small Intestinal Ulcers

Following a week of acclimatization at the animal center, the laboratory animals were randomly segregated into four
distinct groups: Control, Indomethacin (INDO), INDO + SSP (2.5 g/kg), and INDO + SSP (5 g/kg) - each comprising five
animals. Indomethacin at 6 mg/kg/day, dissolved in a 5% Na,COj; solution, was administered to the INDO and INDO +
SSP groups for seven consecutive days to induce enteropathy, while the Control group received the same volume of the
Na,CO5 solution alone, as outlined in a previous study.”® The previously specified dose of SSP was administered
intragastrically once daily for five consecutive days once the small intestinal ulceration model had been successfully
created. Concurrently, a comparable volume of distilled water was administered orally to rats in the INDO and the
Control group. On the 13th day, following an eight-hour fasting period, Carbon dioxide-induced asphyxiation was
employed for the humane euthanasia of the animals. Subsequently, blood was executed via cardiac puncture. After
careful dissection, the small intestine was soaked in phosphate-buffered saline pH 7.4, rinsed, and finally weighed for
analysis. The jejunoileal segment was sectioned into two parts. One section was rapidly frozen using liquid nitrogen, and
conserved at a temperature of —80°C for subsequent analysis. Hematoxylin and Eosin (H&E) staining was performed on
the remaining segment after it had been fixed in a 10% formalin solution and embedded in paraffin.

Assessment of Ulcer Lesions

Independent evaluators examined small intestine ulcers with magnifying glasses to eliminate bias. The evaluation
followed the criteria established by Cantarella et al.** Macroscopic lesions of the small intestine were graded from 0
to 5, based on injury severity and hemorrhage formation. The score of 0 indicated normal small intestine mucosa, 1,
pinpoint erosions, 2, lesions less than 1 mm, 3, lesions between 1 and 2 mm, 4, lesions between 3 and 4 mm, and 5
lesions exceeding 4 mm. An ulcer index is calculated using the average ulcer score for each animal.

Hematoxylin-Eosin (HE) Staining

After collection, small intestine mucosa samples were stored in paraformaldehyde, then dehydrated with increasing
alcohol concentrations. These samples were then rinsed in PBS buffer and then processed for paraffin embedding.
Thereafter, sections of the embedded tissue, 4 micrometers in thickness, were prepared and underwent H&E staining.
Histopathological alterations in the tissue sections were subsequently evaluated through microscopic observation.

Evaluation of Cytokines Through ELISA Methodology
An ELISA kit was used to measure the activity of IL-6, IL-1P, and TNF-a in rat serum, in accordance with the
manufacturer’s instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Assessment of Myeloperoxidase (MPO) Activity and Oxidative Stress Indexes

The intestinal tissues of rats were analyzed for the activity of myeloperoxidase (MPO), superoxide dismutase (SOD),
glutathione peroxidase (GSH-Px), catalase (CAT), and the level of malondialdehyde (MDA) using specialized assay kits
from Nanjing Jiancheng Bioengineering Institute, Nanjing, China.
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gPCR Analysis

Isolation of RNA from the intestinal tissues was achieved employing the TRIzol reagent (Vazyme Biotech Co, Nanjing,
China). Subsequently, the isolated RNA was subjected to reverse transcription to form complementary DNA (cDNA)
utilizing the HiScriptIIQRT SuperMix reagent kit (Vazyme Biotech Co, Nanjing, China). The gPCR SYBR Green Master
Mix (Vazyme Biotech Co, Nanjing, China) was used for the quantitative PCR. Table 1 details the primers for
quantification of mRNA expression. Expression levels, represented as fold change, were determined applying the 2
—AACt method, employing p-actin as the housekeeping gene.> Primers were sourced from Generay Biotech Co., Ltd
(Shanghai, China).

Statistical Analysis

We performed all statistical analyses with GraphPad Prism 8 (GraphPad Software, San Diego, California, USA). The
multiple comparisons were assessed using a one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test.
The results are presented as the mean values + standard error of the mean (SEM), with significance determined at p <
0.05. To ensure robustness and reliability, each experiment was repeated at least three times.

Results

Outcomes of Pharmacoinformatics Analysis

Screen Active Ingredient of Sishen Pill and Targets of Small Intestinal Ulcers

Active ingredients in Sishen Pill (SSP) were identified through a search using the TCMSP and ETCM databases. Six
herbs were identified from SSP: Buguzhi (Psoralea corylifolia L.), Wuzhuyu (Evodiae Fructus), Roudoukou
(Myristica fragrans Houtt)., Wuweizi (Schisandrae Chinensis Fructus), Shengjiang (Zingiber officinale Rosc).,
and Dazao (Jujubae Fructus). Employing OB > 30% and DL > 0.18 as screening parameters, 72 active compounds
were found Supplementary Table 1). After eliminating duplicate compounds and those devoid of associated targets,

a cohort of 66 active constituents remained. Notably, Zhang et al employed HPLC-ESI-MS/MS to quantitatively
determine nine key bioactive compounds—deoxyschizandrin, y-schizandrin, schizandrin, schizandrol B, schi-
santherin A, psoralen, isopsoralen, evodiamine, and rutaecarpine—in SSP of the same pharmaceutical form.>!
Furthermore, Hu”? and Liu”® utilized a robust HPLC method to characterize SSP’s chemical profile in its traditional
formulation. In their study, HPLC analysis successfully separated and identified major bioactive constituents,

including bavachin, bavachinin, rutaecarpine, and evodiamine. This externally validated data reinforces our network

Table | Primers Utilized in the Current
Investigation

Genes | Sequences (5'-3')

TNF-a | F: CCCTCACACTCAGATCATCTTCT
R: GCTACGACGTGGGCTACAG

IL-6 F: TAGTCCTTCCTACCCCAATTTCC
R: TTGGTCCTTAGCCACTCCTTC

IL-1B F: GCAACTGTTCCTGAACTCAACT
R: ATCTTTTGGGGTCCGTCAACT

AKTI F: ATGAACGACGTAGCCATTGTG
R: TTGTAGCCAATAAAGGTGCCAT

PI3K F: ACACCACGGTTTGGACTATGG
R: GGCTACAGTAGTGGGCTTGG

B-Actin | F: GTCGTACCACTGGCATTGTG
R: GCTGTGGTGGTGAAGCTGTA
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pharmacology predictions and confirms that the key constituents identified via the TCMSP and ETCM databases are
indeed present in SSP.

