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Objective: We aimed to explore and verify the mechanism underlying the action of the active ingredients of Paeoniae Radix Alba (PRA) in the treatment of rheumatoid arthritis (RA).
Methods: The protein targets of PRA’s six active ingredients and RA were identified. Then, the intersection of the two groups was studied. The drug–target network was constructed, visualized, and analyzed by Cytoscape software. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment were performed to analyze these genes. Furthermore, we validated our predictions of the potential targets through a docking study. Finally, the anti-inflammatory effect of Palbinone (PB), one of the active ingredients of PRA, was tested by conducting in vitro and in vivo studies.
Results: Six active ingredients of PRA were identified, and 103 overlapping genes were discovered. Functional enrichment analysis indicated that the genes are mostly enriched in IL-17 signaling pathway, Th17 cell differentiation, and the FoxO, ErbB, and TNF signaling pathways. 10 hub genes and two gene cluster modules were identified by Cytoscape. Molecular docking analysis proved that PB was able to bind to the ATP binding site of Janus kinase (JAK)1, thereby acting as a potential inhibitor of JAK1. In vitro and in vivo studies demonstrated that PB exerts its anti-inflammatory role via the inhibition of JAK1.
Conclusion: We constructed a multitarget pharmacological network of PRA in RA treatment. PB, one of the active compounds of PRA, was demonstrated to be a promising inhibitor of JAK1.
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1 INTRODUCTION
Rheumatoid arthritis (RA), characterized by synovitis, pannus formation, and bone erosions, is the most common type of chronic autoimmune arthritis (Mohamed Thoufic Ali et al., 2017). RA affects nearly 1% of the world population, carrying huge emotional and financial burden for both the individual and the society (McInnes and Schett, 2017). To date, relieving pain and reducing inflammation by synthetic or biological disease-modifying anti-rheumatic drugs (DMARDs) are the main treatment option for RA (Chen et al., 2019). Although the progression of RA and its detrimental effects on joints could be slowed down with these drugs, a number of patients have inadequate response to treatment. Furthermore, current drug therapies are accompanied by remarkable side effects, including nausea, vomiting, bone marrow suppression, and renal or liver toxicity (Alam et al., 2017). Therefore, recent advancements in medicine and pharmacy have led to the development of more comprehensive and multistage therapies for RA, and alternative medicine has become the patients’ choice. Traditional Chinese medicine (TCM) has become the most frequently used alternative medicine in the prevention and control of RA because of its good therapeutic effect and low toxic side effect (Wang et al., 2019).
Paeoniae Radix Alba (PRA), or Bai shao in Chinese, has been used as a medicinal herb in TCM for centuries. PRA is an herbaceous perennial flowering plant in the family of Paeoniaceae. A water/ethanol extract of PRA, known as total glucosides of peony (TGP), is an effective TCM for RA and has been approved as a disease-modifying oral drug since 1998 by the Chinese Food and Drug Administration (Zhang and Dai, 2012; Xiang et al., 2015). Numerous experimental have determined the anti-inflammatory and immunoregulatory actions of TGP in RA treatment, but other active ingredients of PRA that may also play important roles in the immune system have been ignored (Xiang et al., 2015; Huang et al., 2019; Jiang et al., 2020). Therefore, a systematic and comprehensive understanding of the relationships between the targets and pathways of PRA involved in RA treatment is needed.
The rapid progress of bioinformatics, systematic biology, and polypharmacology gave rise to network-based pharmacology as a novel, promising drug development approach. Network pharmacology has been widely applied in many drug discoveries because of its holistic and efficient characteristics for the systematic study of the relationship among drugs, targets, pathways, and diseases. The holistic theory of network pharmacology is also shared by TCM and has long been central to TCM treatments (Ding et al., 2019; Ma et al., 2019; Luo et al., 2020). Thus, network-based pharmacology has become an increasingly valuable technology to explore TCM-related issues.
