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Editorial on the Research Topic
Traditional Medicine and Rheumatology

Disease-modifying antirheumatic drugs (DMARDs) are often used in the treatment of several rheumatic diseases, such as Rheumatoid Arthritis (RA), Systematic Lupus Erythematosus (SLE) and Psoriasis. Methotrexate (MTX), the most common DMARD, even stands as the first-line therapy for RA (Smolen et al., 2020). However, due to the adverse events of synthetic DMARDs and high cost of biological DMARDs, the attainment rate of standardized therapies is not ideal. An increasing number of patients afflicted by rheumatic diseases are searching for help from Traditional Chinese Medicine (TCM). TCM has long been prescribed to prevent and treat rheumatic diseases with a good efficacy and little adverse reactions, but the mechanisms still remain largely ambiguous. On the one hand, we need robust evidence from high-quality clinical researches (including well-designed trials and meta-analysis). On the other hand, in-depth studies (such as multi-omics studies and network pharmacology) are needed to demonstrate the complex mechanisms of TCM. The aim of this editorial is to help understanding disease-modifying antirheumatic effects of TCM in rheumatic diseases.
Rheumatoid Arthritis (RA) is a systemic, autoimmune-related diseases, causing damage to bone and cartilage. Several studies have revealed the efficacy and safety of TCM in treating RA. It is found that most TCM compounds have good DMARD-likeness properties through literature screening (Li and Zhang, 2020). A meta-analysis (Daily et al., 2017) of randomized controlled trials on TCM compound GSZD (Guizhi-Shaoyao-Zhimu Decotion) showed that GZSD may have equal or superior effectiveness and safety when compared with conventional treatment. Clinical evidence from a monocenter, open-label, randomized controlled trial (Wu et al.) shows that HQT (a TCM formula) with MTX is a good therapeutic option in MTX-based treatment for RA. No statistical difference was observed between TCM formula-HQT with MTX group and Leflunomide with MTX group in terms of ACR20, ACR50, ACR70 and frequency of adverse events. The encouraging evidence has led to TCM treatments being increasing favored by clinicians.
However, the unspecific mechanism hinders the widespread and standardization of TCM. To explore the mechanisms of TCM treatment for RA, researchers (Wang et al.) performed a network pharmacology analysis and a Key gene Network Motif with Significant (KNMS) detection to figure out the most important components in three independent TCM formulas (Wang et al.). They found that three TCM formulas treats RA via VEGF signaling pathway, HIF-1 signaling pathway, PI3K-Akt signaling pathway, etc., which were further verified by in vitro cell experiments. The mechanisms of disease-modifying antirheumatic effects of TCM is also observed in animal experiments. For example, differentially expressed genes analysis, computational prediction and verification on collagen-induced arthritis (CIA) mice were utilized to reveal the mechanisms of TSPJ (a TCM formula) against RA. Led by a variety of bioinformatic cues, (Guo et al.) found that SRC and STAT3 may be the key targets of TSPJ through the VEGF and HIF-1 signaling pathways, thus suppressing inflammation and angiogenesis of RA. Moreover, (Du et al.) discovered that Tanshinone IIA, an isolated active ingredient in TCM, appears to act on MAPK, Akt/mTOR, HIF-1 pathways. In this study, Tanshinone IIA attenuated the inflammatory response (especially in terms of several inflammatory cytokines) in Avridine Induced Arthritis (AIA) mice and suppressed the activation of RA-FLSs induced by TNF-α. Above studies from the cellular level to the animal experiments convincingly demonstrate the antirheumatic effects of TCM in the treatment of RA. Most of them applied network pharmacology before verification. The work of Wang, et al. shed light on the antioxidant, and anti-inflammatory activities of TCM via examining the NO (nitric oxide) levels in different groups. Animal experiments by Guo et al. and Du et al. mimic the inflammatory status in RA patients. Compared to control intervention, TCM is not inferior in controlling inflammatory response and joint manifestations.
Bone destruction/erosion, an inevitable progress of RA, is a big challenge in RA treatments. (Cai et al.) addressed this challenge via a systematic review and meta-analysis, which provided literature evidence on bone-protecting efficiency of TCM in the treatment of RA. Bioactive compounds such as Triptolide and Celastrol extracted from TCM shows bone-protecting efficacy, and they have achieved good results from different aspects according to another meta-analysis study (Shi et al.).
Notably, the advantages of TCM treatment are also effective in other rheumatic diseases, such as Psoriatic Dermatitis and Osteoarthritis. Through flow cytometric analysis, CD4+ T cells and MDSCs (myeloid-derived suppressor cells) co-culture and a series of verification methods, (Deng et al.) revealed the complex mechanisms that TCM preparation PSORI-CM02 alleviated IMQ-induced psoriatic dermatitis and inhibited cell proliferation of Th17 by targeting M-MDSCs-induced (monocytic myeloid-derived suppressor cells) arginase-1.
The use of TCM in rheumatic diseases dates back to thousands of years ago. Compared with standardized treatment, TCM has the advantages of low cost, low side effects, and flexible medication. Multi-component, multi-target and multi-pathway allows TCM to modify rheumatic diseases in different ways, which also makes it difficult to assess efficacy and figure out the specific mechanisms. Current studies on TCM in rheumatic diseases varied in study design and research findings. Most of them merely focused on the relationship “drug-gene-protein-disease,” but they seldomly illustrate the specific pharmacological actions. Weak foundation in prior work results in this situation. TCM researches is dwarfed by conventional DMARDs researches in pharmacology, toxicity and pharmacokinetics. Since there were plenty of literature studies, we need to form hypotheses or generate specific research directions according to former findings.
With the help of new and high-tech methods, current mechanism researches of TCM against rheumatic diseases has been developing. We believed that current findings are only a tip of the iceberg, but the unknown mechanisms and unspecific efficacy holds a great potential in Rheumatology.
AUTHOR CONTRIBUTIONS
ZY, XT, HL and KG finished the writing of this editorial. MW and RH provided support and mentoring of this editorial. XH and P-JJ provided specific suggestions and comments in this process.
REFERENCES
 Daily, J. W., Zhang, T., Cao, S., and Park, S. (2017). Efficacy and Safety of GuiZhi-ShaoYao-ZhiMu Decoction for Treating Rheumatoid Arthritis: A Systematic Review and Meta-Analysis of Randomized Clinical Trials. J. Altern. Complement. Med. 23 (10), 756–770. doi:10.1089/acm.2017.0098
 Li, X. Z., and Zhang, S. N. (2020). Herbal Compounds for Rheumatoid Arthritis: Literatures Review and Cheminformatics Prediction. Phytotherapy Res. 34 (1), 51–66. doi:10.1002/ptr.6509
 Smolen, J. S., Landewé, R. B. M., Bijlsma, J. W. J., Burmester, G. R., Dougados, M., Kerschbaumer, A., et al. (2020). EULAR Recommendations for the Management of Rheumatoid Arthritis with Synthetic and Biological Disease-Modifying Antirheumatic Drugs: 2019 Update. Ann. Rheum. Dis. 79 (6), 685–699. doi:10.1136/annrheumdis-2019-216655
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Yang, Tang, Liang, Gao, Wang, He, Jakobsson and Huang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH
published: 10 July 2019
doi: 10.3389/fphar.2019.00755

[image: image2]

Identification of Characteristic Autoantibodies Associated With Deficiency Pattern in Traditional Chinese Medicine of Rheumatoid Arthritis Using Protein Chips

Heru Zhao 1,2, Yin Zhang 1,2, Bin Liu 2, Li Li 2, Lulu Zhang 1,2, Mei Bao 1,2, Hongtao Guo 3, Haiyu Xu 4, Hui Feng 5, Lianbo Xiao 5, Wenjun Yi 6, Jianfeng Yi 1*, Peng Chen 7*, Cheng Lu 2* and Aiping Lu 8*

1 Key Laboratory for Research on Active Ingredients in Natural Medicine of Jiangxi Province, Yichun University, Yichun, China, 2 Institute of Basic Research in Clinical Medicine, China Academy of Chinese Medical Sciences, Beijing, China, 3 Department of Rheumatology, First Affiliated Hospital of Henan University of TCM, Zhengzhou, China, 4 Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences, Beijing, China, 5 Shanghai Guanghua Hospital of Integrated Traditional Chinese and Western Medicine, Shanghai, China, 6 China Association of Acupunture and Moxibustion, Beijing, China, 7 Beijing Key Laboratory of Traditional Chinese Medicine Basic Research on Prevention and Treatment for Major Diseases, Experimental Research Center, China Academy of Chinese Medical Sciences, Beijing, China, 8 Law Sau Fai Institute for Advancing Translational Medicine in Bone & Joint Diseases, School of Chinese Medicine, Hong Kong Baptist University, Kowloon Tong, Hong Kong

Edited by:
Runyue Huang, Guangzhou University of Chinese Medicine, China

Reviewed by:
Baosheng Boris Guo, Nanjing University, China
Deng Mingjing, Peking University, China
Yuanjia Hu, University of Macau, China

*Correspondence:
Aiping Lu
aipinglu@hkbu.edu.hk
Cheng Lu
lv_cheng0816@163.com
Peng Chen
sdzpchenpeng@qq.com
Jianfeng Yi
ycxyyjf@163.com

Specialty section:
This article was submitted to Ethnopharmacology, a section of the journal Frontiers in Pharmacology 

Received: 07 March 2019

Accepted: 11 June 2019

Published: 10 July 2019

Citation:
Zhao H, Zhang Y, Liu B, Li L, Zhang L, Bao M, Guo H, Xu H, Feng H, Xiao L, Yi W, Yi J, Chen P, Lu C and Lu A (2019) Identification of Characteristic Autoantibodies Associated With Deficiency Pattern in Traditional Chinese Medicine of Rheumatoid Arthritis Using Protein Chips. Front. Pharmacol. 10:755. doi: 10.3389/fphar.2019.00755

Background: Rheumatoid arthritis (RA) is an autoimmune disease. Based on traditional Chinese medicine (TCM) theory, deficiency pattern (DP) which leads to specific treatment principles in clinical management is a crucial pattern diagnosis among RA patients, and autoantibodies have potential implications in TCM pattern classification. The purpose of this study was to identify specific RA DP-associated autoantibodies.

Methods: RA DP patients, RA nondeficiency pattern (NDP) patients and healthy controls (HCs) were recruited for this study. Then, clinical data and sera from all subjects were collected. After that, the sera were probed with protein chips, which were constructed by known RA related autoantigens, to screen for DP-associated candidate autoantibodies. Lastly, candidate autoantibodies were validated via enzyme-linked immunosorbent assay (ELISA) and function was evaluated by network analysis.

Results: Protein chips results showed that RA patients have higher levels of anti-vascular endothelial growth factor (VEGF) A165 antibodies than HC (P < 0.005); anti-VEGFA165 antibodies levels of patients with RA DP were lower than patients with RA NDP (P < 0.05). The results of the ELISA also showed statistically significant differences in anti-VEGFA165 antibodies between the RA and HC group (P < 0.0001); and there were statistically significant differences in anti-VEGFA165 antibodies between the RA DP and RA NDP group (P < 0.05). Network analysis results suggested IL-6 signaling pathway has a significant effect on VEGFA165 in RA patients.

Conclusion: Autoantibodies identification in RA using protein chips help in understanding DP in TCM. Discovery of anti-VEGFA165 antibodies may provide the possibility for clinical precision treatment.

Keywords: autoimmune disease, rheumatoid arthritis, deficiency pattern, autoantibody, protein chips, vascular endothelial growth factor A165

Introduction

Rheumatoid arthritis (RA) is a common autoimmune disease, accounting for more than 1% of the world’s population (Uhlig et al., 2014). Although the exact cause of RA is still unclear, immunity disorder and chronic inflammation are generally considered as contribution to RA (Okada et al., 2010). In the later stages, other parts/organs of the RA patients may be affected, resulting in disability, declined quality of life, decreased ability to work (de Hair et al., 2013), and improved health care utilization (Boonen and Severens, 2011). In recent years, research has focused on the disease in the field of RA, leading to the discovery that autoantibodies can precede the clinical onset of the disease by many years (van Boekel et al., 2002).

Traditional Chinese medicine (TCM) techniques have shown therapeutic promise in treating RA (Goldbach-Mansky et al., 2009). In TCM theory, RA is considered an impediment disease (“Bi” pattern in Mandarin) and is caused by the invasion of heat pathogens, wind, or dampness into the human body (Li, 2002). According to RA patients symptoms further stratified, a pattern diagnosis can determined for a subgroup of the patients, and then will prescribe specific therapy based on these pattern classifications, the special treatment principle can improve clinical efficacy (Lu et al., 2012). Deficiency pattern (DP) as key pattern diagnosis among RA patients can lead to a specific treatment principle of “tonifying the DP” in clinical management (Wang et al., 2013). In the practice of TCM, it have been found that Tripterygium glycosides and qingluo tongbi granules are safe and effective in the treatment of RA DP (Zhou et al., 2004), thus the treatment of RA DP has a good efficacy.

Autoantibodies can distinguish subgroups of the autoimmunity disease. Such as adult latent autoimmune diabetes and phenotypic type 2 diabetes can be distinguished by autoantibodies against zinc transporter 8, insulin, insulinoma antigen-2 and glutamic acid decarboxylase (Sorgjerd, 2018). There are two types of autoimmune hepatitis: type 1 (smooth muscle antibodies and antinuclear antibodies) and type 2 (liver cytosol antibodies and/or antibodies to liver and kidney microsomes type 1 and/or antibodies to liver and kidney microsomes type 3), which can be classified based on autoantibodies (Zhang et al., 2014). Some scholars found that the positive rates of anti-U1 RNP antibodies were significantly different between the systemic lupus erythematosus DP and systemic lupus erythematosus TCM excess pattern groups (Dai et al., 2016). It was discovered that a significant difference exists between antinuclear antibodies in the kidney DP and kidney excess pattern groups (Guo et al., 2013). Autoantibodies have potential implications in TCM RA pattern classification.

The advent of protein chip technology has enabled a large-scale analysis of proteins to recognize biomarkers of RA subtypes, and identify the mechanisms underlying these subtypes (Hueber et al., 2005). We applied contain panels of RA autoantigens arrays to profile autoantibodies in sera derived from RA DP patients, identified autoantibodies associated with RA DP, and further validated protein chip results by ELISA. Finally, we analyzed the possible network of the association between RA DP and autoantibodies.

Methods

Serum Samples

All the samples were collected from female RA patients (patients with RA include RA DP and non-deficiency RA) in Henan Province Hospital of TCM, included 20 sera from RA DP, 40 sera from RA NDP (nondeficiency pattern), and 40 HC matched by age and gender. Of which 15 sera of RA DP, 15 sera of RA NDP, and 15 sera of HC were used for screening of protein chips, and all the samples were used for ELISA validation. RA patients were eligible to participate if they had met the American College of Rheumatology criteria for RA for at least one year, with functional classes of I, II, or III (Arnett et al., 1988). Weakness in the waist, fatigue, dizziness, heavy limbs, nocturia, and numb limbs (Zhang et al., 2012), inhibited stretching and bending in limbs, pain occurring or worsening during moodiness, pain occurring or worsening at night, and deformity were categorized in TCM RA DP (Wang et al., 2013). NDP means that there is no typical DP in the RA. Patients with RA DP were recorded with whole clinical manifestations according to TCM theory using a questionnaire, a tongue examination, and pulse diagnosis by 3 appointed TCM practitioners. Patients were included in the study only if the 3 practitioners reported consistent results. This study was approved by the Ethics Committee at the Institute of Basic Research in Clinical Medicine, China Academy of Chinese Medical Sciences, and was conducted according to the standards of the Declaration of Helsinki. Written informed consent was obtained from the participants.

Gene Cloning, Expression, Purification, and Mass Spectrometry

We expressed and purified seven proteins. Extraction of RNA from cells was carried out as per TRIzol reagent kit instructions (Invitrogen, CA; Lot No. 291946AX). Then amplification of genes was performed by RT-PCR using kit instructions (Biomake, Shanghai, China; Lot No: 20). The PCR product of the gene was sequenced by Sangon Biology (Shanghai, China). Proteins were over expressed in pET28a and then purified the recombinant protein by Ni-NTA kit (CWBIO, Beijing, China; Lot No.01376/20302). Purified recombinant proteins were confirmed by proteomics analyzer AB 4700 mass spectrometry (Applied Biosystems, Foster City, CA).

Fabrication of the Protein Chips

Thirty autoantibodies associated with RA were found by reading the literature, and then designed a protein matrix using these autoantibodies. Printed autoantigens included 22 purchased, 7 expressed proteins (SinoBiological, Beijing, China; Diarect AG, Freiburg, Germany; Arotec, São Paulo, Brazil), and 1 protein extract that was derived from human stratum corneum whole protein. A 12-hole rubber gasket (CapitalBio, Beijing, China; Lot No.0011016) was applied to each chip to form 12 individual chambers. All the proteins were printed in duplicate within chamber, and identical probe areas were fabricated in 12 chambers. Each chamber included positive spots (human IgG) and blank spots. The printed chips were allowed to remain at room temperature for 1 h before storage at 4°C.

Serum Assays on Protein Chips

Blocked 1 h with PBS containing 5% fetal calf serum (Lot No. 18040502), incubated 2 h with 40 μl of 1:50 dilutions of RA DP patients, RA NDP patients and HC sera, and washed three times with PBST. Then incubated with a 1:400 dilution of Cy3-conjugated goat anti-human IgG secondary antibody (Lot No. AA03187869) and followed by PBST washing three times. The chips were scanned using a microarray scanner (CapitalBio, Beijing, China).

ELISA

The candidate proteins were coated onto 96-well plates and overnight at 4°C. The CB coating solution was prepared as follows: 0.795 g of Na2CO3 and 1.465 g of NaHCO3 were dissolved in 500 ml of water and stored at 4° C. 200 μl of 5% fetal calf serum (Lot No. 18040502) was added to each well for blocked nonspecific binding. 100 μl human serum (1:50) was added to each well and incubated for 75 min at 37°C, then the plates were washed three times with PBST. 100 μl of horseradish peroxidase-labeled mouse anti-human IgG monoclonal antibody was added (1:10,000; Beijing Protein Innovation Co. Ltd; 130499) to each well for 45 min and then we washed the plates three times with PBST. 50 μl of tetramethylbenzidine substrate solution was added (makewoderbio, Beijng, China; Lot No.20180813). After this the plates were kept in a dark, room-temperature place for 8 min. The reaction was stopped after 50 μl H2SO4 entry and the immunoreactivity was measured by reading A450 (BioTek, Winooski, Vermont).

Statistical Analysis and Network Analysis

Chemiluminescent signals were acquired using microarray scanner, and the intensity value (signal intensity − background) was normalized using the mean of positive point signals. Each protein is in duplicate print, the average of each replicate is used as the final signal intensity for a given protein. Using a value of two times the standard deviation above meanhealthy as a cutoff value. SAS version 9.4 (SAS Institute Inc, *LICENSE = SAS 000062456227) was used to perform means, standard deviation and the t-test, P-value (P < 0.05) was taken as significant. Network analysis was conducted using the Ingenuity Pathway Analysis system (IPA, Ingenuity® Systems, http://www.ingenuity.com).

Results

Baseline Characteristics of Study Subjects

The characteristics of the enrolled subjects, including age, ESR, CRP, RF-IgG, RF-IgA, RF-IgM, complement C3, complement C4, anti-dsDNA, anti-CCP were shown in Table 1. The age of the RA DP patients was older than that of the RA NDP patients (P < 0.0005). There was no significant difference in other indicators between the RA DP and RA NDP patients. Two groups used for protein chips technology or ELISA showed the above results.





	
Table 1 | Characteristics among the groups of enrolled subjects.





	
Indicators/Groups


	
DP

(protein chip)


	
NDP

(protein chip)


	
DP

(ELISA)


	
NDP

(ELISA)





	
Number of subjects


	
15


	
15


	
20


	
40





	
Age (years)


	
59.8 ± 8.94*


	
49.33 ± 9.66


	
62.32 ± 10.00**


	
49.72 ± 12.36





	
Duration of RA (month)


	
151.45 ± 144.11


	
120.14 ± 112.21


	
160.10 ± 160.80


	
96.72 ± 112.00





	
ESR (mm/h)


	
45.53 ± 28.02


	
57.4 ± 29.35


	
50.05 ± 29.34


	
48.21 ± 29.77





	
CRP (mg/L)


	
34.04 ± 38.61


	
39.31 ± 42.45


	
35.89 ± 37.29


	
28.78 ± 33.69





	
RF-IgG (RU/ml)


	
32.8 ± 73.53


	
16.92 ± 20.94


	
28.29 ± 67.53


	
15.99 ± 23.63





	
RF-IgA (RU/ml)


	
112.92 ± 109.71


	
132.11 ± 114.61


	
131.43 ± 110.52


	
124.39 ± 105.95





	
RF-IgM (RU/ml)


	
230.93 ± 134.67


	
301.16 ± 171.55


	
260.02 ± 140.76


	
296.92 ± 134.08





	
Complement C3 (g/L)


	
1.28 ± 0.24


	
1.26 ± 0.19


	
1.27 ± 0.22


	
1.24 ± 0.17





	
Complement C4 (g/L)


	
0.28 ± 0.13


	
0.26 ± 0.08


	
0.29 ± 0.12


	
0.26 ± 0.07





	
Anti-dsDNA (IU/ml)


	
3.53 ± 0.80


	
3.88 ± 0.69


	
3.34 ± 0.89


	
3.88 ± 0.76





	
Anti-CCP (RU/ml)


	
65.58 ± 42.71


	
78.09 ± 51.55


	
71.91 ± 41.50


	
85.43 ± 46.56





	
ESR indicates erythrocyte sedimentation rate; CRP, C reactive protein; RF-IgG, rheumatoid factor immunoglobulin G; RF-IgA, rheumatoid factor immunoglobulin A; RF IgM, rheumatoid factor immunoglobulin M; Anti-dsDNA, anti-distrand-DNA antibody; Anti-CCP, anti-cyclic citrullinated peptide.

The comparisons of clinical indicators between DP and NDP. Unpaired t-test was applied to continuous variables analysis, and the data are expressed as the mean ± SD when appropriate (95% CI). The DP (protein chip) groups age vs NDP (protein chip) groups age *P < 0.05, DP (ELISA) groups age vs NDP groups age (ELISA) **P < 0.01.









Gene Cloning, Expression, and Purification of Proteins

Seven proteins were expressed and purified for fabrication of protein chips. First, synthetic gene was cloned into pET28a (Figure 1A). Second, coomassie brilliant blue staining of expressed proteins on SDS-PAGE, purified proteins were separated with 10% SDS-PAGE and then stained with coomassie brilliant blue. Visible proteins migrated at their expected molecular weights (Figure 1B). Last, proteins from Ni-NTA resin were reassured by mass spectrometry, and the results show that putative proteins have a highly homologous identity (P < 0.05).
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Figure 1 | Gene cloning, expression and purification of autoantigens for protein chip preparation. (A) Synthetic gene was cloned into NdeI/XhoI digested pET28a. (B) Purified proteins were separated with 10% SDS-PAGE and then stained with coomassie brilliant blue. Lane 1: protein marker, Lane 2: JKTBP, Lane 3: Annexin-A2, Lane 4: Alpha-tropomysin, Lane 5: Glucose-6 phosphat, Lane 6: Hnrnp-A1, Lane 7: Hnrnp-A2B1, Lane 8: Keratins isoform of heterogeneous nuclear ribonucleoprotein D-like = JKTBP, heterogeneous nuclear ribonucleoprotein A2B1 = HnRNP A2B1, heterogeneous nuclear ribonucleoprotein A1 = HnRNP A1.