The TCMSP database was engaged to forecast protein targets for the Sishen Pill’s constituents. The nomenclature of
all target genes was standardized to the official gene symbols from UniProt (UniProKB), with a specification for human
genes. After removing duplicate target genes, the final count of unique therapeutic targets was 222.

A search was conducted in the GeneCards database using the keyword “ulceration of small intestine”. Candidate targets
were shortlisted based on relevance scores that surpassed twice the median value, and additional data were obtained from the
DisGeNET database. In total, 2151 target genes related to small intestinal ulcerations (SIUs) were identified.

The selected compounds and target gene were progressively loaded into the Cytoscape to generate a “Drug-Active
Ingredient-Target” network as illustrated in Figure 1. Comprising 294 nodes and 1230 edges, this network graphically
depicted the interactions among various components and their associated targets.

Identification of Common Targets of SSP and SIUs and Establishment of a PPl Network

Employing a Venn diagram, we mapped the intersecting targets of SSP and SIUs, resulting in the discovery of 144 common
targets (Figure 2A). The STRING database was utilized to construct a PPI network, with disconnected nodes were hidden.
We applied a filter with a combined score > 0.9 and downloaded the output file in tsv format. This file was uploaded into
Cytoscape 3.10.1 for the creation of a pharmacological network and examine significant protein interactions. The final
network comprised 130 nodes and 381 edges (Figure 2B). In order to validate the relationships among the bioactive
components of SSP and their key targets, a “Bioactive Compounds-Target-Disease” network was developed (Figure 2C).

GO and KEGG Pathway Enrichment Analysis

The DAVID database was used to conduct GO and KEGG analyses on core targets. The GO analysis yielded 487 Biological
Process (BP) terms, 68 Cellular Component (CC) terms, and 121 Molecular Function (MF) terms (Figure 3A, Supplementary
Table 2). The GO enrichment analysis primarily identified biological processes, with a focus on apoptosis processes,
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inflammatory response, and cell population proliferation. Cellular Component entries comprised nucleus, cytoplasm, and
cytosol. Molecular Function entries encompassed enzyme binding, protein binding, and protein homodimerization activity,
among others. This implies that the preventative and therapeutic action of SSP on SIUs involves multiple mechanisms.

A comprehensive analysis identified 152 significant KEGG pathways (Supplementary Table 3), with the top 20 being

depicted in Figure 3B. Notable pathways encompassed “Pathways in cancer”, “Lipid and atherosclerosis”,
“Phosphatidylinositol-3-kinase/protein kinase B (PI3K/Akt) signaling pathway”, among others. The PI3K/Akt signaling
pathway was identified as the most significant and was therefore chosen for further investigation in animal models.

Validation of Molecular Docking

The active components’ docking potential was classified according to their degree values, leading to the selection of the
top four compounds: Quercetin, Bavachinin, Rutaecarpine, and Evodiamine. The Autodock software was utilized to dock
the primary bioactive components with the principal targets and significant pathway proteins. The affinity and stability of
the interaction between the bioactive compound and protein targets are reflected by the binding energy, with lower values
indicating greater structural stability. Evodiamine with AKT1, Rutaecarpine with HSP90OAA1, Rutaecarpine with IL6,
Rutaecarpine with MAPK1, and Evodiamine with BCL2 displayed the greatest stability in their bound conformations.
Detailed information is depicted in Figure 4A-4E. Figure 4F summarizes the binding energies for these interactions.

Outcomes of in vivo Experimental Verification

SSP Ameliorates Intestinal Damage and Ulceration Caused by Indomethacin (INDO) in Rats

The assessment of the ulcer index was conducted in the small intestine. As shown in Figure SA, rats in the INDO group
exhibited significant mucosal damage in the small intestines. Treatment with SSP at dosages of 2.5 and 5 g/kg resulted in

A
B
F
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Figure 4 The docking results of four compounds with the central targets. (A) Evodiamine with AKT|. (B) Rutaecarpine with HSP90AAI. (C) Rutaecarpine with IL6. (D)
Rutaecarpine with MAPKI. (E). Evodiamine with BCL2. (F) Heat map.
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Figure 5 SSP ameliorates intestinal damage and ulcers caused by Indomethacin in rats. (A) Image of a rat’s small intestine. (B) Assessment of ulcer index in the rats. (C)
Pathological alterations in the small intestinal mucosa. The magnification is at 100x, N=5. Data are displayed as means + SEM. *** indicates P < 0.001 compared to the
Control group; ## indicates P < 0.0 compared to the INDO group.

a noticeable reduction in intestinal mucosal ulcers. A significant decrease in the small intestine’s ulcer index was particularly
evident, with the most substantial effect being observed in the group that received 5 g/kg of SSP (Figure 5A and 5B). Overall,
while the INDO group exhibited an elevated ulcer index, SSP treatment dose-dependently inhibited this increase.
A histopathological examination of small intestine tissues using HE staining confirmed these observations, which aligned
with the ulcer index trend (Figure 5C). The findings suggest that SSP possesses the capacity to mitigate indomethacin-induced
mucosal damage in the rat’s small intestine.

