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Objective: β-Sitosterol, which is derived from Vladimiriae Radix (VR), is used for the treatment of rheumatoid arthritis (RA), but the pharmacological mechanisms through which β-sitosterol affects RA have not been fully elucidated.
Methods: Through the Traditional Chinese Medicine Systems Pharmacology and Analysis (TCMSP), PubChem, SwissTargetPrediction, GeneCards, DisGeNET, and OMIM databases, “β-sitosterol-RA”-related genes were obtained, and a target protein interaction network (protein–protein interaction [PPI]) was constructed. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were carried out for the intersecting genes. Discovery Studio 2019 software was used to perform molecular docking on MMP9, CASP3, HSP90AA1, SRC, EGFR, and ALB genes. β-Sitosterol was co-cultured with MH7A cells in three experimental groups: control group (DMSO), positive drug group (methotrexate, 80 μmol/L), and drug intervention group (10, 20, 40, 80, and 160 μmol/L β-sitosterol). The CCK8 method was used to investigate the inhibitory effect of β-sitosterol on the proliferation of MH7A cells. RT-PCR was used to analyze the mRNA expression of the abovementioned core targets.
Results: A total of 41 genes associated with β-sitosterol and RA were obtained, mainly involving the FoxO signaling pathway and PI3K/AKT signaling pathway. The molecular docking results suggested that β-sitosterol could bind effectively to six core targets. The experimental results showed that β-sitosterol could significantly inhibit the excessive proliferation of MH7A cells (p< 0.05). The RT-PCR results showed that the expression of MMP9, HSP90AA1, SRC, EGFR, and ALB core genes in the control group was significantly upregulated, while the CASP3 gene was downregulated. Compared to the control group, the mRNA expression of MMP9, HSP90AA1, SRC, EGFR, and ALB decreased (p< 0.01), while the apoptosis-related gene CASP3 increased in both the drug intervention (80 μmol/L β-sitosterol) and positive drug groups (80 μmol/L methotrexate).
Conclusion: Hence, β-sitosterol could contribute to the inhibition of RA by modulating cell proliferation and regulating the aforementioned six core proteins, potentially through the regulation of the FoxO and PI3K/AKT signaling pathways.
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1 INTRODUCTION
Rheumatoid arthritis (RA) is a chronic and systemic autoimmune disease characterized by the symmetrical synovial inflammation of joints and the destruction of bone and cartilage structures (Rashed, 2020). Its clinical manifestations include erosive symmetric polyarthritis, joint pain, numbness, and gradual destruction of articular cartilage and bone, eventually leading to joint deformity and loss of function (Van Tuyl et al., 2014; Chemin et al., 2016). The disease is widely distributed and extremely difficult to cure, with a high rate of injury and disability (Verstappen et al., 2004). The pathogenesis of RA is complex. At the same time, angiogenesis, synovial hyperplasia, bone erosion, and cartilage tissue damage caused by the inflammatory environment result in the destruction of the entire joint (Moran-Moguel et al., 2018). It was reported that RA may occur in all age groups; the incidence rate is between 0.5% and 1%, and it is more common in women (Suzuki and Yamamoto, 2015). Currently, the drugs used to treat RA are commonly divided into non-steroidal anti-inflammatory drugs, anti-rheumatic drugs to improve the condition, glucocorticoids, immunosuppressants, biological agents, and Chinese herbal medicine. The first five categories of drugs have single efficacy and many adverse reactions, which greatly limit their clinical application (Rein and Mueller, 2017). Traditional Chinese medicine (TCM) is rich in resources and has accumulated rich experience in folk medicine. Its overall action characteristics of multi-components, multi-pathways, and multi-targets have significant advantages in the treatment of RA. The search for active anti-RA drugs from TCM has become the focus of many researchers engaged in basic and clinical research.
Vladimiriae Radix (VR), recorded in the Pharmacopoeia of the People’s Republic of China (2020), is the dried root of the Compositae plant Vladimiria souliei (Franch.) Ling or V. souliei (Franch.) Ling var. cinerea Ling (National Pharmacopoeia Committee, 2020). The root of VR is used as traditional medicine for its efficacy in promoting “qi,” relieving pain, and warming the stomach (National Pharmacopoeia Committee, 2020). In clinical practice, VR is mainly used to treat intestinal and digestive diseases (Mao et al., 2022). In recent years, with extensive research, a variety of pharmacological effects of VR have been gradually discovered, among which the anti-inflammatory effect has been repeatedly reported (Mao et al., 2018). The extract of VR may effectively alleviate the symptoms of inflammation in mice caused by xylene and acetic acid and has anti-inflammatory and analgesic effects (Mandal et al., 2020). In addition, our previous studies also revealed that VR and its extract exhibit anti-cancer activity (Mao et al., 2019). Beta (β)-sitosterol is a major sterol of VR. It is a plant sterol with a four-ring and three-label compound, which is widely found in many plants and Chinese herbal medicine. Its structure is similar to that of cholesterol (Rashed, 2020). β-Sitosterol is mostly white powder or needle-shaped crystals at room temperature, with a high melting point (130°C–140°C). It is insoluble in water and soluble in some organic solvents, such as ethanol, ethyl acetate, and dimethyl sulfoxide. The structure of β-sitosterol is similar to that of cholesterol, which has been reported for many biological activities (Gupta, 2020). It can inhibit the absorption of cholesterol by the human body, thereby reducing the cholesterol content in the human body. At the same time, it may inhibit the biosynthesis of cholesterol, preventing the occurrence of high-cholesterol diseases in many ways (Shi et al., 2011). Modern pharmacological research confirmed that β-sitosterol also exhibits anti-oxidant (Vivancos and Moreno, 2005), anti-cancer (Novotny et al., 2017), anti-inflammatory (Liao et al., 2018), and immune activity (Bouic, 2001) effects. Recent research findings suggest that β-sitosterol may play an important role in the treatment of RA (Qian et al., 2022), which has attracted more attention.