Construction of RA-associated Protein Chips

In order to optimize the serum profiling assay, we tested a variety of different conditions in a pilot assay. And polymer-slide H was chosen for chips fabrication, 20-fold dilution was chosen as the most appropriate serum concentration, 400-fold dilution was chosen as the most appropriate Cy3-conjugated anti-human IgG antibody. Finally, we employed the protein chips containing 30 RA-associated autoantigens to perform serum profiling of samples collected from 15 DP, 15 NDP, and 15 HC subjects (Figure 2A). Human IgG at a known concentration was printed at each chamber on the chips to serve as a control and landmark. Anti-vimentin antibodies and anti-heat shock protein 60 antibodies were incubated in 1 individual chambers for checkout the protein’s activity (Figure 2B). The results showed protein chips had a high correlation coefficient (0.978) between duplicate spots, which suggested that it was of high quality (Figure 2C).
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Figure 2 | Construction RA associated protein chip. (A) Human proteins were purified and printed in duplicate on poly-L-lysine coated microscope slides. (B) Correlation of spot intensities of all the duplicate pairs. The signal intensities of duplicate spots (Spot 1 versus its corresponding Spot 2) were plotted against each other. The resulting correlation coefficient was 0.97, indicating high reproducibility of the protein spotting. (C) To monitor the quality and relative quantity of the printed proteins on glass slides, the human protein chips were probed with anti-His antibody, followed by Cy3-labeled secondary antibody to visualize the signals, red boxes indicate HIS-tag group. Blue boxes indicate human IgG (the positive control), red boxes indicate HSP60 and VIM antibody. Sjogren syndrome antigen B = SSB, peptidyl arginine deiminase 4 = PADI4, double-stranded DNA = dsDNA, ribosomal protein P1 = Rib-P-P1, smithD2 = SmD2, ribosomal protein P2 = Rib-P-P2, nucleosome = Nu, nuclear ribonucleoprotein = NrnP, smith100 = Sm100, centromere protein b = Cen-B, sjogren syndrome antigen A = SSA, aldehyde dehydrogenase = ALDH, human leukocyte antigen-DR4 = HLA-DR4, isoform of heterogeneous nuclear ribonucleoprotein D-like = JKTBP, heterogeneous nuclear ribonucleoprotein A2B1 = HnRNP A2B1, heterogeneous nuclear ribonucleoprotein A1 = HnRNP A1, vascular endothelial growth factor A165 = VEGFA165, Heat shock protein 70 = HSP70, heat shock protein 60 = HSP60, myeloperoxidase = MPO, osteopontin = SPP1.



Probing Results of the Protein Chips

We observed that autoantigens could be readily recognized by sera from DP and NDP groups, and the serum profiles also showed obvious individual-to-individual variation within among groups (Figure 3A). To identify potential RA DP-associated autoantigens, we used microarray scanner to acquire the resultant signal intensities of all protein spots in each assay and identified the positives within each chip (see details under Methods). Protein chips results showed that RA have higher levels of anti-vascular endothelial growth factor (VEGF) A165 (P15692) antibodies than HC (P < 0.005); anti-VEGFA165 antibodies levels of patients with RA DP were lower than patients with RA NDP (P < 0.05); patients with RA DP have higher levels of anti-VEGFA165 antibodies than HC (P < 0.01). There was no statistical difference between RA DP and RA NDP groups for other autoatibodies. Using a value of two times the standard deviation above meanhealthy as a cutoff value, an anti-IgG antibody reaction against VEGFA165 was observed in 2 out of 15 RA DP patients (13%), 6 out of 15 RA NDP patients (40%), 0 out of 15 HC patients (0%). Finally, to visualize the range of signal intensities, we conducted box-whisker plot analysis for anti-VEGFA165 antibodies across the various groups of sera (Figure 3B).
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Figure 3 | Probing results of the human protein chip with DP and NDP sera. (A) Fifteen DP, 15 NDP, and 15 HC serum samples were diluted 1:20 and individually incubated with the human protein chip, followed by the addition of the anti-human IgG antibody (Cy3-conjugated). Chips were dried and scanned to acquire the images. Representative areas of the images are illustrated. Red boxes indicate the positive candidate autoantigens, and blue boxes indicate human IgG (the positive control). (B) Fifteen DP, NDP, and 15 HC. The signal distributions of VEGFA165 reacting with the serum samples is displayed. The bar within the rectangle indicates the median value.



Verification by ELISA

In order to validate the candidate autoantibodies identified using protein chips technology. ELISA of anti-VEGFA165 antibodies were carried out with 20 RA DP, 40 RA NDP, and 40 HC subject sera to verification. The results showed reactivity of RA serum IgG antibodies against were higher than HC (P < 0.0001); the reactivity of RA DP serum IgG antibodies against were lower than NDP (P < 0.05), and the reactivity of RA DP serum IgG antibodies against were higher than HC (P < 0.05) (Figure 4). Therefore, the anti-VEGFA165 antibodies were confirmed as being able to distinguish between RA DP and RA NDP.
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Figure 4 | The result of protein chip was verified by enlarging the sample by ELISA. Sera derived from DP (n = 20), NDP (n = 40) and HC (n = 40) were tested for VEGFA165 autoantibody using VEGFA165.



Discussion

TCM pattern classification analysis was carried out through data collected by four combined diagnostic methods, including WANG (inspection), WEN (falling-rising tone, auscultation, and olfaction), WEN (falling tone, inquiry), and QIE (palpation) (Tao et al., 2017). The “Cold,” “Heat,” “Deficiency,” and “Excess” were four basic patterns in TCM (Jiang, 2005). Pattern classification was the advantage of TCM, which can guide herbal prescriptions (Chai et al., 2011). Some TCM herbal formulae have been reported for the treatment of DP, such as WuziYanzong Pill, which protected the impaired spermatogenesis possibly by mediating mitochondrial energy metabolism in DP rats (Liu, 2014). Both crude and bran-processed rhizome of Atractylodes lancea have alleviated the symptoms of spleen DP in rats (Xue et al., 2018). Radix Astragali and its split components can promote water metabolism in rats with the syndrome of dampness stagnancy due to spleen deficiency by regulating the expression of AQPs (Zhao et al., 2017). Xiaoyaosan intervention may effectively adjust the gut dysbacteriosis in functional dyspepsia (Qiu et al., 2017). TCM has a good effect in treating DP.

In TCM practice, an experiential diagnosis approach has been frequently used in pattern classification in RA patients (Mo et al., 2016). In order to promote the traditional experiential diagnosis, the scientific evidence for pattern classification is essential, and it would be beneficial to understand essence of the pattern classification. The study suggested that statistical-based clinical data classification had a similar TCM pattern differentiation in RA patients (He et al., 2008). We had previous used integrating liquid chromatography/mass spectrometry and gas chromatography/mass spectrometry platforms in conjunction with the Ingenuity Pathway Analysis software identified the biomarkers in RA patients with typical TCM cold or heat patterns (Gu et al., 2012; Guo et al., 2016). And we identified the network-based gene expression biomarkers for both cold- and heat-patterns of RA by obtained gene expression profilings of CD4 + T cells from cold-pattern RA patients and heat-pattern RA patients using microarray (Lu et al., 2012). In this study, we explored the autoantibody of sera in RA patients with typical TCM DP and NDP by protein chips technology, and anti-VEGFA165 antibodies which DP-associated in RA was identified.

Our previous study of the TCM DP-related genes network study found TCM DP is probably related to immune response (Wang et al., 2013). Mo, Na et al. found that the age of disease onset exhibited significant differences between DP and NDP, which is consistent with our research. The RA DP patients were older than the RA NDP, this finding is in agreement with the TCM theory that Qi, Xue, Yin, and Yang are more insufficient in older than in younger people (Wu et al., 2012). (Yin, things associated with the physical form of an object; Yang, things associated with energetic qualities; Qi, life force that animates the forms of the world; Xue, dense form of body fluids that have been acted upon and energized by Qi) (Wang et al., 2012). Anti-cyclic citrullinated peptides antibodies levels of patients with RA DP were higher than the RA NDP (Mo et al., 2016), and our experiments show that the level of anti VEGFA165 antibodies in patients with RA DP is lower than that in patients with RA NDP. We also found RA DP patients have higher levels of anti-VEGFA165 antibodies than HC, and confirmed RA have higher levels of anti-VEGFA165 antibodies than HC. Autoantibodies are associated with RA DP, and it may be used to classify TCM pattern.

VEGF is a dimeric glycoprotein, VEGFA, B, C, D and placenta growth factor consisted the VEGF family in mammals. VEGFA included five isoforms: VEGFA121, VEGFA145, VEGFA165, VEGFA189, and VEGFA206 (Olsson et al., 2006), and VEGFA165 was the most abundant factor in most cells and tissues (Neufeld et al., 1996). VEGFA165 can promote the formation of new blood vessels and increased vascular permeability. Inflammation and angiogenesis were interdependent processes, and angiogenesis have significant effects on inflammatory mediators (Oura et al., 2003). VEGF165 has a direct pro-inflammatory effect in the pathogenesis of RA (Yoo et al., 2005). Research has discovered the VEGFA165 levels in sera synovial fluid from RA patients are significantly higher than in synovial fluid from osteoarthritis patients (Lee et al., 2001; Yoo et al., 2005).

Our research found there were statistically significant differences in anti-VEGFA165 antibodies between the RA and HC groups. We also found that anti-VEGFA165 antibodies levels of subjects with RA DP were lower than subjects with RA NDP. No statistical differences were found between RA DP and RA NDP groups and other autoantibodies. Through the analysis of the VEGF165-related pathway, we found three pathways related to autoimmunity, including IL-6 signaling, IL-8 signaling and clathrin-mediated endocytosis signaling, the IL-6 signaling pathway is most relevant compared to the other two pathways (Figure 5A). VEGFA165 protein is expressed by synovial fibroblasts and synovial macrophages in the synovial tissues of RA patients. A study found that cultured synovial cells are able to secrete VEGFA165 when stimulated with IL-6 (Yoo et al., 2005). The serum levels of IL-6 in RA patients were significantly higher than subjects in HC (Diaz-Torne et al., 2018), and the DP was significantly lower than that in NDP (Peng et al., 2008).VEGFA165 plays a biological role by binding to its receptor subtypes, namely fms-like tyrosine kinase and neurohair protein-1 (Ferrara et al., 2003). VEGFA165 may recruit monocytes around endothelial cells in synovial membranes, where newly employed macrophages can produce IL-6 when stimulated by VEGFA165/fms-like tyrosine kinase-1 binding or via cell contact with activated endothelial cells (Yoo et al., 2005). Thus, this creates a self-perpetuating cycle of inflammation. Short interfering RNA down-regulates neurohair protein-1 transcript products and induces spontaneous apoptosis of synovial cells, which is related to the decrease of Bcl-2 expression and the increase of Bax transport to mitochondria (Yoo et al., 2008), which leads to synovial hyperplasia. And in the RA DP, swollen feet joints are more common than in RA NDP (Yuan-Wei and Lou, 2017) (Figure 5B). Some of the above findings may partly explain the statistically significant differences in VEGFA165 antibodies between the RA DP and RA NDP groups.
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Figure 5 | Network analysis and schematic. (A) Three pathways related-VEGFA165 protein in RA, included IL-6 signaling, IL-8 signaling and clathrin-mediated endocytosis signling. (B) Schematic diagram of the role of VEGFA165 protein in RA.



Limitations of this study include the fact that it is the limited sample size with the participants recruited. Due to the fact that RA patients with a single DP are not easy to obtain, since patients usually present with multiple-patterns, larger sample size study is needed in the future.

Conclusion

In this study, a protein chip containing RA associated autoantigens was successfully constructed. Using this chip, the anti-VEGF 165 antibody was found to be related to the TCM DP of RA, a finding further validated with the ELISA method. This study may promote the development of precise diagnosis and treatment of RA in TCM clinical, provide some clues for understanding the causes of DP of RA.
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Rheumatoid arthritis is a chronic inflammatory autoimmune disease, causing articular and extra-articular dysfunctions among patients, and it could result in irreversible joint damages or disability if untreated. A traditional Chinese medicine formula, Huayu-Qiangshen-Tongbi (HT) formula, has been observed successful in controlling rheumatoid arthritis progression in traditional Chinese medicine clinics. In this study, we conducted a systematic analysis of the HT formula with a purpose of proposing for its potential mechanism of action using network pharmacological methods. The potential targets of the formula were collected and screened according to the topological features of their protein–protein interaction network, and we subsequently validated our prediction results through in vitro experiments. We proposed that the HT formula could interfere with the bone metabolism and the inflammatory pathways of the body. The experimental validation results indicated that HT formula could exhibit anti-inflammatory effects by regulating several signaling pathways specifically the Toll-like receptor signaling pathway, phosphoinositide-3-kinase–Akt signaling pathway, hypoxia-inducible factor 1 signaling pathway, mitogen-activated protein kinase signaling pathway and activator protein 1 signaling pathway.

Keywords: rheumatoid arthritis, network pharmacology, traditional Chinese medicine, Huayu-Qiangshen-Tongbi formula, in vitro validation



Introduction

Rheumatoid arthritis (RA) has been regarded as one of the most common autoimmune inflammatory diseases, and effective treatments for RA require the use of disease-modifying antirheumatic drugs (DMARDs). Although DMARDs have been frequently prescribed in clinic, patients often suffered from unwanted side effects from the treatment, such as the myelosuppression and the injuries of liver and kidney (Obiri et al., 2014). Traditional Chinese medicine (TCM) herbal formula has gained attention as an alternative remedy practiced for over a thousand years due to their observed efficacy with reduced side effects (Venkatesha et al., 2011; He et al., 2014).

Huayu-Qiangshen-Tongbi (HT) formula, a TCM herbal formula for treating RA, was developed by the Department of Rheumatology and Immunology from the Guangdong Provincial Hospital of Chinese Medicine, and its clinical efficacy was based on more than 20 years of clinical observation and clinical practice. The composition of the formula reflects the academic thoughts regarding the RA treatment by Liang-Chun Zhu, the well-known TCM Master in Rheumatology, and Liang Liu. The formula is composed of these 10 herbs: Salvia miltiorrhiza Bge. (Danshen), Dioscorea nipponica Makino (Chuanshanlong), Astragalus mongholicus Bge. (Huangqi), Paeonia lactiflora Pall. (Baishao), Saussurea involucrata (Kar. & Kir.) Sch.Bip. (Xuelian), Eucommia ulmoides Oliv. (Duzhong), Drynaria roosii Nakaike (Gusuibu), Dipsacus inermis Wall. (Chuanxuduan), Rehmannia glutinosa (Gaertn.) DC. (Dihuang), and Glycyrrhiza uralensis Fisch. (Gancao). Lu et al. observed the treatment for a total of 77 patients with RA, and they concluded that a combination of HT formula with methotrexate (MTX) could achieve an equivalent efficacy to that of leflunomide with MTX after 12 weeks of treatment, and the patients went through a combination therapy of using HT formula and MTX experienced less adverse effect than that of the other treatment (Lu et al., 2019). Although the HT formula is commonly used in clinic in China, there is a lack of pharmacological researches to elucidate the mechanisms of action (MOA) on the HT formula treating RA largely due to the complex composition of the formula, limiting further development of the prescription.

In order to overcome the technical barriers for deciphering the MOA for TCM prescriptions, recently, network pharmacological methods were developed by integrating dry and wet lab techniques. In this way, the individual chemical ingredients contained in the herbal formula could be analyzed for their therapeutic effects without jeopardizing the completeness of the treatment (Li and Zhang, 2013). Through systematically studying the information revealed in a network, the network analysis method could provide the prediction results regarding the MOA of the herbal formulae. In addition, the preliminary results from the network analysis could also offer a direction for the following pharmacological verification, facilitating the holistic examinations of the TCM formulae. Inspired by this promising method, various researchers in the field of rheumatology had applied network pharmacological methods to study and explore the anti-RA effects of the TCM formulae. Zhang et al. proposed the potential rationale behind the interactions among the herbs in the Wu Tou Tang decoction (WTD) when treating RA. They predicted the potential MOA of the WTD by analyzing the RA protein–protein interaction (PPI) network and identified the candidate effector molecules of the WTD (Zhang et al., 2013). Li et al. collected and analyzed 871 anti-RA herbal prescriptions from a clinic using an herb–compound–target–disease coherent network, and they proposed the synergistic effects underlying the core herbs of these prescriptions as well as the pharmacological mechanisms underlying these prescriptions combating RA (Li et al., 2015). By integrating network analysis, in vivo as well as in vitro experiments, Guo et al. concluded that WTD could act on RA progression by inhibiting inflammatory responses through modulating the C–C chemokine receptor type 5 signaling pathway in macrophages (Guo et al., 2017).

In this study, we aim to explore active compounds and action mechanisms of the HT formula by combining computational predictions based on network pharmacology, chemical analysis, and in vitro investigations. As illustrated in Figure 1, we collected and analyzed the potential targets of the HT formula for a systematic study of the formula. The obtained targets were compared to the RA-related targets for deducing the potential clinical indications of the HT formula in treating RA. In order to study the RA-related interactions involved by the human body after consuming the HT formula, the PPI data among the potential targets of the HT formula and the RA-related targets were visualized in a network, and the potential MOA was proposed by studying the major hubs of the PPI network. Finally, the in vitro experiments were integrated to validate the anti-inflammatory properties of the HT formula. This work may provide a valuable reference to the further quality control, product development, as well as clinical applications of the HT formula.
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Figure 1 | A scheme illustrating the general workflow of studying the HT formula using a systematic method.






Material and Methods



Network Pharmacology Analysis of the HT Formula



Data Preparation

The chemical information of the herbs contained in the HT formula was manually curated from an integration of three databases, including the Shanghai Institute of Organic Chemistry of Chinese Academy of Sciences, Chemistry Database (last updated on June 17th, 2016) (Shanghai Institute of Organic Chemistry), TCM Database @ Taiwan (last updated on March 25th, 2014) (Chen, 2011), as well as SciFinder database. The existent compound–target interaction (CTI) information for the HT formula was acquired from the current literatures using ChEMBL database (version 23) (Gaulton et al., 2017), and only the human targets were retained for further studying.

The phytochemicals obtained were submitted to the Similarity Ensemble Approach (Keiser et al., 2007) for predicting potential CTIs, and the human targets with high confidence (Tc ≥ 0.57) were selected from the prediction results as the potential targets of the phytochemicals.

The RA-related targets were collected from DrugBank database (version 5.0) (Wishart et al., 2018), Online Mendelian Inheritance in Man (last updated in May, 2018) (Amberger and Hamosh, 2017), the Genetic Association Database (last updated in August, 2014) (Becker et al., 2004), and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database (last updated in May, 2018) (Kanehisa et al., 2017).

The PPI data for the acquired targets were obtained from the STRING database (V10.5) (Szklarczyk et al., 2016). PPIs with medium confidence based on the confident scores defined by the STRING developers were retained for network analysis.




Network Construction and Analysis

The PPIs of the HT targets in addition to the RA-related targets were visualized using Cytoscape (version 3.6.1) (Shannon et al., 2003). A hub in the HT targets–RA targets PPI network was defined as the node having a degree of more than twofold of the median degree of all the nodes (Li et al., 2007). The major hubs in the PPI network of the hubs were identified for the sake of screening the important hubs, and the major hubs were calculated based on four topological features, that is “Degree,” “Node betweenness,” “Closeness,” and “K-core value” (Zhang et al., 2017).

Pathway enrichment analysis for the major hubs was performed using the data from KEGG in the Database for Annotation, Visualization and Integrated Discovery (V6.8) (Huang et al., 2008; Huang et al., 2009).





Experimental Investigations of the HT Formula



Herbal Extraction

The herbs were soaked in 600 ml of deionized water (five times water of the total weight of TCM) for 30 min. Then, the mixture was heated to boiling before being decocted for 30 min. The filtrate of the first decoction was collected, while the remaining herbs were treated with another 500 ml of deionized water for the second decoction at the boiling point for 60 min. The filtrate of the second decoction was combined with the filtrate from the first decoction and was centrifuged at 2,500 rpm for 10 min. The supernatant was subsequently concentrated using rotary evaporator, and the concentrate was frozen at −80°C for 24 h before acquiring its lyophilized powder.




Chemical Analysis

Danshensu sodium salt, 3-caffeoylquinic acid, caffeic acid, paeoniflorin, rutin, quercetin, rosmarinic acid, salvigenin, calycosin, and glycyrrhizic acid (the purities of all standards were higher than 98% by high-performance liquid chromatography analysis) were purchased from Chengdu Pufeide Biotech Co., Ltd. (Chengdu, China). Acetonitrile and methanol as high-performance liquid chromatography grade were purchased from RCI Labscan Limited (Thailand). Phosphoric acid as analytical grade was purchased from Sigma Chemicals Ltd. (St. Louis, MO, USA). Milli-Q water was prepared using a Milli-Q system (Millipore, MA, USA).

The quantifications of 10 compounds in the HT extract were performed by a Waters ACQUITY- Ultraperformance Liquid Chromatography (UPLC) Class system (Waters Corp., Milford, USA) coupled with an ACQUITY UPLC HSS T3 column (150 mm × 2.1 mm, 1.8 µm) maintained at 40°C. Elution was performed with a mobile phase of A (0.2% phosphoric acid in water) and B (0.2% phosphoric acid in acetonitrile) under a gradient program: 0–2 min, 2% B; 2–4 min, 2–8% B; 4–12 min, 8–12% B; 12–14 min, 12–20% B; 14–18 min, 20–25% B; 18–25 min, 25–40% B; 25–30 min, 40–60% B. The flowrate was 0.4 ml/min, and the injection volume was 2 μl. The analytes were monitored at the UV wavelength of 215 nm. Between the two injections, the column was washed with 100% B for 2 min and equilibrated with the initial mobile phase for 5 min.




Anti-Inflammatory Properties

RAW264.7 cells were obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA). Cells were cultured in Dulbecco’s modified Eagle medium supplemented with 10% heat-inactivated fetal bovine serum and 1% P/S in an incubator with 95% humidity and 5% CO2 at 37°C. Cells were subcultured after scraping away from the flask (25 cm2; Thermo Fisher Scientific, MA, USA) when the cells reached 80% confluence. The cells were cotreated with the extracts in 96-well plates at the indicated concentrations for 24 h, and then, the cell viability was detected by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The cells were pretreated with the extracts at the concentrations of 100, 200, and 400 μg/ml in 24-well plates for 1 h before they were stimulated with lipopolysaccharides (LPS, 1 μg/ml) for 24 h, and the supernatants were collected to determine NO release using Griess reagent, and the cytokines secretion was determined using ELISA kits (Neobioscience Technology Co., Ltd., Shenzhen, China). In addition, the cells were pretreated with the extracts at the concentrations of 100, 200, 400 μg/ml in six-well plates for 1 h first, and then, they were stimulated with LPS (1 μg/ml) for 1 or 12 h, respectively. The total proteins were extracted from the harvested cells using radioimmunoprecipitation assay buffer containing 1 mM phenylmethanesulfonyl fluoride and protease inhibitor cocktail. Relevant proteins from the network analysis were detected by western blotting analysis as previously described (Sang et al., 2018). Immunofluorescence staining was used to detect the expression of inducible nitric oxide synthase (iNOS) and the translocation of nuclear factor kappa B (NF-κB) p65 (Li et al., 2018).





Statistical Analysis

Each experiment was performed in triplicate and was repeated for at least thrice. The Student’s t test was used to compare the two groups. ANOVA followed by Dunnett’s test were used to compare three or more groups. P < 0.05 was considered having statistically significant difference.





Results



Computational Predictions



Putative Targets and the Major Hubs of the HT Formula

A total of 800 unique compounds were identified from the 10 herbs of the HT formula. Using the data from ChEMBL (Gaulton et al., 2017), we collected 560 targets for the compounds in the HT formula. The experimentally validated CTI information and the predicted CTIs using the Similarity Ensemble Approach were combined to give a total of 739 unique targets responsible for the compounds contained in the HT formula.

Based on the databases selected, 287 human targets were collected as being related to the pathological mechanism of RA (Table S1), and 35 of them were found to be potentially targeted by the chemical constituents of the HT formula. In order to deduce the possible MOA from clinically prescribed drugs that were sharing the same targets with the HT formula, we compared the targets of the HT formula to the targets of the currently approved drugs recorded in the DrugBank database (Wishart et al., 2018) for RA treatment, and a total of 23 drugs were detected having overlapping targets with the HT formula (Table 1), including four kinds of DMARDs. These approved drugs have been frequently prescribed to RA patients due to their anti-inflammatory and analgesic effects (Wishart et al., 2018), indicating that the HT formula may function through a similar MOA when treating RA.






	
Table 1 | List of the approved disease-modifying antirheumatic drugs (DMARDs) and nonsteroidal anti-inflammatory drugs (NSAIDs) sharing common targets with the Huayu-Qiangshen-Tongbi (HT) formula.





