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Background: Berberine (BBR), a key compound in Coptis chinensis, has broad pharmacological properties, though its specific 
Crohn’s disease (CD) targets and mechanisms are undefined.
Materials and Methods: We employed network pharmacology, mendelian randomization (MR), molecular docking, and molecular 
dynamics simulations to identify potential target genes. Next, we assessed the efficacy of BBR in vitro and in vivo.
Results: HSP90AA1 and MAPK14 were identified as potential target genes of BBR in the treatment of CD. In vitro experiments 
revealed that BBR downregulated LPS-induced HSP90AA1, MAPK14, and TNF-α while restoring tight junction proteins (ZO-1, 
Occludin, Claudin-1, JAM-A). Both HSP90AA1 inhibitor (17-AAG) and MAPK14 inhibitor (SB203580) significantly mitigated the 
reduction in ZO-1, Occludin, Claudin-1, and JAM-A expression caused by LPS. Furthermore, in vivo experiments revealed that BBR 
treatment effectively alleviated weight loss, the disease activity index (DAI), and colon shortening in a model of DSS-treated mice. 
BBR also ameliorated pathological changes in the colon, repaired goblet cells, reduced the expression of HSP90AA1, MAPK14, and 
TNF-α, and increased the expression of ZO-1, Occludin, Claudin-1, and JAM-A.
Conclusion: BBR inhibits the expression of HSP90AA1 and MAPK14 both in vitro and in vivo, thereby facilitating the repair of the 
intestinal mucosal barrier.
Keywords: Crohn’s disease, berberine, Mendelian randomization, molecular dynamics, experimental validation

Crohn’s disease (CD), a form of inflammatory bowel disease (IBD), is driven by intestinal mucosal barrier dysfunction. 
This impairment facilitates microbial translocation and disrupts immune homeostasis, leading to a Th1/Th17-polarized 
inflammatory response marked by elevated TNF-α and IL-17, alongside reduced regulatory T-cell (Treg) activity.1 

Chronic inflammation promotes progressive tissue damage, resulting in complications such as strictures, fistulae, 
abscesses, and increased colorectal cancer risk.2

Tight junctions (TJs) are apical intercellular complexes in epithelia that control paracellular permeability and protect 
against luminal pathogens and toxins. These complexes consist of key proteins including the scaffolding organizer ZO-1, the 
transmembrane proteins Occludin and Claudin-1, and the immunoglobulin superfamily member JAM-A. Together, they form 
a selective barrier that regulates ion transport and prevents macromolecule passage across the intestinal epithelium.3–7

Coptis chinensis—derived from the dried rhizomes of Coptis chinensis Franch. Coptis deltoidea C.Y. Cheng et Hsiao, and 
Coptis teeta Wall—is a canonical traditional Chinese medicine used to treat damp-heat syndrome, particularly gastrointestinal 
disorders such as diarrhea. Its therapeutic efficacy is attributed to berberine (BBR), a benzylisoquinoline alkaloid with 
pleiotropic immunomodulatory properties. BBR undergoes extensive metabolism in vivo, however, research findings indicate 
that the predominant biological activity is attributed to the parent compound BBR itself.8 BBR exerts protective effects in the 
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colon by preserving the structure and function of the intestinal mucosal barrier and modulating intestinal mucosal immune 
homeostasis, mediated through the Wnt/β-catenin signaling pathway.9 These multi-target actions highlight BBR’s potential in 
managing CD through immunomodulation and barrier protection, though further research is needed to fully elucidate its 
mechanisms and clinical efficacy.

This study employed a multi-methodological approach—integrating network pharmacology, mendelian randomiza
tion (MR), molecular docking, and experimental validation—to elucidate the therapeutic mechanism of BBR in CD. Our 
results not only decipher the mechanistic basis of BBR’s effects but also identify HSP90AA1 and MAPK14 as novel, 
druggable targets. Targeting this axis presents a promising dual-target therapeutic strategy for developing new treatments 
for CD aimed at restoring intestinal barrier function and mitigating inflammation.

Materials and Methods
Collection of Chemical Component Targets of BBR
Pharmacophore modeling is a widely utilized ligand-based approach for drug target identification.10 First, the selected 
structure file of the BBR was downloaded from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/). 
Subsequently, the structural data was imported into PharmMapper (www.lilab-ecust.cn/pharmmapper) for target predic
tion. To obtain target information, gene name conversion in UniProt (https://www.uniprot.org) was performed to identify 
potential targets of the chemical components.