SSP Protects Against Oxidative Stress and Inflammation Induced by INDO

Serum inflammatory factor levels were assessed via ELISA. As compared to the control group, the INDO group showed
a substantial increase in IL-1B, IL-6, and TNF-a activity. Conversely, a notable decrease in cytokine activity was
observed in the INDO + SSP (2.5 g/kg) and INDO + SSP (5 g/kg) groups (Figure 6A). Subsequently, the kit detected
increased MPO activity in small intestinal tissues post-INDO induction, which significantly decreased following SSP
administration (Figure 6B). The results also showed that the levels of antioxidant enzyme activity, specifically SOD,
CAT, and GSH-Px, were notably lower in the INDO group than in the control group (Figure 6C—6E), while the MDA
activity increased (Figure 6F). Following treatment with SSP, a reversal of the aforementioned indicators in the small
intestine was observed.

Effects of SSP on Gene Expression in INDO-Induced Rats

Comparative analysis revealed that the INDO group exhibited higher mRNA levels of TNF-a (Figure 7A), IL-6
(Figure 7B), and IL-1P (Figure 7C). In contrast, the SSP groups exhibited considerable suppression of these inflammatory
genes compared to the INDO group. According to the network pharmacology research, the PI3K-AKT signaling pathway
is central to the therapy of SIUs. When compared with the control group, INDO showed higher mRNA levels for both
AKT1 (Figure 7D) and PI3K (Figure 7E). SSP administration reduced both PI3K and AKT1 mRNA expression in rats
with INDO-induced SIUs. These findings imply that SSP may possess anti-inflammatory and immunomodulatory
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Figure 6 SSP mitigates inflammation and oxidative stress induced by Indomethacin. (A) ELISA was employed to quantify serum concentrations of inflammatory factors. (B)
MPO activity within small intestinal tissues was assessed. (C-F) Measurement of oxidative stress-related factors in small intestinal tissues. Sample size (N) was 5. Statistical
significance is denoted by * for P < 0.05, ** for P < 0.01, and *** for P < 0.001 compared to the Control group; # for P < 0.05, ## for P < 0.01, and ### for P < 0.001
compared to the INDO group.

properties, possibly by modulating the PI3K-AKT signaling pathway, thus affording a protective influence against
intestinal damage.

Discussion

Nonsteroidal anti-inflammatory drugs (NSAIDs) have revolutionized pain and inflammation management in clinical
practice.”” Despite this, the utilization of these drugs is linked to a broad spectrum of adverse effects, most notably
gastrointestinal complications.f A significant proportion of these complications involve the small intestine, leading to
the development of small intestinal ulcers (SIUs).>” Among the prevalent drugs for treating NSAID-induced SIUs, Proton
Pump Inhibitors (PPIs), primarily used in NSAID gastropathy treatment, have demonstrated insufficient
effectiveness.'®*° Mucoprotective agents like misoprostol offer an alternative treatment method for NSAID enteropathy,
but their high incidence of side effects may limit their application.'® These challenges highlight the urgent need for novel
and effective therapeutic strategies for NSAID-induced SIUs. Traditional Chinese Medicine (TCM) has gained recogni-
tion for its safety profile and multi-target therapeutic effects. Sishen Pill (SSP), a well-documented Chinese patent
medicine, has been traditionally employed to treat chronic colitis and diarrhea.’'*? The present research integrated
network pharmacology with experimental confirmation to systematically explore the therapeutic potential of SSP in
NSAID-induced SIUs.

Our study identified 66 bioactive constituents in SSP, with quercetin, bavachinin, rutaecarpine, and evodiamine
emerging as pivotal components. These compounds exhibit potent anti-inflammatory, antioxidant, and barrier-protective
properties. Quercetin, a flavonoid with antioxidant and immunomodulatory properties, inhibits proinflammatory cyto-
kines via the cGAS-STING pathway, restoring macrophage polarization and intestinal barrier integrity.**** Bavachinin
has been shown to regulate apoptosis through the p53/Bax/Bcl2 axis, reducing crypt cell apoptosis in colitis models.*>
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Figure 7 Impacts of SSP on gene expression in rats with INDO-induced SIUs. (A-C) SSP effects on the mRNA expression of TNF-q, IL-6, and IL-1f. (D-E) SSP effects on
the mRNA expression of AKT| and PI3K. Results are displayed as means * SEM. N= 5. Statistical significance is denoted by * for P < 0.05, ** for P < 0.01, and *** for P <
0.001 compared to the Control group; # for P < 0.05, ## for P < 0.01, and ### for P < 0.001 compared to the INDO group.

Additionally, rutaecarpine has been reported to attenuate intestinal inflammation via NRF2 activation,*® while evodia-
mine modulates gut microbiota composition, enriching short-chain fatty acid (SCFA)-producing species that promote
barrier function.’”*® Analyzing these key constituents, we hypothesize that SSP exerts a synergistic therapeutic effect
through its modulation of inflammatory, oxidative, and apoptotic pathways. These findings align with prior studies
linking SSP to TLR2/IRAK4/NF-kB, Nrf2/HO-1, and PI3K/AKT pathway.'*3?4°

Inflammation is a key driver of SIU pathogenesis, primarily mediated by IL-1B, IL-6, and TNF-a, which disrupt
epithelial integrity through neutrophil/macrophage-mediated pathways.*' Our results showed that NSAID exposure
significantly elevated these inflammatory markers, whereas SSP administration effectively suppressed them. In addition
to its anti-inflammatory properties, SSP also demonstrated strong antioxidant activity, reversing NSAID-induced reduc-
tions in GSH-Px, CAT, and SOD, while lowering MPO and MDA levels.** These findings suggest that SSP mitigates
NSAID-induced SIU progression by modulating inflammatory cytokines and oxidative stress pathways.