	
Approved Drugs


	
DrugBank ID


	
Shared targets


	
Type





	
Ibuprofen


	
DB01050


	
25


	
NSAID





	
Indomethacin


	
DB00328


	
21


	
NSAID





	
Diclofenac


	
DB00586


	
20


	
NSAID





	
Acetylsalicylic acid


	
DB00945


	
15


	
NSAID





	
Celecoxib


	
DB00482


	
10


	
NSAID





	
Flurbiprofen


	
DB00712


	
10


	
NSAID





	
Ketoprofen


	
DB01009


	
10


	
NSAID





	
Sulindac


	
DB00605


	
10


	
NSAID





	
Etodolac


	
DB00749


	
9


	
NSAID





	
Naproxen


	
DB00788


	
9


	
NSAID





	
Sulfasalazine


	
DB00795


	
9


	
DMARD





	
Meloxicam


	
DB00814


	
7


	
NSAID





	
Piroxicam


	
DB00554


	
7


	
NSAID





	
Diflunisal


	
DB00861


	
6


	
NSAID





	
Tolmetin


	
DB00500


	
6


	
NSAID





	
Fenoprofen


	
DB00573


	
5


	
NSAID





	
Leflunomide


	
DB01097


	
4


	
DMARD





	
Meclofenamic acid


	
DB00939


	
4


	
NSAID





	
Nabumetone


	
DB00461


	
4


	
NSAID





	
Tenoxicam


	
DB00469


	
4


	
NSAID





	
Azathioprine


	
DB00993


	
3


	
DMARD





	
Oxaprozin


	
DB00991


	
3


	
NSAID





	
Hydroxychloroquine


	
DB01611


	
2


	
DMARD










The interactions among the targets of the HT formula and the RA targets were determined using PPI data. Using the PPI data among the HT and RA targets, a PPI network for the targets of the HT formula and the RA targets was constructed. Since a node could be identified as a hub if its degree was more than twofold of the median degree of all the nodes in a network (Li et al., 2007), 150 hubs were identified in the HT–RA PPI network. To screen out the nodes playing critical roles in the network, we determined the major hubs of the hubs interaction network by calculating four topological indicators, including “Degree,” “Node betweenness,” “Closeness,” and “K-core value” (Zhang et al., 2017). The median values of the four indicators were 42.5, 0.00397, 0.634, and 34, respectively. The hubs showing values higher than the medians of the four indicators were determined as the major hubs of the network. Among the 41 major hubs identified (Table S2), 29 of them were the potential targets of the HT formula.




Potential Pathways Involved and Possible MOA for the HT Formula

The major hubs identified were submitted to the Database for Annotation, Visualization and Integrated Discovery (Huang et al., 2008; Huang et al., 2009) for pathway enrichment analysis based on the data from KEGG pathway database. As shown in Figure 2, the major hubs were mainly associated with the function of bone metabolism and the inflammatory pathways (Table 2).



[image: ]

Figure 2 | A graph illustrating the major hubs of Huayu-Qiangshen-Tongbi–rheumatoid arthritis (HT–RA) protein–protein interaction (PPI) network and their frequently associated pathways. The pathway enrichment analysis showed that the major hubs were often involved with the nine pathways shown in the graph, and these pathways participated in the bone metabolism and inflammation of RA.








	
Table 2 | The major hubs of the Huayu-Qiangshen-Tongbi–rheumatoid arthritis (HT–RA) protein–protein interaction (PPI) network and their frequently associated pathways.





	
Term


	
Nodes


	
Gene IDs





	
Osteoclast differentiation


	
20


	
LCK, PTPRC, NFKBIA, PIK3CG, MAP2K1, MAPK3, NFKB1, IL2, JUN, IL4, PIK3CD, CSF2, PIK3CA, IL10, RELA, MAPK1, FYN, MAPK14, FOS, AKT1





	
T cell receptor signaling pathway


	
20


	
LCK, PTPRC, NFKBIA, PIK3CG, MAP2K1, MAPK3, NFKB1, IL2, JUN, IL4, PIK3CD, CSF2, PIK3CA, IL10, RELA, MAPK1, FYN, MAPK14, FOS, AKT1





	
TNF signaling pathway


	
19


	
CCL2, NFKBIA, PTGS2, PIK3CG, MAP2K1, MAPK3, NFKB1, IL6, CREB1, JUN, PIK3CD, CSF2, PIK3CA, RELA, MAPK1, MAPK14, FOS, AKT1, MAPK8





	
Prolactin signaling pathway


	
17


	
STAT1, SRC, PIK3CG, MAP2K1, MAPK3, NFKB1, ESR1, PIK3CD, JAK2, PIK3CA, RELA, MAPK1, MAPK14, FOS, AKT1, STAT3, MAPK8





	
Toll-like receptor signaling pathway


	
18


	
STAT1, CD40, NFKBIA, PIK3CG, MAP2K1, MAPK3, NFKB1, IL6, JUN, PIK3CD, PIK3CA, RELA, MAPK1, MAPK14, FOS, IL8, AKT1, MAPK8





	
HIF-1 signaling pathway


	
13


	
PIK3CD, PIK3CA, MAPK1, RELA, PIK3CG, MAPK3, MAP2K1, NFKB1, IL6, EGFR, STAT3, AKT1, BCL2





	
PI3K–Akt signaling pathway


	
19


	
PIK3CG, MAPK3, MAP2K1, NFKB1, IL6, CREB1, TP53, IL2, HSP90AA1, IL4, PIK3CD, JAK2, SYK, PIK3CA, RELA, MAPK1, EGFR, AKT1, BCL2





	
Chemokine signaling pathway


	
17


	
STAT1, SRC, CCL2, NFKBIA, PIK3CG, MAP2K1, MAPK3, NFKB1, CXCL12, PIK3CD, JAK2, PIK3CA, RELA, MAPK1, IL8, AKT1, STAT3





	
Neurotrophin signaling pathway


	
16


	
NFKBIA, PIK3CG, MAPK3, MAP2K1, NFKB1, TP53, JUN, PIK3CD, CALM2, PIK3CA, RELA, MAPK1, MAPK14, AKT1, MAPK8, BCL2













Experimental Investigations



Characterization of the HT Formula Chemical Constituents

A total of 10 compounds contained in the extract of the HT formula were quantitatively determined using the UPLC-photodiode array (UPLC-PDA) method. As illustrated in Figure 3, all of the compounds detected could be chromatographically separated without interferences. Moreover, the contents of the 10 compounds in the HT extract were quantified to be 0.143 ± 0.001% (danshensu), 0.083 ± 0.001% (3-caffeoylquinic acid), 0.061 ± 0.001% (caffeic acid), 0.611 ± 0.011% (paeoniflorin), 0.232 ± 0.001% (rutin), 0.202 ± 0.001% (quercetin), 0.052 ± 0.001% (rosmarinic acid), 0.104 ± 0.002% (salvigenin), 0.009 ± 0.001% (calycosin), and 0.131 ± 0.004% (glycyrrhizic acid), respectively.



[image: ]

Figure 3 | Ultraperformance liquid chromatography-photodiode array (UPLC-PDA) chromatograms of the mixed standards and HT. 1: Danshensu, 2: 3-caffeoylquinic acid, 3: caffeic acid, 4: paeoniflorin, 5: rutin, 6: quecertrin, 7: rosmarinic acid, 8: salvigenin, 9: calycosin, and 10: glyrrhizic acid.






Anti-Inflammatory Properties

Results from MTT assay showed that the HT extract (≦400 μg/ml) was noncytotoxic to the RAW264.7 macrophages (Figure 4A). Under the safety dosages, the HT extract inhibited the interleukin 6 (IL-6) secretion (Figure 4B) and the NO production (Figure 4C) in a dose-dependent manner. The HT extract also reduced the excessive expression of iNOS (Figure 5). The HT extract blocked the activation of NF-κB (Figures 6A, B). In addition, the HT extract activated the phosphoinositide-3-kinase/AKT signaling pathway and inhibited the expression of hypoxia-inducible factor 1-alpha (Figure 6C). Figure 6D shows that the HT extract suppressed the expression of the mitogen-activated protein kinase (MAPK) family proteins including the p-p38 and p-JNK, and the HT extract also inhibited the activation of activator protein 1 (AP-1) through c-Fos and c-Jun.



[image: ]

Figure 4 | Effects of HT on RAW264.7 cells in the presence or absence of lipopolysaccharide (LPS). The cells were cotreated with the extracts in 96-well plate at indicated concentrations for 24 h; then, the cell viability was detected by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (A). The cells were pretreated with the extracts at the concentrations of 100, 200, and 400 μg/ml in 24-well plate for 1 h, then stimulated with LPS (1 μg/ml) for 24 h; the supernatants were collected to determine cytokines secretion with ELISA kit (B) and NO release with Griess reagent (C). Data are presented as the mean ± SD (n = 3). ###P < 0.001 vs. the Ctrl group. *P < 0.05, **P < 0.01, ***P < 0.001 vs. the LPS group.




[image: ]

Figure 5 | HT reduced inducible nitric oxide synthase (iNOS) expression in LPS-induced RAW264.7 cells. The cells were pretreated with HT extract at indicated concentrations in six-well plate for 1 h before stimulation with LPS (1 μg/ml) for 12 h; then, the expression of iNOS was examined by western blotting (A) and immunofluorescence staining (B). Data are presented as the mean ± SD (n = 3). ###P < 0.001 vs. the Ctrl group. *P < 0.05, **P < 0.01 vs. the LPS group.




[image: ]

Figure 6 | Effects of the HT extract on the relevant proteins in the LPS-induced RAW264.7 cells. Cells were pre-treated with the extract at the concentrations of 100, 200, 400 μg/mL in the 6-well plates for 1 h prior to the stimulation with LPS (1 μg/mL) for 12 h or 1 h, and the relevant proteins deduced from the computational predictions were analyzed by western blotting (A, C and D) and immunofluorescence staining (B) subsequently.








Discussion

RA is a chronic inflammatory systemic disease mainly affecting the joints, which is characterized by synovial hyperplasia and inflammatory cells infiltration, leading to the tissue destruction and functional disability (Scott and Wolfe F, 2010). RA treatment in TCM has a long history in China, and there have been several herbal formulae created by the famous TCM doctors based on their clinical experiences as well as the TCM theories considered effective, and the HT formula has been regarded as one of such. In this study, we aim to provide a comprehensive analysis of the HT formula integrating computational predictions and in vitro experimental methods, contributing to the quality control, product development, as well as the clinical applications of the formula.

According to the results from the pathway enrichment analysis, the major hubs of the HT formula were frequently involved with the chemokine signaling pathway, prolactin signaling pathway, T cell receptor signaling pathway, tumor necrosis factor (TNF) signaling pathway, Toll-like receptor signaling pathway, as well as HIF-1 signaling pathway. These interactions were associated with the pathological mechanisms of RA. Chemokine signaling pathway had been found to be a contributor for chronic inflammation among RA patients (Zhang et al., 2015). Prolactin signaling pathway perplexed with the progression of RA in a way through the incorporation between prolactin and other proinflammatory stimuli to activate macrophages (Tang et al., 2016). T cell receptor signaling pathway had been detected to participate in the initiation and progression of RA (Lundy et al., 2007). TNF signaling pathway was regarded as being related to inflammation, and the inhibitors targeting TNF receptors had been used to treat systemic inflammatory disorders since the 1990s (Scheinecker et al., 2012). Toll-like receptors were key mediators of inflammation in RA, and its signaling pathway was considered linked to the progression of the disease (Monaco et al., 2011). Studies had found out that HIF-1 signaling pathway could interact with Toll-like receptor signaling pathway to induce inflammation in RA (Hu et al., 2014). As deduced from the pathway enrichment results, HT formula mainly regulated the bone metabolism and inflammatory pathways when treating RA, indicating that the formula may play an important role in regulating the bone density among RA patients, as well as the progression of RA. There were 20 major hubs identified as being involved with the osteoclast differentiation. In addition, 19 major hubs considered belonging to the phosphatidylinositol 3′-kinase (PI3K)–Akt signaling pathway, and the PI3K–Akt signaling pathway had been considered important in regulating the differentiation and the formation of the osteoblasts (Xi et al., 2015). Besides, 16 major hubs were determined as belonging to the neurotrophin signaling pathway, which had been linked to osteogenesis (Su et al., 2016). Bone erosion had been regarded as one of the main features among patients suffering from chronic RA (Schett and Gravallese, 2012), and the results from the enrichment analysis of the major hubs of the HT formula shed light on its potential MOA in combating RA by regulating the biological pathways related to bone metabolism.

The computational predictions showed us that the HT formula could ameliorate RA through several signaling pathways by targeting different genes. Thus, we evaluated the results from the prediction with in vitro investigations. As illustrated in Figure 3, the 11 compounds contained in the HT formula were quantitatively determined using the UPLC-PDA methods, and these data provided us with the guidance for the quality control of the HT formula. As shown in Figure 4, the HT extract significantly reduced the secretion of IL-6 and NO under the nontoxic dosages, which indicated that the HT formula would be a potential anti-inflammatory formula in accordance with the prediction results. Furthermore, our experimental results suggested that the HT extract could decrease the LPS-induced excessive expression of the iNOS (Figure 5), which has been reported to promote the production of IL-6 and NO during the development of RA (Li et al., 2017; Liu et al., 2018). As well known, iNOS is the downstream signal in the network of inflammatory cascade reaction, and several signaling pathways including the Toll-like receptor signaling pathway (Li et al., 2019), PI3K–Akt signaling pathway (Cao et al., 2019), HIF-1 signaling pathway (Lee et al., 2018), and TNF signaling pathway (Pooladanda et al., 2019) from our prediction results have been reported to regulate inflammation by mediating the expression of iNOS. To further examine the underlying mechanism of the HT formula in regulating the signaling pathways and potentially ameliorating inflammation, it was first observed that the HT extract could block the activation of NF-κB (Figures 6A, B), which was the downstream of TLR4. As Figure 6C shows, the HT extract also activated the PI3K/AKT signaling pathway and inhibited the hypoxia-inducible factor 1-alpha expression. Besides, Figure 6D shows that the HT extract suppressed the MAPK family by interfering with p-p38 and p-JNK (Figure 6D), which was in accordance with our predication results as shown in Table 2. JNK has been reported to mediate the expression of AP-1, which was involved in the progression of RA (Hannemann et al., 2017; Yang et al., 2017; Kim et al., 2018). As is shown in Figure 6D, the HT extract could inhibit the activation of AP-1 composed with c-Fos and c-Jun.

In summary, we made a systematic analysis for the HT formula using computational prediction as well as in vitro investigational methods. Our experimental results were in good accordance with the results predicted from the network analysis of the HT formula, especially the anti-inflammatory properties of the formula. This study not only evaluated the anti-inflammatory effects of the HT formula when treating RA but also proposed the potentiality of the HT formula on regulating the bone metabolism in the body, which deserves future examination.
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Bioactive compounds from medicinal plants with anti-inflammatory and immunosuppressive effects have been emerging as important sources of drugs for the treatment of inflammatory disorders. Triptolide, a diterpene triepoxide, is a pharmacologically active compound isolated from Tripterygium wilfordii Hook F (TwHF) that is used as a remedy for inflammatory and autoimmune diseases. As the most promising bioactive compound obtained from TwHF, triptolide has attracted considerable interest recently, especially for its potent anti-inflammatory and immunosuppressive activities. Over the past few years, an increasing number of studies have been published emphasizing the value of triptolide in the treatment of diverse inflammatory disorders. Here, we systematically review the mechanism of action and the therapeutic properties of triptolide in various inflammatory diseases according to different systematic organs, including lupus nephritis, inflammatory bowel disease, asthma, and rheumatoid arthritis with pubmed and Embase. Based on this review, potential research strategies might contribute to the clinical application of triptolide in the future.
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Introduction

Complementary and alternative medications, including traditional Chinese medicines (TCMs), have long been used to treat inflammatory disorders, and they are generally well tolerated by patients (Goldrosen and Straus, 2004). The use of TCMs has necessitated urgent research into the mechanisms of action of natural products. One TCM, Tripterygium wilfordii Hook F (TwHF), has been used in folk medicine for the treatment of a variety of inflammatory disorders for many centuries (Tao et al., 1991; Goldbach-Mansky et al., 2009; Lv et al., 2015). TwHF belongs to celastraceae family and Tripterygium genus. It has been collected in Southern China and its roots have been used in various preparations to “relieve stasis and internal warmth,” among many other conditions diagnosed by TCM practitioners. TwHF was used to deal with rheumatoid arthritis and psoriasis in ancient China. In addition, TwHF was also used as a method of birth control in men. Previous studies demonstrated TwHF exhibited multiple pharmacological activities including antitumor, immune modulation, anti-inflammatory, and antifertility effects. Especially in RA, TwHF was found to have anti-inflammatory and cartilage protective effects (Zhou et al., 2018). However, TwHF might have significant side effects and severe toxicity, which limits the clinical application.

Triptolide is a major bioactive compound derived from T. wilfordii Hook F (Kupchan et al., 1972). It is a diterpene triepoxide containing three epoxy groups, a C-14-hydroxyl group and a lactone ring (Figure 1).



[image: ]

Figure 1 | Chemical structure of triptolide.Triptolide has been shown to possess a broad spectrum of anti-inflammatory and immunosuppressive properties in treating various inflammatory disorder models. Based on potent anti-inflammatory biological activities, triptolide has increasingly drawn attention worldwide in recent decades.




With pubmed and Embase, we systematically review the therapeutic properties of triptolide in inflammatory diseases according to different systematic organs and illustrate its potential clinical applications.




Potential Effects of Triptolide on Inflammatory Diseases

The therapeutic potential of triptolide has been tested in various inflammatory and autoimmune disorder models, including nephritis, asthma, arthritis, and neurodegenerative disorders, and triptolide has been found to modulate a wide variety of inflammatory mediators. These disorders and their inflammatory mediators will be discussed in brief below.



Renal Diseases



Membranous Nephropathy

Membranous nephropathy (MN) is one of the major causes of nephrotic syndrome in adults and is characterized by subepithelial deposition of immune complexes (Cattran and Brenchley, 2017). Globally, the overall incidence of membranous nephropathy (MN) is estimated as 1/100,000. Immune-mediated podocyte injury is considered to underlie the proteinuria in MN. Asymptomatic proteinuria and generalized edema are clinical presentations of MN. Researchers found that triptolide could reduce podocyte injuries in MN to reduce proteinuria and alleviate inflammatory response in animal model of MN.

Chen et al. (2010) demonstrated that 200 μg/kg/day triptolide could effectively reduce proteinuria and inhibit immune-mediated injuries in an experimental rat model of MN. The recovery of podocyte injuries was promoted after triptolide treatment, accompanied by a reduction in glomerular complement component 5b-9 (C5b-9) deposits. In addition, Triptolide also suppressed reactive oxygen species (ROS) generation and p38 mitogen-activated protein kinase (MAPK) activation in the podocytes induced by C5b-9.

Later, Zhou et al. (2016) showed that 200 μg/kg/day triptolide attenuated the inflammatory response in MN rats via suppression of the nuclear factor-kappa B (NF-κB) signaling pathway. Interestingly, they also found that triptolide treatment could significantly decrease malondialdehyde (MDA) levels while enhancing superoxide dismutase (SOD) activity in the serum to reduce oxidative stress and inflammatory responses.

More recently, Chen et al. (2017) revealed that 100 and 200 μg/kg/day triptolide reduces podocyte injury by inhibiting podocyte apoptosis in an experimental rat model of MN. Cleaved caspase-3 and cleaved poly ADP-ribose polymerase (PARP) were markedly decreased after triptolide treatment. Triptolide inhibited C5b-9-induced MAPK activation in podocytes by decreasing p-JNK and p-ERK expression.

So, triptolide could alleviate membranous nephropathy by inhibiting inflammatory signaling pathways including NF-κB and MAPK pathways. Oxidative stress and apoptosis were also involved in the mechanism of triptolide against MN. However, the researchers have not investigated the triptolide cytotoxicity in the organ of animal model of MN. Only Chen et al. (2017) studied aminotransferase in the serum.




Lupus Nephritis

Lupus nephritis is inflammation of the kidney caused by systemic lupus erythematosus and is characterized by increased production of cytokines and autoantibodies, deposition of immune complexes, and infiltration of leukocytes (Lech and Anders, 2013). Lupus nephritis (LN) influences almost 40% of patients with systemic lupus erythematous (SLE).

Tao et al. (2008) discovered that triptolide with 15 weeks administration could increase the survival rate, reduce disease severity and decrease cytokine production in mice with lupus nephritis (LN). They indicated that the survival rate of mice was significantly higher in the triptolide group (87.5%) than in the vehicle group (35.7%). Triptolide could decrease proteinuria and blood urea nitrogen levels were significantly reduced in the triptolide-treated mice compared with the control mice throughout the treatment period. Histopathologic analysis showed that triptolide-treated mice had less severe kidney disease, with significantly diminished glomerular and interstitial disease. In this study, the NZB/NZWF1 mice were used as the animal model of LN. There are some shortcomings of NZB/NZWF1 mice. These mice do not possess some clinical manifestations of lupus such as arthritis and rash. Another drawback of this strain is the long disease incubation time almost 6 months which is the long disease incubation time.




Kidney Transplantation

Due to allograft rejection, the fate of long-term grafts has not changed significantly over the past decades. Allograft rejection, characterized by the activation of various inflammatory cells, cytokines, chemokines, and adhesion molecules, is one of the leading causes of graft loss in clinical transplantation (Ingulli, 2010). Triptolide could prolong the survival of kidney transplantation by inhibiting inflammatory activities.

In 2009, an experimental study demonstrated that triptolide with 250 and 500 μg/kg/day treatment effectively prolongs allograft survival (Zhang et al., 2009). Brown Norway rat kidneys were transplanted into Lewis recipients to generate allograft groups, and graft recipients were treated with 0.25 and 0.5 mg/kg/day triptolide for 14 days. The average median survival time (MST) was 18 and 19.8 days in the 0.25 and 0.5 mg/kg/day triptolide treatment groups, respectively. There had some flaws in this study. The researchers have not evaluated the cytotoxicity of triptolide in the healthy organs of kidney transplantation animal model.

Later, Zhang et al. (2013) demonstrated that complex phenotypic and allostimulatory functional changes induced in rat bone marrow-derived dendritic cells (DCs) by 1-10 nM triptolide may account for the prolonged allograft survival. They also found that triptolide-conditioned DCs could induce allospecific T-cell regulation and prolong renal graft survival.

Crews et al. (2005) demonstrated that downregulation of vascular cell adhesion molecule 1 (VCAM-1) and transforming growth factor beta (TGF-β) are associated with successful 500 μg/kg/day triptolide with 10 days treatment of chronic allograft rejection in rats. The gene expression levels of VCAM-1 and TGF-β exhibited significant associations with the CADI scores of the experimental groups.

Importantly, Hong et al. (2002) showed triptolide is a potent suppressant of C3, CD40 and B7h expression in activated human proximal tubular epithelial cells (PTECs). Triptolide exerts inhibitory effects on C3, CD40, and B7h expression in TNF-α-stimulated PTECs.

Therefore, triptolide might have a beneficial effect on kidney transplantation by inhibiting inflammatory molecules such as VCAM-1, TGF-β, C3, and CD40.




Renal Fibrosis

Renal fibrosis is associated with a decline in renal excretory function, and unresolved inflammation promotes progressive renal fibrosis, which can culminate in end-stage renal disease (Zhou et al., 2016). It has been found that 0.6 mg/kg per day triptolide attenuates renal interstitial fibrosis by decreasing α-SMA and TGF-β1 expression and interstitial collagen deposition in the kidney (Yuan et al., 2011). Triptolide could also inhibit macrophage and myofibroblast infiltration.





Gastrointestinal Disease



Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) includes ulcerative colitis and Crohn’s disease (CD) and is characterized by chronic inflammation of the gastrointestinal tract (Abraham and Cho, 2009). An estimated 1.6 million Americans are affected by IBD, and approximately 2.5–3 million people in Europe currently have IBD. Previous studies found that triptolide could deal with IBD in mouse model and patients.

Two kinds of inflammatory bowel disease animal models including dextran sulfate sodium (DSS) induced colitis mice and interleukin-10 gene-deficient (IL-10−/−) mice were adopt in these studies. 0.07 mg/kg/day Triptolide with 8 weeks treatment alleviated diarrhea, edema, hyperemia, and inflammatory cells infiltration in the animal models (Wei et al., 2008). In addition, researchers also investigated the mechanism of triptolide in the treatment of IBD. Li et al. (2010) found that triptolide ameliorates colitis by suppressing the IL-6/signal transducer and activator of transcription 3 (STAT3) signaling pathway and downregulating IL-17. Zhang et al. (2014) found that 0.6 mg/kg/day triptolide administration ameliorates intestinal injury by inhibiting the expression of secondary lymphoid tissue chemokine chemokine (C-C motif) ligand 21 (CCL21), which has chemotactic effects on T cells, B cells, NK cells, and DCs. However, they only investigated the expression of CCL21, which is not sufficient to demonstrate triptolide influence the chemotactic effects of T cells, B cells, NK cells, and DCs.