Network pharmacology is a method based on system biology and multi-directional pharmacology theory to predict the effective components and molecular mechanisms of drugs from a holistic perspective by building a “drug–target–disease” interaction network (Jiang et al., 2022). The drug action network is mapped to the human disease gene network to explore the interaction between drugs and diseases. Therefore, the present study applied network pharmacology, molecular docking technology, and experimental verification to further understand the action targets and treatable diseases, which would provide an effective cure for RA using β-sitosterol.
2 NETWORK PHARMACOLOGY ANALYSIS AND EXPERIMENTAL VERIFICATION
2.1 Network pharmacology database
Traditional Chinese medicine Systems Pharmacology and Analysis (TCMSP) (http://tcmspw.com/tcmsp.php); PubChem (https://pubmed.ncbi.nlm.nih.gov/); SwissTargetPrediction (http://www.swisstargetprediction.ch/); GeneCards (http://www.gencards.org/); DisGeNET (http://www.disgenet.org/); OMIM (http://omin.org); VennDiagram (http://bioinformatics.psb.ugent.be/webtools/Venn/); UniProt (https://www.uniprot.org/); STRING 11.0 (https://string-db.org/); and PDB databases (https://www.rcsb.org/) were used in this study (Table 1).
TABLE 1 | Database/website used in the experiment.
[image: Table 1]2.2 Extraction of target genes
Using “β-sitosterol” or “beta-sitosterol” as the keyword, the TCMSP, PubChem, and SwissTargetPrediction databases were searched to obtain the protein target of β-sitosterol. UniProt was utilized to convert the proteins corresponding to the above targets into species human genes and construct a database of β-sitosterol and its core target genes.
2.3 Screening of β-sitosterol anti-RA-related targets
RA-related targets were searched through GeneCards, DisGeNET, and OMIM databases. The keyword “rheumatoid arthritis” or “RA” was used to search for the targets related to RA reported in the current research, and then the targets obtained from the database were reorganized, with the duplicates deleted. The target of β-sitosterol and the target related to RA were input, and the intersection of the active ingredient target and disease target was sorted and defined as the potential target of β-sitosterol against RA. GeneCards, DisGeNET, and OMIM databases were searched for RA-related targets, and TCMSP, PubChem, and SwissTargetPrediction databases were searched for compounds.
2.4 Component screening of common target genes of diseases
The two groups of targets screened were input based on the relevant database of “β-sitosterol–RA” into the online mapping tool VennDiagram to draw the Venn map, and the common target genes of “component–disease” were obtained.
2.5 “Component–target” network construction and analysis
The interaction network of β-sitosterol and its related targets was constructed using Cytoscape 3.7.2 software.
2.6 Construction of the protein–protein interaction network
The protein–protein interaction (PPI) network was analyzed using the STRING 11 database, the protein interaction relationship was obtained, and Cytoscape 3.7.2 software was used to draw the target PPI network. Following a previously established study method (Xu et al., 2022; Wang et al., 2022; Huang et al., 2023), the “Network Analyzer” module was used to analyze the network and determine the relationship between potential targets of RA in β-sitosterol treatment. The median values (cut-off values) of three parameters, namely, degree value (>23), betweenness centrality (>0.00132981), and closeness centrality (>0.51145038), were taken as reference indicators. Among them, the degree value was considered the most important indicator. The six highest-degree targets were selected and imported into Cytoscape 3.7.2 software, and the PPI of core targets was built.
2.7 Gene Ontology function and enrichment analysis of the Kyoto Encyclopedia of Genes and Genomes pathway
R 4.0.4 software was used to analyze the Gene Ontology (GO) function and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment of potential anti-RA targets of β-sitosterol. GO function enrichment analysis mainly includes the biological process (BP), cell component (CC), and molecular function (MF). The first 20 results of the GO function enrichment analysis were screened and visualized using a bubble diagram. The first 20 channels of the KEGG pathway enrichment analysis were screened and visualized using histograms. To validate the anti-RA mechanism of β-sitosterol across the key targets, the KEGG mapper functional analysis was utilized to mark the target genes on the pathway associated with RA.
2.8 Method of molecular docking
As a small-molecule ligand, β-sitosterol was derived from Chem3D 19.0 software, and its lowest energy calculation was saved in “mol2” format. The core target protein, acting as the receptor, was downloaded from the PDB database in the “PDB” format with a three-dimensional structure (the core target protein is a human protein, with a resolution and preference for structures containing original ligands). The data were imported into Discovery Studio 2019 software to conduct molecular docking between the core target protein and β-sitosterol (hydrogenation, dehydration, etc.) and output 2D and 3D structure diagrams.