In this study, network pharmacology was used to elucidate the underlying mechanism of PRA in RA treatment. Firstly, the active ingredients of PRA were identified. Then, the potential molecular targets of PRA were discovered and the intersection of these targets with RA-related proteins were analyzed. Furthermore, we constructed a protein–protein interaction (PPI) network to enlarge the number of proteins that are closely related to the mutual genes. In addition, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment of the proteins were performed. Then, docking studies were conducted to verify the chemical force that allowed the active compounds of PRA to bind to their predicted targets and drew the possible binding sites. Finally, the anti-inflammatory effect of Palbinone (PB), one of the active ingredients of PRA, was tested by in vitro and in vivo studies. Our results may help understand the mechanisms of PRA in RA treatment and facilitate the development of novel drugs.
2 MATERIALS AND METHODS
2.1 Network pharmacology analysis
2.1.1 Screening of the components and targets of Paeoniae Radix Alba
A screening based on absorption, distribution, metabolism, and excretion (ADME) properties (oral availability [OB] ≥ 30%, drug-likeness [DL] ≥ 0.3, 180 Da < molecular weight [MW] < 500 Da, half-life [HL] > 4, AlogP ≤ 5, Hdon ≤ 5) was conducted by the TCM Systems Pharmacology database (TCMSP, http://tcmspw.com/tcmsp.php) to obtain the active compounds of PRA (13). OB represents the percentage of oral medication absorbed into the circulation. DL is used to exclude non-drug-like molecules. HL is defined as the time for the number of drugs in the body to drop by half. Meanwhile, compounds with MW of 180–500 Da are thought to be easier to act as drugs (Lipinski et al., 2001).
The chemical structures of the screened components of PRA were searched on PubChem. The active compounds with chemical structures available in the website were subjected to target prediction using different databases (SwissTargetPrediction and PharmMapper) according to the results of the chemical structures (Wang et al., 2017; Wishart et al., 2018). The species was limited to “Homo sapiens.” The overall flowchart of this study is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Flowchart of the study.
2.1.2 Collection of RA-related genes
RA-related target genes were identified by retrieving public database GeneCards (http://www.genecards.org/) using the keywords, “rheumatoid arthritis” and “Homo sapiens.”
2.1.3 Identification of overlapping genes
The overlapping genes between the drug targets and RA were identified and visualized by Venn diagram (http://bioinformatics.psb.ugent.be/webtools/Venn/). The symbols and compounds names of the overlapping genes were uploaded into the Cytoscape (3.8.0) software (Otasek et al., 2019). A network was built to show the relationship between the active ingredients and targeted genes.
2.1.4 Functional and pathway enrichment analysis
R packages (clusterProfile and ggplot2) were used to perform GO enrichment and KEGG pathway analyses for the overlapping genes (Yu et al., 2012). ClusterProfile package was used to analyze, and ggplot2 was applied to visualize the results.
2.1.5 Analysis of protein–protein interaction network and identification of hub genes
A PPI network of the overlapping genes was constructed using the Search Tool for the Retrieval of Interacting Genes/Proteins database (STRING, http://www.string-db.org/) to further investigate the hub genes in PRA for RA treatment (the cut-off standard as a combined score > 0.4). Then, CytoScape software was used to visualize the result. Molecular Complex Detection (MCODE) V1.5.1, which is a plug-in of CytoScape, was used in identifying significant modules (MCODE score ≥ 4) (Bandettini et al., 2012). In addition, CytoHubba, which is another plug-in of Cytoscape, was employed to study essential nodes in the network. Nodes with higher degrees of interaction were considered hub genes (Chin et al., 2014).
2.1.6 Molecular docking
The structures of the active compounds identified in PRA and the 3D crystal structures of the potential target protein were searched from the database of the Research Collaboratory for Structural Bioinformatics Protein Data Bank (PDB, http://www1.rcsb.org/). AutoDock 4.2 software was used to modify the structure and perform molecular docking (Rizvi et al., 2013). The binding energy and binding sites calculated by AutoDock were recorded, and the predicted models were saved in PDB file format. The PyMOL 3.6 software was used to visualize the models.