Inflammatory bowel disease is associated with an increased risk of developing colorectal cancer. Wang et al. demonstrated that triptolide with 0.1, 0.3, or 1 mg/kg/day for 20 weeks inhibited colitis-related colon cancer progression in vivo via downregulating Rac1 and the Janus kinase (JAK)/STAT3 pathway (Wang et al., 2009). In vitro cell cycle analysis revealed that triptolide inhibits the proliferation, migration and colony formation of colon cancer cells. Triptolide could reduce the secretion of IL6 and levels of JAK1 and IL6R by interrupting the IL6R-JAK/STAT pathway. The shortcoming in this study was that the high dose group was 1 mg/kg/day which might lead to organ damage. However, Wang et al. have not investigated the organ damage in this group.




Intestinal Fibrosis

Intestinal fibrosis is a common complication of inflammatory bowel disease that is characterized by abnormal deposition of extracellular matrix proteins produced by activated myofibroblasts in the intestine (Rieder and Fiocchi, 2008). Tao et al. (2015) discovered that 45 mg/kg per day triptolide ameliorates colonic fibrosis in an experimental rat model. Triptolide could reduce collagen production and extracellular matrix deposition in the colon. Collagen I protein and collagen Iα1 transcript expression were also inhibited after treatment in the isolated subepithelial myofibroblasts of rats with colonic fibrosis.




Liver Fibrosis

Liver fibrosis is the excessive accumulation of extracellular matrix that occurs in most types of chronic liver diseases (Bataller and Brenner, 2005). Chong et al. (2011) found that 20 μg/kg triptolide exerts antihepatofibrotic effects in animal model of liver fibrosis. Triptolide inhibited the NF-κB signaling pathway in hepatic stellate cells. In addition, triptolide treatment reduced hepatic fibrosis scores in vivo.





Respiratory Disease



Asthma

Asthma is a common long-term inflammatory airway disorder. Airway smooth muscle cells, goblet cells and eosinophils contribute to asthmatic airway inflammation (Cohn et al., 2004). Approximately 8% of the adult population in worldwide are diagnosed asthma. Triptolide could inhibit asthma airway remodeling by suppressing the inflammatory signaling pathway, interfering with the production of pro-inflammatory chemokines and cytokines.

In the ovalbumin (OVA)—sensitized asthma mice model, Chen et al. showed that 40 μg/kg/day triptolide treatment may function as an inhibitor of asthma airway remodeling (Chen et al., 2011; Chen et al., 2015b).Triptolide could inhibit mucous gland hypertrophy, goblet cell hyperplasia and collagen deposition through the suppression of TGF-β1/Smad and NF-κB signaling pathways in airways. However, they only tested p-P65 protein in NF-κB signaling pathway which was not sufficient to demonstrated NF-κB signaling pathway was involved in the mechanism of triptolide. Furthermore, they revealed that triptolide inhibits the proliferation and migration of rat ASMCs (Chen et al., 2015a). Triptolide exerts a time- and dose-dependent inhibition of TGF-β1-induced ASMC proliferation by blocking S and G2/M phases without apparent cytotoxic effects.

Apart from signaling pathways, researchers also focused on the inflammatory cells in asthma. Ji et al. (2015) have shown that triptolide modulates the CD4+ T cell balance in an asthmatic animal model. Triptolide could regulate Th1/Th2 balance and Th17/Treg equilibrium. Inflammatory cytokines in the bronchoalveolar lavage fluid (BALF), such as IL-10, IL-13, IL-17, TNF-α, and TGF-β, are downregulated after treatment. Mao et al. (2008) found that 2 weeks of 40 μg/kg/day triptolide treatment alleviated eosinophil recruitment in BALF by inhibiting bone marrow eosinophilopoiesis. The number of eosinophils in the peripheral blood and bone marrow were significantly reduced after triptolide treatment




Acute Lung Injury

Acute lung injury (ALI) is a disorder of acute inflammation consisting of acute hypoxemic respiratory failure (Rubenfeld et al., 2005). Triptolide was found to alleviate ALI in LPS-induced mouse model and chlorine exposure mouse model.

In mouse models of chlorine gas-induced acute lung injury, triptolide ranged 100–1,000 μg/kg/day administration showed anti-inflammatory effects by decreasing neutrophils infiltration to the lung lavage fluid and lung tissue (Hoyle et al., 2010). In the LPS-induced ALI mouse model, 1–50 μg/kg/day triptolide ameliorated ALI by inhibiting the NF-κB signaling pathway (Wang et al., 2014). Triptolide inhibited chemokines such as macrophage inflammatory protein alpha (MIP-1α), MIP-1β, regulated upon activation normal T cell express sequence (RANTES) in the lung tissue and inflammatory cytokines such as TNF-α, IL-1β, IL-6 in the BALF of mice with ALI. Suppressed expression of p-IκB-α and p-NF-κB p65 showed that triptolide inhibits the NF-κB signaling pathway. Moreover, in the same animal model, Wei et al. found that triptolide with 5, 10, and 15 μg/kg treatment attenuated the LPS-induced inflammatory response by inhibiting the MAPK signaling pathway (Wei and Huang, 2014). Triptolide inhibits the phosphorylation of p38, JNK, and ERK. However, there have some significant disadvantages in LPS-induced ALI mouse model. LPS preparations might be contaminated with bacterial materials and other bacterial lipoproteins. LPS does not induce injury of epithelial and endothelial cells occurring in acute respiratory distress syndrome of humans.




Pulmonary Arterial Hypertension

Pulmonary arterial hypertension (PAH) is an incurable disease characterized by increased blood pressure in the arteries of the lungs (Farber and Loscalzo, 2004). There is an increasing appreciation of inflammation in the pathogenesis of PAH with an accumulation of inflammatory cells and elevated cytokines. Triptolide could attenuate the development of pulmonary hypertension by down-regulating expression of functionally related genes.

In a rat experimental pulmonary arterial hypertension model, it has been shown that 0.25 mg/kg/day triptolide can effectively attenuate the development of pulmonary hypertension (Faul et al., 2000). By Day 35, the mean pulmonary arterial pressure was diminished in triptolide-treated rats compared with vehicle-treated rats. Triptolide-treated rats also showed significantly less pulmonary arterial neointimal formation and right ventricular hypertrophy. Another study analyzed longitudinal transcriptional expression in pulmonary hypertension rats administered 0.25 mg/kg/day triptolide treatment for 30 days (Vaszar et al., 2004). Transcriptional analysis with total lung RNA was performed for every experimental time point. They found that a group of functionally related genes, such as matrix metalloproteinase (MMP) and mast cell chymases, were significantly coexpressed with the development of PAH. The global gene expression pattern also resembled that seen in intermediate stages of severity. Functionally related genes were downregulated in response to triptolide treatment. Monocrotaline (MCT)-induced pulmonary hypertension (MCTP) was used as animal model in these two studies. Compared with chronic hypoxia PAH animal model, MCTP is easily to be therapeutically improved owning to the acute nature, which is not alike the characteristics of PAH in human.




Pulmonary Fibrosis

Pulmonary fibrosis is a chronic, debilitating and lethal lung disorder. Pulmonary fibrosis is estimated to have prevalence of 13 to 20 per 100,000 people worldwide. It has been demonstrated that 0.25 mg/kg triptolide effectively reduced radiation-induced lung fibrosis (Yang et al., 2015; Chen et al., 2016). Triptolide improved the pulmonary function by inhibiting myofibroblast activation, collagen deposition and ROS production in lung tissues. Triptolide also mitigated pulmonary fibrosis partly by downregulating nicotinamide adenine dinucleotide phosphate-oxidase 2 (NOX2) through the NF-κB pathway.





Endocrine Diseases



Diabetic Nephropathy

Diabetic nephropathy (DN) is a serious complication in those with diabetes mellitus. Podocyte injuries, such as decreased density of podocytes due to chronic inflammation and oxidative stress, are observed in the development of diabetic glomerular injury (Navarro-González and Mora-Fernández, 2008). Triptolide exerted protective effects on DN of DN animal model.

In an in vitro model of db/db diabetic mice with increased albuminuria, it has been revealed that triptolide markedly attenuates albuminuria. It has been shown that 50 μg/kg/day triptolide with 12 weeks treatment attenuates inflammation in the kidneys accompanied by alleviated podocyte injury. Triptolide could reduce the expression of desmin protein, MCP-1 protein and CD68-positive macrophages in db/db diabetic mouse kidneys (Gao et al., 2010).

Apart from db/db diabetic animal model, investigators also used streptozocin-induced DN model to reveal the mechanism of triptolide against DN. db/db diabetic animal model was used to be type 2 diabetes model, while streptozocin-induced DN model was used to be type 1 diabetes model.

Ma et al. demonstrated that 8 weeks of 100 μg/kg/day triptolide administration significantly reduces the expression of TGF-β1 and osteopontin to alleviate inflammation in the kidney. (Ma et al., 2013). Later, Guo et al. discovered that 4 weeks of 6, 12, or 24 mg/kg/day triptolide improves DN by regulating Th cell balance and macrophage infiltration (Guo et al., 2016). Triptolide could inhibit proinflammatory cytokines and increase anti-inflammatory cytokines by regulating the Th1/Th2 cell balance. Triptolide also inhibits macrophage infiltration and macrophage-mediated inflammation in the kidneys. Han et al. (2017) confirmed that triptolide significantly inhibits mesangial cell proliferation by suppressing the PDK1/Akt/mTOR pathway. More recently, Dong et al. (2017) reported that triptolide alleviates oxidative stress in the kidneys of DN. Renal homogenate SOD and MDA were significantly downregulated after treatment.

So, Th cell balance, macrophage, oxidative stress might be involved in the mechanism of triptolide in treating DN.




Diabetic Cardiomyopathy

Diabetic cardiomyopathy is one of the leading cardiovascular complications in diabetic patients. Chronic inflammation plays an important role in diabetic cardiomyopathy (Frati et al., 2017).

Studies have suggested that triptolide ranged 100, 200, or 400 μg/kg/day improves cardiac diastolic and systolic function in diabetic rats (Wen et al., 2013; Guo et al., 2016). Triptolide treatment prevents myocardial fibrosis and collagen accumulation in diabetic myocardium by decreasing the expression of cardiac inflammatory mediators including TGF-β1, α-SMA, TNF-α, IL-1β, and vimentin. Triptolide treatment also inhibits the recruitment of macrophages and T lymphocytes in diabetic rat hearts. The inhibitory effect of triptolide on diabetic cardiomyopathy might be mediated by the suppression of the NF-κB immune pathway. More recently, Liang et al. (2015) detected that 100, 200, or 400 μg/kg/day triptolide improves cardiac function and increases cardiac energy metabolism by activating the MAPK signaling pathway.

Thus, triptolide could inhibit inflammatory cells recruitment and cytokines expression to reduce myocardial fibrosis, apoptosis and necrosis in diabetic cardiomyopathy. The shortcomings of these studies were that the researchers only tested N-κB p65 in NF-κB signaling pathway and p38 MAPK protein in MAPK signaling pathway when they studied the related pathways. Only one protein in the inflammatory signaling pathway was not persuasive to demonstrate the related pathways were involved in the mechanism.





Rheumatic Diseases



Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a systemic inflammatory autoimmune disorder in which genetic and environmental risk factors contribute to disease development (Collison, 2016). Descriptive epidemiology studies of RA showed a population prevalence of 0.5–1% in worldwide. The disease is characterized by inflammation of synovial joints leading to the destruction of articular cartilage and erosion of the bone. Fibroblast-like synoviocytes (FLS), T cells, macrophages, DCs, osteoclasts, and chondrocytes play important roles in the pathogenesis of RA. Previous studies have observed antirheumatic properties of triptolide. In an animal model of RA, triptolide ameliorates the severity of arthritis (Gu and Brandwein, 1998). The anti-inflammatory effects of triptolide in dealing with RA have thus far been attributed to the aspects described in Figure 2.
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Figure 2 | Anti-inflammatory effect(s) of triptolide on RA.Triptolide has a broad array of cellular mechanisms and potential therapeutic applications (Table 1).





Table 1 | Cellular target(s) modulated by triptolide in rheumatoid arthritis.
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Fibroblast-Like Synoviocytes

Fibroblast-like synoviocytes, also known as synovial fibroblasts, are special cells that play a crucial role in the pathogenesis of RA (Bartok and Firestein, 2010). In RA, FLSs are the most common cell type at the cartilage–pannus junction and perpetrate inflammation through their massive production of inflammatory cytokines, chemokines, and matrix-degrading molecules and through immigration and invasion of joint cartilage (Bustamante et al., 2017).

Triptolide has been found to inhibit inflammation of fibroblast-like synoviocytes in several studies. Triptolide with 100 ng/ml concentration could inhibit inflammatory cytokine production of FLS and inhibit invasive capacities of FLS. Lu et al. (2008) demonstrated that triptolide inhibits the expression of IL-18 and its receptor in PMA-stimulated FLSs in a dose-dependent manner by suppressing NF-κB activity. However, Lu et al. (2008) only analyzed one inflammatory cytokine produced by FLS. Lin et al. (2001) demonstrated that 28–140 nM triptolide suppresses the production of proMMP1 and 3 in IL-1α-induced FLSs. In addition, triptolide downregulates the expression of PGE-2 in activated FLSs by selectively suppressing the production of COX-2. Kusunoki et al. (2004) revealed that 100nM triptolide decreases viability, inhibits proliferation, and induces apoptosis of FLSs in a concentration-dependent manner at very low concentrations. Later, Yang et al. (2016) discovered that 10–50 nM triptolide reduces the migratory and invasive capacities of FLSs by affecting the cytoskeletal rearrangement of FLSs. They also indicated that triptolide blocks the activation of the JNK MAPK pathway in FLSs. Thus, triptolide suppresses the inflammatory mediators including IL-18, COX-2, proMMP1 and 3 in activated FLS. NF-κB and MAPK pathways might be involved in the mechanism of inhibiting FLS inflammatory activities.




T Cells

T cells take center stage in the pathogenesis of rheumatoid arthritis (Cope et al., 2007). The predominance of T cells in lymphocytic infiltrates in the tissue of patients with RA has been defined.

Previous studies have demonstrated the immunosuppressive effects of triptolide in regulating T cell function. Inflammatory cytokine production, apoptosis, cell proliferation, and inflammatory pathways were involved in the effects of 10–500 nmol triptolide on T cells. Inflammatory cytokines production of T cells including IL-2, IFN-γ, IL-13, IL-17 were inhibited by triptolide (Chan et al., 1999; Dai et al., 2013). Qiu et al. (1999) reported that triptolide inhibits IL-2 expression in T cells at the level of purine-box/nuclear factor of activated T cells and NF-κB transcriptional activation triggered by all stimuli examined. Dai et al. (2013) demonstrated that triptolide inhibits IL-13 expression by inhibiting GATA3 and nuclear factor of activated T cells 1 (NFAT1) nuclear translocation and their binding rates to the IL-13 gene promoter region. However, Dai et al. have not revealed the relationship between IL-13 and GATA3 in T cells clearly. They only examined the expression of IL-13 and GATA3 after triptolide administration.

In the aspects of apoptosis and signaling pathways, Yang et al. (1998) discovered that 10–100 ng/ml triptolide induces T cell apoptosis accompanied by increased caspase activity and degradation of the caspase substrate PARP. Liu et al. (2000) showed that 2–10 μg/L triptolide attenuates T cell NF-κB activation by upregulating IκBα mRNA expression. In addition, Ho et al. (2013) discovered that 50–200 ng/ml triptolide attenuates both the NF-κB and MAPK signaling pathways.




Monocytes/Macrophages

Monocytes/macrophages play an important role in the pathogenesis of rheumatoid arthritis (Davignon et al., 2013). A number of monocytes/macrophages infiltrate into the rheumatoid synovium. They are a potent source of cytokines, chemokines and ROS that participate in the initiation, maintenance, and resolution of inflammation. The number of macrophages in the inflamed synovial membrane and cartilage-pannus junction are correlated with cartilage and bone destruction in RA (Kinne et al., 2007). As such, monocytes and macrophages are viewed as relevant therapeutic targets in treating RA.

Triptolide has been found to inhibit inflammation of monocytes and macrophages. Triptolide inhibited inflammatory cytokines and costimulatory molecules in monocytes. Triptolide suppressed the production of IL-12 in the THP-1 human monocytic leukemia cell line at dosage of 2.5–0.625 µg/L (Liu et al., 2005). Triptolide also suppressed expression of the costimulatory molecules CD80 and CD86 on LPS-activated THP-1 cells. In addition, 5–25 nM triptolide prompted THP-1 apoptosis by inhibiting the NF-κB pathway and activating the MAPK pathway (Park and Kim, 2013). Interestingly, MAPK pathway was activated in this study, which is different with other studies. Activated MAPK pathway might contribute to the apoptosis of monocytes induced by triptolide.

Apart from monocytes, triptolide inhibits the inflammatory activities of macrophages through multiple mechanisms. First, 5–40 ng/ml triptolide inhibits some key inflammation-related cytokines in LPS-activated macrophages, including TNF-α, IL-1β, IL-6, IL-8, and IFN-γ (Wu et al., 2006; Yang et al., 2010). Some proinflammatory chemokines, including CCL-1, 2, 5, 7, and 12, as well as CXCL-10 and 11, are attenuated after triptolide administration with concentrations as low as 10–50 nM (Matta et al., 2009). Second, several studies have revealed that 5–25 ng/ml triptolide suppresses nitric oxide (NO) and ROS production in activated macrophages (Wang et al., 2004; Bao et al., 2007). Kim et al. (2004) discovered that triptolide abrogates inducible NO synthase (iNOS) gene expression and inhibits NO production in a dose-dependent manner. Wu et al. (2006) found that triptolide inhibits superoxide anion and ROS production in murine peritoneal macrophages. Third, triptolide down-regulates NF-κB activation and JNK phosphorylation. Kim et al. (2004) revealed that triptolide significantly inhibits the DNA binding activity of NF-κB, whereas Premkumar et al. (2010) showed that myeloid differentiation primary response 88 (MyD88)-dependent and independent pathways of toll-like receptors (TLRs) are engaged in the biological activity of triptolide. So, triptolide could influence the inflammatory cytokines production, oxidative stress, and related inflammatory signaling pathways in the macrophages to alleviate inflammation.




Dendritic Cells

Dendritic cells play important roles in the induction of immunity and in mediating immune tolerance as professional antigen-presenting cells (Khan et al., 2009). In the synovial fluid of RA joints, DCs amplify immune responses by ingesting and presenting antigens to T cells (Bell et al., 2017).

It has been found that triptolide could suppress the migration and differentiation of dendritic cells DCs. Chen et al. (2005) found that triptolide is a potent suppressor of DCs maturation and trafficking. The allostimulatory capacities and chemotactic responses of DCs are inhibited by 2.5–10 nM triptolide over a pharmacologic concentration range. Zhu et al. (2005) discovered that 20 ng/ml triptolide prevents the differentiation of immature DCs by inhibiting CD1a, CD40, CD80, CD86 and HLA-DR expression. Thus, triptolide could inhibit the trafficking, maturation, and differentiation of DCs and. In another article, triptolide inhibits DC-mediated chemoattraction of neutrophils and T cells by inhibiting DC production of CC and CXC chemokines, including MIP-1α, MIP-1β, and MCP-1, in response to LPS (Liu et al., 2006). However, they have not revealed the mechanisms of triptolide inhibiting DC-mediated chemoattraction of other inflammatory cells. Later, Liu et al. (2007) revealed that 10–100 ng/ml triptolide impairs DC migration by inhibiting the phosphatidylinositol-3 kinase (PI3-K)/Akt and NF-κB pathways. Triptolide-mediated suppression of the NF-κB pathway, STAT3 phosphorylation and an increase in suppressor of cytokine signaling 1 (SOCS1) expression in DCs may be involved in the inhibitory effect of triptolide. (Liu et al., 2004).




Osteoclasts

Extensive bone destruction is a feature of patients with rheumatoid arthritis, leading to severe deformity of the affected joints. As a result, ameliorating bone destruction is a very important issue in the treatment of RA.

Triptolide has been shown to efficiently ameliorate the progression of bone destruction in rheumatoid arthritis by inhibiting osteoclast activities. The related signaling pathways might include receptor activator of the nuclear factor kappa-B ligand (RANKL)/RANK/osteoprotegerin (OPG) and NF-κB signaling pathways. Liu et al. (2013) showed that 8-32μg/kg/day triptolide prevents bone destruction and inhibits osteoclast formation in an animal model of RA by regulating the RANKL/RANK/OPG signaling pathway. Later, Huang et al. (2015) reported that 1.25nM triptolide inhibits osteoclastogenesis and osteoclastic bone resorption by suppressing RANKL-induced activation of NF-κB and p65 nuclear translocation in osteoclast-like cells. More recently, Xu et al. (2016) found that triptolide inhibits osteoclast differentiation and bone resorption by increasing expression of the immunosuppressive cytokines IL-10 and TGF-β1 by Tregs. Therefore, these data show that triptolide is effective in treating bone destruction by regulating osteoclast inflammatory activities, which is a hallmark of RA physiopathology.




Chondrocytes

Rheumatoid arthritis is characterized by synovitis in joints and destruction of cartilage. Cartilage is destroyed by enzymatic and mechanical processes. The chondrocytes themselves also synthesize cytokines and MMPs or respond to local cytokine release to accelerate articular cartilage destruction (Otero and Goldring, 2007).

Triptolide could reduce the expression of inflammatory mediators including TNF-α, IL-6, COX-2, and MMPs in chondrocytes to prevent cartilage damage. In 2005, Liacini et al. (2005) showed that triptolide at 125–250 nM concentrations possesses cartilage-protective effects by suppressing MMP expression in chondrocytes in vitro. 100nM triptolide inhibits proinflammatory cytokine-induced MMP-3 and MMP-13 expression in chondrocytes in a dose-dependent manner. Later, Lin et al. (2007) discovered that triptolide suppresses inflammation and cartilage destruction in RA mice. In 2009, Xiao et al. (2009) demonstrated that triptolide reduces the expression of the proinflammatory cytokines COX-2 and NF-κB in paw cartilage in arthritic rats. Immunohistochemistry staining revealed that triptolide inhibits the expression of TNF-α, IL-6, COX-2 and NF-κB in superficial cartilage. The flaw of this study was that they only test NF-κB protein in the tissue. Other proteins in the NF-κB signaling pathway have not been investigated.






Neurologic Diseases

In the last decade, many studies have demonstrated that triptolide is a promising neuroprotective agent and alleviates neuroinflammation in animal models of neurodegenerative diseases.



Alzheimer’s Disease

Alzheimer’s disease (AD) is a chronic neurodegenerative disease that devastates later decades of life. Increasing evidence suggests that the pathogenesis of AD is not restricted to the neuronal compartment but includes strong interactions with neuroinflammation in the brain (Heneka et al., 2015). The prevalence of AD in worldwide is approximately as high as 24 million. Triptolide could alleviate the immune-inflammatory pathology including Aβ deposition, cytokines expression, and oxidative stress in the treatment of AD.

Triptolide treatment with 0.4 mg/kg/day administration of 18 days could reduce Aβ deposition and neuroinflammation in the hippocampal and cortical areas by upregulating the degradation pathway of Aβ in a transgenic Alzheimer’s disease model (Cheng et al., 2014). Another study found that 20 μg/kg/day triptolide for 8 weeks exerted anti-inflammatory and antioxidative effects on the transgenic mouse brain (Wang et al., 2014). Triptolide inhibited the expression of proinflammatory markers TNFα and IL-1β in the hippocampus in the hippocampus. Recently, Li et al. (2016) demonstrated that 5 μg/kg/day triptolide treatment for 45 days inhibits the activation and proliferation of microglial cells and astrocytes in the hippocampus in a transgenic AD mouse model, reducing neuroinflammation in the brain. Additionally, Cui et al. (2016) found that triptolide with 20 µg/kg/day for 15 weeks alleviates neuroinflammation by suppressing MAPK activity. In the previous studies, APP transgenic mice were used as animal models. The brain of APP transgenic mice is similar to the brain pathology of AD patients with Aβ deposition and neuroinflammation.