The PI3K/Akt pathway was identified as a key regulatory axis in SSP’s therapeutic effects. Network pharmacology
analysis revealed PI3K/Akt as the most significantly enriched pathway, further validated by molecular docking, which
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demonstrated strong binding affinities between SSP components (eg, evodiamine, rutaccarpine) and key PI3K/Akt targets
(AKTI, PI3K). In vivo validation revealed that SSP treatment significantly downregulated PI3K and AKT1 mRNA
expression in INDO-induced rat models, correlating with reduced ulcer severity and decreased inflammatory cytokine
expression. Mechanistically, PI3K/Akt signaling is pivotal in regulating cell survival, inflammation, and tissue
regeneration.*® Upon activation, Akt phosphorylates multiple downstream targets crucial for intestinal homeostasis.
Akt phosphorylates BAD (Bcl-2-associated death promoter), preventing its interaction with Bcl2, thereby inhibiting
mitochondrial apoptosis.** The suppression of Bcl2 mRNA following SSP treatment (Supplementary Figure 1A and B)

supports this mechanism, indicating a potential anti-apoptotic effect. Moreover, Akt-mediated activation of mTOR
enhances protein synthesis and mucosal repair, while GSK-3 inhibition promotes cell cycle progression through cyclin
DI accumulation.*> These molecular events likely contribute to the histopathological improvements observed in SSP-
treated rats. Additionally, Akt inhibits kB kinase (IKK), preventing NF-kB nuclear translocation and proinflammatory
cytokine release.*®

SSP promotes mucosal healing through multiple mechanisms. Recent evidence links PI3K/Akt signaling to intestinal
barrier integrity and autophagy regulation.*’*° Dysregulation of this pathway in NSAID-induced injury results in tight
junction disruption and increased permeability. Notably, SSP-treated rats exhibited significantly higher occludin and ZO-
1 gene expression, suggesting its role in barrier restoration via PI3K/Akt modulation (Supplementary Figure 1C and D).

Additionally, rutaecarpine’s activation of NRF2 enhances antioxidant defenses, which may further support mucosal
healing.*

SSP may modulates both innate and adaptive immune responses. By inhibiting the cGAS-STING pathway, quercetin
reprograms macrophage polarization from pro-inflammatory M1 to anti-inflammatory M2 phenotypes, reducing IL-6 and
TNF-a secretion.** Furthermore, SSP downregulates Th17 cell activity while promoting regulatory T-cell (Treg)
expansion, rebalancing immune homeostasis in ulcerated tissues.’® These immunomodulatory effects are critical for
resolving chronic inflammation and preventing ulcer recurrence. While our focus was on inflammation and oxidative
stress, emerging evidence highlights SSP’s potential to modulate gut microbiota.*' Future studies should explore SSP’s
impact on microbial diversity and metabolite profiles.

While SSP demonstrated dose-dependent efficacy in rats, its translational feasibility remains a key consideration.
Preclinical studies suggest an optimal SSP dosage of 2.5-5 g/kg/day for gastrointestinal disorders, yet human equivalent
dosing remains unstandardized. Based on body surface area extrapolation, a tentative human dose of 24.3—48.6 g/day has
been proposed, necessitating clinical validation. Additionally, SSP’s pharmacokinetic interactions with existing gastro-
protective measures require careful evaluation. Co-administration with PPIs (eg, omeprazole, esomeprazole) may
influence SSP metabolism via cytochrome P450 2C19 (CYP2C19) inhibition.”" This could increase plasma concentra-
tions of SSP constituents, potentially enhancing efficacy while raising toxicity risks. Furthermore, chronic PPI use
disrupts gut microbiota, whereas SSP promotes the growth of beneficial taxa like Lactobacillus and Bifidobacterium.*'+>
The interplay between PPIs and SSP on microbiota composition warrants further investigation. Clinicians should
prioritize weak CYP2C19 inhibitors, advocate fiber- and polyphenol-rich diets, and monitor nutrient levels to optimize
therapeutic outcomes. Rigorous clinical trials are imperative to validate these interactions and refine evidence-based
guidelines.

Consequently, SSP has demonstrated significant potential in the therapeutic intervention of NSAID-induced SIUs.
Whether acting as antioxidants or modulators of cellular signaling, the effects of SSP on oxidative and inflammatory
balance are crucial. Despite the promising findings, this study has several limitations. The precise molecular mechanisms
by which SSP modulates the PI3K/Akt pathway remain incompletely understood. While network pharmacology and
molecular docking identified potential interactions, direct experimental validation at the protein level is lacking. Future
studies should employ biochemical assays such as co-immunoprecipitation, or Western blotting to confirm these
interactions and delineate the downstream signaling events. Additionally, while this study demonstrated SSP’s therapeu-
tic potential in an indomethacin (INDO)-induced rat model of SIUs, interspecies differences in drug metabolism and
immune response may limit direct clinical translation. Validation in human-derived intestinal organoid models or well-
designed clinical trials is necessary to confirm its efficacy in human populations. Furthermore, this study primarily
focused on the PI3K/Akt pathway; however, SIU pathogenesis involves multiple intersecting signaling cascades,
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including NF-kB, MAPK, and AMPK pathways. Future transcriptomic and proteomic analyses should be conducted to
explore SSP’s broader regulatory network and uncover additional therapeutic targets. Finally, a direct comparison
between SSP and standard gastroprotective agents, such as proton pump inhibitors (PPIs) or misoprostol, was not
performed in this study. Future investigations should include comparative efficacy studies to evaluate whether SSP offers
advantages over conventional therapies in NSAID-induced enteropathy. Despite these limitations, the study’s findings
provide evidence supporting the mechanism of SSP in intervening in NSAID-induced SIUs. These results also provide
valuable direction for future research endeavors by the investigative team.