Screening of BBR Therapeutic Targets for CD
Using “Crohn’s disease” as the keyword, the GeneCards database (https://www.genecards.org/) was searched to obtain 
the disease targets associated with CD and establish a dataset of these targets. R version 3.6.3 was used to construct a 
Venn diagram to identify potential targets for the effects of BBR.

Unveiling Core Regulatory Modules and Functional Enrichment Analysis
The protein-protein interaction (PPI) network was performed using STRING (https://string-db.org/), applying a con
fidence level threshold of >0.4. The protein interaction relationships were subsequently imported into Cytoscape software 
(version 3.7.1), and the MCODE plug-in was utilized to identify modules within the protein interaction network, with a 
degree cutoff=2, score cutoff=0.2, k-core=2, and max.depth=100, which were used as screening parameters to visualize 
the key BBR targets for treating CD. Gene Ontology (GO) functional analysis and and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway enrichment analysis were conducted via R version 3.6.3. The ggplot2 package was utilized 
for visualization, enabling the identification of possible biological processes and signaling pathways through which BBR 
may exert its therapeutic effects in treating CD.

MR Analysis to Screen Exposure Genes for CD Pathogenesis
The genome-wide association study (GWAS) data for CD were sourced from the FinnGen Consortium (Release R10, 
https://www.finngen.fi/en/access_results). We selected the genetic instruments corresponding to the expression quantita
tive trait loci (eQTLs) of the aforementioned gene targets.

Initially, we utilized eQLTgen (https://eqtlgen.org/cis-eqtls.html) to map the protein target to the associated SNP. In this study, 
we employed the following criteria for selecting instrumental variables: (i) Given the challenges in identifying protein 
instrumental variables that overlap with disease GWAS at the locus, we established a screening threshold of P < 5×10−8 for 
protein SNPs; (ii) For each protein, we retrieved the locus information from the National Center for Biotechnology Information 
(NCBI) (http://www.ncbi.nlm.nih.gov), as detailed in Table 1, subsequently mapping the protein SNP to the corresponding locus 
±100 kb; (iii) r² < 0.001 was set as the criterion for independence testing; (iv) the F statistic (F = R² × (N − 2)/(1 − R²)) was 
employed to assess the strength of the instrumental variables, with an F value exceeding 10 being deemed acceptable During the 
data analysis phase, we utilized the “TwoSampleMR” R package for MR analysis. For proteins with multiple instrumental 
variables, we primarily applied the inverse variance weighting (IVW) method to evaluate the effect size of the protein on CD; 
conversely, for proteins with only a single instrumental variable, we employed the Wald ratio method.
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Molecular Docking and Molecular Dynamics Simulation
The chemical structure of the BBR was retrieved from PubChem and optimized in Chem 3D (v22.0.0.22) via the 
MMFF94 module. The relevant protein structure was sourced from RCSB PDB (https://www.rcsb.org/). Schrödinger 
Maestro (v11.1.011) was then used to predict docking sites, and LigDock was used to simulate compound‒protein 
interactions.

Additionally, molecular dynamics analysis was performed on the substrate with the top docking score to assess 
binding stability. This analysis was executed with GROMACS 5.1.4,11,12 which uses the Amber 99Sb-ILDN force field 
and TIP3P water model for the Ply206CBD protein, and ACPYPE for ligand topology.13 Each molecular dynamics 
system was simulated for 100 ns at 310 K and 1 bar. The root-mean-square deviation (RMSD) and root-mean-square 
fluctuation (RMSF) values were calculated via GROMACS tools.

Cell Culture
This study utilized Caco-2 cells, a human colon adenocarcinoma-derived line exhibiting mature enterocyte traits, 
obtained from the ATCC and verified for short tandem repeat (STR) and mycoplasma-free status. These cells were 
cultured in RPMI 1640 (Sigma‒Aldrich, USA) supplemented with 20% FBS (Biological Industries, USA) and 100 U/mL 
penicillin‒streptomycin (Gibco, USA) at 37°C in a 5% CO2 incubator. Stimulation was achieved with (Sigma‒Aldrich, 
USA), 17-AAG (HSP90AA1 inhibitor, S86426, Yuan Ye, Shanghai, China), SB203580 (MAPK14 inhibitor, T92668, 
Yuan Ye, Shanghai, China), and Berberine (T92401, Yuan Ye, Shanghai, China).