2.2 In vitro and in vivo study
2.2.1 Cell and reagents
Human Immortalized Synovial Fibroblasts cell line (HISF cell line, iCell-008a) and primary fibroblast basal medium was purchased from iCell Co. (Shanghai, China). The cell line carries the SV40 gene by lentivirus transfection. Immunofluorescence staining of Fibronectin or Vimentin was positive, and the cell purity was higher than 90%. PB (139954-00-0, purity ≥98%) was obtained from ChemFaces Co. (Wuhan, China). Fetal bovine serum (SH30070.03) was purchased from Hyclone, Logan (UT, United States). Tumor necrosis factor (TNF)-alpha (P1001), a recombinant human protein, was purchased from APExBIO Co. (Houston, United States). Primary antibody against p-JAK1 (44-422G) was purchased from Thermo Fisher Scientific Co. (Pittsburgh, PA, United States). Primary antibodies against STAT1 (9175) and p-STAT1 (9167) were purchased from Cell Signaling Technology (Boston, United States). Primary antibodies against JAK1 (ab133666) and GAPDH (ab8245) were purchased from Abcam Co. (Cambridge, United Kingdom). Goat Anti-Rabbit IgG H&L (HRP, ab6721) and Rabbit Anti-Mouse IgG H&L (HRP, ab6728) were also purchased from Abcam Co. (Cambridge, United Kingdom). TRIzol reagent was purchased from Invitrogen (Carlsbad, CA, United States). QuantiTect Reverse Transcription kit was purchased from Qiagen (Valencia, CA, United States). Immunization Grade Bovine Type II Collagen (20022) was obtained from Chondrex (Woodinville, United States). Complete Freund’s adjuvant (F5881) was got from Sigma (St. Louis, MO, United States). Rat IL-6 ELISA Kit (PI328) was purchased from Beyotime (ShangHai, China).
2.2.2 Cell culture and transfection
HISF cells were cultured in primary fibroblast basal medium containing penicillin (final concentration of 100 U/ml), streptomycin (final concentration of 100 μg/ml), primary fibroblast culture additive and 10% FBS in a humidified incubator with 5% CO2 at 37°C. The Plvx-puro plasmid vector were obtained from Addgene Co. (Watertown, Massachusetts, United States). The PHelper 1.0, PHelper 2.0 assisted plasmid, and the transfection reagent were purchased from GENE (ShangHai, China). The JAK1 lentivirus and control lentivirus were transfected into 293 T-cells for 48 h. Then, the JAK1 lentivirus supernatant was collected. HISF cells (0.5 × 105 cells per well) were plated into 24 well plates overnight at 37°C. Then, cells were transfected with control lentivirus and JAK1 lentivirus supernatant for 48 h.
2.2.3 Animal experiment
Male Wistar rats (200–250 g) were purchased from Cavens Laboratory Animal Co., Ltd. (http://www.cavens.com.cn/; Changzhou, Jiangsu, China). Rats were kept in cages in a standard environment with a light/dark cycle of 12 h at 21°C and 55% humidity and were permitted to access water and food freely. Rats were randomly separated into five groups (N = 6), including normal, collagen-induced arthritis (CIA) model, low concentration (25 mg/kg/day) PB + CIA rats, middle concentration (50 mg/kg/day) PB + CIA rats, and high concentration (100 mg/kg/day) PB + CIA rats, respectively. CIA model was induced according to a published protocol (Brand et al., 2007). Briefly, bovine type II collagen (Chondrex, Redmond, WA, United States) was dissolved in 0.1 M acetic acid overnight at 4 °C. This was emulsified in an equal volume of complete Freund’s adjuvant (Chondrex, Redmond, WA, United States). In order to generate CIA model rats, the rats were immunized intradermally at the base of the tail with 0.1 ml of emulsion containing 100 μg of type II collagen. The rats in the control group were injected with the same volume of sterile normal saline. The second immunization was performed on the 7th day after primary immunization. Arthritis index (AI) was used to evaluate the ankle of model, and AI > 4 was regarded as the model was successfully established. After the establishment of the CIA rat model, PB was administrated every day at indicated concentrations for 28 days. The ankles of the rats were observed on day 1, 14, 21 and 28, and the AI was calculated 24 h after the last administration. AI scoring criteria: 0, normal; 1, erythema, and slight swelling of the ankle joint; 2, erythema and slight swelling of ankle to metatarsal or metacarpal joints; 3, erythema, and moderate swelling from ankle to metatarsophalangeal joint; 4, erythema and severe swelling of the ankle to toe joints.