Conclusion

This study underscores the promising therapeutic efficacy of SSP in managing NSAID-induced SIUs, illuminating its
complex interactions with various targets associated with the pathogenesis of SIUs. A possible therapeutic mechanism of
SSP is its ability to modulate oxidative stress and inflammatory responses, possibly through PI3K/Akt. Our research
findings are expected to facilitate the formulation of potent therapeutic approaches aimed at treating NSAID-induced
SIUs and to encourage additional studies into the pharmacological properties of traditional Chinese medicine. Future
studies should incorporate integrated biochemical assays to confirm the binding interactions between SSP constituents
and the PI3K/Akt signaling pathway. Comparative analyses with established gastroprotective agents are essential to
rigorously evaluate SSP’s efficacy and safety. Moreover, comprehensive metagenomic and metabolomic investigations
should be undertaken to delineate SSP’s impact on gut microbiota composition and metabolite production.

Abbreviations

NSAIDs, nonsteroidal anti-inflammatory drugs; SSP, Sishen Pill; SIUs, small intestinal ulcers; INDO, indomethacin;
TCMSP, Traditional Chinese Medicine Systems Pharmacology; TCM, traditional Chinese medicine; GO, Gene
Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; MPO, myeloperoxidase; SOD, superoxide dismutase;
GSH-Px, glutathione peroxidase; CAT, catalase; MDA, malondialdehyde; IL-6, Interleukin-6; TNF-0, Tumor necrosis
factor a; IL-1B, Interleukin-13; PI3K/AKT, Phosphatidylinositol 3 kinase/protein kinase B; Bcl2, B-cell lymphoma-2.

Ethics Approval and Informed Consent

Ethical approval to conduct studies using publicly available databases is exempt under the following legislation: Item 1
and 2 of Article 32 of “the Measures for Ethical Review of Life Science and Medical Research Involving Human
Subjects”, which was reviewed by the National Science and Technology Ethics Committee, approved by the State
Council of China, and jointly promulgated by the National Health Commission, the Ministry of Education, the Ministry
of Science and Technology and the State Administration of Traditional Chinese Medicine on Feb. 18, 2023. The animal
study protocol was approved by the Ethics Committee of Laboratory Animal Welfare, Zhejiang University
(ZJU20240649). All animal experiments were performed by complying with the guidelines for the Protection and Use
of Experimental Animals of the Ministry of Science and Technology of China.

Acknowledgments
The authors gratefully acknowledge the technical support provided by the International Institutes of Medicine, Zhejiang
University Public Technology Platform, which greatly facilitated the conduct of this research.

Author Contributions

All authors made a significant contribution to the work reported, whether that is in the conception, study design,
execution, acquisition of data, analysis and interpretation, or in all these areas; took part in drafting, revising or critically
reviewing the article; gave final approval of the version to be published; have agreed on the journal to which the article
has been submitted; and agree to be accountable for all aspects of the work.

Funding
This research was funded by the National Natural Science Foundation of China [91949125, 82171545].

2048 https: Drug Design, Development and Therapy 2025:19



Zhou et al

Disclosure
The authors report no conflicts of interest in this work.

References

—

w

wn

[oe)

10.

12

13.

14.

15.

16.

17.

18.

19.
20.

2

—

22.

23.

24.

25.

26.

27.

28.

29.

30.

. Assali M, Zohud N. Design of multicomponent indomethacin-paracetamol and famotidine loaded nanoparticles for sustained and effective

anti-inflammatory therapy. Drug Dev Res. 2021;82(3):448-457. doi:10.1002/ddr.21768
Sostres C, Lanas A. Gastrointestinal effects of aspirin. Nat Rev Gastroenterol Hepatol. 2011;8(7):385-394. doi:10.1038/nrgastro.2011.97

. Scarpignato C, Hunt RH. Nonsteroidal antiinflammatory drug-related injury to the gastrointestinal tract: clinical picture, pathogenesis, and

prevention. Gastroenterol Clin North Am. 2010;39(3):433—464. doi:10.1016/j.gtc.2010.08.010
Smecuol E, Pinto Sanchez MI, Suarez A, et al. Low-dose aspirin affects the small bowel mucosa: results of a pilot study with a multidimensional
assessment. Clin Gastroenterol Hepatol. 2009;7(5):524-529. doi:10.1016/j.cgh.2008.12.019

. Maiden L. Capsule endoscopic diagnosis of nonsteroidal antiinflammatory drug-induced enteropathy. J Gastroenterol. 2009;44(Suppl 19):64-71.

doi:10.1007/s00535-008-2248-8

. Bjarnason I, Scarpignato C, Holmgren E, Olszewski M, Rainsford KD, Lanas A. Mechanisms of damage to the gastrointestinal tract from

nonsteroidal anti-inflammatory drugs. Gastroenterology. 2018;154(3):500-514. doi:10.1053/j.gastro.2017.10.049

. Somasundaram S, Sigthorsson G, Simpson RJ, et al. Uncoupling of intestinal mitochondrial oxidative phosphorylation and inhibition of

cyclooxygenase are required for the development of NSAID-enteropathy in the rat. Aliment Pharmacol Ther. 2000;14(5):639-650. doi:10.1046/
j-1365-2036.2000.00723.x

.Li T, Ding N, Guo H, et al. A gut microbiota-bile acid axis promotes intestinal homeostasis upon aspirin-mediated damage. Cell Host Microbe.