2.9 Experimental verification
2.9.1 Extraction and isolation
Air-dried VR rhizome powder (11.0 kg) was extracted by overnight soaking with 95% ethanol at room temperature. The ethanol extract was evaporated under vacuum conditions to obtain a semi-solid (a measure of 1.12 kg), which was then suspended in water and partitioned sequentially with petroleum ether, ethyl acetate, and n-butanol successively. The ethyl acetate solution was concentrated to obtain 296 g of residue, which was further subjected to silica gel column chromatography (100–200 mesh, 70 cm). Separation was performed using a 10-cm inner-diameter mixture of petroleum ether and ethyl acetate (99:1–10:1), resulting in a total of 16 fractions (A to P). β-Sitosterol was derived from fraction F (7:3) with a purity of over 85% and identified via spectroscopic methods (1H-NMR, 13C-NMR, and UCMS) (Supplementary Figures 1–3).
2.9.2 Reagents and equipment
Dulbecco’s modified Eagle’s medium (DMEM), high-sugar medium, fetal bovine serum (FBS), penicillin/streptomycin solution, dimethyl sulfoxide (DMSO), 3-(4,5)-dimethylthiazol (-z-y1)-3,5-di-phenytetrazolium bromide (MTT) assay kit, TRIzol reagent, SP6 High-Yield RNA Transcription Kit (Beyotime Biotechnology, China), BeyoFast™ SYBR Green qPCR Mix (Beyotime Biotechnology, China), methotrexate (Shanghai Shangyao Xinyi Pharmaceutical Co., Ltd., China), bicinchoninic acid (BCA) protein concentration determination kit, radio immunoprecipitation (RIPA) lysis buffer assay kit (Tiangen Biotech (Beijing) Co., Ltd., China), ECL chemiluminescence substrate (Shanghai Tianneng Life Science Co., Ltd.), rabbit anti-matrix metallopeptidase (MMP) 9 monoclonal antibody, rabbit anti-caspase (CASP)-3 monoclonal antibody, rabbit anti-heat shock protein 90 alpha family class A member (HSP90AA1), monoclonal antibody, rabbit anti-steroid receptor coactivator (SRC) monoclonal antibody, rabbit anti-epidermal growth factor receptor (EGFR) monoclonal antibody, rabbit anti-albumin (ALB) monoclonal antibody (Wuhan Proteintech Group, Inc), rabbit anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) monoclonal antibody (batch number: 10021787; Wuhan Sanying Biotechnology Co., Ltd.), and HRP-labeled goat anti-rabbit IgG (H+L) (Wuhan Proteintech group, Inc) were used. β-Sitosterol was derived from VR. A 3111 CO2 cell incubator (Thermo Fisher, United States), 7500 Fast Real-Time PCR System (Thermo Fisher Scientific, United States), TD5A-WS low-speed desktop centrifuge (Changsha Xiangyi Centrifuge Instrument Co., Ltd, China), CJ-20 purification workbench (Tianjin Taist Instrument Co., Ltd, China), XDS-1B inverted microscope (Chongqing Optoelectronic Instrument Co., Ltd, China), MK3 automatic microplate reader (Thermo Fisher, United States), and Bio-Rad C1000 Polymerase Chain Reaction (PCR) Detector (Bio-Rad, United States) were used.
2.9.3 Cell culture
The human rheumatoid arthritis fibroblast synovial cell line (MH7A) was purchased from Generol Biological Co., Ltd. MH7A cells were cultured in DMEM high-sugar medium containing 20% fetal bovine serum at 37°C in a 5% CO2 incubator with a humidity of 100%. When the cells grew to more than 90% of the flask, they were routinely subcultured, and 10 passages of cells were taken for the experiment.
2.9.4 MTT assay kit
The MTT method was used to detect the effect of β-sitosterol on the proliferation and toxicity of MH7A cells. The test was divided into the control group (DMSO), positive drug group (methotrexate, 80 μmol/L), and drug intervention group (β-sitosterol, 10, 20, 40, 80, and 160 μmol/L, respectively). The doses were chosen for further research based on previous studies (Cheng et al., 2015; Zhou et al., 2016; Zuo and Ma, 2024; Zhu et al., 2023). Among the groups, 10 μL DMSO was added to the control group, 10 μL methotrexate at a concentration of 80 μmol/L was added to the positive drug group, and 10 μL β-sitosterol at concentrations of 10, 20, 40, 80, and 160 μmol/L was added to the drug intervention group. Each group was provided with three holes, 10 μL of the MTT solution was added to each hole, and further incubation was carried out for 1 h after 12, 24, and 48 h, respectively. The absorbance (OD) value of each hole at 450 nm was measured using the microplate reader. The survival and inhibition rates of MH7A cells were calculated as follows: cell survival rate/%=(OD experimental hole-OD blank hole)/(OD control hole-OD blank hole) × 100%, cell inhibition rate/%=(OD control hole-OD experimental hole)/(OD control hole-OD blank hole) × 100%.