Cell Counting Kit-8 (CCK-8) Assay
Caco-2 cells (1 × 10^4) were plated into 96-well plates to achieve 80% confluency and subsequently incubated with BBR 
at concentrations of 0, 5, 10, 20, 40, and 80 µM for 24 hours. Following this incubation, 10 µL of CCK-8 (Dojindo, 
Japan) reagent was added to each well, and the absorbance of the cells was measured at 450 nm after an additional 2 
hours of incubation.

Enzyme-Linked Immunosorbent Assay (ELISA)
After cell injury was induced with LPS, BBR-supplemented medium was added for 24 hours. The cells treated with 
trypsin were centrifuged at 3000 rpm and 4°C for 10 minutes. A TNF-α ELISA kit from Jiangsu Enzyme Immune 
Industrial Co., Ltd., was used following the manufacturer’s protocol.

Table 1 Locus Information of Potential Targets for BBR for CD

Ids Genes GeneChr GeneStart GeneEnd

eqtl-a-ENSG00000100985 MMP9 20 44,637,547 44645200
eqtl-a-ENSG00000080824 HSP90AA1 14 102,547,079 102606086

eqtl-a-ENSG00000082701 GSK3B 3 119,540,168 119813294

eqtl-a-ENSG00000164111 ANXA5 4 122,589,101 122618135
eqtl-a-ENSG00000164305 CASP3 4 185,548,850 185570601

eqtl-a-ENSG00000132170 PPARG 3 12,328,867 12475843

eqtl-a-ENSG00000196396 PTPN1 20 49,126,920 49201778
eqtl-a-ENSG00000112062 MAPK14 6 35,995,585 36079013

eqtl-a-ENSG00000140443 IGF1R 15 99,191,768 99507759
eqtl-a-ENSG00000161570 CCL5 17 34,198,495 34207364

eqtl-a-ENSG00000169032 MAP2K1 15 66,679,250 66783882

eqtl-a-ENSG00000091831 ESR1 6 151,977,807 152450754
eqtl-a-ENSG00000197122 SRC 20 35,973,102 36034453

eqtl-a-ENSG00000186951 PPARA 22 46,546,429 46639652

eqtl-a-ENSG00000115415 STAT1 2 191,833,875 191878897
eqtl-a-ENSG00000163631 ALB 4 74,270,004 74,287,199
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Animal Experiments and Dosage Information
Animal experiments were designed according to ARRIVE 2.0 Guideline. A total of 40 male C57BL/6 mice aged 9–12 
weeks were purchased from Shanghai Slac Laboratory Animal Co. Ltd (Shanghai, China) (permission number: SCXK 
(hu) 2022–0004). The mice were cultured under standard conditions (temperature of 20–26°C, relative humidity of 
40–70%, light-dark cycle of 12/12 h, clean bedding, free access to water, and standard dry pellet diet). After a week of 
adaptive feeding, the mice were randomly divided into five groups, with eight mice in each group. In this study, we used 
dextran sulfate sodium (DSS) mice, a well-established mouse model for studying colitis resembling CD.14 DSS was 
purchased from MP Biomedicals (DSS, MP Biomedicals, MW 47,000, California, USA), and BBR was purchased from 
Shanghai Yuan Ye Biotechnology Co. Ltd. (Shanghai, China).

The groups were as follows: 1) normal group, continually fed water alone for 7 days; 2) model group, colitis was 
induced by administering 2% DSS in drinking water for 5 days, with concurrent daily intragastric gavage of normal 
saline, followed by regular drinking water for the next 2 days; 3) BBR-L (Low dose), colitis was induced by adminis
tering 2% DSS in drinking water for 5 days, with concurrent daily intragastric gavage of BBR (20 mg/kg), followed by 
regular drinking water for the next 2 days; 4) BBR-M (Medium dose) group, colitis was induced by administering 2% 
DSS in drinking water for 5 days, with concurrent daily intragastric gavage of BBR (40 mg/kg), followed by regular 
drinking water for the next 2 days; 5) BBR-H (High dose), colitis was induced by administering 2% DSS in drinking 
water for 5 days, with concurrent daily intragastric gavage of BBR (80 mg/kg), followed by regular drinking water for 
the next 2 days. The disease activity index (DAI) was calculated on the basis of body weight change, stool consistency, 
and gut bleeding. On day 8, the mice were euthanized with isoflurane.