2024;32(2):191-208.¢9. doi:10.1016/j.chom.2023.12.015

. Scheiman JM, Yeomans ND, Talley NJ, et al. Prevention of ulcers by esomeprazole in at-risk patients using non-selective NSAIDs and COX-2

inhibitors. Am J Gastroenterol. 2006;101(4):701-710. doi:10.1111/j.1572-0241.2006.00499.x
Wallace JL, Syer S, Denou E, et al. Proton pump inhibitors exacerbate NSAID-induced small intestinal injury by inducing dysbiosis.
Gastroenterology. 2011;141(4):1322.e1-5. doi:10.1053/j.gastro.2011.06.075

. Takeuchi K, Miyazawa T, Tanaka A, Kato S, Kunikata T. Pathogenic importance of intestinal hypermotility in NSAID-induced small intestinal

damage in rats. Digestion. 2002;66(1):30—41. doi:10.1159/000064419

. Wang HY, Zhao HM, Wang Y, et al. Sishen Wan(®) ameliorated trinitrobenzene-sulfonic-acid-induced chronic Colitis via NEMO/NLK signaling

pathway. Front Pharmacol. 2019;10:170. doi:10.3389/fphar.2019.00170

Liu DY, Guan YM, Zhao HM, et al. The protective and healing effects of si shen wan in trinitrobenzene sulphonic acid-induced colitis.
J Ethnopharmacol. 2012;143(2):435-440. doi:10.1016/j.jep.2012.05.060

Ge W, Wang HY, Zhao HM, et al. Effect of sishen pill on memory t cells from experimental colitis induced by dextran sulfate sodium. Front
Pharmacol. 2020;11:908. doi:10.3389/fphar.2020.00908

Chen F, Yin YT, Zhao HM, et al. Sishen pill treatment of DSS-induced colitis via regulating interaction with inflammatory dendritic cells and gut
microbiota. Front Physiol. 2020;11:801. doi:10.3389/fphys.2020.00801

Zhang B, Cheng Y, Jian Q, et al. Sishen Pill and its active phytochemicals in treating inflammatory bowel disease and colon cancer: an overview.
Front Pharmacol. 2024;15:1375585. doi:10.3389/fphar.2024.1375585

Nogales C, Mamdouh ZM, List M, Kiel C, Casas Al, Schmidt H. Network pharmacology: curing causal mechanisms instead of treating symptoms.
Trends Pharmacol Sci. 2022;43(2):136—150. doi:10.1016/j.tips.2021.11.004

Yuan Z, Pan Y, Leng T, et al. Progress and prospects of research ideas and methods in the network pharmacology of traditional Chinese Medicine.
J Pharm Pharm Sci. 2022;25:218-226. doi:10.18433/jpps32911

Safran M, Dalah I, Alexander J, et al. GeneCards Version 3: the human gene integrator. Database. 2010;2010:baq020. doi:10.1093/database/baq020
Szklarczyk D, Franceschini A, Kuhn M, et al. The STRING database in 2011: functional interaction networks of proteins, globally integrated and
scored. Nucleic Acids Res. 2011;39:D561-8. doi:10.1093/nar/gkq973

. Zhang X-X. Simultaneous determination of nine bioactive components in sishen pills by HPLC-ESI-MS/MS. Chin Traditional Herbal Drugs.

2018;2070-2075.

W-d H, L-1 H, Wang W, et al. Unveiling the chemical components variation of Sishen formula induced by different prescription ratios by the
advanced liquid chromatography/mass spectrometry approaches. Arabian J. Chem. 2024;17(2):105512. doi:10.1016/j.arabjc.2023.105512
Cervantes-Garcia D, Bahena-Delgado Al, Jiménez M, et al. Glycomacropeptide ameliorates indomethacin-induced enteropathy in rats by
modifying intestinal inflammation and oxidative stress. Molecules. 2020;25(10). doi:10.3390/molecules25102351

Cantarella G, Martinez G, Di Benedetto G, et al. Protective effects of amylin on reserpine-induced gastric damage in the rat. Pharmacol Res.
2007;56(1):27-34. doi:10.1016/j.phrs.2007.03.001

Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative C(T) method. Nat Protoc. 2008;3(6):1101-1108. doi:10.1038/
nprot.2008.73

Liu L, Wang S, Xu QX, Xu W, Zhang YB, Yang XW. Poly-pharmacokinetic strategy represented the synergy effects of bioactive compounds in
a traditional Chinese medicine formula, si shen wan and its separated recipes to normal and colitis rats. J Sep Sci. 2021;44(10):2065-2077.
doi:10.1002/js5¢.202001258

Laine L. Approaches to nonsteroidal anti-inflammatory drug use in the high-risk patient. Gastroenterology. 2001;120(3):594-606. doi:10.1053/
2ast.2001.21907

Islam H, Siddiqui A, Islam R, et al. NSAID-induced gastric ulcer disease: a deleterious connection. Discov Med. 2024;36(188):1789-1799.
doi:10.24976/Discov.Med.202436188.165

Graham DY, Opekun AR, Willingham FF, Qureshi WA. Visible small-intestinal mucosal injury in chronic NSAID users. Clin Gastroenterol
Hepatol. 2005;3(1):55-59. doi:10.1016/S1542-3565(04)00603-2

Wallace JL. NSAID gastropathy and enteropathy: distinct pathogenesis likely necessitates distinct prevention strategies. Br J Pharmacol. 2012;165
(1):67-74. doi:10.1111/j.1476-5381.2011.01509.x