2.9.5 RT-PCR detection
The mRNA expression of core genes was detected by SYBR Green I PCR Assay using the quantitative RT-PCR method. Total RNA from cells was extracted using the TRIzol reagent in the control group, positive drug group (80 μmol/L methotrexate), and drug intervention group (80 μmol/L β-sitosterol) and stored in an −80-°C refrigerator. Complementary DNA was synthesized from 1 μg RNA utilizing the SP6 High-Yield RNA Transcription Kit. The RT-PCR thermocycling condition contained initial denaturation at 55°C for 2 min and 95°C for 10 min, together with 50 cycles of 95°C for 15 s and 55°C for 1 min. Primers were synthesized by Shanghai Sangong Biotechnology Co., Ltd. (Table 2). The complementary DNA was amplified using specific primers. The expression difference was calculated using the 2−ΔΔCT method and normalized to the loading control GAPDH.
TABLE 2 | Primer sequences for RT-PCR.
[image: Table 2]2.9.6 Western blotting
Western blotting was utilized to detect the expression levels of anti-rheumarthritis-related proteins. A measure of 15 μL DMSO was added to the MH7A cells of the control group. A measure of 15 μL β-sitosterol at final concentrations of 20, 40, 80, and 160 μmol/L was added to MH7A cells of the drug intervention group, respectively. Then, MH7A cells were cultured for 48 h, the cells were placed on ice, and the total protein of each group of cells was extracted using the RIPA lysis buffer assay kit, followed by protein quantification using the BCA assay (Tiangen Biotech (Beijing) Co., Ltd., China). A measure of 20 μg aliquot of each protein sample was denatured by heating at 100°C for 10 min, separated by 10% SDS-PAGE, and transferred to polyvinylidene fluoride (PVDF) Immobilon membranes. The primary antibodies used for Western blotting were rabbit matrix metalloproteinase 9 (MMP9) (cat. no. AF5234), cysteine–aspartate protease 3 (CASP3) (cat. no. AF6370), heat shock protein 90 kDa alpha (cytosolic), class A member 1 (HSP90AA1) (cat. no. AF7140), steroid receptor coactivator (SRC) (cat. no. AF1831), epidermal growth factor receptor (EGFR) (cat. no. AF1330), and albumin (ALB) (cat. no. AF6183), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (cat. no. AF1186) at a ratio of 1: 1,000. The secondary antibody used was goat anti-rabbit IgG (H+L) (cat. no. A0208) at a ratio of 1:1,000 (Beyotime Institute of Biotechnology, Shanghai, China). The corresponding primary antibody was added at room temperature for 1 h according to instructions and incubated overnight at 4°C; the secondary antibody was added after membrane washing and incubated in a shaking table for 2 h; and the membrane was washed with TBST three times, 10 min each time. An ECL imaging system was used for lambent development. The experiment was repeated a minimum of three times, and therefore, the value was measured and analyzed. The gray values of the bands were quantified using ImageJ 2.0 software (National Institutes of Health, https://imagej.net/software/fiji/downloads). The images of the original Western blots of proteins are provided in Supplementary Figure 4.
2.10 Statistical analysis
The raw experimental data were presented and analyzed using SPSS 20.0 software statistically. The quantitative data were finally expressed as the mean ± standard deviation. The groups were compared and analyzed using a one-way analysis of variance (ANOVA). Tukey’s post hoc test was carried out following the one-way ANOVA. The data were visualized using GraphPad Prism 9.0. The difference was statistically significant (p < 0.05).
3 RESULTS
3.1 β-Sitosterol anti-RA component target screening results
Further maps of the targets were obtained from the disease and component databases and then normalized and standardized using the UniProt database for consistent naming. Invalid and duplicate targets were deleted, and a total of 210 effective targets for β-sitosterol were obtained. A total of 5,081 RA-related genes were retrieved. After the intersection, 141 common targets related to β-sitosterol and RA were finally obtained (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) Venn diagram of the common target gene screening of VR and RA-related targets. (B) Active ingredient β-sitosterol in the VR anti-RA target network. (C) PPI network of β-sitosterol in anti-RA. (D) Key PPI network of β-sitosterol in anti-RA.
3.2 Construction of the PPI network of common target genes
The common or core target genes of “component–disease” were imported into the STRING database, the biological species was set as “homosapiens,” the PPI network of common or core target genes was built, and finally, the construction results were imported into Cytoscape 3.7.2 software for visual presentation. The PPI networks of the “component–disease” common target or core target genes were presented in Figure 1B. The results of network topology analysis of 141 target genes showed that there are 30 core target genes with node degree values greater than the average value in the network, and the top 6 core target genes with different degree values, betweenness centrality, and closeness centrality are MMP9, CASP3, HSP90AA1, SRC, EGFR, and ALB, respectively. The topology analysis results are given in Figure 1C and Table 3. The PPI analysis of the first six core targets was carried out again, with the results shown in Figure 1D. It was shown that the degree values between the six core targets were high, and the relationship was also close. Therefore, these six targets were selected for further research.
TABLE 3 | Corresponding core target genes of β-sitosterol based on the degree value.