2.2.4 Western blot assay
Total protein from HISF cells and synovium were extracted with RIPA lysis buffer. Protein was quantified by BCA method. The samples were added to ×5 loading buffer and submerged in the boiling water for 10 min. Semiquantitative immunoblotting was carried out as follows. According to the molecular weight of proteins to be measured, 10% or 12% separation gel and 5% compression gel were prepared. Proteins were separated on polyacrylamide gels by SDS-PAGE at 80 V stable pressure electrophoresis for about 30 min. When the sample was placed in the separation gel, the voltage was adjusted to 120 V, and electrophoresis was continued until the target band reached an appropriate position. Then, the separated protein was transferred to polyvinylidene difluoride (nitrocellulose) membrane in Tris-glycine buffer. After removing the bubble, the membrane was dyed with Ponceau-S for 5 min and then cleaned twice with Tris-buffered saline/Tween 20 (TBST) to observe the protein on the membrane. Then, membranes were blocked with 5% fat-free milk blocking buffer for 2 h at room temperature and then incubated overnight at 4°C with respective antibodies at different working dilutions. After that, membranes were washed thrice with TBST buffer and exposed to horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. Then, the membrane was fully exposed to equal volumes of mixed chemiluminescent reagents A and B for 5 min. Tanon 6600 luminescent imaging workstation was used for detection. When the same PVDF film needed to be exposed more than once, a strip solution was used for washing. Figures showed the representative results from experiments repeated at least thrice.
2.2.5 Real time quantitative PCR
The mRNA expressions of JAK1and interleukin-6 (IL-6) were quantified by using qPCR. Based on the instructions of the manufacturer, total RNA of JAK1 and IL-6 was isolated from HISF cells by TRIzol reagent. The system (20 µl) was used to synthesize cDNA. In addition, qPCR was performed using the 20 μl system, which included cDNA (1 μl), nuclease-free water 7.4 μl, Ssofast EvaGreen Supermix (10 μl), forward primer (0.8 μl), and reverse primer (0.8 μl). Fold change (2−ΔΔCt) was used to analyze the relative expression of target genes (Pfaffl, 2001). GAPDH was used as the inner standard to normalize the gene concentration of target mRNAs. Each gene analysis was performed in triplicate. The qPCR primers are shown in Supplementary Table S1.
2.2.6 Enzyme-linked immunosorbent assay
ELISA was performed using the IL-6 ELISA kit to identify the level of IL-6 in synovium tissue of indicated groups. The supernatant of synovium tissue is used. Synovial tissue was homogenized with 1.5 ml normal saline in an ice bath, the homogenate was centrifuged at 2,000 RPM for 10 min, and the supernatant was taken for ELISA testing.
2.2.7 Statistical analysis
All experiments were performed independently at least thrice. Image Pro Plus 6.0 software was used to analyze the Western blot results. The results were expressed as mean ± SD. Data were analyzed and plotted by GraphPad Prism 5 (Version 5.01), and collated by Adobe Illustrator CS6 (Version 16.0.0). The statistical significance between different groups was assessed by one-way ANOVA and Tukey’s test. p value < 0.05 was considered statistically significant.
3 RESULTS
3.1 Active ingredients and targets of Paeoniae Radix Alba
The six active ingredients of PRA, including PB, paeoniflorin_qt, albiflorin_qt, paeoniflorgenone, lactiflorin, and paeoniflorin, were extracted through ADME screening (Supplementary Table S2). The targets of the six compounds were predicted using databases according to 2D and 3D chemical structures (Figure 2). Genes predicted by PharmMapper with Norm Fit ≥0.5 and genes predicted by SwissTargetPrediction with Probability >0 were regarded as drug-targeted genes. In total, 161 and 78 genes were screened in PharmMapper and SwissTargetPrediction, respectively, and 163 genes were screened as drug-targeted genes.