Drug Design, Development and Therapy 2025:19 hetps: 2049


https://doi.org/10.1002/ddr.21768
https://doi.org/10.1038/nrgastro.2011.97
https://doi.org/10.1016/j.gtc.2010.08.010
https://doi.org/10.1016/j.cgh.2008.12.019
https://doi.org/10.1007/s00535-008-2248-8
https://doi.org/10.1053/j.gastro.2017.10.049
https://doi.org/10.1046/j.1365-2036.2000.00723.x
https://doi.org/10.1046/j.1365-2036.2000.00723.x
https://doi.org/10.1016/j.chom.2023.12.015
https://doi.org/10.1111/j.1572-0241.2006.00499.x
https://doi.org/10.1053/j.gastro.2011.06.075
https://doi.org/10.1159/000064419
https://doi.org/10.3389/fphar.2019.00170
https://doi.org/10.1016/j.jep.2012.05.060
https://doi.org/10.3389/fphar.2020.00908
https://doi.org/10.3389/fphys.2020.00801
https://doi.org/10.3389/fphar.2024.1375585
https://doi.org/10.1016/j.tips.2021.11.004
https://doi.org/10.18433/jpps32911
https://doi.org/10.1093/database/baq020
https://doi.org/10.1093/nar/gkq973
https://doi.org/10.1016/j.arabjc.2023.105512
https://doi.org/10.3390/molecules25102351
https://doi.org/10.1016/j.phrs.2007.03.001
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1002/jssc.202001258
https://doi.org/10.1053/gast.2001.21907
https://doi.org/10.1053/gast.2001.21907
https://doi.org/10.24976/Discov.Med.202436188.165
https://doi.org/10.1016/S1542-3565(04)00603-2
https://doi.org/10.1111/j.1476-5381.2011.01509.x

Zhou et al

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41

42.

43.

44,

45.
46.

47.

48.

49.

50.

SI.

52.

Li X, Qiao B, Wu Y, Deng N, Yuan J, Tan Z. Sishen Pill inhibits intestinal inflammation in diarrhea mice via regulating kidney-intestinal
bacteria-metabolic pathway. Front Pharmacol. 2024;15:1360589. doi:10.3389/fphar.2024.1360589

Liu XK, Zhao HM, Wang HY, et al. Regulatory effect of sishen pill on tth cells in mice with experimental colitis. Front Physiol. 2020;11:589.
doi:10.3389/fphys.2020.00589

Zhou Y, Qian C, Tang Y, et al. Advance in the pharmacological effects of quercetin in modulating oxidative stress and inflammation related
disorders. Phytother Res. 2023;37(11):4999-5016. doi:10.1002/ptr.7966

Gao F, Zhu F, Shuai B, et al. Quercetin ameliorates ulcerative colitis by restoring the balance of M2/M1 and repairing the intestinal barrier via
downregulating cGAS-STING pathway. Front Pharmacol. 2024;15:1351538. doi:10.3389/fphar.2024.1351538

Zhao C, Ghosh B, Chakraborty T, Roy S. Bavachinin mitigates DMH induced colon cancer in rats by altering p53/Bcl2/BAX signaling associated
with apoptosis. Biotech Histochem. 2021;96(3):179-190. doi:10.1080/10520295.2020.1778087

Zhang Y, Yan T, Sun D, et al. Rutaecarpine inhibits KEAP1-NRF2 interaction to activate NRF2 and ameliorate dextran sulfate sodium-induced
colitis. Free Radic Biol Med. 2020;148:33—41. doi:10.1016/;.freeradbiomed.2019.12.012

Wang M, Zhou B, Cong W, et al. Amelioration of AOM/DSS-induced murine colitis-associated cancer by evodiamine intervention is primarily
associated with gut microbiota-metabolism-inflammatory signaling axis. Front Pharmacol. 2021;12:797605. doi:10.3389/fphar.2021.797605

Zhu LQ, Zhang L, Zhang J, et al. Evodiamine inhibits high-fat diet-induced colitis-associated cancer in mice through regulating the gut microbiota.
J Integr Med. 2021;19(1):56-65. doi:10.1016/j.joim.2020.11.001

Zhaohua Z, Rong L, Nana DU, Xiangdong Z. Efficacy of Sishen Wan on dinitrobenzene sulfonic acid-induced ulcerative colitis and its effect on
toll-like receptor 2/interleukin-1 receptor-associated kinase-4/nuclear factor-xB signal pathway. J Tradit Chin Med. 2022;42(4):565-575.
doi:10.19852/j.cnki.jtem.20220608.001

Zhang J, Liu JW, Liu C-H, et al. Effect of Nrf2/HO-1 signaling pathway in intestinal protection by Sishen Pills against ulcerative colitis in mice.
Zhongguo Zhong Yao Za Zhi. 2021;46(16):4187-4192. doi:10.19540/j.cnki.cjcmm.20210524.402

. Xu N, Zhang C, Jing L, Mou S, Cao X, Yu Z. Protective effect and mechanism of rebamipide on NSAIDs associated small bowel injury.

Int Immunopharmacol. 2021;90:107136. doi:10.1016/j.intimp.2020.107136

Jia B, Zhao L, Liu P, Li M, Tian Z. Limonin ameliorates indomethacin-induced intestinal damage and ulcers through Nrf2/ARE pathway. Immun
Inflamm Dis. 2023;11(2):¢787. doi:10.1002/iid3.787

Ma Y, Lang X, Yang Q, et al. Paconiflorin promotes intestinal stem cell-mediated epithelial regeneration and repair via PI3K-AKT-mTOR
signalling in ulcerative colitis. Int Immunopharmacol. 2023;119:110247. doi:10.1016/j.intimp.2023.110247

Wang P, Zhao M, Chen Z, et al. Hydrogen gas attenuates hypoxic-ischemic brain injury via regulation of the MAPK/HO-1/PGC-1a pathway in
neonatal rats. Oxid Med Cell Longev. 2020;2020:6978784. doi:10.1155/2020/6978784

Manning BD, Toker A. AKT/PKB signaling: navigating the network. Cell. 2017;169(3):381-405. doi:10.1016/j.cell.2017.04.001