[image: Table 3]3.3 GO function enrichment analysis results
R 4.0.4 was used to analyze the GO function annotation of 24 core targets, and a total of 285 entries of BP (p < 0.05), 270 entries of CC (p < 0.05), and 225 entries of MF (p < 0.05) were obtained. The top 20 items were selected for visual display according to the p-value, and the GO function annotation analysis bubble diagram (Figure 2A) was drawn. Among them, BP mainly involves reproductive structure development, reproductive system development, response to peptide, positive regulation of kinase activity, intracellular receptor signaling pathway, regulation of inflammatory response, positive regulation of the mitogen-activated protein kinase (MAPK) cascade, peptidyl–tyrosine phosphorylation, hormone-mediated signaling pathway, and protein autophosphorylation. CC mainly involves membrane raft, membrane microdomain, vesicle lumen, secretory granule lumen, cytoplasmic vesicle lumen, focal adhesion, cell–substrate junction, ficolin-1-rich granule lumen, ficolin-1-rich granule, and caveola. MF mainly involves protein serine/threonine/tyrosine kinase activity, nuclear receptor activity, ligand-activated transcription factor activity, endopeptidase activity, protein tyrosine kinase activity, steroid binding, transmembrane receptor protein kinase activity, transmembrane receptor protein tyrosine kinase activity, monocarboxylic acid binding, and nuclear steroid receptor activity.
[image: Figure 2]FIGURE 2 | (A) β-sitosterol prevention and treatment of the RA gene GO enrichment analysis bubble diagram. (B) KEGG pathway enrichment histogram chart of the active ingredients of β-sitosterol in the treatment of RA.
3.4 Enrichment analysis of KEGG pathway results
R 4.0.4 software was used to conduct KEGG pathway enrichment analysis on the core target, 105 signal pathways (p < 0.05) were obtained, the top 20 channels were selected for visual processing, and the KEGG signal pathway histogram was drawn (Figure 2B). The rich factor represents the ratio of the number of genes in this pathway in the related genes to the total number of genes in this pathway in all annotation genes. The larger the value, the higher the enrichment degree. The analysis of the enriched pathways mainly included prostate cancer, lipid and atherosclerosis, FoxO signaling pathway, endocrine resistance, PI3K/AKT signaling pathway, EGFR tyrosine kinase inhibitor resistance, estrogen signaling pathway, proteoglycans in cancer, prolactin signaling pathway, Ras signaling pathway, Th17 cell differentiation, MAPK signaling pathway, hepatitis B, progesterone-mediated oocyte maturation, chemical carcinogenesis–receptor activation, T-cell receptor signaling pathway, insulin resistance, relaxin signaling pathway, IL-17 signaling pathway, and apoptosis pathways. An annotated map of the locations of key target genes of β-sitosterol in RA-related pathways is shown in Figure 3. It was revealed that most of the key target genes are associated with the FoxO signaling pathway (Figure 3A) and PI3K/AKT signaling pathway (Figure 3B), which may influence the therapeutic effect on RA.
[image: Figure 3]FIGURE 3 | Annotated map of the target genes related to β-sitosterol in VR on RA-related signaling pathways. (A) FoxO signaling pathway. (B) PI3K/AKT signaling pathway.
3.5 Molecular docking results
β-Sitosterol was derived from fraction F (7:3) of VR (Figure 4A). In addition, β-sitosterol is also an organic compound with the molecular formula C29H50O, which is a white crystalline solid (Figure 4B). According to the normal PPI network, the top six degree values were finally selected as the core targets for molecular docking with the compound of β-sitosterol (Figure 4C). The substance primarily interacts with the core targets via conventional hydrogen bonding, hydrocarbon bonding, and pi–pi conjugation mechanisms. Furthermore, the LibDock score of each core target with the compound of β-sitosterol is shown in Figure 4D. In addition, the 3D and 2D figures of β-sitosterol docking with core genes ALB (Figure 5A), EGFR (Figure 5B), SRC (Figure 5C), HSP90AA1 (Figure 5D), CASP3 (Figure 5E), and MMP9 (Figure 5F) are presented. The LibDock score indicates the binding degree of the ligand and target protein crystal. The higher the LibDock score, the higher the predicted binding activity of small molecules to receptors. Among them, the LibDock score of β-sitosterol combined with ALB, EGFR, SRC, HSP90AA1, CASP3, and MMP9 was 106.189, 78.9212, 58.676, 105.486, 95.023, and 107.147, respectively (Table 4). It was revealed that β-sitosterol exhibits good binding with RA-related targets. Drug discovery is a complex process of in vitro testing, in vivo validation, and other steps for candidate drugs. Based on 3D structure, molecular docking experiments can predict the conformation and binding affinity of complexes. Molecular docking experiments only proved that β-sitosterol mainly affects the functional expression of proteins by binding to different binding sites through hydrogen bonding, hydrophobicity, van der Waals forces, and electrostatic forces. The LibDock score also shows whether β-sitosterol has good binding with RA-related targets. However, the specific functional changes in the protein still need to be verified based on specific experiments, and we also verified the protein’s function in anti-rheumatoid diseases through the PCR and WB test methods in subsequent experiments.
[image: Figure 4]FIGURE 4 | (A) Flowchart of the extraction of β-sitosterol from VR. (B) 2D structure of β-sitosterol. (C) Bar diagram of corresponding core target genes of β-sitosterol based on the degree value. (D) Heatmap of the main active ingredients of VR with six core target genes.