[image: Figure 2]FIGURE 2 | Structures of the six active compounds in Paeoniae Radix Alba.
3.2 Acquisition of the disease target of rheumatoid arthritis
A total of 4,466 human genes associated with RA were collected from databases. Among these genes, 103 were also predicted as the targets of the six active compounds of PRA (Figure 3A; Supplementary Table S3). In addition, a drug-target network was constructed by CytoScape software and is shown in Figure 3B.
[image: Figure 3]FIGURE 3 | 103 intersected genes between Paeoniae Radix Alba (PRA) and rheumatoid arthritis (RA) and the functional enrichment of these genes. (A) Venn diagram of genes between RA and PRA; (B) 103 predicted target genes of PRA (Palbinone, paeoniflorin_qt, albiflorin_qt, paeoniflorgenone, lactiflorin, and paeoniflorin); The enrichment analysis results of (C) GO and (D) KEGG pathway. Adjusted p value < 0.05 was considered significant.
3.3 Functional and pathway enrichment analyses
The 103 overlapping genes were analyzed using GO and KEGG enrichment (Figures 3C,D). Based on GO enrichment, the biological process acts primarily on activation of protein kinase activity JNK cascade, and regulation of tumor necrosis factor production. These proteins are primarily located in vesicle lumen, cytoplasmic vesicle lumen, and secretory granule lumen. With regard to molecular functions, these proteins play a role in protein tyrosine kinase activity, nuclear receptor activity, and transcription factor activity, direct ligand regulated sequence-specific DNA binding (Figure 3C). KEGG pathway analysis presents that these proteins are primarily involved in IL-17 signaling pathway, Th17 cell differentiation, and the FoxO, ErbB, and TNF signaling pathways (Figure 3D).
3.4 Protein–protein interaction network construction, biological functions analyses, and molecular complex detection cluster module identification
The PPI network for the 103 genes was constructed after the common genes were imported to STRING (Figure 4A). The hub genes were calculated using the different algorithms of the plug-in CytoHubba. The top 10 hub genes were screened using the following conditions: ranking according to DMNC score and Degree >20 (median). The top 10 hub genes included insulin-like growth factor 1 receptor (IGF1R), cyclin-A2 (CCNA2), glycogen synthase kinase-3 beta (GSK3B), Janus kinase 2 (JAK2), androgen receptor (AR), kinase insert domain receptor (KDR), matrix metallopeptidase 7 (MMP7), fibroblast growth factor receptor 1 (FGFR1), galectin 3 (LGALS3), and Janus kinase 1 (JAK1, Figure 4B).
[image: Figure 4]FIGURE 4 | PPI network of the intersected 103 mutual genes, the top 10 identified hub gene web, and cluster modules extracted by MCODE. (A) PPI network of the 143 intersected genes; (B) a network of top 10 hub genes from the PPI network; Two cluster modules extracted by MCODE. Cluster 1 (C) had higher cluster score (MCODE score = 22.64), followed by cluster 2 (E) (MCODE score = 4). GO and KEGG enrichment analysis of the modular genes in cluster 1 (D) and cluster 2 (F). Adjusted p value < 0.05 was considered significant.
Significant modules of the PPI network were identified by MCODE. The MCODE score of 4 was set as the threshold. Two modules had an MCODE score of ≥4, as illustrated in Figures 4C,E. Cluster 1 (MCODE score = 22.64) had 26 nodes and 283 edges (Figure 4C). GO analysis showed that the proteins in cluster 1 were related to peptidyl-serine phosphorylation, reproductive structure development, and epithelial cell proliferation. KEGG pathway analysis showed that these proteins were primarily involved in EGFR tyrosine kinase inhibitor resistance, proteoglycans in cancer, and prostate cancer (Figure 4D). Cluster 2 (MCODE score = 4) had nine nodes and 16 edges (Figure 4E). GO analysis showed that the proteins in cluster 2 were related to adenosine receptor signaling pathway, G protein-coupled purinergic receptor signaling pathway, and purinergic receptor signaling pathway. KEGG pathway analysis showed that these proteins were primarily involved in purine metabolism and alcoholism (Figure 4F).