Similar to what is observed in animal models of Alzheimer’s disease, the protective effect of triptolide has been found in vitro. Xu et al. demonstrated that triptolide has a protective effect in PC12 cells against Aβ25–35-induced cytotoxicity by inhibiting the autophagy pathway (Xu et al., 2015). Furthermore, they found that triptolide protects PC12 cells by reducing oxidative stress. Triptolide downregulated the expression of ROS, hydrogen peroxide and MDA induced by Aβ25–35 (Xu et al., 2016). PC12 cell line was used to mimic AD in vitro model in these studies. Apart from PC12 cell line, human neuroblastoma and human induced pluripotent stem cells are also used as in vitro model for AD research. However, these cell lines are not really satisfactory in vitro model in order to mimic the features of AD.




Parkinson’s Disease

Parkinson’s disease (PD) is a chronic and progressive disorder. Chronic inflammation is a major characteristic of PD (Herrero et al., 2015). There were 6.1 million prevalent cases of PD globally. The worldwide the burden of Parkinson’s disease has more than 6.1 million patients. Triptolide shows anti-inflammatory and neuroprotective effects in vivo and in vitro. Triptolide protected dopaminergic cells and reduced inflammatory cytokines expression in the brain of PD.

It has been demonstrated that triptolide protects dopaminergic neurons from inflammation-mediated damage. Moreover, 1–10 nM triptolide has been found to suppress LPS-induced activation of microglia and excessive production of TNFα and NO (Li et al., 2004). The administration of triptolide 1 or 5μg/kg for 24 days also attenuated the depletion of dopamine in the striatum and protected dopaminergic neurons from the injury induced by intranigral LPS injection (Zhou et al., 2005). Hu and colleagues have shown that 50 nM triptolide promotes the clearance of pathogenic proteins in neuronal cells using in vitro models of PD (Hu et al., 2017).

In addition, using an in vitro Parkinson’s disease model of lipopolysaccharides -stimulated PC12 cells, it has been shown that 10–100 ng/ml triptolide downregulates inflammatory mediators such as COX-2 and PGE-2 by inhibiting the NF-κB and MAPK signaling pathways in LPS-stimulated PC12 cells (Geng et al., 2012). Triptolide with concentration more than 200ng/ml showed cytotoxicity effects on PC12 cells. PC12 cells were also used to mimic AD as in vitro model. So, this cell lines are not really satisfactory in vitro model in order to mimic the features of PD.




Multiple Sclerosis

Multiple sclerosis (MS) is a chronic inflammatory autoimmune disease, and experimental autoimmune encephalomyelitis (EAE) is considered an animal model for MS (Constantinescu et al., 2011). MS affects more than 2 million individuals in the worldwide. Triptolide alleviate MS in animal models by reducing inflammation and demyelination pathology.

Kizelsztein et al. (2009) discovered that 100 μg/kg/day triptolide for 2 weeks reduces cellular infiltration and tissue damage in experimental autoimmune encephalomyelitis mice. EAE-promoting cytokines, including IL-2, IL-6 and TNF-α, were reduced in inflamed brains. Molecular analysis revealed that triptolide suppressed NF-κB signaling pathway. Another study conducted by Wang et al. (2008) found that 100 μg/kg/day triptolide for 4 weeks modulates T-cell inflammatory responses and ameliorates EAE. Triptolide inhibited the mRNA expression of both Th1/Th(IL-17) and Th2 cytokines in spleen mononuclear cells and in spinal cord tissues. The levels of IFN-γ, TNF-α, IL-12, IL-6, IL-17 and IL-23 were significantly reduced in both spleen MNCs and spinal cord tissues after triptolide administration. EAE animal model was used to mimic MS in these studies. However, there are some limitations of EAE animal model. Firstly, EAE model offer little information on the progression of MS. EAE is an infectious disorder affecting white matter of spinal cord, whereas MS affects cerebral and cerebellar cortex.






Conclusion

With an increasing worldwide rate of inflammatory disorders, there is an urgent need for the improvement of the therapeutic activity of anti-inflammatory agents. The anti-inflammatory and immunosuppressive properties of triptolide make it a promising agent to treat inflammatory disorders. In this review, we systemically discussed the potential effects and mechanisms of triptolide in the treatment of different inflammatory diseases including MN, lupus nephritis, kidney transplantation, IBD, asthma, ALI, PAH, etc. Firstly, triptolide could reduce the production of inflammatory mediators such as TNF-α, IL-6, IL-17. Secondly, triptolide alleviated oxidative stress of damaged organs in animal model and related cell lines. Thirdly, triptolide could inhibit the activities of inflammatory cells such as T cells and macrophages. The most related signaling pathway involved in the mechanisms of triptolide was NF-κB and MAPK signaling pathways. Despite the great therapeutic potential of triptolide, there are still some shortcomings in the process of developing it as a new drug. The most studies were focused on the studies of animal models and cell lines. The successful track records of real patients in randomized controlled trials seem very poor. The triptolide cytotoxicity in other healthy organs have not been investigated clearly, either. Hopefully, future stringent preclinical studies on triptolide will provide crucial information regarding its pharmacokinetics and dosage, allowing for further optimization of this compound.
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Rheumatoid arthritis (RA) is a chronic autoimmune disease that is primarily characterized by synovial inflammation. In this study, we found that a traditional Chinese decoction, Juanbi-Tang (JBT), JBT attenuated the symptoms of collagen-induced arthritis (CIA) mice and in tumor necrosis factor transgenic (TNF-Tg) mice by attenuating the arthritis index and hind paw thickness. According to histopathological staining of ankle sections, JBT significantly decreased the area of inflammation and reduced bone destruction of ankle joints in both these two types of mice. Moreover, decreased tartaric acid phosphatase-positive osteoclasts were observed in the JBT group compared with those found in the control group. We also revealed that JBT suppressed monocytes and T cells as well as the production of CCL2, CCR6, and CXCR3 ligands. We next used high-performance liquid chromatography to investigate the components and pharmacological properties of this classical herbal medicine in traditional Chinese medicine. Based on network pharmacology, we performed computational prediction simulation of the potential targets of JBT, which indicated the NF-kappa B pathway as its target, which was confirmed in vitro. JBT suppressed the production of pro-inflammatory cytokines including interleukin-6 (IL-6) and IL-8, and inhibited the expression of matrix metalloproteinase 1 in fibroblast-like synoviocytes derived from RA patients (MH7A cells). Furthermore, JBT also suppressed the phosphorylation of p38, JNK, and p65 in TNF-α-treated MH7A cells. In summary, this study proved that JBT could inhibit synovial inflammation and bone destruction, possibly by blocking the phosphorylation of NF-kappa B pathway-mediated production of proinﬂammatory effectors.
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Background

Rheumatoid arthritis (RA), one of the major contributors to disability globally (Vos et al., 2017), is characterized by synovitis, pannus formation, adjacent bone erosion, and joint destruction (Rana et al., 2018), although its etiology remains largely unclear. Among the potential cellular participants in RA, fibroblast-like synoviocytes (FLSs) play a critical role by regulating the secretion of inflammatory mediators and expression of matrix metalloproteinases (MMPs), which cause changes in chondrocyte metabolism and matrix degradation (Korb-Pap et al., 2016). Treatment targeting RA-FLSs has been recognized as a novel approach with the potential to improve clinical outcomes while having limited impact on systemic immunity (Wangyang et al., 2018; Zhang and Zhou, 2018). Tumor necrosis factor-alpha (TNF-α) acts as a primary cytokine in the pathology of RA. TNF-α can rapidly induce MMP gene expression in cultured FLSs. Its inhibitors provide other options for RA patients in whom treatment with conventional disease-modifying anti-rheumatic drugs (DMARDs) has failed (Luchetti et al., 2017; Ornbjerg, 2018). Given its immunogenicity and high cost, an increasing number of alternatives to DMARDs are being explored (Sun et al., 2018).

Juanbi-Tang (JBT), traditional Chinese herbal compounds, has been widely used for the treatment of RA in China. It has proven to relieve the symptoms of arthritis and activate joint function of patients (Li, 2011; Li and Niu, 2011; Ni and Fu, 2014). In addition, JBT has been reported to reduce serum TNF-alpha and IL-1 levels in rats with RA (Yu et al., 2015), downregulate IgG in serum (Cheng et al., 2018) and prostaglandin E receptor 4 in synovial tissue (Xu et al., 2017), and relieve acute and chronic ear inflammation in rats (Niu et al., 2018a). It was also demonstrated that JBT could regulate immune balance by reducing nature killer cells and promoting T-reg cells of CIA rats (Niu et al., 2018b), and reduce the cAMP level in T lymphocytes in rats with adjuvant arthritis (Xu et al., 2018). However, the mechanism by which JBT reduces inflammatory cytokines and chemokines warrants further research.

With the increasing investment in research on traditional Chinese herbal medicine, it has become increasingly important to determine the efficacy, toxicology, and therapeutic targets of such medicine, for which network pharmacology is a useful approach (Jiang et al., 2015).

Our study involved a search for as many as 44 active components of JBT by high-performance liquid chromatography–quadrupole time-of-flight mass spectrometry (HPLC–Q-TOF). By applying a network pharmacology method, we also enumerated the possible targets of the herbal components to look for their pharmacological effects. We further performed experiments to verify these predictions.



Materials and Methods


Preparation of JBT

Herbs in JBT (Table 1) were authenticated by a pharmacognosist of Longhua Hospital affiliated to Shanghai University of Traditional Chinese Medicine, in accordance with standard protocols. In line with standard methods of Chinese Pharmacopoeia, all crude drugs except Cinnamomi cortex were soaked in 12 volumes of water for 40 min and boiled for 40 min (C. cassia was added at 35 min). The extracts were filtered, and the filter residue was boiled in eight volumes of water for another 40 min and the solution was filtered again. Both batches of the filtrate of the drugs were mixed and concentrated to 0.557 kg/L, which were prepared for intragastric administration. The filtrate was vacuum-freeze-dehydrated, prepared to treat cells after high-speed centrifugation three times, and stored at −80°C overnight.


Table 1 | Prescription of Juanbi-Tang (JBT).





Other Agents

Methotrexate (MTX, cat. #100138) was purchased from Shanghai Oriental Medicine Science and Technology Industry Co., Ltd. (Shanghai, China); bovine type II collagen (cat. #20021), Freund's complete adjuvant (CFA, cat. #7001), and Freund's incomplete adjuvant (IFA, cat. #7002) were from Chondrex (Redmond, WA, USA); eosin (Sigma, cat. #E4009-5G), hematoxylin (Sigma, cat. #H-3136), Alcian Blue (Sigma, cat. #A5268), orange G (Sigma, cat. #1936-15-8), phloxine B (Sigma, cat. #18472-87-2), ammonium aluminum sulfate (Sigma, cat. #A-2140), sodium iodate (Sigma, cat. #S-4007), tartaric acid (Sigma-vetec, cat. #87-69-4), phenol AS-BI phosphate (Sigma, cat. #1919-91-1), phosphate buffered saline (PBS) (Medicago, cat. #09-2052-100), MCP-1 polyclonal antibody (CCL2) (ABclonal, cat. #A7277), CXCR3 polyclonal antibody (ABclonal, A2939), p44/42 MAPK (Erk1/2) (137F5) (rabbit mAb, CST, cat. #4695s), recombinant anti-CD3 antibody [SP162] (Abcam, cat. #ab135372), anti-CCR6 (Abcam, cat. #ab78429), F4/80 antibody (GeneTex, cat. #GTX26640), iNOS polyclonal antibody (Thermo Fisher Scientific, cat. #PA1-036), Diaminobenzidine (DAB) Histochemistry Kit (Thermo Fisher Scientific, cat. #D22187), DAB Peroxidase (HRP) Substrate Kit (with nickel) (VECTOR, cat.#SK-4100), VECTASTAIN® Elite® ABC HRP Kit (VECTOR, cat. #PK-6100), goat anti-rat IgG (H+L) antibody (KPL, cat. #072-03-16-06), and goat anti-rabbit IgG (H+L) antibody (KPL, cat. #03-15-06) were also obtained. In addition, MMP-1 antibodies (cat. #ab137332) and ELISA kit (cat. #ab215083), TNFα (cat. #EMC102a), IL-1β (cat. #EMC001b), IL-6 (cat. #EMC004), IL-8 (cat. #EMC104), and ELISA kit were purchased from Neobioscience (Shanghai, China); recombinant human tumor necrosis factor (TNF-α; PeproTech, cat. #300-1A), anti-phospho-p38 (CST, cat. #4511), anti-phospho-ERK (cat. #4370), anti-phospho-JNK (CST, cat. #4255), anti-phospho-p65 (CST, cat. #3033), β-actin (CST, cat. #8457), NF-kappa B p65 (D14E12) XP® Rabbit mAb (CST, cat. #8242s), ERK1/ERK2 polyclonal antibody (ABclonal, cat. #A16686), JNK1 polyclonal antibody (ABclonal, cat. #A0288), and SAPK/JNK antibody (CST, cat. #9252s); trypsin digestion solution (Leagene, cat. #IH0310), goat anti-rabbit IgG H&L (Alexa FluorR488, Abcam, cat. #ab150077), actinomycin D (Sigma, cat. #A1410), 4′,6-diamidino2-phenylindole (DAPI, Sigma, cat. #D9564), cell culture medium, fetal bovine serum, and trypsin were obtained from Gibco (Grand Island, NE, USA).



Model Establishment and Evaluation of Collagen-Induced Arthritis

Specific pathogen-free, DBA/1J male mice (7–8-week-old) were purchased from Vital River (Beijing, China). The CIA model was established in accordance with a previously reported protocol (Brand et al., 2007). Brieﬂy, the mice were immunized intradermally with 100 mg of bovine type II collagen emulsified in complete Freund's adjuvant. To ensure a high incidence of RA induction in the CIA model, a booster immunization of bovine type II collagen emulsified in incomplete Freund's adjuvant was used at 21 d after the primary immunization. Typically, the first signs of arthritis appeared in this model at 21–28 d after immunization. CIA was considered to have successfully developed when swelling was observed in at least one paw.



TNF-Tg Mice

The 3647 line of TNF-Tg mice in a C57BL/6 background was originally obtained from Dr. G. Kollias's lab (Keffer et al., 1991) (Institute of Immunology, Alexander Fleming Biomedical Sciences Research Center, Vari, Greece) and was maintained as heterozygotes by backcrossing with C57BL/6 mice. Non-transgenic littermates were used as aged-matched wild-type (WT) controls. This line of TNF-Tg mice carries one copy of the human TNF transgene, overexpresses human TNF-alpha, and develops erosive polyarthritis with many characteristics also observed in RA patients (Jiang et al., 2015). TNF-Tg mice develop mild ankle joint inflammation and bone erosion at 3 months old, which become more severe with aging (Li et al., 2004; Guo et al., 2009; Chen et al., 2016). Therefore, in this study, we chose 3-month-old TNF-Tg mice and WT littermates.



Experimental Groups

Forty DBA/1J mice were randomly divided into four groups (10 mice/group): group 1, control (normal, nonimmunized and untreated); group 2, CIA-Veh [positive control, PBS, 0.2 ml/day, intraperitoneally]; group 3, CIA-MTX (MTX, 0.1 mg/kg/3 d, intraperitoneally); and group 4, CIA-JBT (JBT, 12 g/kg/day, orally). All of the mice from these groups received additional treatments between day 22 and day 50.

Seven 3-month-old TNF-Tg mice were orally administered JBT (12 g/kg) or the same volume of physiological saline once every day for 12 weeks. Seven 3-month-old WT littermates were treated with the same volume of physiological saline as a negative control. Twelve weeks later, all mice were sacrificed and their ankle joints were harvested for histological staining and data analysis.

All animal procedures were approved by Longhua Hospital Animal Ethics Committee and were performed in accordance with the Guiding Principles for the Care and Use of Laboratory Animals approved by the Animal Regulations of National Science and Technology Committee of China.



Arthritis Assessment

After the CIA model had been successfully established, we measured the arthritis index and hind paw thickness every 5 d in a blinded manner. Each paw was scored on a scale of 0–4 by visual evaluation as follows: 0, no evidence of erythema and swelling; 1, erythema and mild swelling confined to the tarsals or ankle joint; 2, erythema and mild swelling extending from the ankle to the tarsals; 3, erythema and moderate swelling extending from ankle to metatarsal joints; and 4, erythema and severe swelling encompassing the ankle, foot, and digits, or ankylosis of the limb. The final score for each mouse was the sum of the scale score from four paws. TNF-Tg mice were measured the deformity score every week in a blinded manner for 12 weeks. Each paw was scored on a scale of 0–4 by visual evaluation as follows: 0, no deformity; 1, mild deformity; 2, obvious deformity; 3, moderate deformity, 4, severe deformity. The final score for each mouse was the sum of the scale score from four paws. Thickness of the ankle was measured separately by two individuals with digital calipers placed across the ankle joint at its widest point.



Histopathological Examination

After final treatment, the mice were sacrificed. Ankle joints were carefully dissected and cleared of adjacent muscle, followed by being fixed in 4% paraformaldehyde at room temperature for 48 h, decalcified in 10% EDTA for 20 d, dehydrated through a series of ethanol, and embedded in paraffin. A total of 30 4-μm-thick consecutive sections from one ankle joint in the sagittal position were collected and mounted on common slides, and were divided into three levels. Each level was 40 μm from the previous level. One section from each of the three levels was subjected to hematoxylin and eosin (H&E) staining, Alcian Blue/Orange G (ABOG) staining, tartrate-resistant acid phosphatase (TRAP) staining, and immunofluorescence and immunohistochemical staining. After the full-length scan by Olympus VS120-SL, the target area of the ankle talus was analyzed with Olympus VS120 image analysis software. We traced the area of interest, which was then measured by the software (in mm2). The inflammatory area (multinuclear dark zone) and bone area (astragalus bone zone) were analyzed on HE-stained sections. Cartilage area (blue zone) at astragalus bone was measured on ABOG-stained sections, and TRAP-positive area was evaluated on TRAP-stained sections. The data are presented as the mean from three levels from each ankle joint sample.



Micro-Computed Tomography (Micro-CT) Analysis

After excision from DBA/1J mice, right legs were fixed in 4% paraformaldehyde for 24 h, washed in PBS for 2 h, and then immersed in 75% ethanol, until a micro-CT (Scanco VIVA CT80, SCANCO Medical AG, Bassersdorf, Zurich, Switzerland Switzerland) scan. The X-ray tube voltage was 55 kV and tube current was 72 μA, with a pixel size of 9 μm and 200 ms integration time. The cross-sectional images were then reconstructed and realigned in 3D. A density threshold was set from 370 to 1,000 as bone using the µCT Evaluation program V6.6 (Scanco Medical AG). A stack of 340–441 cross sections was reconstructed, with an interslice distance of 1 pixel (15.6 µm), corresponding to a reconstructed height of 5.3–6.9 mm, recreating the ankle joint.



HPLC–Q-TOF of JBT

Characterization of the components of JBT was performed by a 1260 series HPLC instrument (Agilent, Waldbronn, Germany) connected to an Agilent 6530 Q-TOF mass spectrometer (Agilent Corp., USA) equipped with Dual Agilent Jet Stream Electrospray Ionization (Dual AJS ESI). The operating parameters were optimized in both positive and negative modes, as follows: capillary voltage, 3,500 V for ESI mode and 4000 V for ESI+ mode; nozzle voltage, 500 V; fragmentor, 110 V; nebulizer, 45 psi; drying gas temperature, 300°C; drying gas flow rate, 6 L/min; sheath gas temperature, 320°C; and sheath gas flow rate, 12 L/min. Separation of compounds in JBT was carried out on an ACE Excel 3 Super C18 column (100 mm × 2.1 mm; Advanced Chromatography Technologies Ltd., Aberdeen, Scotland). The mobile phase was composed of solvent A (water containing 0.1% formic acid) and solvent B (acetonitrile containing 0.1% formic acid), with a flow rate of 0.35 ml/min. Gradient elution was performed as follows: 0–30 min, 95%–23% A; 30–40 min, 23%–15% A; 40–45 min, 15%–10% A; 45–50 min: 10%–5% A; 50–55 min, 5% A; 55–56 min: 5%–95% A; and 56–66 min, 95% A. The column temperature was maintained at 40°C. System operations and data analysis were conducted on Masshunter Workstation software (Agilent Technologies, USA).



Network Pharmacological Analysis of JBT

The 44 active chemical components deriving from 11 components of JBT were collected by HPLC–MS. The Chinese Medicine System Pharmacology Database and Analysis Platform and Swiss Target Prediction databases were used to screen the targets of these 44 compounds. The DisGeNET database was used to find the targets related to RA. Cytoscape 3.6.0 was used to analyze the targets of JBT in the treatment of RA, and the DAVID database was used to analyze the specific mechanism of action of JBT in the treatment of RA. Twenty-four of the pharmacological components (see Figure 3 for the chemical formulas) that satisﬁed the above conditions were selected. Then, we used Drug Bank, TCMID, Gene Cards, and STITCH databases to validate 194 RA targets to construct a compound target network using Cytoscape 3.3.0 software. To explain the participation of targets in the progression of RA, we established a network between target and function using Cytoscape 3.3.0. Multiple targets presaged an integral function of JBT in RA and shared the synergistic targets of the different compounds.



Cell Culture

MH7A, a human RA-FLS cell line (Miyazawa et al., 1998; Jia et al., 2019), was a gift from the Chinese Academy of Sciences, Shenzhen, which had been purchased from the Riken Cell Bank (Tsukuba, Japan). Cells were maintained in Roswell Park Memorial Institute 1640 medium (Hyclone, USA), supplemented with 10% fetal bovine serum (Gibco, USA) and penicillin/streptomycin (1:100; Sigma, St. Louis, MO), in a humidified atmosphere of 95% air and 5% CO2 in an incubator at 37°C.



Cell Viability Assay

Cell viability was determined using the CCK-8 assay. Briefly, MH7A cells were seeded in 96-well culture plates at 5000 cells/well for 72 h and then treated with various concentrations of JBT (0, 0.25, 0.5, 1, and 2 mg/ml) for 24 h. Then, CCK-8 (Dojindo, Japan) was added and incubated at 37°C for 1.5 h. The optical density was detected at 450 nm with a microplate reader (BioTek Synergy 3).



Quantitative Real-Time PCR Analysis

MH7A cells were pretreated with various concentrations of JBT lyophilized powder (0, 0.5, 1, and 1.5 mg/ml) for 2 h, and then incubated for another 24 h with or without stimulation by 10 ng/m TNF-α. Total RNA was extracted using Trizol reagent, in accordance with the manufacturer's instructions, and each sample was reverse-transcribed using the cDNA synthesis kit, in accordance with the manufacturer's protocol. Real-time PCR analysis was performed using SYBR Green PCR Premix Ex Taq II reagents on a CFX96 real-time system (Thermo, USA). Relative gene expression was calculated by the −ΔΔCt method. The sequence of primers (forward and reverse) was as follows: actin, 5′-CGTTGACATCCGTAAAGACC-3′ and 5′-TAGGAGCCAGAGCAGTAATC-3′; IL-6, 5′ -TGTATGAACAACGATGATGCACTT-3′ and 5′-ACTCTGGCTTTGTCTTTCTTGTTATCT-3′; IL-8, 5′-GGTGCAGTTTTGCCAAGGAG-3′ and 5′-TTCCTTGGGGTCCAGACAGA-3′; and MMP-1, 5′-CTCAATTTCACTTCTGTTTTCTG-3′ and 5′-CATCTCTGTCGGCAAATTCGT-3′. The efficiencies of the primers were 90%-95%. The PCR reaction system was 20 µl: SYBR 10 µl, water 7 µl, cDNA 1 µl, front and rear primers 1 µl. The thermocycling condition: 95°C for 5 min, 95°C for 30 sec→60°C for 30 sec→72°C for 40 sec, 30 cycles, 72°C for 7 min, and stored at 4°C.



Enzyme-Linked Immunosorbent Assay

MH7A cells were seeded in six-well plates (1*106 cells/well) for 24 h, and then pretreated or left untreated with the indicated concentrations of JBT for 2 h, followed by incubation for another 24 h with or without TNF-α (10 ng/ml). Cell culture supernatants were collected and stored at −80°C until analysis. The concentrations of the cytokines in culture supernatants were determined by ELISA using a commercial kit, in accordance with the manufacturer's instructions.