Animal studies were performed according to the NIH Guide for the Care and approved by the Ethics Committee of 
Zhejiang Traditional Chinese Medical University (IACUC-202505-01).

H&E and AB-PAS Staining
On day 8, the mice were euthanized with isoflurane. Colon tissues were removed and prepared by rinsing with PBS, and 
fixation in formalin for 24 hours. The samples were then dehydrated in alcohol, cleared with xylene, and paraffin- 
embedded. Sections were cut at 4 μm, incubated at 58°C for 2 hours, dewaxed, and stained with hematoxylin for 5 
minutes. After staining, the sections were dipped in 1% acid ethanol, rinsed, stained with eosin, dehydrated, cleared, and 
mounted with neutral resin. All reagents were purchased from ZSGB-BIO (Beijing, China). The pathological scoring 
standards of H&E include categories such as goblet cells, crypt abscess, mucosal destruction, muscle thickening, and 
inflammatory cell infiltration.15

AB-PAS staining was conducted according to the manufacturer’s instructions, followed by dehydration via the H&E 
protocol. Images were captured via a K-viewer (Jiang Feng Company, China).

Total RNA Extraction and qPCR Analysis
Total RNA extraction and reverse transcription were performed as described previously.16 The primer sequences were 
designed and provided by Shanghai Sangon Biotech Co., Ltd. Relative expression levels of genes (mRNA) were 
calculated using the 2^(-ΔΔCt) method. The primer sequences used for qPCR are shown in Table 2.

Western Blot Analysis
Lysed tissues and cells in RIPA buffer supplemented with PMSF (Biyuntian, Hangzhou, China) were separated via SDS‒ 
PAGE, subjected to PVDF transfer, and blocked with 5% milk. The samples were then incubated with antibodies 
overnight at 4°C, followed by secondary antibody treatment for 1 hour. Finally, the membranes were developed with 
enhanced chemiluminescence (ECL) (Biosharp, Hefei, China) for grayscale analysis via ImageJ (ImageJ Software Inc., 
USA). The dilution ratios of the antibodies used were as follows: HSP90AA1 (Santacruz, sc-515081, USA, 1:1000), p38 
alpha/MAPK14 (MCE, HY-P80996, 1:1000), ZO-1 (Proteintech, 21773-1-AP, 1:5000), Occludin (Santacruz, sc-133256, 
1:100), Claudin-1 (Abcam, ab307692, 1:1000), JAM-A (Proteintech, 16183-1-AP, 1:1000), goat anti-rabbit IgG (H+L)- 
HRP conjugate (Bio-Rad, 1706515, USA, 1:1000), and goat anti-mouse IgG (H+L)-HRP conjugate (Bio-Rad, 1706516, 
USA, 1:1000).
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Immunofluorescence Assay
The sections were dewaxed, dehydrated, and subjected to antigen retrieval with Tris-EDTA (BL617A, Biosharp, China). 
The samples were blocked with 5% BSA, incubated with primary antibodies overnight at 4°C, washed, and then 
incubated with fluorescent secondary antibodies for 1 hour in the dark. Nuclei were stained with DAPI, mounted with 
an anti-quenching agent, and imaged with a fluorescence microscope. Images can then be captured via a fluorescence 
inverted microscope. The dilution ratios of the antibodies used were as follows: HSP90AA1 (Santacruz, sc-515081, 
1:100), p38 alpha/MAPK14 (MCE, HY-P80996, 1:50), ZO-1 (Abcam, ab276131, 1:500), Occludin (Santacruz, sc- 
133256, 1:100), Claudin-1 (Abcam, ab307692, 1:50), JAM-A ((Santacruz, sc-53623, 1:100), TNF-α (Santacruz, sc- 
52746, 1:100), goat anti-mouse IgG H&L (Alexa Fluor® 594) (Abcam, 1:1000), and goat anti-rabbit IgG H&L (Alexa 
Fluor® 488) (Abcam, 1:1000) antibodies.