3.5 Molecular docking
The PPI network of the 103 overlapping genes was constructed. The top 10 hub genes are shown in Table 1, and the interactions are demonstrated in Figure 4B. The top 10 candidate targets of the six active ingredients of PRA were subjected to molecular docking analysis, and the result provided a visual explanation of the interaction between the active ingredients and their potential targets (Table 1). Janus Kinase (JAK)1 and JAK2, both targeted by PB, have lower binding energies than the other targets; thus, they have higher probabilities to bind. The models of the binding of JAK1 and JAK2 with PB were shown in Figures 5A,B. The AutoDock software predicted 10 binding sites and ranked these sites by binding energy. The predicted binding energy and sites of JAK1 and JAK2 are listed in Table 2. Lysine (LYS) 908 is considered JAK1’s binding site with adenosine-triphosphate (ATP) and mediates the main function of JAK1. Two predicted models of JAK1 with PB including the binding site of LYS908 are exhibited in Figures 5C,D.
TABLE 1 | The top 10 hub gene targets of Paeoniae Radix Alba in RA treatment.
[image: Table 1][image: Figure 5]FIGURE 5 | Molecular models of Palbinone (PB) binding to its predicted protein targets and the anti-inflammatory effect of PB by inhibiting JAK1 in HISF cells. (A) JAK1 binding PB; (B) JAK2 binding PB; (C) PB binding to JAK1 in ATP binding sites LYS908; (D) PB binding to JAK1 in ATP binding sites LYS908. HISF cells were transfected with NC, OE-JAK1 by lentiviral vector. After HISF cells were treated with TNF-α (20 ng/ml) for 24 h, they were incubated with PB (10 μg/ml) for 6 h. The expression of JAK1 (E,F), p-JAK1 (E,G), STAT1 (E,H) and p-STAT1 (E,I) from the indicated group were detected by Western blot assay. The mRNA levels of JAK1 (J) and IL-6 (K) from the indicated group were detected by qPCR. Results were mean ± SD for three individual experiments. *p < 0.05, **p < 0.01.
TABLE 2 | The binding energy and sites of JAK1 and JAK2 with Palbinone ranked by binding energy from Autodock.
[image: Table 2]3.6 The anti-inflammatory effect of Palbinone by inhibiting JAK1 in vitro and in vivo
Next, we verified the mechanism underlying the anti-inflammatory effect of PB by in vitro and in vivo studies. HISF cells were transfected with overexpression-JAK1 (OE-JAK1) by lentiviral vector. After treating the HISF cells with TNF-α (20 ng/ml) for 24 h, they were incubated with PB (10 μg/ml) for 6 h. The transfection efficiency of JAK1 overexpression in HISF cells is shown in Supplementary Figure S1. The protein expressions of JAK1, p-JAK1, signal transducer and activator of transcription (STAT) 1, and p-STAT1 were measured by Western blot. As shown in Figures 5E–I, the notable downregulation of the protein expressions of JAK1, p-JAK1, and p-STAT1 was observed in TNF-α stimulated HSIF cells after PB treatment. Nevertheless, OE-JAK1 obviously inhibited the downregulation of JAK1, p-JAK1, and p-STAT1. In addition, the mRNA levels of JAK1 and IL-6 were detected by qPCR (Figures 5J,K). The expression of IL-6 was decreased significantly after PB treatment, whereas the trend was reversed when JAK1 was overexpressed, indicating that JAK1 is the treatment target of PB during the anti-inflammatory process (Figures 5J,K).