[image: Figure 5]FIGURE 5 | Detailed “drug–target” interactions of the molecular docking verification. (A) β-sitosterol–ALB, (B) β-sitosterol–EGFR, (C) β-sitosterol–SRC, (D) β-sitosterol–HSP90AA1, (E) β-sitosterol–CASP3, and (F) β-sitosterol–MMP9.
TABLE 4 | Results of molecular docking.
[image: Table 4]3.6 Inhibitory effect of β-sitosterol on MH7A cell proliferation
After cells were treated with different concentrations of β-sitosterol, the MTT method was used to detect the proliferation of cells at 12, 24, and 48 h. The results showed that the inhibition rate of β-sitosterol was significantly higher than that of the control group, and the difference was statistically significant (p < 0.05). With the increase in concentration and time, the inhibition of β-sitosterol was stronger at a concentration of 10 μmol/L to 160 μmol/L at 12 h and 24 h, respectively. In addition, the inhibition of β-sitosterol was stronger at the concentration of 10 μmol/L to 40 μmol/L at 48 h. Interestingly, it is apparent that 80 μmol/L β-sitosterol exhibits stronger inhibition than 160 μmol/L β-sitosterol at 48 h (Figure 6).
[image: Figure 6]FIGURE 6 | Cell inhibition rate of β-sitosterol on MH7A cells. The data represent the mean ± SD. *p < 0.05 vs. control group.
3.7 Results of RT-PCR
The doses of 80 μmol/L β-sitosterol exhibit a good effect on anti-rheumarthritis in our experiment. To maintain the same concentration, we use 80 μmol/L methotrexate for further research. On one hand, the rationale for the choice of doses 80 μmol/L β-sitosterol and 80 μmol/L methotrexate is based on the result of MTT and the expression of related proteins. On the other hand, the rationale for the choice of these doses/(concentration range) and the treatment time are based on the literature (Zhu et al., 2023; Ju et al., 2004; Yingzhan et al., 2023; Zhang et al., 2022; Awad et al., 2007). Therefore, MH7A cells were finally treated with DMSO (control group), 80 μmol/L methotrexate (positive drug group), and 80 μmol/L β-sitosterol (drug intervention group) for 24 h, respectively. In the control group, RT-PCR results showed that the relative mRNA expression levels of MMP9, HSP90AA1, SRC, EGFR, and ALB significantly increased, while CASP3 significantly reduced, indicating that inflammation occurred. Compared with the control group, the relative mRNA expression levels of MMP9 (Figure 7A), HSP90AA1 (Figure 7B), SRC (Figure 7C), EGFR (Figure 7D), and ALB (Figure 7E) significantly decreased, while CASP3 (Figure 7F) increased in the 80 μmol/L β-sitosterol group and 80 μmol/L methotrexate group (p < 0.05) (Figure 7). Encouragingly, these findings suggested that 80 μmol/L β-sitosterol plays an anti-rheumarthritis role by regulating the transcription and translation of multiple key molecules during the occurrence and development of rheumarthritis.
[image: Figure 7]FIGURE 7 | Effect of β-sitosterol on the mRNA expression of related genes of RA. (A) MMP9, (B) CASP3, (C) HSP90AA1, (D) SRC, (E) EGFR, and (F) ALB. The data represent the mean ± SD. *p < 0.05 vs. control group.
3.8 Effect of β-sitosterol on the expression of rheumarthritis-related proteins
To explore the anti-rheumarthritis mechanism of β-sitosterol, the protein expression levels of MMP9, HSP90AA1, SRC, EGFR, ALB, and CASP3 were finally detected in the present study. Compared with the control group, β-sitosterol significantly decreased the expression of MMP9, HSP90AA1, SRC, EGFR, and ALB and significantly increased the expression of CASP3 proteins at concentrations of 20–160 μmol/L (p < 0.05) (Figure 8). The findings confirmed that β-sitosterol exerts an anti-rheumarthritis effect by inhibiting MMP9, HSP90AA1, SRC, EGFR, and ALB and promoting CASP3.
[image: Figure 8]FIGURE 8 | Western blotting bands of β-sitosterol on the related protein expressions (A) MMP9, HSP90AA1, SRC, (B) EGFR, ALB, and CASP3 and the quantification data of RA.
4 DISCUSSION
RA is an autoimmune disease characterized by synovitis, cartilage destruction, and bone erosion. It has a high incidence rate, high recurrence rate, and high disability rate, affecting approximately 0.5%–1% of the global population (Finckh, 2019; Min et al., 2021). Currently, the pathogenesis of RA is still unclear. Previous research suggests that osteoclasts, T cells, inflammatory cytokines, signal pathways, and other factors may play an important role in the occurrence and development of RA (Hairul-Islam et al., 2017). Modern medicine attributes the pathogenic risk factors of RA to congenital genetics, the surrounding environment, and endocrine factors (Kobayashi et al., 2008). The exact pathogenesis of RA is quite complex, but abnormal immune responses are considered an important trigger of autoimmune diseases. Currently, the concept of T-cell-mediated adaptive immunity as a driving force for the transition stage of autoimmune diseases has been widely validated. In T cells, the pro-inflammatory effects of helper T (Th) 17 cells and the repair function of regulatory T cells (Treg) are closely related to autoimmune diseases, especially RA (Moon et al., 2013). In addition to macrophages, T cells and their respective secreted cytokines play a crucial role in the process of RA allergy, and an increasing number of studies have shown that fibroblast-like synoviocytes (FLSs) play a more important role in participating in joint injury (Bustamante et al., 2017). Therefore, MH7A joint FLSs are a commonly used cell for studying RA.