Table 2 Primers for qRT-PCR

Gene Primer

β-actin (human) Forward 5’-CTCCATCCTGGCCTCGCTGT-3’ 
Reverse 5’-GCTGTCACCTTCACCGTTCC-3’

Mitogen-activated protein kinase 14 (MAPK14) (human) Forward 5’-TGCTGGAGAAGATGCTTGTATTGG-3’ 
Reverse 5’-GGTTCATCAGGATCGTGGTAC-3’

Heat shock protein 90 alpha family class A member 1 (HSP90AA1) (human) Forward 5’-ATCCACCACTCTACTCTGTCTCTG-3’ 
Reverse 5’-GCACCTTGGCTCTGTCTGAAG-3’

Occludin (human) Forward 5’-AACTTCGCCTGTGGATGACTTCAG-3’ 

Reverse 5’-TTTGACCTTCCTGCTCTTCCCTTTG-3’

Zonula Occludens-1 (ZO-1) (human) Forward 5’-GCATGATGATCGTCTGTCCTACCTG-3’ 

Reverse 5’-CCGCCTTCTGTGTCTGTGTCTTC-3’

Claudin-1 (human) Forward 5’-GGTCTTGCCGCCTTGGTAGC-3’ 

Reverse 5’-AGGACAGGAACAGGAGAGCAGTG-3’

Junctional Adhesion Molecule-A (JAM-A) (human) Forward 5’-GCCTCTTCATATTGGCGATCC-3’ 

Reverse 5’-CCGAGTAGGCACAGGACAACTT-3’

GAPDH (mouse) Forward 5’-AAATGGTGAAGGTCGGTGTGAAC-3’ 

Reverse 5’-CAACAATCTCCACTTTGCCACTG-3’

MAPK14 (mouse) Forward 5’-TGTGATTGGTCTGTTGGATGTGTTCG-3’ 

Reverse 5’-TGGCACTTCACGATGTTGTTCAG-3’

HSP90AA1 (mouse) Forward 5’-ATCACGAAGCATAACGACGATGAG-3’ 

Reverse 5’-TAACCTTTGTTCCACGACCCATTG-3’

Occludin (mouse) Forward 5’-CCTCTGACCTTGAGTGTGGATGAC-3’ 

Reverse 5’-TCCTCTTGCCCTTTCCTGCTTTC-3’

ZO-1 (mouse) Forward 5’-ACCCGAAACTGATGCTGTGGATAG-3’ 

Reverse 5’-GCTGGCTGGCTGTACTGTGAG-3’

Claudin-1 (mouse) Forward 5’-GTGTCCTACTTTCCTGCTCCTGTC-3’ 

Reverse 5’-AGAAGGTGTTGGCTTGGGATAAGG-3’

JAM-A (mouse) Forward 5’-ACCTACTCTGGCTTCTCCTCTCC-3’ 

Reverse 5’–GAAGGTGACTCGGTCCGCATAG3’
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Statistical Analysis
Data analysis was conducted with GraphPad Prism 9.2, and the results are presented as the means ± SD. One-way 
ANOVA and Tukey’s test were used to assess group differences, with P < 0.05 indicating significance, *P< 0.05, 
**P<0.01, ***P<0.001. Unless otherwise stated, all experiments were repeated at least three times.

Results
Network-Based Screening and Modular Profiling of BBR Targets for CD Therapy
The chemical structure of BBR was shown in Figure 1A. A total of 107 potential targets were intersected (Figure 1B). 
These targets were stratified into six functional modules, with core module 1 displaying the highest network complexity, 
containing 22 nodes and 204 edges. Key hub genes within this module include MMP9, HSP90AA1, GSK3B, ESR1, 
CASP3, IGF1R, CCL5, AR, ANXA5, ALB, IGF1, EGFR, KDR, MMP2, PTPN1, MAPK14, PPARA, IL2, MAP2K1, 
STAT1, PPARG, and SRC (Figure 1C). GO analysis demonstrated significant enrichment in biological processes 
including response to peptides, membrane microdomain organization, and protein serine/threonine/tyrosine kinase 
activity (Figure 1D). KEGG analysis revealed predominant association with the MAPK signaling cascade (Figure 1E).