Western Blot Analysis

MH7A cells were treated with or without TNF-α (10 ng/ml) in the presence or absence of JBT (0.5, 1, and 1.5 mg/ml) for 24 or 0.5 h. The protein was collected, and 30 μg of it from each sample was separated by 10% SDS-PAGE and transferred to a polyvinylidene fluoride membrane. After blocking with 5% bovine serum albumin in TBST at room temperature for 1 h, the membranes were incubated with the corresponding primary antibodies overnight at 4°C. After washing with TBST three times, the membranes were incubated with the secondary antibodies. Proteins were scanned and analyzed by the chemiluminescence system and autoradiography.



Statistical Analysis

The data are presented as mean ± standard deviation (SD) from at least three separate experiments. Statistical analysis was performed using GraphPad Prism 7.0 software (GraphPad, La Jolla, CA, USA). One-way ANOVA followed by Dunnett's t-test was used to determine the significance of differences between groups. In cases of three groups treated at different times points, we applied two-way ANOVA for comparison. We used Fisher's test in the analysis of categorical data. P < 0.05 was considered statistically significant.




Results


JBT Clearly Attenuated Symptoms, Synovitis, Cartilage, and Bone Damage of CIA Mice

To investigate the therapeutic effects of JBT on RA in vivo, we established a CIA mouse model. Compared with the WT group, CIA mice showed higher scores for the arthritis index and greater hind paw thickness. JBT treatment had improved the function of ankle by attenuating the arthritis index (Figure 1A) and hind paw thickness (Figure 1B). HE, ABOG, and TRAP staining at ankle joints was scanned using an Olympus VS120-SL (Figure 1C). Treatment of mice with JBT was initiated at 22 d after the primary immunization. Both JBT and MTX treatments had positive effects on attenuating the inflammatory area (Figure 1D) and restoring bone (Figure 1E) and cartilage area (Figure 1F) of CIA mice. JBT treatment significantly reduced the number of osteoclasts with TRAP-positive staining (Figure 1G). Micro-CT showed that the JBT group, as well as the MTX group, suffered less bone damage in their ankle joints than the control group (Figure 1H). These results indicated that JBT effectively inhibited the development of arthritis in CIA mice.




Figure 1 | Juanbi-Tang (JBT) clearly attenuated symptoms, synovitis, cartilage, and bone damage of collagen-induced arthritis (CIA) mice. The arthritis index (A) and hind paw thickness (B) of CIA mice were scored and recorded every 5 d in a blinded manner. (C) Hematoxylin–eosin staining, ABOG staining, and TRAP staining were used to analyze the ankle joints of WT and CIA mice after treatment for 12 weeks. Bar, 200 μm. (D) Histomorphometric assessment of inflammatory synovial volume area. (E) Histomorphometric assessment of bone area. (F) Histomorphometric assessment of cartilage area. (G) Histomorphometric assessment of TRAP+ osteoclast area. (H) Micro-CT of ankle joints. Results are shown as mean ± SEM (n = 10). *p < 0.05, **p < 0.01 versus CIA+PBS group.





JBT Attenuated Symptoms, Inflammatory Synovial Volume and Bone Erosion at Ankle Joint of TNF-Tg Mice

To investigate the effect of JBT on arthritis, TNF-Tg mice were orally administered JBT once a day for 12 weeks. Compared with the WT group, TNF-Tg mice showed higher deformity score and greater hind paw thickness. JBT treatment had improved the function of ankle by attenuating the deformity score (Figure 2A) and hind paw thickness (Figure 2B). HE, ABOG, and TRAP staining at the ankle joints indicated normal integrity of the ankle joint without synovial inflammation and bone erosion in WT mice (Figure 2C). In TNF-Tg mice, there was a large amount of synovial inflammation in the ankle joint, with the presence of a large number of TRAP-positive osteoclasts, and severe bone erosion was observed at the ankle joint, while cartilage with Alcian Blue-positive staining almost disappeared. JBT treatment significantly reduced the inflammatory synovial volume, bone erosion (Figures 2D, E), and osteoclasts positively stained for TRAP (Figure 2F), while increasing cartilage area at the ankle joints (Figure 2G). Micro-CT showed that the JBT group suffered less bone damage in the ankle joints (Figure 2H). These results indicated that JBT effectively inhibited the development of arthritis in TNF-Tg mice.




Figure 2 | Juanbi-Tang (JBT) attenuated symptoms, inflammatory synovial volume and bone erosion at ankle joint of tumor necrosis factor transgenic (TNF-Tg) mice. The deformity score (A) and hind paw thickness (B) of TNF-Tg mice and WT littermates were scored and recorded every week in a blinded manner. (C) Hematoxylin–eosin staining, ABOG staining, and TRAP staining were used to analyze the ankle joints of WT and TNF-Tg mice, which were treated with saline or JBT for 12 weeks. Bar, 200 μm. (D) Histomorphometric assessment of inflammatory synovial volume area. (E) Histomorphometric assessment of bone area. (F) Histomorphometric assessment of cartilage area. (G) Histomorphometric assessment of TRAP+ osteoclast area. (H) Micro-CT of ankle joints. Results are shown as mean ± SEM, for 6–8 legs per group. Three sections per mice were analyzed. **p < 0.01 versus TNF-Tg + saline, *p < 0.05 versus TNF-Tg + saline.





JBT Suppressed Inflammatory Cell Infiltration and the Production of CCL2, CXCR3, and CCR6

To further investigate the effect of JBT on inflammatory cell infiltration, immunofluorescence staining was performed to mark macrophages with F4/80/iNOS and T cells with CD3. Immunohistochemical staining was performed to label CCL2, CXCR3 and CCR6. The results showed that JBT inhibited F4/80/iNOS+ macrophages (Figures 3A, B and Supplementary 5A, B) and CD3+ T cells (Figures 3C, D) in the ankle joints of CIA and TNF-Tg mice, and reduced the expression of CCL2, CXCR3, and CCR6 (Figures 3E, F and Supplementary 5C, D).




Figure 3 | Juanbi-Tang (JBT) suppressed inflammatory cells and production of CCL2, CXCR3, and CCR6. (A) Immunofluorescence staining with F4/80/iNOS marking macrophages of collagen-induced arthritis (CIA) mice. (B) Immunofluorescence staining with F4/80/iNOS marking macrophages of tumor necrosis factor transgenic (TNF-Tg) mice and WT littermates. (C) Immunofluorescence staining with CD3 labeling T cells of CIA mice. (D) Immunofluorescence staining with CD3 labeling T cells of TNF-Tg mice and WT littermates. (E) Immunohistochemical staining with CCL2, CXCR3, and CCR6 of CIA mice. (F) Immunohistochemical staining with CCL2, CXCR3, and CCR6 of TNF-Tg mice and WT littermates.





HPLC–Q-TOF Detected 44 Compounds in JBT Decoction

With the aid of accurate masses measured by HPLC–Q-TOF, a total of 44 detected peaks were identified in the JBT decoction, as shown in Table 2. Among them, there were 24 compounds (Figure 4 and Supplementary 4) definitively identified by comparison with the standard compounds, while the remaining 20 compounds were tentatively characterized according to their formula, retention time, and fragmentation patterns.


Table 2 | The mass information and source of identified compounds in Juanbi-Tang (JBT) by high-performance liquid chromatography quadrupole time-of-flight mass spectrometry (HPLC–Q-TOF).






Figure 4 | Chemical structures of 44 identified components in JBT. With the aid of accurate masses measured by HPLC–Q-TOF, a total of 44 detected peaks were identified in Juanbi-Tang (JBT) decoction, as shown in Table 2 and Figure 4. Among them, 24 compounds were definitively identified by comparison with the standard compounds, while the remaining 20 compounds were tentatively characterized according to their formula, retention time, and fragmentation patterns.





Network of 44 Potential Compounds Predicted to Have 194 Potential Targets

We obtained the SMILE number of 44 compounds through the PubChem database (https://pubchem.ncbi.nlm.nih.gov/); then, we used the Swisst Target Prediction database (http://swisstargetprediction.ch/) to query the target sites of the 44 compounds. After removing the duplicates, a total of 194 targets were obtained. After querying the JBT target in the Swiss Target Prediction database, the protein interaction network related to JBT was constructed with the STRING database. Using DisGeNET (http://www.disgenet.org/) database, we found 1,848 genes related to RA. Network of compounds in JBT and their potential targets. JBT (yellow rectangle), JBT 11 herbs (H, red diamond), and network of 44 potential compounds (C, blue ellipse) predicted to have 194 potential targets (green triangle). It comprised 252 nodes and 702 edges, as shown in Figure 5A. We use the DAVID database to analyze the GO enrichment and KEGG pathways of JBT genes in RA. To make the research more targeted, we used the JBT targets applied as queries in DisGeNET to map the RA genes, and constructed the common genes through the STRING database to obtain the in vivo network of responses of RA to JBT. The JBT protein interaction network was visualized in Cytoscape 3.6.0 software (Figure 5B). Each protein was represented by a node and the size of the nodes is proportional to the degree of the node. Relative pathways were analyzed according to the targets. As shown in Figure 5C, NF-kappa B pathways was one of the most relative pathways. More specific targets were marked with pentagram (Supplementary 1).




Figure 5 | Network of 44 potential compounds predicted to have 194 potential targets. (A) Network of compounds in Juanbi-Tang (JBT) and their potential targets. JBT (yellow rectangle), JBT 11 herbs (H, red diamond), and network of 44 potential compounds (C, blue ellipse) predicted to have 194 potential targets (green triangle). (B) Target network. A node represents a protein, and the size of the nodes is proportional to the degree of the node. (C) Relative pathways were analyzed according to the targets.





JBT Suppressed the mRNA and Protein Expression of MMP-1, IL-6, and IL-8 in TNF-α-Induced MH7A Cells

To assess the potential cytotoxicity of JBT, cell viability was evaluated by CCK-8 assay. As shown in Figure 6A, JBT at concentrations in the range of 0.25–2 mg/ml did not affect cell viability after incubation for 72 h. To determine the protective effect of JBT against the expression of inflammatory cytokines, MH7A cells were incubated for 24 h with TNF-α. TNF-α significantly increased IL-6, IL-8, and MMP-1 expression at the mRNA level (Figures 6B–D) and the levels excreted in conditioned medium (Figures 6E–G). JBT significantly decreased the mRNA and protein expression of MMP-1 in TNF-α-induced MH7A cells in a dose-dependent manner, compared with that in the control group treated with TNF-α alone (Figure 6H). However, JBT did not show a significant effect on the mRNA expression of MMP-3 (Supplementary 2). Furthermore, JBT inhibited osteoclastogenesis (Supplementary 3).




Figure 6 | Juanbi-Tang (JBT) suppressed the mRNA and protein expression of MMP-1, IL-6, and IL-8 in TNF-α-induced MH7A cells. (A) CCK-8 assay of MH7A cells after treatment with different concentrations of JBT for 0, 24, 48, and 72 h. (B–D) The mRNA levels of MMP-1, IL-6, and IL-8 were determined using qPCR. (E–G) ELISA assay of MMP-1, IL-6, and IL-8. (H) Western blot analysis of MMP-1. Representative images are shown from three independent experiments. Results are presented as mean ± SEM of three independent experiments. *p < 0.05, versus group treated with TNF-α alone.





JBT Inhibited TNF-α-Induced Activation of NF-Kappa B Pathways

To further investigate the mechanism by which JBT inhibits the production of inflammatory cytokines, we examined its effect on the NF-kappa B-mediated pathways in TNF-α-induced MH7A cells. MH7A cells were pretreated with the indicated concentrations of JBT for 2 h, before stimulation with TNF-α (10 ng/ml) for another 30 min. Then, the protein levels and phosphorylation levels of p38, ERK, JNK, and p65 were determined. We found that the phosphorylation of p38, JNK, and p65 was markedly increased after TNF-α stimulation. JBT treatment significantly inhibited the phosphorylation of p38, JNK, p65 dose-dependently (0.5, 1, and 1.5 mg/ml, Figures 7A–C). We also used immunoﬂuorescence analysis to determine the intracellular localization of p65. We pretreated MH7A cells with JBT (1.0 mg/ml) for 2 h or left them untreated, and then exposed them to TNF-α (10 ng/ml) for 0.5 h. The immunoﬂuorescence assay revealed that JBT signiﬁcantly reduced the level of p65 in the nucleus of MH7A cells (Figures 7D, E).




Figure 7 | JBT inhibited TNFα-induced activation of NF-kappa B pathways. (A-C) The protein levels and phosphorylation levels of p38, ERK, JNK, and p65 of MH7A cells pretreated with JBT or not were determined by Western blot analysis. The total and phosphorylated levels of p38 and p65 were analyzed by Western blot analysis. Representative images are shown from three independent experiments. *p < 0.05, **p < 0.01 versus group treated with TNF-α alone. (D) Immunoﬂuorescence assay of p65 in the nucleus of MH7A cells. (E) Assessment of the percentage of cells positive for p65 in the immunoﬂuorescence assay.






Discussion

In this study, we demonstrated that JBT could effectively inhibit joint symptoms, synovial inflammation, and joint destruction in CIA and TNF-Tg mice. We also revealed that JBT suppressed monocytes and T cells as well as the production of CCL2, CCR6, and CXCR3 ligands. In vitro data indicated that JBT could also profoundly inhibit the TNF-α-induced production of IL-6, IL-8, and MMP-1 in cultured MH7A cells by downregulating p65 NF-kappa B pathways, as well as probably by the downregulation of p38-MAPK pathways.

JBT was originally reported in a book from the Qing dynasty called Yi Xue Xin Wu (“Medical Reflections”), consisting of 11 herbs: Notopterygii Rhizoma et Radix, Angelicae Pubescentis Radix, Radix Gentianae Macrophyllae, Ligusticum wallichii (LTW), Angelica sinensis (ALS), Piperis Kadsurae Caulis, mulberry twig (MBT), Aucklandiae radix (ALR), frankincense (FKC), Glycyrrhizae radix et rhizome, and cinnamon (CNM). Primary studies have shown that JBT could be used for the treatment of chronic lower back pain, external humeral epicondylitis, synovitis of the hip in children, ankylosing spondylitis, gout, and other bone diseases (Li, 2011; Li and Niu, 2011; Ni and Fu, 2014). It could also reduce inflammatory cytokines such as TNF-α and IL-1 in serum of model rats induced by Freund's adjuvant (Yu et al., 2015). Against this background, we adopted two animal models so as to verify the effect of JBT during the early stage of RA. One is the most widely accepted, the CIA mouse model, and the other is the TNF-Tg mice model with TNF-α overexpression, both of which showed clear joint inflammation, similar to RA, before undergoing treatment. We found that JBT significantly reduced joint synovitis and the articular cartilage and bone defects in both animal models, thereby clarifying its efficacy in vivo. In other words, it was found that JBT can effectively reduce RA joint inflammation.

To clarify the pharmacological mechanism of JBT, we employed HPLC to detect its active components. We found 44 components in it, for the first time. To further analyze the mechanisms of action of these components, we then applied a network pharmacological method. Most previous studies on the mechanism of action of JBT tended to obtain the effective components based on retrieval of the associated literature from databases. For the first time, we here instead performed this based on the components detected by HPLC, which boosted the objectivity and credibility of our experimental results. Based on the network pharmacological analysis, we found that the targets of JBT components are mainly concentrated in the NF-kappa B pathway, as well as in cancer pathways, cancer proteoglycans, cancer microRNAs, viral carcinogenesis, and arachidonic acid metabolism.

Next, we conducted in vitro experiments for exploring the underlying mechanism. To simulate the in vivo environment of TNF-Tg mice and the high expression of TNF-α in the lesion area of RA, in the current study, we treated synovial cells with TNF-α (10 ng/ml) to observe the changes of inflammatory factors produced by them upon inflammatory stimulation. We found that JBT could also inhibit the TNF-α-induced production of IL-6, IL-8, and MMP-1 in synovial cells, restoring the structure of joints.

IL-6 is highly expressed in fibroblasts during the early stage of RA (Filer et al., 2017) and its inhibitor has started being used for clinical treatment (McInnes and Schett, 2017), as well as TNF-α. IL-8 also acts as a marker of synovitis (Alam et al., 2017). Among the compounds in JBT, ferulic acid was reported to have ameliorative potential for mitigating the effects of IL-6 associated with vincristine-induced painful neuropathy (Vashistha et al., 2017). Chlorogenic acid combined with chondrocytes on an alginate scaffold decreased MMP expression and improved the recovery of damaged articular cartilage (Cheng et al., 2018). Caffeic acid repressed IL-6 and TNF-α in RA-FLS by blocking the phosphorylation of IκB and IκB kinase (Wang et al., 2017). Moreover, sweroside inhibited IL-1β-stimulated MMP-1, MMP-3, MMP-13, and ADAMTS-5 mRNA expression in rat articular chondrocytes by suppressing NF-kappa B and mTORC1 signaling (Zhang et al., 2019). Furthermore, ursolic acid reduced the incidence and severity of CIA-induced arthritis, accompanied by the decreased expression of TNF-α, IL-1β, IL-6, IL-21, and IL-17 in arthritic joints (Baek et al., 2014). Osthol was also shown to inhibit MMP-1, MMP-3, MMP-13, IL-6, and TNF-α in IL-1β-stimulated SW982 cells, as well as NF-kappa B and MAPK pathways (Xu et al., 2018). Although much research on the ingredients of JBT has been performed, as far as we know, we are the first to find that JBT acts as an NF-kappa B inhibitor. However, further confirmation of this mechanism via more in-depth studies is still required. The application of inhibitors and positive controls, such as iguratimod, should also be considered in future research.

We here applied network pharmacology to identify signaling pathways associated with RA. The NF-kappa B pathway was shown to be activated by many stimuli, including TNF-α (Wen et al., 2018). P65 participates in the classical NF-kappa B pathway. The inhibition of p65 phosphorylation was proven to suppress the pathogenesis of RA (Roman-Blas and Jimenez, 2006; Kang et al., 2018), as JBT did in this study. In the meantime, the effect inhibiting p38-MAPK was found. As a detectable component of JBT, gentiopicroside also exhibited a potent protective effect on the IL-1β-induced inflammatory response and the release of MMPs in rat articular chondrocytes by the p38, ERK, and JNK pathways (Zhao et al., 2015). Chlorogenic acid was reported to reverse IL-1β-induced increases in IL-6, MMP-13, and COX-2/PGE2 production in human SW1353 chondrocytes, partially via the p65 NF-kappa B signaling pathway (Liu et al., 2017), and to induce apoptosis to inhibit the inflammatory proliferation of IL-6-induced FLSs through modulating the activation of the JAK/STAT and NF-kappa B signaling pathways (Lou et al., 2016). Moreover, isoliquiritigenin treatment inhibited IL-1β-induced MMP production and NF-kappa B activation both in vitro and in vivo (Zhang et al., 2018). Isoliquiritigenin was reported to suppress IL-1β-induced apoptosis and inflammation in chondrocyte-like ATDC5 cells by inhibiting NF-kappa B and to exert chondroprotective effects on a mouse model of anterior cruciate ligament transection (Ji et al., 2017). Xanthotoxin inhibited the expression of Runx2 and MMP-13 by reducing the activation of p38-MAPK (Cao et al., 2017). In contrast to previous studies, this study involved the first time that both HPLC–Q-TOF and network pharmacology have been applied to detect the effects of this classical herbal compound and determine the mechanisms involved. However, further studies are needed to clarify the pharmacokinetics of JBT, so as to provide references for clinical indications and the optimal dose. In the process of empirical revision, there are too many vague factors in this TCM compounds, and even the proportion of the compounds themselves needs to be optimized. Therefore, we must firstly prove the effectiveness of JBT in vitro and in vivo studies. This is the foundation for all proceeding research. Therefore, we tested the active ingredients using HPLC, with the aim of finding possible targets of JBT. In this way the follow-up work could be guaranteed. In future work, we also plan to continue to conduct experiments to explore other signal pathways by network pharmacology.

In conclusion, this study indicates that JBT could markedly ameliorate synovial inflammation and joint destruction in CIA and TNF-Tg mice. The NF-kappa B pathways were found to be closely involved in the inhibitory effects.
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We performed a retrospective cohort study to investigate the association between the risk of ischemic stroke (IS) and the use of Chinese herbal products (CHP) in combination with western medicine (WM) among patients with rheumatoid arthritis (RA). The data were sourced from the registry for beneficiaries, inpatient and ambulatory care claims, and Registry for Catastrophic Illness from the National Health Insurance Research Database (NHIRD) in Taiwan between 1997 and 2011. Patients, who were newly diagnosed with RA between 1997 and 2010, were classified as the CHP group or non-CHP group depending on the presence of absence the adjunctive use of CHP following a diagnosis of RA. A total of 4,148 RA patients were in both the CHP and non-CHP groups after 1:1 matching. Patients in the CHP group had a significantly lower risk of IS compared to patients in the non-CHP group (adjusted hazard ratio [aHR], 0.67; 95% confidence interval [CI], 0.52–0.86). In the CHP group, patients who used CHP for more than 30 days had a lower risk of IS than their counterparts (aHR: 0.61, 95% CI: 0.40–0.91). Gui-Zhi-Shao-Yao-Zhi-Mu-Tang, Shu-Jin-Huo-Xie-Tang, and Du-Huo-Ji-Sheng-Tang might be associated with a lower risk of IS. Finally, the use of CHP in combination with WM was associated with a decreased risk of IS in patients with RA, especially among those who had used CHP for more than 30 days. A further randomized control trial is required to clarify the casual relationship between these results.




Keywords: rheumatoid arthritis, ischemic stroke, Chinese herbal products, National Health Insurance Research Database, traditional Chinese medicine



Introduction

Patients with rheumatoid arthritis (RA) are at a greater risk of ischemic stroke (IS), which may be a leading cause of mortality and can lead to severe long-term disability (Benjamin et al., 2017). According to a meta-analysis study, the risk of stroke death was elevated by 52% among patients with RA (Avina-Zubieta et al., 2008). Danish and Taiwanese studies have also demonstrated that patients with RA were shown to have a 30% higher risk of IS compared to those without RA (Lindhardsen et al., 2012; Liou et al., 2014). Moreover, another prospective cohort study of 114,342 American women with RA found that the relative risk for IS was 1.48 (95% confidence interval [CI]:0.70–3.12) (Solomon et al., 2003). A possible mechanism might be the systemic inflammatory response in patients with RA who have elevated levels of C-reactive protein (CRP) and tumor necrosis factor-alpha (TNF)-α. This kind of chronic inflammation underlies the accelerated atherosclerosis, and is thought to be the main pathologic process of IS (Sattar et al., 2003; Hansson, 2005).

In addition to systemic chronic inflammation in individuals with RA, certain routinely prescribed medicines also increase the risk of IS (Nadareishvili et al., 2008; Lindhardsen et al., 2014). In accordance with the recommendations of the European League Against Rheumatism (EULAR), methotrexate, a kind of Disease-modifying antirheumatic drugs (DMARDs), plus short-term corticosteroids is the first-line therapy. When the treatment target cannot be achieved by methotrexate within 6 months or unfavorable prognostic factors are present, such as high disease activity, early erosion, or high level of rheumatoid factor, a TNF-antagonist may be considered as an add-on (Smolen et al., 2017). Previous research has documented that corticosteroids and certain non-steroidal anti-inflammatory drugs (NSAIDs) might increase the risk of IS in patients with RA 1.5- to 2-fold (Roubille et al., 2015). Methotrexate and TNF-antagonists, by contrast, are associated with the reduced risk of ischemic stroke (Tam et al., 2018). However, these drugs are associated with a potential risk of infection, fatigue, and liver damage (Salliot and van der Heijde, 2009). To avoid the side effects and debilitation associated with western medical treatment, the patients resorted to using traditional herbal remedies (Efthimiou and Kukar, 2010; Michalsen, 2013).