Guo Q, Jin Y, Chen X, et al. NF-kB in biology and targeted therapy: new insights and translational implications. Signal Transduct Target Ther.
2024;9(1):53. doi:10.1038/s41392-024-01757-9

Chen S, Jiang J, Chao G, Hong X, Cao H, Zhang S. Pure total flavonoids from citrus protect against nonsteroidal anti-inflammatory drug-induced
small intestine injury by promoting autophagy in vivo and in vitro. Front Pharmacol. 2021;12:622744. doi:10.3389/fphar.2021.622744

Zhou M, Zhi J, Zhi J, et al. Polysaccharide from Strongylocentrotus nudus eggs regulates intestinal epithelial autophagy through CD36/PI3K-Akt
pathway to ameliorate inflammatory bowel disease. Int J Biol Macromol. 2023;244:125373. doi:10.1016/j.ijbiomac.2023.125373

Zhang X, Zhang F, Li Y, et al. Blockade of PI3K/AKT signaling pathway by Astragaloside IV attenuates ulcerative colitis via improving the
intestinal epithelial barrier. J Transl Med. 2024;22(1):406. doi:10.1186/s12967-024-05168-w

Wang Y, Zhu X, Liang Y, Li X, Wang Y, Li J. Sishen wan treats ulcerative colitis in rats by regulating gut microbiota and restoring the Treg/Th17
Balance. Evid Based Complement Alternat Med. 2022;2022:1432816. doi:10.1155/2022/1432816

Li XQ, Andersson TB, Ahlstrom M, Weidolf L. Comparison of inhibitory effects of the proton pump-inhibiting drugs omeprazole, esomeprazole,
lansoprazole, pantoprazole, and rabeprazole on human cytochrome P450 activities. Drug Metab Dispos. 2004;32(8):821-827. doi:10.1124/
dmd.32.8.821

Yamamoto K, Ishigami M, Honda T, et al. Influence of proton pump inhibitors on microbiota in chronic liver disease patients. Hepatol Int. 2019;13
(2):234-244. doi:10.1007/s12072-019-09932-9

Drug Design, Development and Therapy Dovepress
Taylor & Francis Group

Publish your work in this journal

Drug Design, Development and Therapy is an international, peer-reviewed open-access journal that spans the spectrum of drug design and development
through to clinical applications. Clinical outcomes, patient safety, and programs for the development and effective, safe, and sustained use of medicines
are a feature of the journal, which has also been accepted for indexing on PubMed Central. The manuscript management system is completely online
and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes
from published authors.

Submit your manuscript here: https://www.dovepress.com/drug-design-development-and-therapy-journal

. Drug Design, Development and Therapy 2025:19
2050 n X in u g g P PY


https://doi.org/10.3389/fphar.2024.1360589
https://doi.org/10.3389/fphys.2020.00589
https://doi.org/10.1002/ptr.7966
https://doi.org/10.3389/fphar.2024.1351538
https://doi.org/10.1080/10520295.2020.1778087
https://doi.org/10.1016/j.freeradbiomed.2019.12.012
https://doi.org/10.3389/fphar.2021.797605
https://doi.org/10.1016/j.joim.2020.11.001
https://doi.org/10.19852/j.cnki.jtcm.20220608.001
https://doi.org/10.19540/j.cnki.cjcmm.20210524.402
https://doi.org/10.1016/j.intimp.2020.107136
https://doi.org/10.1002/iid3.787
https://doi.org/10.1016/j.intimp.2023.110247
https://doi.org/10.1155/2020/6978784
https://doi.org/10.1016/j.cell.2017.04.001
https://doi.org/10.1038/s41392-024-01757-9
https://doi.org/10.3389/fphar.2021.622744
https://doi.org/10.1016/j.ijbiomac.2023.125373
https://doi.org/10.1186/s12967-024-05168-w
https://doi.org/10.1155/2022/1432816
https://doi.org/10.1124/dmd.32.8.821
https://doi.org/10.1124/dmd.32.8.821
https://doi.org/10.1007/s12072-019-09932-9
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Materials and Methods
	Integrative Network Pharmacology Investigation
	Identification of Bioactive Compounds from Sishen Pill (SSP)
	Identification of Target Proteins for Bioactive Compounds
	Acquisition of Small Intestinal Ulcers-Related Gene Targets
	Development and Examination of the Protein-Protein Interaction (PPI) Network
	Construction of the Bioactive Compounds-Target-Disease Network
	Enrichment Analysis of GO Function and KEGG Pathways
	Molecular Docking

	In vivo Experiments
	Animals
	Drugs
	Establishment of Small Intestinal Ulcers
	Assessment of Ulcer Lesions
	Hematoxylin-Eosin (HE) Staining
	Evaluation of Cytokines Through ELISA Methodology
	Assessment of Myeloperoxidase (MPO) Activity and Oxidative Stress Indexes
	qPCR Analysis

	Statistical Analysis

	Results
	Outcomes of Pharmacoinformatics Analysis
	Screen Active Ingredient of Sishen Pill and Targets of Small Intestinal Ulcers
	Identification of Common Targets of SSP and SIUs and Establishment of aPPI Network
	GO and KEGG Pathway Enrichment Analysis
	Validation of Molecular Docking

	Outcomes of invivo Experimental Verification
	SSP Ameliorates Intestinal Damage and Ulceration Caused by Indomethacin (INDO) in Rats
	SSP Protects Against Oxidative Stress and Inflammation Induced by INDO
	Effects of SSP on Gene Expression in INDO-Induced Rats


	Discussion
	Conclusion
	Abbreviations
	Ethics Approval and Informed Consent
	Acknowledgments
	Author Contributions
	Funding
	Disclosure