MR to Screen Exposed Genes for CD Pathogenesis
In investigating the etiological risk factors for CD, MR employs genetic variation as an instrumental variable to infer the 
causal relationship between exposure and outcome. The IVW method was used for analysis. This result was consistent 

Figure 1 BBR targets and pathways in CD therapeutics. (A) The chemical structure of BBR. (B) Venn diagram of BBR targets in CD treatment. (C) PPI network and Core 
module analysis identifies key BBR targets in CD treatment, with core module 1 marked in red. (D) GO analyses of core module 1. (E) KEGG analyses of core module 1.

https://doi.org/10.2147/PGPM.S547308                                                                                                                                                                                                                                                                                                                                                                                                                            Pharmacogenomics and Personalized Medicine 2025:18 268

Zhao et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



with P<0.05, and the β values were in the same direction. The gene was considered to have a causal relationship with the 
disease. The F statistic for each SNP was greater than 10, indicating less weak instrument bias (Table S1). Our findings 
indicate that MAPK14 and HSP90AA1 may serve as exposure factors in the pathogenesis of CD (Figure 2).

Figure 2 MR indicates specific genes that are causally associated with CD. Genes reaching statistical significance (P < 0.05) are highlighted in red.
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Molecular Docking and Molecular Dynamics Simulations of BBR Interactions with 
MAPK14 and HSP90AA1
The molecular docking data indicate that BBR has a strong binding affinity for both MAPK14 and HSP90AA1 (detailed 
docking scores are shown in Table 3), with interactions occurring via hydrogen bonds, carbon‒hydrogen bonds, and other 
interactions. Additionally, molecular dynamics simulations revealed that BBR maintains stable interactions with 
MAPK14 and HSP90AA1 (Figure 3A and B).

To verify the binding stability and mode of BBR to the receptor proteins MAPK14 and HSP90AA1, we assessed the 
stability of the system and the calculated compounds during molecular dynamics simulations by calculating the RMSD and 
RMSF of the amino acid backbone atoms of the receptor protein complex. The results indicate that BBR binds to both 

Table 3 Docking Scores

Protein Chem ID Name Docking Score

HSP90AA1 2353 Berberine −3.425
MAPK14 2353 Berberine −6.058

Figure 3 Computational analysis of BBR, MAPK14 and HSP90AA1. (A) Molecular docking of HSP90AA1 and BBR. (B) Molecular docking of MAPK14 and BBR. (C) RMSD 
and RMSF analysis of HSP90AA1 and BBR. (D) RMSD and RMSF analysis of MAPK14 and BBR.
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MAPK14 and HSP90AA1, resulting in low RMSD and RMSF values, which suggests that their combination is stable 
(Figure 3C and D). From an molecular dynamics perspective, BBR can stably bind to the MAPK14 and HSP90AA1 proteins.

BBR Downregulates HSP90AA1 and MAPK14 in Caco-2 Cells
CCK-8 assays demonstrated dose-dependent suppression of Caco-2 cells proliferation by BBR. Notably, concentrations 
of 5, 10, and 20 μM exerted no cytotoxic effects on cell viability during 24-hour exposure (Figure 4A). qPCR and WB 
analyses confirmed BBR’s ability to attenuate LPS-induced upregulation of HSP90AA1 and MAPK14 expression 
(Figure 4B and C). Concurrently, BBR suppressed LPS-stimulated TNF-α secretion in cell supernatants (Figure 4D).

Effect of BBR on ZO-1, Occludin, Claudin-1, and JAM-A Expression in Caco-2 Cells
qPCR and WB analyses demonstrated that LPS significantly downregulated the expression of ZO-1, Occludin, Claudin-1, 
and JAM-A in Caco-2 cells. Conversely, BBR treatment dose-dependently upregulated these TJ proteins within defined 
concentration thresholds (Figure 5A and B). Immunofluorescence quantification confirmed LPS-induced attenuation of 
ZO-1, Occludin, Claudin-1, and JAM-A signals, which were rescued by BBR exposure (Figure 5C and D).