The treatment drugs mainly include anti-rheumatic drugs, non-steroidal anti-inflammatory drugs, and glucocorticoids to control the disease, but these drugs need to be used for a long time, and some exhibit resistant properties (Haraoui, 2009). Therefore, searching for new anti-RA drugs is one of the issues that researchers need to solve urgently. In the early stage, several basic components of VR were separated and extracted by the research group. β-Sitosterol is one of the main components derived from VR, which has had significant effects on RA in recent years (Liu et al., 2019; Qian et al., 2022). The present study revealed that β-sitosterol may interact with 164 potential anti-RA targets. GO and KEGG analyses of potential targets showed that the related pathways of the anti-RA mechanism of β-sitosterol were closely related to the FoxO signaling pathway and PI3K/AKT signaling pathway, respectively. The PPI analysis showed that MMP9, CASP3, HSP90AA1, SRC, EGFR, ALB, and other potential targets play an instance role in anti-RA. The purpose of this study was to figure out the mechanism of β-sitosterol that may reduce the inflammatory reaction and delay the progress of RA disease.
MMP9 plays an important role in physiological and pathological processes such as immune inflammation, cell migration, proliferation, and apoptosis. In the inflammatory state of the body, immune cells recruited to the microcirculation adhere to the surface of endothelial cells by secreting inflammatory factors and vascular cell adhesion molecule (VCAM) 1. This induces endothelial cells to express MMP9, promotes the migration of immune inflammatory cells across endothelial cells, and, at the same time, upregulates the activity of MMP9 (Iyer et al., 2016). Some studies have shown that the expression of MMP9 in serum and osteoarticular cartilage is increased in patients with RA (Li et al., 2013). In addition, MMP9 can participate in bone development, remodeling, and repair. During osteoclast differentiation, the expression of MMP9 increases and stimulates bone absorption (Kim et al., 2019). The occurrence and development of RA disease are also closely related to the process of apoptosis. The caspase family protease is a key enzyme in apoptosis signal transduction, and CASP3 can participate in initiating apoptosis (Shrestha and Clark, 2021). The tumor necrosis factor (TNF) inhibits the expression of tumor necrosis factor receptor (TNFR)-1 and CASP3 on the cell membrane and promotes the proliferation of FLSs in RA (Ni et al., 2019). A significant feature of arthritis is cartilage degradation, and CASP3, as a core factor affecting the process of apoptosis, may play a role in both internal and external apoptosis pathways. For disease prevention and treatment, inhibiting the expression of CASP3 is essential to reduce chondrocyte apoptosis (Hua et al., 2020). This result may apply to the treatment effect for RA. Administrated with β-sitosterol, the expression of CASP3 proteins was significantly increased, which is similar to previous research results (Nakayama et al., 2012; Ding et al., 2019). Research has reported that HSP90AA1 is related to the process of regulating cell differentiation (Zuehlke et al., 2015), and the transcription factor nuclear factor kappa-B (NF-κB) is related to the regulation of the bone cell life process and can perform its transcription function by inducing the expression of HSP90AA1 (Hu et al., 2020). ALB levels are considered clinical indicators reflecting malnutrition and chronic diseases. Extensive research revealed that the low level of albumin reduced the immune level of the body, and the anti-infection ability was weak. Therefore, ALB is one of the indicators of the nutritional status of the body and also an obvious sign of systemic immune and inflammatory response (Kalantar-Zadeh et al., 2005). It was also found that the ALB-to-fibrinogen is a useful biomarker to predict systemic inflammation, especially in RA (Yang et al., 2018). SRC may act as a key target of vascular endothelial growth factor (VEGF) and hypoxia-inducible factor (HIF)-1 signaling pathways (Guo et al., 2020). In addition, TNF-α can be inhibited by inhibiting the SRC/FAK/ERK1/2 and AKT signaling pathways, thus regulating the expression level of inflammatory factors in RA (Kumar et al., 2016). EGFR is a receptor for epithelial growth factor (EGF) cell proliferation and signal transduction. The EGFR signaling pathway plays an important role in cell growth, proliferation, differentiation, and other physiological processes (Fraguas et al., 2011). A previous study reported that EGFR and its ligands may be involved in the pathogenesis of RA (Yuan et al., 2013). In addition, it was revealed that RA is associated with rs17337023 single-nucleotide polymorphism (SNP) in the EGFR gene and increased the serum level of the EGFR protein, which may be a therapeutic target for RA (Huang et al., 2017).