In addition, in vivo study was also performed. Rats were administrated with low, middle, and high concentration of PB. Different concentrations of PB all showed good anti-inflammatory effect and decreased AI (Figures 6A,B) in CIA model rats. Moreover, the level of IL-6 in synovium of CIA model rats has been inhibited by PB (Figure 6C). At protein level, in vivo study demonstrated that PB can decrease the protein expressions of p-JAK1 (Figures 7A,B), p-STAT1 (Figures 7A,D), and IL-6 (Figures 7A,F), whereas the total protein of JAK1 (Figures 7A,C), and STAT1 (Figures 7A,E) were not changed.
[image: Figure 6]FIGURE 6 | The effects of PB on collagen-induced arthritis rats. Rats were given via intradermal injection of 100 µl of emulsion composed of equal parts of CFA and 2 mg/ml of bovine type II collagen at the base of the tail on day 0 to induce the primary immunization, then they were given the boost immunization consisting of 100 µl of the same emulsion on day 7. Rats were oral gavaged with 25, 50, 100 mg/kg PB for 28 days. The images of rat ankle (A). The arthritis index scores (B) were analyzed on day 1, 7, 14, 21, 28 after PB intervention. The expression of IL-6 (C) was detected by ELISA. Results were mean ± SD for six individual experiments. *p < 0.05, **p < 0.01.
[image: Figure 7]FIGURE 7 | The effects of PB on JAK1-STAT1 signalling pathway in collagen-induced arthritis rats. Rats were given via intradermal injection of 100 µl of emulsion composed of equal parts of CFA and 2 mg/ml of bovine type II collagen at the base of the tail on day 0 to induce the primary immunization, then they were given the boost immunization consisting of 100 µl of the same emulsion on day 7. Rats were oral gavaged with 25, 50, 100 mg/kg PB for 28 days. The expression of p-JAK1 (A, B), JAK1 (A, C), p-STAT1 (A, D), STAT1 (A, E) and IL-6 (A, F) in synovium were detected by Western Blot. Results were mean ± SD for six individual experiments. *p < 0.05, **p < 0.01.
4 DISCUSSION
This research aimed to explore the underlying mechanism of active ingredients in PRA in treating RA. A total of 103 overlapping genes between RA and the drug targets were identified. Functional enrichment analysis indicated that the genes are mostly enriched in IL-17 signaling pathway, Th17 cell differentiation, and the FoxO, ErbB, and TNF signaling pathways. Molecular docking analysis demonstrated that JAK1 and JAK2 may play a central role in the therapeutic process. Meanwhile, PB, one of the active ingredients in PRA, could bind to the ATP binding site of JAK1 and act as a promising inhibitor of JAK1. The anti-inflammatory effect of PB has been verified in vitro and in vivo.
PRA has shown a rich medicinal value for more than 2000 years. It is used as an effective TCM for autoimmune diseases. TGP, which is a group of glycosides extracted from PRA, is the first immune regulatory drug approved for the treatment of RA in China (Zhang and Wei, 2020). Many studies have focused on discovering the effects of TGP, but research on the role of PRA in RA treatment is rare (Zhao et al., 2018; Li et al., 2019). In our study, we found that PRA may exert therapeutic effects on RA by regulating the IL-17 signaling pathway, Th17 cell differentiation, and the FoxO, ErbB, and TNF signaling pathways. Th17 cells were characterized as a unique Th lineage with distinct secretion of IL-17. Aberrant expression of IL-17 by Th17 cells in RA causes serious autoimmune responses and has recently become a novel research hotspot (Yang et al., 2019). Th17 cell differentiation is affected by numerous positive and negative regulators (Taams, 2020). Th17-related cytokines could activate synovial fibroblasts and macrophages, which are closely related to RA pathogenesis. In 2017, Kim et al. (2017) discovered that interactions between RA fibroblast-like synoviocytes and Th17 cells are involved in the tumorous growth of fibroblast-like synoviocytes and the formation of pannus in joints. The present study indicated that the active compounds in PRA could regulate the IL-17 signaling pathway and Th17 cell differentiation. This regulation may enable PRA to control the abnormal formation of pannus in joints and reduce inflammation in RA. In addition, the FoxO signaling pathway is involved in PRA treatment. This pathway integrates inflammatory stimuli, maintains cell survival in RA synovial tissue, and amplifies inflammatory