Thus, nearly 30% of individuals with RA were also taking Chinese herbal medicine in a recent study (Huang et al., 2015). Some of commonly used polyherbal formulations or single herbs have been demonstrated anti-inflammatory action, these include Gui-Zhi-Shao-Yao-Zhi-Mu-Tang (contains Paeonia lactiflora Pall., Atractylodes macrocephala Koidz., Anemarrhena asphodeloides Bge., Saposhnikovia divaricata (Turcz.) Schischk., Glycyrrhiza uralensis Fisch. ex DC., Cinnamomum cassia (L.) J.Presl, Ephedra sinica Stapf, Aconitum carmichaelii Debx., Zingiber officinale Roscoe) and Boswellia neglecta S.Moore (Ru-Xiang) (Ammon, 2006; Daily et al., 2017). Additionally, Tripterygium wilfordii Hook.f, Stephania tetrandra S Moore, and Zingiber officinale Roscoe have also been reported to have potential to suppress inflammation (Kang et al., 1996; Liacini et al., 2005; Wang et al., 2013). To date, most studies have purposely analyzed the effects of Chinese herbal products (CHP) in terms of alleviating the clinical symptoms and managing the chronic inflammation of patients with rheumatoid arthritis (Soeken et al., 2003; Zhang et al., 2011; Daily et al., 2017). However, there is a lack of studies that investigated whether the use of CHP was associated with a reduced risk of IS, which is a leading cause of death, in patients with RA. This study sought to evaluate the association between the use of CHP in combination with western medicine (WM) and the risk of IS in patients with RA by undertaking a large-scale retrospective cohort study.



Materials and Methods


Data Source

This study used reimbursement claims data from the Taiwan National Health Insurance Program. A national health insurance (NHI) program was implemented in March 1995, which covers 22.6 million individuals out of the total population of 23.0 million in Taiwan. The NHI is an obligatory universal health insurance program, which offers comprehensive medical care coverage to 99% of the entire Taiwanese population and has contracts with 97% of the hospitals and clinics there (http://www.nhi.gov.tw/english/index.aspx). The National Health Insurance Research Database (NHIRD) covers every medical record including Traditional Chinese medicine treatment that is reimbursed by the NHI.

The datasets used in the study consisted of a registry for beneficiaries, inpatient, and ambulatory care claims, and the Registry for Catastrophic Illness from the NHIRD. Ambulatory care claims contain the individuals’ gender, date of birth, date of visit, codes for the International Classification of Disease, Ninth Revision, and Clinical Modification (ICD-9-CM) codes for three primary diagnoses. Inpatient claims contain ICD-9-CM codes for principal diagnosis up to a total of four secondary diagnoses. The registry for Catastrophic Illness database contains data from insurers who suffer from major diseases and are granted exemption from co-payment. A disease diagnosis without valid supporting clinical findings may be considered a medical fraud by the NHI, which carries a penalty of 100-fold of the payment claimed by the treating physician or hospital. RA is a kind of major disease in Taiwan, and we can define patients with RA clearly from the Registry for Catastrophic Illness database. Because the NHIRD contains identified secondary data for research, the requirement for informed patient consent for the present study was waived off. This study was approved by the Institutional Review Board of the China Medical University (CMUH104-REC2-115). The datasets analyzed for the current study are available from the corresponding author on reasonable request.



Selection of the Study Population

This was a retrospective cohort study. We identified patients who were diagnosed with RA (ICD-9-CM: 714.0) from the Registry for Catastrophic Illness database. Patients with RA who received WM treatment during the period from 1 January 1997 to 31 December 2010 were selected as the cohort group, and follow-up to 31 December 2011. The patients also had to be over the age of 18 years at diagnosis. The exclusion criteria were as follows: 1) dropout from insurance, 2) diagnosis of stroke (ICD-9-CM: 430-438) or coronary artery disease (ICD-9-CM: 410-414) before the first diagnosis date of RA, and 3) a follow-up period of less than 180 days. Finally, a total of 20,483 RA patients were included in the study (Figure 1).




Figure 1 | Flowchart of patients with rheumatoid arthritis. After excluding patients not fitting inclusion criteria, CHP and non-CHP groups comprised 4,148 patients after 1:1 matching. CHP, Chinese herbal products.



The participants who had traditional Chinese Medicine outpatient visits along with CHP prescription records because of RA (ICD-9-CM code: 714.0) in combination with WM between the date of initial diagnosis of RA and the endpoint were defined as the CHP group. Those patients who only received WM because of RA were assigned to the non-CHP group. The date of the first accepted CHP after the diagnosis of RA was the index date for the CHP group. The index date of the patients in the non-CHP group was the first diagnosed date of RA. Prior to matching, there were 4,960 RA patients using CHP and 14,374 patients not using CHP. We used 1:1 frequency match by age (per 5 year-groups), gender, index year, and initial diagnosis year of RA. After frequency matching, there were 4,148 RA patients in both the CHP and non-CHP groups.



Primary Outcome

The primary outcome was IS (ICD-9-CM: 433-438) during the 14-year follow-up with at least one inpatient claim and at least three ambulatory care claims. All eligible patients were followed up from the index date to December 31, 2011, initial diagnosis date of IS, date of withdrawal from NHI or date of death, whichever occurred first.



Characteristics, Comorbidities, and Medication

The sociodemographic variables included age and gender. We identified comorbidities using ICD-9-CM from the database of outpatients and inpatients. Baseline comorbidity was defined as comorbid disease which occurred before the index date, and for which there were ambulatory care claims for at least 3 visits or at least one inpatient claim. Based on the recommendations of the EULAR, and hypertension (ICD-9-CM: 401-405), diabetes mellitus (ICD-9-CM: 250), hyperlipidemia (ICD-9-CM: 272) were considered as the covariates (Martin-Martinez et al., 2014; Agca et al., 2017). In addition, we also included baseline comorbidities which are the established risk factors for stroke, such as chronic obstructive pulmonary disease (ICD-9-CM: 491-496), end stage renal disease (ICD-9-CM: 585), and atrial fibrillation (ICD-9-CM: 427.31) as the covariates. We also considered drugs in accordance with the recommendations of the EULAR, including NSAIDs, corticosteroids, DMARDs, and TNF-antagonist prescribed after the initial diagnosis date of RA up to the endpoint of the study(Corticosteroid: beclometasone [ATC code: R03BA01], budesonide [ATC code: R03BA02], fluticasone [ATC code: R03BA05], ciclesonide [ATC code: R03BA08], formoterol [ATC code: R03AC13], and budesonide [ATC code: R03AK07]. DMARDs: tacrolimus [ATC code: L04AD02], mycophenolate mofetil [ATC code: L04AA06], azathioprine [ATC code: L04AX01], sulfasalazine [ATC code: A07EC01], hydroxychloroquine [ATC code: P01BA02], methotrexate [ATC code: L01BA01、L04AX03], leflunomide [ATC code: L04AA13], and cyclosporine [ATC code: L04AD01]. TNF-α antagonist: tanercept [ATC code: L04AB01], adalimumab [ATC code: L04AB04], rituximab [ATC code: L01XC02], and golimumab [ATC code: L04AB06]).



Statistical Analysis

The difference of basic characteristics and potential confounders between the two groups was assessed by absolute standardized mean difference instead of statistical testing because the difference is a property of the sample rather than an underlying population. The value of absolute standardized mean difference ≤0.1 indicates a negligible difference in potential confounders between the two groups. A univariate and multivariate Cox’s proportional hazard model were used to estimate the hazard ratios (HRs) and 95% CI of IS for CHP use, controlling for potential confounding factors, including age, gender, diabetes mellitus, hypertension, hyperlipidemia, COPD, ESRD, atrial fibrillation, and medication. Furthermore, we performed a multivariate Cox’s proportional hazard model to estimate the hazard ratios (HRs) and 95% CI of IS for the most commonly prescribed single herb and polyherbal formulations controlling for age, gender, diabetes mellitus, hypertension, hyperlipidemia, COPD, ESRD, atrial fibrillation, and medication.

The Kaplan–Meier method and log rank tests were performed to compare the cumulative incidence rate of IS among the two groups. We also performed subsequent subgroup analyses to examine the effect of cumulative numbers of days of CHP use. We stratiﬁed the patients in the CHP group into three subgroups: cumulative numbers of days of CHP use days <30 days, 30 to 180 days, and >180 days. In this study, SAS 9.4 (SAS Institute Inc., Cary, NC) was used for the statistical analysis.




Results

After the frequency matching, the gender and age were similar between the CHP and non-CHP groups. The mean (standard deviation) age of the patients in the CHP and non-CHP groups was 46.60 (11.59) years and 46.67 (11.59) years, respectively. There is no difference between the two group with regard to comorbidities (all of the standardized mean difference < 0.1). However, the proportion of DMARDs and TNF-antagonist use in the CHP group was significantly higher than that in the non-CHP group. The mean (median) follow-up period of the CHP group is longer than that of the non-CHP group (4.37(4.92) years v.s.4.81 (4.30) years, standardized mean difference = 0.108) (Table 1).


Table 1 | Characteristics of patients with rheumatoid arthritis classified according to the use of Chinese herbal products.



A total of 250 patients developed IS during follow-up; the incidence rates of IS in the CHP and non-CHP group was 4.68 per 1000 person-years and 7.00 per 1000 person-years, respectively. The Kaplan–Meier analysis demonstrated that the cumulative incidence of IS in the CHP group was significantly lower than that in the non-CHP group (log-rank test, p = 0.0016) (Figure 2). Patients in the CHP group were more likely to have a lower risk of IS (crude HR: 0.67, 95% CI: 0.52–0.86) compared to their counterparts in the non-CHP group. After multivariate adjustment, the HR for the risk of IS remained the same (aHR: 0.67, 95% CI: 0.52–0.86) (Table 2).




Figure 2 | Cumulative incidence rate of ischemic stroke among patients with RA in the CHP and non-CHP group. CHP, Chinese herbal products.




Table 2 | Incidence rates, hazard ratio, and confidence intervals of ischemic stroke among rheumatoid arthritis patients with and without Chinese herbal products usage according to gender, age, comorbidities, and drug used.



After stratification by gender, the incidence rates of IS among the female and male patients in the CHP group were 3.96 per 1000 person-years and 9.32 per 1000 person-years, respectively. Female patients in the CHP group had a significantly lower risk of IS (aHR: 0.63, 95% CI: 0.47–0.85) compared to their counterparts in the non-CHP group. However, no significant difference was observed in this respect among the male patients (aHR: 1.35, 95% CI: 0.74–2.44) between the CHP and the non-CHP groups. In the age group of 40 to 59 years, the patients in the CHP group showed a significantly lower risk of IS compared to those in the non-CHP group (Table 2). In addition, RA patients without DM in the CHP group were associated with a lower risk of IS (aHR: 0.74, 95% CI: 0.55–0.98) compared with those in the non-CHP group. The same results were observed regarding the other baseline comorbidities, and RA patients without any comorbidity might be associated with a 0.73 to 0.69-fold lower risk of IS. Moreover, in the stratification analysis of the medication, RA patients receiving the CHP in combination with WM treatment showed a trend of reduced risk of IS compared with those receiving WM only, with the exception of RA patients taking TNF-antagonist (Table 2).

Table 3 presents the results of the subgroup analysis according to the cumulative numbers of days of CHP use among patients with RA. Compared to the non-CHP group, patients who received CHP for 30 to 180 days had a significantly lower risk of IS (aHR: 0.61, 95% CI: 0.40–0.91). Moreover, patients who use CHP >180 days showed a marginal significant lower risk of IS among patients with RA (aHR: 0.62, 95% CI: 0.38–1.00).


Table 3 | Hazard Ratios and 95% confidence intervals of ischemic stroke risk associated with the cumulative numbers of days of CHP use among patients with rheumatoid arthritis.



The five most commonly prescribed single herbs and polyherbal formulations are listed in Table 4. The most commonly used single herb was Corydalis ambigua Cham. & Schltdl. (Yan-Hu-Suo, n = 954, 22.9%), followed by Spatholobus suberectus Dunn (Ji-Xie-Teng, n = 791, 19.0%), Cyperus rotundus L. (Xiang-Fu, n = 675, 16.4%), Morus alba L. (Sang-Zhi, n = 741, 17.9%), and Coix lacryma-jobi L. (Yi-Yi Ren, n = 680, 16.39%). In addition, Gui-Zhi-Shao-Yao-Zhi-Mu-Tang (n = 1449, 34.9%) was the most commonly used polyherbal formulation, followed by Dang-Gui-Nian-Tong-Tang (n = 1182, 28.5%), Shu-Jin-Huo-Xie-Tang (n = 991, 23.9%), Du-Huo-Ji-Sheng-Tang (n = 696, 16.8%), and Jia-Wei-Xiao-Yao-San (n = 628, 15.1%). The association between prescribed polyherbal formulations and the risk of IS was explored using a Cox proportional hazard models. The results demonstrated that Gui-Zhi-Shao-Yao-Zhi-Mu-Tang (aHR: 0.50, 95% CI: 0.31-0.80), Shu-Jin-Huo-Xie-Tang (aHR: 0.35, 95% CI: 0.20-0.63), and Du-Huo-Ji-Sheng-Tang (aHR: 0.57, 95% CI: 0.34-0.96) were associated with a decreased risk of IS (Table 4).


Table 4 | Hazard Ratios and 95% confidence intervals of ischemic stroke risk associated with the type of single herbs and polyherbal formulations used among patients with rheumatoid arthritis.





Discussion

This is the first nationwide retrospective cohort study designed to investigate the association between the risk of IS and the combined use of CHP in patients with RA. A total of 8,296 patients with RA were included in the study. There were 4,148 patients in each group after a 1:1 frequency match by gender, age, index year, and initial diagnosis year of RA. We observed an association between using CHP in combination with WM and a lower risk of IS among patients with RA (aHR for IS: 0.67 vs. non-CHP group). A possible reason for this is that the commonly used CHP, such as Gui-Zhi-Shao-Yao-Zhi-Mu-Tang, alleviate systemic inflammation by lowering the CRP, and erythrocyte sedimentation rate (ESR), which may decrease the progression of atherosclerosis, the main pathologic process of IS (Daily et al., 2017). Another commonly prescribed single herb, Spatholobus suberectus Dunn (Ji-Xie-Teng), has also been shown to suppress inflammation by decreasing TNF-α secretion (Ye et al., 2014). The findings of this study suggest that the RA patients had a decreased risk of IS which may be associated with the combined use of CHP with anti-inflammatory effects.

From the viewpoint of TCM, the etiology of RA is dampness, wind, and heat (23). In our study, Gui-Zhi-Shao-Yao-Zhi-Mu-Tang, which originated from the Synopsis of the Golden Chamber written by Zhang Zhong Jing in the Han Dynasty, was the most commonly prescribed polyherbal formulation (Bian, 2000). In TCM theory, Gui-Zhi-Shao-Yao-Zhi-Mu-Tang dispels dampness, eliminates wind, and clears heat, which is similar to the mechanism of anti-inflammatory drugs. Guo documented that Gui-Zhi-Shao-Yao-Zhi-Mu-Tang may partially attenuate RA by reversing inflammation-immune system imbalance and regulating the signaling pathways such as those involved in the secretion of TNF-α (Guo et al., 2016). Daily et al. noted that Gui-Zhi-Shao-Yao-Zhi-Mu-Tang lowered CRP and ESR in several clinical trials (Daily et al., 2017). Moreover, single herbs in Gui-Zhi-Shao-Yao-Zhi-Mu-Tang such as Paeonia lactiflora Pall. (Shao-Yao) and Anemarrhena asphodeloides Bunge (Zhi-Mu) have an anti-inflammatory effect. Compared with patients with RA who received leflunomide alone, those who received a combination of total glucosides of peony and leflunomide showed lower levels of the CRP, ESR, and rheumatoid factor (Feng et al., 2016). This may explain the lower risk of IS among patients with RA who received a combination of CHP and WM in the present study.

Interestingly, the study finding is that female patients in the CHP group had a significantly lower risk of IS [aHR:0.63 (95% CI: 0.47–0.85)] than those who were in the non-CHP group. However, no significant difference was observed in this respect for the in male patients. This result might be related to the patients’ lifestyle, such as tobacco use, which is a well-established risk factor for stroke. According to previous surveys of Taiwanese people, the rate of smoking was higher in males than in females (Wen et al., 2005). Additionally, smoking and obese male tend to engage in irregular exercise (Lin et al., 2016). This then establishes the factors for stroke that might influence this study’s results (Pearson et al., 2002; Boehme et al., 2017).

Table 2 presents that there was no significant difference between the two groups in risk of IS among the RA patients with any kind of comorbidity which is the main risk factor for IS. However, a reduced risk of IS was observed in the CHP group among RA patients without any kind of comorbidity. A possible explanation for this is that the baseline comorbidities, major risk factors for IS, may reduce the efficacy of CHP and exert an influence on the risk of IS. Hypertension, diabetes, hyperlipidemia, chronic obstructive pulmonary disease, end stage renal disease, and atrial fibrillation are thought to be the independent risk factors for IS with 2- to 3-fold increased risk in stroke (Boehme et al., 2017). Possible mechanisms leading to stroke are chronic systemic inflammation (Austin et al., 2016; Chen R. et al., 2016; Jimenez et al., 2016; Nayak-Rao and Shenoy, 2017; Menet et al., 2018). Inflammation plays an important role in the development of the atherosclerotic plaque and the main pathologic process of IS. Although several commonly prescribed CHP have anti-inflammation effects, the chronic inflammation among RA patients with any kind of comorbidity might be too severe to be reversed. Therefore, there was no association between protective effect against IS of CHP and the risk of IS among RA patients with comorbidities. In the aspect of medication, RA patients receiving CHP in combination with DMARDs had a lower risk of IS compared to those receiving WM only. However, there is no significantly lower risk of IS among RA patients receiving CHP in combination with TNF-antagonist compared to those receiving WM only. The reason might be because the systemic inflammation of RA patients receiving TNF-antagonist are too severe to be alleviated. Doctors usually prescribe TNF-antagonist to treat RA patients due to high disease activity, early joints erosion, or high level of rheumatoid factor indicate higher grade of inflammation and disease severity than those taking DMARDs only (Albrecht and Zink, 2017). Hence, the association between a lower IS risk and receiving the CHP treatment in combination with WM among severe RA patients was not significant.

In the CHP group, patients with cumulative numbers of days of CHP use between 30 and 180 days were found to have a lower risk of IS than those whose cumulative numbers of days of CHP use <30 days. A possible explanation for this is that CHP requires 30-180 days to achieve a steady effect in patients with RA. The cumulative numbers of days of CHP use was similar to the treatment duration of methotrexate recommended by the European League Against Rheumatism (Smolen et al., 2017). Moreover, the results obtained for the minimum number of days of CHP use were consistent with those of previous randomized controlled trials. Patients with RA taking Paeonia lactiflora Pall. (Shao-Yao) extract in combination with treatment with leflunomide and methotrexate for 24 weeks had lower CRP levels and ESR (Chen et al., 2013). Additionally, after 12 to 24 weeks of treatment with Tripterygium wilfordii Hook.f in combination with methotrexate, there was an improvement in the level of CRP (Lv et al., 2015). Furthermore, several randomized controlled trial about the efficacy of Gui-Zhi-Shao-Yao-Zhi-Mu-Tang with WM showed that after taking Gui-Zhi-Shao-Yao-Zhi-Mu-Tang with WM for 4-12 weeks, there was a significant decrease in ESR, RA factor, and CRP (Daily et al., 2017). The Pathological mechanisms of RA are characterized by chronic systemic inflammation, and patients using CHP for 30-180 days may achieve an improved anti-inflammatory effect in terms of reducing their risk of IS.

Another major finding of this study is that the commonly prescribed polyherbal formulations, such as Gui-Zhi-Shao-Yao-Zhi-Mu-Tang, Shu-Jin-Huo-Xie-Tang, Du-Huo-Ji-Sheng-Tang, have been found to lower the risk of IS (Table 4). A possibly explanation is that the polyherbal formulations may suppress chronic inflammation in patients with RA. The function, ingredients, and the percentage of every single herb of the top 5 most commonly prescribed polyherbal formulations were presented in Table 5. Daily et al. have reported that Gui-Zhi-Shao-Yao-Zhi-Mu-Tang may lower the levels of the CRP and the ESR in patients with RA (Daily et al., 2017). Previous research has demonstrated that more than 50% of ingredients contained in Gui-Zhi-Shao-Yao-Zhi-Mu-Tang have anti-inflammatory effects with lowering the level of rheumatoid factor or suppressing the production of TNF-α or IL-6; these included Paeonia lactiflora Pall. (Bai-Shao), Anemarrhena asphodeloides Bge. (Zhi-Mu), Saposhnikovia divaricata (Turcz.) Schischk. (Fang-Feng) and Zingiber officinale Roscoe (Sheng-Jiang) (Chen et al., 2013; Kong et al., 2013; Funk et al., 2016). Although there was only a Chinese study presented that Shu-Jin-Huo-Xie-Tang may reduce the production of lymphocyte IL-2 after co-culture of the herb with lymphocyte. More than 50% of ingredients in Shu-Jin-Huo-Xie-Tang are demonstrated to have anti-RA effects, such as Angelica sinensis (Oliv.) Diels (Dang-Gui), Ligusticum chuanxiong Hort. (Chuan-Qiong), Paeonia lactiflora Pall. (Bai-Shao), Atractylodes lancea (Thunb.) DC. (Cang-Zhu), Clematis chinensis Osbeck (Wei-Ling-Xian), Saposhnikovia divaricata (Turcz.) Schischk. (Fang-Feng) and Zingiber officinale Roscoe (Sheng-Jiang), have been shown to suppress the expression of several inflammatory cytokines in an experimental RA model (Peng et al., 2012; Kong et al., 2013; Funk et al., 2016; Hung and Wu, 2016; Liu et al., 2016; Li et al., 2016). In addition, Du-Huo-Ji-Sheng-Tang has been claimed to mediate an anti-inflammatory effects by promoting lymphatic drainage function in TNF-Tg mice (Chen Y. et al., 2016). Certain single herbs in Du-Huo-Ji-Sheng-Tang also have an potentially anti-inflammatory effect, such as Saposhnikovia divaricata (Turcz.) Schischk. (Fang-Feng), these include Paeonia lactiflora Pall (Shao-Yao), Ligusticum chuanxiong Hort. (Chuan-Qiong), and Angelica sinensis (Oliv.) Diels (Dang-Gui). In previous studies, Ligusticum chuanxiong Hort. (Chuan-Qiong) and Angelica sinensis (Oliv.) Diels (Dang-Gui) have been demonstrated to counteract the expression of inflammatory cytokine thereby minimize the endothelial damage, such as TNF-α and interleukins, which is a key mediator of inflammation (Kong et al., 2013; Li et al., 2016; Hung and Wu, 2016). The anti-inflammatory effects of these polyherbal formulations may be associated with a lower risk of IS among patients with RA.


Table 5 | The function and active compounds of the top 5 commonly prescribed single herbs and the function and ingredients of the top 5 most commonly prescribed polyherbal formulations for patients with RA.




This study has several strengths. First, this is a nationwide population-based study using a registry of beneficiaries, inpatient, and ambulatory care claims, and the Registry for Catastrophic Illness from the NHIRD datasets. This type of data not only prevents selection bias and recall bias related to the use of CHP but also reflects real-world practice. Second, the use of the date of first accepted CHP as the index date in the CHP group helps to avoid bias whereby patients with a longer stroke-free period of time tend to use CHP. Third, we performed a subgroup analysis based on the number of cumulative days of CHP usage. The result may provide empirical evidence pertaining to the days of CHP usage for clinical use.

Several limitations of the present study need to be considered. Data pertaining to life style, smoking, drinking, obesity, and body mass index are unavailable from the NHIRD. Similarly, data pertaining to disease activity and disease severity were unavailable, although all of them are known risk factors for IS (Dhillon and Liang, 2015). We performed a 1:1 frequency match and used a Cox proportional hazard model to eliminate the potential effect of confounding factors. Second, NHIRD only covers CHP prescribed by licensed TCM physicians. Patients who resorted to over-the-counter use of CHP may not have been included in the study sample, which is likely to have led to an underestimation of the percentage of CHP usage. Third, safety of prescribed polyherbal formulations are not available. Certain single herbs contained in the polyherbal formulations were reported to cause adverse reactions. Aconitum carmichaelii Debx.(accounts for 6.5%), contained in Gui-Zhi-Shao-Yao-Zhi-Mu-Tang, might cause palpitation, hypotension, and arrhythmia due to aconitine alkaloids. Asarum sieboldii Miq.(accounts for 6.5%), one of the single herb in the Du-Huo-Ji-Sheng-Tang, might lead to renal failure, tubulointerstitial fibrosis, and urothelial cancer owing to aconitine alkaloids. Although, the toxic compounds of the certain single herbs might result in harmful effects, Daily and Hsieh reported that no severe adverse events and drug reactions are observed after taking Gui-Zhi-Shao-Yao-Zhi-Mu-Tang and Du-Huo-Ji-Sheng-Tang 4 to 20 weeks (Hsieh et al., 2010; Daily et al., 2017).