Figure 4 BBR attenuates LPS-induced inflammation in Caco-2 cells. (A) BBR-induced cytotoxicity quantified by CCK-8 assay following 24 hours exposure. (B) qPCR 
analysis of HSP90AA1 and MAPK14 expression post-LPS (1μg/mL) and BBR (5, 10, 20 μM) treatment. (C) WB analysis of HSP90AA1 and MAPK14. (D) TNF-α 
concentration in cell culture supernatant measured by ELISA. *P<0.05, **P<0.01, ***P<0.001.
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Figure 5 BBR attenuates LPS-induced barrier dysfunction in Caco-2 intestinal epithelium. (A) qPCR analysis of ZO-1, Occludin, Claudin-1, and JAM-A mRNA expression. 
(B) WB analysis of ZO-1, Occludin, Claudin-1, and JAM-A protein expression. (C) Representative fluorescence images of ZO-1, Occludin, Claudin-1, and JAM-A. (D) 
Analysis of fluorescence intensity for ZO-1, Occludin, Claudin-1, and JAM-A. *P<0.05, **P<0.01, ***P<0.001.
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HSP90AA1 and MAPK14 Regulate Intestinal Mucosal Barrier Integrity
Experimental analyses revealed that both 17-AAG (HSP90AA1 inhibitor) and SB203580 (MAPK14 inhibitor) markedly 
upregulated mRNA levels of ZO-1, Occludin, Claudin-1, and JAM-A in Caco-2 cells (Figure 6A). Concurrently, these 
compounds enhanced protein expression (Figure 6B) and fluorescence intensity (Figure 6C and D) of the aforementioned 
TJs, with no significant difference in efficacy observed between the two treatments. These findings highlight the 
therapeutic potential of dual HSP90AA1 and MAPK14 inhibition in restoring intestinal mucosal barrier homeostasis 
under inflammatory conditions.

BBR Attenuates DSS-Induced Colonic Inflammatory Pathogenesis in Murine Models
To investigate the impact of BBR in vivo, we utilized DSS mice, a well-established model for CD-induced colitis.14 The 
DSS exposure duration and BBR treatment doses applied in the colitis model are schematically summarized in 
Figure 7A. Our study revealed that BBR treatment effectively reduced weight loss (Figure 7B) and DAI score 
(Figure 7C) induced by DSS and attenuated colon shortening (Figure 7D and E). HE staining showed colonic crypt 
loss, inflammatory cell infiltration, and mucosal damage with elevated histopathological scores in DSS-treated mice; 
BBR treatment significantly reduced inflammation and scores (Figure 7F and G). Goblet cell numbers and mucin 
production decreased following DSS induction but markedly increased after BBR treatment (Figure 7H).

BBR restores colonic TJ proteins (ZO-1, Occludin, Claudin-1, JAM-A) in DSS-induced colitis (Figure 7I and J). 
HSP90AA1 and MAPK14 were highly expressed in DSS-treated mice but were reversed by BBR treatment (Figure 7K). 
Additionally, TNF-α levels were elevated in DSS-induced colitis tissues, yet BBR treatment significantly decreased TNF-α 
expression (Figure 7L). Collectively, our findings demonstrate that BBR treatment alleviates DSS-induced intestinal 
inflammation in murine models, restores intestinal mucosal barrier integrity, and exhibits dose-dependent therapeutic 
efficacy within a defined concentration range.

Discussion
In the pathogenesis of CD, destruction of the intestinal barrier leads to increased intestinal permeability, allowing pathogens 
and toxic substances to invade, triggering excessive immune responses and chronic inflammation.17,18 Intestinal mucosal 
barrier repair is a critical stage in CD treatment,19 although the underlying mechanisms remain unclear.

Our study identifies HSP90AA1 and MAPK14 as novel direct targets of BBR in the context of CD. A marked increase in 
MAPK14 and HSP90AA1 expression was observed in both LPS-stimulated cells and the colons of DSS-treated mice, 
which was accompanied by disruption of the intestinal mucosal barrier. Through pharmacological inhibition, we demon
strated that treatment with 17-AAG (HSP90AA1 inhibitor) or SB203580 (MAPK14 inhibitor) markedly restored the 
expression of TJ proteins, thereby functionally implicating both targets in the maintenance of intestinal barrier integrity. 
MAPK14 (p38α), a central component of the MAPK signaling pathway, transduces inflammatory and stress signals, 
regulating processes such as cell differentiation, apoptosis, and immune response.20,21 Under inflammatory conditions, 
MAPK14 activation contributes significantly to intestinal epithelial damage by promoting apoptosis and downregulating 
key TJ proteins, thereby compromising mucosal barrier function.22–25 Although the precise mechanisms require further 
investigation, existing evidence suggests that MAPK14 may regulate TJ proteins by phosphorylating key cytoskeletal or 
signaling components, thereby influencing their assembly and stability, particularly under inflammatory conditions.23,25–27 