response (Reedquist et al., 2006). It participates in the cell cycle by targeting different core cycle proteins, such as p27 and p53. The abnormal control of cell cycle in fibroblast-like synoviocytes is a vital pathological process of RA. Fibroblast-like synoviocytes display many features of tumor cells under a chronic inflammatory environment. In due course, these cells eventually escape growth limitations, which induce abnormal proliferation (Mo et al., 2018). Therefore, the effect of PRA on the FoxO signaling pathway may help control the abnormal proliferation of synoviocytes in patients with RA (Dijkers et al., 2000; Cha et al., 2006). In the meantime, we found that the ErbB signaling pathway also participates in the treatment process. The relationship between the ErbB pathway and RA is limited, but this pathway has been widely studied in a variety of cancers. When the pathway is activated, it can trigger a rich network of signaling pathways, such as MAPK, PI3K/AKT, and JAK/STAT, which all take part in RA pathogenesis (Yarden and Sliwkowski, 2001). Therefore, PRA may indirectly affect these pathways by ErbB mediation. In addition, the TNF signaling pathway is also involved. TNF, secreted by activated macrophages and fibroblasts, is a proinflammatory cytokines. TNF is elevated in the synovial fluid, synovial membrane, plasma, and serum of patients with RA (Radner and Aletaha, 2015). Our results suggested that PRA may exert an underlying effect on the TNF signaling pathway. TNF is a key cytokine in RA pathogenesis; thus, PRA may have great potential in RA treatment by regulating this pathway (Yamanaka, 2015).
Docking analysis was performed to verify the chemical force that allows the six active ingredients of PRA (paeoniflorgenone, PB, lactiflorin, paeoniflorin, paeoniflorin_qt, and albiflorin_qt) to bind to the predicted targets. Our research discovered that JAK1 and JAK2 are the vital targets. PB, one of the active compounds of PRA, could bind to the ATP-binding site of JAK1 and act as an inhibitor of JAK1. In vitro and in vivo studies proved this prediction and demonstrated that PB’s anti-inflammatory effect was via the inhibition of JAK1. JAKs interact with various cytokine receptors and couple cytokine binding to cytoplasmic signaling cascades (Hammarén et al., 2015). Its role in the pathological process of RA has been confirmed and attracted research interest (O'Shea et al., 2015). When ATP binds to the ATP-binding site in JAKs and releases its phosphate, the phosphate can then be used by JAKs and cytokine receptors. Recently, this mechanism has been used in the development of small molecule drugs that target RA, such as tofacitinib and baricitinib (Villarino et al., 2017). These drugs competitively inhibit the ATP-binding site and kinase activity. In the present study, we discovered a pattern similar to the pharmacological mechanism of these drugs. PB was able to bind to the ATP-binding site of JAK1 in prediction models and exerted anti-inflammatory effect by inhibiting JAK1. Consequently, PB could be a promising inhibitor of JAK1 in clinical practice and deserves to be further studied.
In the interpretation of our results, the following limitations require careful discussion. On the one hand, the six components were selected by subjective threshold. Other compounds in PRA that may play an important role might have been ignored. On the other hand, further experiments, such as those on the pathways, predicted models, and core targets, must be conducted to verify the conclusion drawn in this study.
This study presented several important findings that might have implications in future research. Firstly, our study determined the pharmacological network affected by PRA in RA treatment. Secondly, JAK1 and JAK2 were demonstrated to be the core targets of PRA in RA therapy. Thirdly, PB, as one of the active compounds of PRA, can bind to the ATP-binding site of JAK1 and serve as a new inhibitor for JAK1. Small molecule drugs, such as tofacitinib and baricitinib, have been widely applied in clinical practice. Thus, we believe that PB has great potential in the treatment of RA. These data illustrated the application of network pharmacology in clinical treatment. In addition, this study could also provide guidance for drug development and further scientific drug research.
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