Designing drugs targeting specific molecular target proteins is an important means of achieving precision medicine (Manzari et al., 2021). By delving into the structure and function of disease-related target proteins, researchers can develop drugs with higher selectivity and fewer side effects (Evans and McLeod, 2003). Targeted therapy is a treatment method that targets specific molecular proteins to treat diseases by interfering with or regulating the function of these target proteins (Lee et al., 2018). The abovementioned study is basically consistent with the target prediction of this study, indicating the characteristics of β-sitosterol in treating RA through multiple targets. In order to better study the effect of β-sitosterol on RA, molecular docking verification was further carried out. The results showed that β-sitosterol, as a potential active ingredient of VR, has protective and therapeutic effects on RA, and its mechanism may be related to reducing the generation of inflammatory factors, inhibiting the activation of enzymes, anti-oxidation, improving the ability to eliminate free radicals, immune regulation, and other ways (Bin Sayeed et al., 2016). Each molecule or protein exhibits different feedback by binding with β-sitosterol. In the present study, β-sitosterol at concentrations of 80 and 160 μmol/L significantly decreased the expression of MMP9, HSP90AA1, SRC, EGFR, and ALB while significantly reducing CASP3 proteins compared with the control group (p < 0.05). Therefore, we believed that those molecules may all exhibit positive feedback by binding with β-sitosterol. The cell experiment results showed that the inhibition rate of MH7A cells was significantly higher in β-sitosterol of the drug intervention group than that of the control group with the increase in concentration and time, thus indicating that β-sitosterol may help inhibit the activity of MH7A cells. The limitation of the research mainly includes the lack of animal experiment validation; it only focuses on cell experiment validation. In addition, the targets of pathways related to RA are not fully evaluated. The results of the study highlight the need to use a more representative sample for future research.
5 CONCLUSION
In conclusion, β-sitosterol exhibits anti-RA activity via multiple targets (MMP9, CASP3, HSP90AA1, SRC, EGFR, and ALB) and signaling pathways (FoxO and PI3K/AKT pathways). Network pharmacology and cell-based experimental verification predict and confirm that β-sitosterol may be used to treat RA through anti-proliferation and anti-inflammatory mechanisms. These findings provide a theoretical basis for the further application of β-sitosterol in the treatment of RA-related diseases.
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B-Sitosterol ‘ ALB 7VRO 107.147
P-Sitosterol ‘ EGFR 3P0V 95.023
P-Sitosterol J SRC 1A07 105.486
P-Sitosterol ‘ HSP9OAAL 7891 58.676
P-Sitosterol CASP3 1GFW 789212
PB-Sitosterol MMP9 1GKC 106.189
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Gene name Degree Betweenness centrality Closeness centrality

ALB 87 0.16690869 074033149
EGFR 69 0.06553308 066336634
SRC 68 005405453 065365854
HSP0AATL 64 0.07096108 065048544
CASP3 60 0.0432541 | 064114833
MMP9 59 [ 004297561 | 062325581
ESRI 57 003059738 061187215
MAPKI 52 002966793 059821429
PPARG 48 [ 004722952 | 059555556
BCL2LL 48 | 0.01498664 059030837
MAPK14 46 0.0200853 05826087
ANXA5 44 001359018 | 058008658
MAPKS 44 [ 001315706 | 05826087
MMP2 40 [ 0.0108487 | 056302521
NOS3 40 0.0224873 0.5751073
MDM2 40 001934122 057758621
PIK3RI 39 0.00902607 053174603
GRB2 37 0.00635954 [ 054032258
2 37 002857632 056302521
IGFIR 37 0.00426479 054918033
MAP2KI 34 0.0074821 056066946
PGR 34 0.00724636 | 054471545
PPARA 33 0.035052 055144033
KIT 33 [ 001326571 | 054251012
KDR 33 0.00310502 1 054251012
PTPN11 32 0.00404951 | 053174603
HSP90AB1 32 [ 0.00610305 | 055144033
AKT2 31 0.00497923 054918033
JAK2 31 0.00208704 054032258
GSK3B 30 [ 000250847 | 054251012
AR 30 [ 0.00299651 | 053386454
PARP1 28 | 0.00316685 | 0536
REN 27 001287251 052964427
XIAP 27 [ 0.00306453 | 051340996
NR3C1 27 0.01850575 053174603
MET 27 [ 0.00132981 [ 052140078
HMOX1 26 002358089 0536
PTPN1 26 000305854 051145038
F2 | 24 0.0123031 052140078
SoD2 23 [ 001094282 | 053174603
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Gene name  Forward (5-3') Reverse (5'-3')

ALB TGTCACGGCGACCTGTTG GGAGATAGTGGCCTGGTTCTCA
‘ EGER CAGAAGCCATCTCTGACTCCC GTCCAGTGGTCAACAAGGTG

‘ SRC GAGCGGCTCCAGATTGTCAA CTGGGGATGTAGCCTGTCTGT

‘ HSP9OAAL TCGCCTTTCAGGCAGAAATTGC CGACTTTTGTTCCACGACCCATA
cAsp3 CCCGGGTAAGAATGTGCATAA

MMPY

CTTGGCGAAATTCAAAGGATGG

AGCCCGGGAATTCGTTTAAACCTCACCATGAGCCCCCTGCAG

TTTATTGCGGCCAGCGGCCGCTCAGAACAGATCCACTAGTTGGGAT
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