HSP90AA1 (HSP90α), an inducible isoform of the heat shock protein 90 family, functions as a molecular chaperone that 
facilitates the stabilization and activation of numerous client proteins involved in signaling and stress response.28,29 Its 
expression is upregulated during inflammation and cellular stress, and extracellular HSP90AA1 has been implicated in 
immune activation.30 Clinically, elevated plasma levels of HSP90AA1 are observed in CD patients and correlate with 
disease severity, fatigue, and biomarkers such as CRP, highlighting its potential role as a pathogenic factor and biomarker in 
IBD.30,31 Preclinical studies further suggest that HSP90 inhibition attenuates colitis partly through modulation of the 
MAPK pathway.32 It is plausible that HSP90AA1 stabilizes MAPK14 or other inflammatory mediators, creating a pro- 
inflammatory loop that disrupts epithelial integrity. Although previous studies have reached conclusions similar to those 
presented herein, the specific role that BBR plays in this process remains unclear.
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Figure 6 Modulatory effects of 17-AAG and SB203580 on LPS-induced intestinal epithelial barrier integrity in Caco-2 Cells. (A) qPCR analysis of ZO-1, Occludin, Claudin-1, 
and JAM-A mRNA expression after 17-AAG (0.5 μM) and SB203580 (20 nM) pretreatment for 1 hour and LPS (1μg/mL) exposure for 24 hours. (B) WB analysis of ZO-1, 
Occludin, Claudin-1, and JAM-A protein expression. (C) Representative fluorescence images of ZO-1, Occludin, Claudin-1, and JAM-A. (D) Analysis of fluorescence intensity 
for ZO-1, Occludin, Claudin-1, and JAM-A. *P<0.05, **P<0.01, ***P<0.001.
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We demonstrate through integrated computational and experimental approaches that BBR binds stably to both 
HSP90AA1 and MAPK14, downregulates their expression, and thereby attenuates inflammation and restores TJ protein 
expression. Specifically, we show that BBR treatment counteracts LPS-induced upregulation of HSP90AA1 and 
MAPK14 in Caco-2 cells, reduces TNF-α secretion, and promotes the expression of ZO-1, Occludin, Claudin-1, and 
JAM-A. Importantly, in vivo results establish the therapeutic efficacy and dose-dependence of BBR in DSS-induced 
colitis. BBR treatment not only alleviated weight loss, disease activity, and colon shortening but also directly reduced 
HSP90AA1/MAPK14 expression and restored mucosal architecture and junctional protein levels—effects that were 
mechanistically consistent with our cellular findings. Numerous previous studies have demonstrated that BBR alleviates 
intestinal inflammation and restores the intestinal mucosal barrier through inhibition of multiple inflammatory pathways, 
including the MAPK signaling cascade.33–35 Moreover, recent research has indicated that BBR potentially serves as a 
novel HSP90 inhibitor and exhibits a synergistic effect with the established Hsp90 inhibitor 17-AAG.36

While our integrated approach provides compelling evidence for the mechanism of BBR, this study has limitations. 
The primary one is the lack of validation in human primary cells, patient-derived organoids, or biopsy specimens. 

Figure 7 Continued.
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Although our MR analysis provides genetic evidence from human GWAS data, direct experimental confirmation in 
human tissue models is a crucial next step to fully establish clinical translatability. Future research will prioritize 
validating these findings in human-derived systems to bridge the gap between our preclinical findings and clinical 
application.

Conclusion
In conclusion, our study delved into the potential targets of BBR, providing evidence for its anti-inflammatory and 
immunoprotective properties. These findings may serve as a foundation for further research on the use of BBR as an 
alternative treatment approach for CD.
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Figure 7 BBR attenuates DSS-induced murine colitis, n=8. (A) Schematic of BBR treatment in DSS model. (B) Daily weight change percentage. (C) DAI scores over 7 days. 
(D) Measurement of colonic length. (E) Representative images of colons. (F) Representative HE staining of colon tissues. (G) Statistical analysis of histological scores from 
HE staining. (H) AB-PAS staining. (I) qPCR analysis of ZO-1, Occludin, Claudin-1, and JAM-A mRNA expression. (J) WB analysis of ZO-1, Occludin, Claudin-1, and JAM-A 
protein expression. (K) Immunofluorescence analysis and quantitative fluorescence intensity profiling of HSP90AA1 and MAPK14 in colonic tissues, scale bar=200μm. (L) 
Immunofluorescence analysis and quantitative fluorescence intensity profiling of TNF-α in colonic tissues, scale bar=200 μm. *P<0.05, **P<0.01, ***P<0.001.
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