Conclusion

This study demonstrated the association between a decreased IS risk and receiving CHP treatment in combination with WM in RA patients, particularly those who used CHP for more than 30 days. Our findings suggest that Gui-Zhi-Shao-Yao-Zhi-Mu-Tang, Shu-Jin-Huo-Xie-Tang, and Du-Huo-Ji-Sheng-Tang might be associated with a lower risk of IS. A further randomized control trial is required to clarify the casual relationship between these results.
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Rheumatoid arthritis (RA) is a chronic systemic autoimmune disease characterized by chronic synovitis, bone erosion, and bone loss. Erzhi Pill (EZP), a classic Chinese patent medicine, is often used to treat osteoporosis and shows a capacity for bone metabolism regulation. Methotrexate (MTX), an essential drug for RA treatment, has been reported to inhibit generalized bone loss in RA patients. However, the combined therapeutic effects and mechanism of EZP and MTX in RA have not been fully elucidated. The aim of this study was to investigate the synergistic effect of EZP and MTX on RA and to explore the underlying mechanism through network pharmacological prediction and experimental verification. Chemical compounds of EZP, human target proteins of EZP and MTX, and RA-related human genes were identified in the Encyclopedia of Traditional Chinese Medicine database, PubChem database, and NCBI database, respectively. The molecular network of EZP and MTX in RA was generated and analyzed with Ingenuity Pathway Analysis software according to the datasets. Then, MTX monotherapy, EZP monotherapy, and combined MTX and EZP therapy were administered to collagen-induced arthritis rats, followed by assessment of pathological score, bone damage, bone alkaline phosphatases (BALP), and tartrate-resistant acid phosphatase (TRACP), and of gene levels related to the Wnt1/LRP5/β-catenin pathway according to network pharmacological analysis. Finally, serum samples from MTX-, EZP- and MTX+EZP-treated rats were used to treat the rat osteoblast (OB)-like UMR-106 cell line to evaluate gene levels related to Wnt1/LRP5/β-catenin. Network pharmacological analysis showed that the Wnt/β-catenin signaling pathway was the top signaling pathway shared among MTX, EZP, and RA. The results from in vivo experiments indicated that EZP combined with MTX reduced arthritis severity, alleviated ankle bone damage, increased BALP and decreased TRACP serum levels, and regulated the mRNA expression of Wnt1, LRP5, β-catenin, Runx2, BALP, and BGP in the ankles. In vitro experiments showed that EZP combined with MTX could also improve the expression of genes related to the Wnt1/LRP5/β-catenin pathway. This study demonstrated that EZP in combination with MTX played a synergistic role in regulating OBs in RA, which was connected to the modulatory effect of EZP and MTX on the Wnt1/LRP5/β-catenin signaling pathway.
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Introduction

Rheumatoid arthritis (RA), a clinically common and refractory disease, is pathologically characterized by chronic synovitis of the joints and disrupted bone homeostasis. In the pathological condition of RA, bone homeostasis involving bone formation mediated by osteoblasts (OBs) and bone resorption regulated by osteoclasts (OCs) is disrupted. A previous study showed that the Wnt/β-catenin pathway plays an important role in bone development and homeostasis. It can lead to OBs commitment, proliferation, and differentiation, as well as enhancing OBs and osteocyte survival (Glass et al., 2005). Bone destruction, which occurs in RA, is regulated by receptor activator of nuclear factor-κB (RANK) and nuclear factor-kappa beta receptor living factor ligand (RANKL) (Jung et al., 2014). This evidence implies that RA is even more complex than initially predicted.

Erzhi Pill (EZP), a classic Chinese patent medicine consisting of Ligustrum lucidum Ait. and Eclipta prostrata L. in a one-to-one ratio, is used to clinically improve osteoporosis (OP) in China. One study showed that EZP had potential anti-OP effects by preventing the degradation of the alveolar trabecular microarchitecture and alveolar bone loss in ovariectomized rats through activation of the Wnt3a/low-density lipoprotein receptor-related protein 5 (LRP5)/β-catenin signaling pathway (Sun et al., 2014). A study by Liang et al. found that EZP played a therapeutic role in an ovariectomized rat model by improving bone metabolism disorder, bone morphology, bone mineral density (BMD) and bone biomechanics and that the underlying mechanism was related to the Sirt1/Foxo signal (Liang et al., 2018). In addition, an in vitro study found that EZP-containing serum could inhibit the proliferation and differentiation of OCs from RAW264.7 cells induced by RANKL (Zhang et al., 2008). However, there are no relevant studies on the application of EZP in the treatment of RA.

Methotrexate (MTX), which is a cornerstone drug for the treatment of RA and has a clinical effective rate of approximately 60%, mainly inhibits inflammation and plays a certain role in bone protection by regulating RANK/RANKL/osteoprotegerin (OPG) (Swierkot et al., 2015; Kanagawa et al., 2016). In addition, several studies have also reported that MTX could improve the expression and activity of OB-related proteins, such as bone alkaline phosphatases (BALP), in primary human OB-like cells (Davies et al., 2002; Davies et al., 2003). To improve its pharmaceutical effect, MTX is often combined with other drugs to treat RA. Takeuchi et al. combined AMG 162 (denosumab) with MTX in a phase II clinical trial, demonstrating an inhibitory effect on the progression of bone erosion at 12 months (Takeuchi et al., 2016). Currently, there is no drug that can be combined with MTX to improve osteogenesis for the treatment of RA. In the clinic, combinations of several drugs that interact with multiple targets in the molecular networks of a disease may achieve better efficacy than monotherapies. Thus, drug combinations can have a synergistic effect without increased toxicity (He et al., 2016).

Considering the limited therapeutic effect of MTX and the multicomponent, multitarget, and multipathway nature of the TCM formula EZP, MTX and EZP were combined, and a network pharmacological approach was applied to explore the pharmacodynamics and corresponding mechanisms of MTX combined with EZP in the treatment of RA. Animal and cell experiments were executed to verify the network pharmacological analysis results. This study may lay the foundation for an optimized combination of drugs treating RA and generate a new approach for treating RA.



Materials and Methods


Network Pharmacology-Based Analysis of MTX, EZP, and RA

The chemical compounds of Ligustrum lucidum Ait. and Eclipta prostrata L., which constitute EZP, were found in the Encyclopedia of Traditional Chinese Medicine (ETCM) database (http://www.ehbio.com/ETCM/). Human protein targets of the above chemical compounds and MTX were retrieved from PubChem Compound (https://pubchem.ncbi.nlm.nih.gov/). Human genes related to RA were obtained from the National Center for Biotechnology Information (NCBI) Gene database (http://www.ncbi.nlm.nih.gov/gene), and “rheumatoid arthritis” was used as a keyword in the Gene database search.

The human target proteins and genes obtained in the first step were then uploaded to the Ingenuity Pathway Analysis (IPA) platform. The molecules imputed to the IPA platform were termed “focus molecules.” IPA generated a set of networks based on different biofunctions. Molecules were shown as nodes, and the biological relationship between two nodes was shown as an edge (line). All edges were supported by at least one reference from a textbook, the literature, or canonical information stored in the Ingenuity Pathway Knowledge Base (IPKB). Nodes with diverse shapes represented the different functional classes of gene products.

The networks were sorted depending on the score evaluated by the IPA, representing the significance of the molecules for the network. In addition, the IPA determined the significance of the associations between the focus molecules and canonical pathways using Fisher's exact test. To study the mechanism of EZP and MTX treatment of RA, canonical pathway analysis in IPA was accomplished by using the comparison module.



Induction of Arthritis and Treatment

A total of 50 male Sprague-Dawley (SD) rats were purchased from the Research Institute of Experimental Animals, Chinese Academy of Medical Science (Animal license number: SCXK (Beijing) 2014-0013) at six weeks of age. Rats were maintained in the Experimental Animal Center of the Institute of Clinical Medical Sciences, China-Japan Friendship Hospital [Experiment Animal Center license number: SCXK (Beijing) 2016-0043]. Animals were kept in a specific pathogen-free environment with a temperature of 23°C (± 2°C) and a 12-hour alternating light/dark cycle. They had free access to standard rodent chow and water. All experimental procedures were approved and directed by the Institute of Clinical Medical Sciences, China-Japan Friendship Hospital, Beijing, China (No, 180111).

After three days of acclimation, 40 rats were injected intradermally with 50 µL of emulsified mixture consisting of bovine type II collagen (Chondrex, Inc., Redmond, WA, USA) and isopycnic incomplete Freund's adjuvant (IFA, Chondrex) at the tail root. Meanwhile, the remaining 10 rats were injected with the same volume of saline. Seven days after the initial immunization, the same method was used for booster immunizations. On the day of booster immunization, the rats that had received immunizations were randomly divided into four groups and treated by gavage: the collagen-induced arthritis group (CIA) received 10 mL of purified water per kg of weight, twice per day at 9:00 AM and 3:00 PM respectively; the MTX (Shanghai Sine Pharmaceutical Co., Ltd, Shanghai, China) treatment group (MTX) received 1.5 mg of MTX per kg of weight at 3:00 PM and 10 mL of purified water per kg of weight at 9:00 AM, twice per week, and for the other day, they received 10 mL of purified water per kg of weight, twice per day at 9:00 AM and 3:00 PM respectively; the Erzhi Pill (Yaodu Zhangshu Pharmaceutical Co., Ltd, Jiangxi, China; quality control showed in Supplementary Material 1) treatment group (EZP) received 1.8 g of Erzhi Pill per kg of weight, twice per day at 9:00 AM and 3:00 PM respectively; the Erzhi Pill and MTX combined group (EZP + MTX) was treated with Erzhi Pill at the same administration frequencies, dosages, and times as those of the EZP group and treated with MTX at the same administration frequencies and dosages as those of the MTX group but at 2:30 PM. In addition, the 10 unmodeled rats served as a normal control group (Control) treated with 10 mL of purified water per kg of weight, twice per day at the same time as the CIA group. The scheme of the design of the study and animal grouping are shown in Figure 1.




Figure 1 | Experimental schedule. Male SD rats were immunized twice by intradermal injection with 50 µL bovine type II collagen emulsified with IFA on 7 days before day 1 and day 1. On day 1, the rats were randomly assigned into groups CIA, EZP, MTX, and EZP + MTX and given intragastric administration for 28 days. Tissue samples of the control rats and rats with AI ≥ 1 in the model were collected at the end-point of the experiment (day 28).





Arthritis Assessment of Hind Limbs

From the day of administration of the treatment, rats were evaluated for the degree of swelling in the hind limbs every three days. The severity of arthritis per hind leg was expressed as the arthritic index (AI) score on a scale of 0 to 4 points according to conventional criteria (Zhao et al., 2018). Briefly, 0 = no change, 1 = redness or slight swelling, 2 = mild swelling, 3 = pronounced swelling, and 4 = deformity of and inability to use limb. Any modeling rats with an AI score of 0 at the last time point were deemed a failure of modeling and were excluded in the follow-up index.



Histological Analysis of Ankle Joints

Rats were sacrificed after 28 days of treatment. The right hind ankle joints were fixed in formalin for seven days, followed by decalcification for one month. Then, the ankle joints were sectioned and stained with hematoxylin and eosin (H&E) under the guidance of a protocol. Histological score was evaluated by assessing inflammation, cartilage damage, bone damage, inflammatory cell infiltration, synovial hyperplasia, and pannus. The score was on a scale from 0 to 3 according to severity; the specific method was elaborated in an article by Zhao et al. (2018).



Micro-Computed Tomography (Micro-CT) Analysis of Ankles and Paws

Micro-CT scans of the ankles and paws were performed to assess the extent of bone damage using a Skyscan1174 Micro CT (Bruker, Belgium). The matching software N-Recon was then used for 3D image reconstruction of both ankles and paws. Finally, 3D analysis of bone volume (BV), bone surface (BS), and BS/BV were performed via the matching software CT-AN.



Serum Bone Metabolite Assessment by Enzyme-Linked Immunosorbent Assay (ELISA)

On the last day of treatment, blood was obtained from the abdominal aorta. After centrifugation at 3000 rpm for 10 minutes at 4°C, the serum was collected and stored at -80°C. The activity and function of OCs and OBs were evaluated by the levels of tartrate-resistant acid phosphatase (TRACP) and bone alkaline phosphatases (BALP) in the serum. They were measured using ELISA according to the protocol. ELISA kits were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).



Culture and Treatments of OB-Like Cells With Medicated Serum

The rat OB-like UMR-106 cell line (National Infrastructure of Cell Line Resource, China) was purchased and cultured in high-glucose Dulbecco's modified Eagle's medium (DMEM-H; HyClone, Logan, USA) containing 10% fetal bovine serum (FBS; Gibco BRL, Grand Island, NY, USA) in a constant-temperature incubator at 37°C, maintaining a moderate level of 5% CO2 and 95% saturation humidity. When the cells became 80-90% confluent, they were digested and inoculated for serial passage. UMR-106 cells in the logarithmic growth phase were reseeded in 96- and 24-well culture plates at densities of 1 × 105 and 5 × 105 cells/well, respectively; 24 hours later, the cells were used in follow-up experiments.

Once the dosages of EZP and MTX given to the rats had reached the maximum, the rat serum collected one hour after the last gavage was considered medicated serum following inactivation and filtration. UMR-106 cells seeded in cell plates were divided into five groups: the control serology group (Control), CIA serology group (CIA), MTX serology group (MTX), EZP serology group (EZP), and MTX+EZP serology group (MTX+EZP). UMR-106 cells were treated for 48 hours with culture medium supplemented with 15% medicated serum.



Detection of OB-Like Cell Proliferation Rate via Cell Counting Kit-8 (CCK8) Assay

After 48 hours of intervention with medicated serum, the medium of UMR-106 cells was changed to DMEM-H containing 10% CCK8 (Dojindo, Japan). After reacting for 1.5 hours in the incubator, the absorbance was detected at wavelengths of 450 mm and 620 mm, and the cell proliferation rate was calculated.



Evaluation of Relative Gene Expression of Wnt1/LRP5/β-Catenin Signaling Pathway Through Real-Time PCR

The left hindlimbs of rats were rapidly frozen with liquid nitrogen after being severed in the middle of the femur and removing the fur and muscles and then transferred to -80°C. Within a month, the bones were smashed in liquid nitrogen, and total RNA was extracted using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Similarly, RNA was extracted from UMR-106 cells after 48 hours of intervention with medicated serum. The purity and quality of the isolated RNA were then examined with a NanoDrop One (Thermo Fisher Scientific, Waltham, MA, USA). gDNA was eliminated with gDNA Eraser, and the RNA was reverse transcribed with the PrimeScript RT reagent Kit (TaKaRa, Tokyo, Japan). The mRNA levels of selected genes were detected using SYBR Premix Ex Taq (TliRNaseH Plus) (TaKaRa) with the Quant Studio 5 Real-Time PCR System (Thermo Fisher Scientific) according to the manufacturer's guidelines. The cycling parameters were as follows: 95°C for 15 seconds, followed by 40 cycles at 95°C for 5 seconds and 60°C for 34 seconds. The samples were analyzed in duplicate, and their relative expression levels of genes were determined by normalization to the expression level of GAPDH. The primers used are shown in Supplementary Material 2.



Statistical Analysis

Statistical analysis was carried out using GraphPad 8.0 software. The results were expressed as the mean ± SEM. Differences among groups were estimated by one-way analysis of variance (ANOVA) and a posthoc Tukey's test. Differences were considered significant when P < 0.05.




Results


Shared Signaling Pathways of MTX, EZP, and RA From Network Pharmacological Analysis

A total of 41 chemical compounds (Supplementary Material 3) and 1454 targets (Supplementary Material 4) of EZP were obtained in this study. Meanwhile, 102 targets of MTX and 1148 RA-related genes were found (Supplementary Materials 5 and 6). In total, 328 signaling pathways of EZP and MTX were obtained, and 374 signaling pathways of RA were acquired. Among these signaling pathways, 297 were shared by EZP, MTX, and RA. The top 14 shared signaling pathways associated with cellular immune response and cytokine signaling are shown in Figures 2A, B. The Wnt/β-catenin signaling pathway was determined to be the top shared signaling pathway and the focus of further study.




Figure 2 | The results of bioinformatic analysis. Signaling pathways shared among the gene molecular networks related to rheumatoid arthritis (RA) and the protein target molecular networks of EZP and MTX in the context of cytokine and cellular immune signaling, identified by using the Ingenuity Pathway Analysis (IPA) compare module. The Wnt/β-catenin signaling pathway was the pathway focused on. (A) Heat map of the top 14 shared signaling pathways of EZP, MTX, and RA. (B) Bar graph of the top 14 shared signaling pathways of EZP, MTX, and RA.





EZP Combined With MTX Ameliorated the Severity of Arthritis in CIA Rats

CIA rats were used in this study to verify the therapeutic effect of EZP and MTX on RA, and treatments were continued for 28 days. As shown in Figure 3A, ankle swelling was severe in CIA rats, and the three treatments were able to improve joint swelling to varying degrees. EZP + MTX had the best effect, while EZP alone had the weakest effect. The dynamic swelling scores are shown in Figure 3C and illustrate that, among all treatments, EZP + MTX produced the best results. From day 19 of treatment, all rats in the CIA group had the maximal AI score. Compared with the CIA group, the EZP group exhibited lower AI scores beginning on the 19th day of treatment, but there was no significant difference even at the end of the observation period. Although the MTX group had the highest score in the second week, MTX was effective after day 13, and a significant reduction in joint score was observed on the 28th day after treatment (P < 0.05). The therapeutic effects of EZP combined with MTX began to appear on the 7th day of treatment, and by the 25th day of treatment, the combination group had significantly reduced tumidness compared with the CIA group (P < 0.05). Although there was no significant difference between the MTX group and the EZP + MTX group, the AI score of the combined treatment group was significantly lower than that of the MTX group.




Figure 3 | Effects of EZP combined with MTX on arthritis severity in CIA rats. (A) Representative images of the ankle joints after treatment. (B) Representative images of ankle pathology. (C) AI score of each group. (D) Histological score of each group. ##P < 0.01 compared with the control group; *P < 0.05, **P < 0.01 compared with the CIA group; †P < 0.05 compared with the MTX group.



Pathological changes were shown in Figures 3B, D. The results suggested that the cartilage and bone were severely damaged in the CIA group, and this damage was accompanied by extensive synovial proliferation and inflammatory cell infiltration. EZP, MTX, and EZP+MTX treatments were able to reduce pathological injury to varying degrees. Histological score analysis showed that MTX and EZP + MTX prominently inhibited the histopathological changes in the ankle joints of CIA rats (P < 0.05; P < 0.01). These findings indicated that EZP alone was not effective in CIA rats but that it could coordinate with MTX to arrest the development and progression of CIA in rats.



EZP Combined With MTX Showed Bone Protection in CIA Rats

We then evaluated the therapeutic effects of EZP and MTX on the bone injury status via micro-CT (Figure 4A). The BV, BS, and BS/BV values in inflamed ankle joints were detected to quantify the extent of the bone remodeling in the different groups. The results showed that neither MTX nor EZP alone reduced the BS value, while the group treated with the combination of MTX and EZP exhibited a reduced BS compared with the CIA group (P < 0.05) (Figure 4B). BV was decreased in the CIA group, and all of the treatments increased it (P < 0.05) (Figure 4C). When considering the combination of BS and BV, we found that bone destruction was still present in the CIA group and that MTX and MTX + EZP played roles in bone protection (P < 0.05; P < 0.01) (Figure 4D). Interestingly, the combination of MTX and EZP was significantly better than MTX alone (P < 0.05). On the one hand, the micro-CT results preliminarily verified our prediction. On the other hand, the above results also suggested that the combination of the two drugs could inhibit bone absorption or increase osteogenesis.




Figure 4 | EZP and MTX synergistically reduced bone destruction in CIA rats. (A) Representative micro-CT images of ankle joints after treatment. (B–D) Line plots representing the BS, BV, and BS/BV values of all of the groups. (E–F) Bar plots representing the levels of BALP and TRACP in serum. #P < 0.05, ##P < 0.01 compared with the control group; *P < 0.05, **P < 0.01 compared with the CIA group; †P < 0.05 compared with the MTX group.



In addition, the levels of BALP and TRACP in the serum were detected via ELISA to further verify the effect of EZP combined with MTX on bone metabolism. As shown in Figure 4E, the levels of BALP in CIA rats declined (P < 0.05), suggesting that modeling decreased OBs function. The levels of BALP were increased in the MTX group and EZP + MTX group (P < 0.05; P < 0.01), and those in the combination group were higher than those in the MTX group (P < 0.05), while there was no significant difference between the EZP and CIA groups. For TRACP (Figure 4F), CIA modeling increased the levels of TRACP in serum, and MTX, EZP, and MTX+EZP treatments could reduce these levels, but there was no difference between the EZP and MTX +EZP groups. The above results suggested that the effects of the combination of EZP and MTX were reflected in the protection of osteogenesis rather than effects on OCs.



EZP Increased the Therapeutic Effects of MTX in CIA Rats Through the Wnt/β-Catenin Signaling Pathway

In order to further explore the molecular mechanism by which EZP enhanced the curative effects of MTX, we examined the Wnt/β-catenin signaling pathway and several key genes associated with the differentiation and maturation of OBs: Wnt1, LRP5, β-catenin, Runx2, bone gamma-carboxyglutamic-acid-containing proteins (BGP), and BALP.

The effects of EZP and MTX on genes associated with osteogenesis in CIA joints are shown in Figure 5. As shown in Figures 5A–D, compared with that in the Control group, the gene expression of Wnt1, LRP5, β-catenin, and Runx2 in the CIA group was significantly downregulated (P < 0.05; P < 0.01); after EZP or MTX treatment alone or combined, except Runx2 in the EZP group, the gene expressions of Wnt1, LRP5, and β-catenin in the other two groups were significantly upregulated, and the combined treatment was more effective than MTX alone (P < 0.05; P < 0.01). As markers of OBs maturity, similar to the Wnt/β-catenin signaling pathway, BALP and BGP were observed to have significantly lower gene expression in the CIA group than in the Control group (P < 0.01); EZP, MTX, and MTX + EZP could increase the mRNA levels of both BALP and BGP to varying degrees, and the mRNA levels of BALP and BGP were increased more in the MTX + EZP group (P < 0.05) (Figures 5E, F). The results above showed that EZP and MTX promoted the differentiation and maturation of OBs. Moreover, EZP had a significant synergistic effect with MTX on OBs, mediated via the Wnt1/LRP5/β-catenin signaling pathway.




Figure 5 | EZP and MTX synergistically promoted the differentiation and maturation of OBs in the CIA rat model. (A–D) Bar plots representing the relative mRNA expression levels of molecules related to the Wnt1/LRP5/β-catenin signaling pathway in the ankle joints. (E–F) RT-PCR results for BALP and BGP. #P < 0.05, ##P < 0.01 compared with the control group; *P < 0.05, **P < 0.01 compared with the CIA group; †P < 0.05 compared with the MTX group.





Synergistic Effects of EZP Combined With MTX on OBs Mediated via the Wnt1/LRP5/β-Catenin Signaling Pathway

Furthermore, we verified the results of our network pharmacology and animal experiments through cell experiments. OB-based results (Figure 6) showed that EZP could cooperate with MTX to promote OBs proliferation, differentiation, and maturation through the Wnt1/LRP5/β-catenin signaling pathway. Figure 6A showed that serum of CIA rats inhibited the survival of OBs (P < 0.05) and that MTX serum and MTX + EZP serum promoted cell proliferation compared with CIA serum (P < 0.05); however, there was no difference between MTX serum and MTX+EZP serum treatments on cell proliferation rates (P > 0.05). The results for Wnt1 and LRP5 expression in OBs were similar to the results from the joints; that is, the gene expressions were reduced in the CIA group, while all treatment groups restored them, and EZP + MTX was more effective than MTX (P < 0.05) (Figures 6B, C). The results for BGP and Runx2 were interesting. Neither MTX nor EZP alone altered the CIA-induced gene expression reduction, but the combination of MTX and EZP significantly increased the mRNA levels of both molecules (P < 0.05; P < 0.01) (Figures 6D, E). For BALP, modeling did not seem to alter gene expression, but all three treatment groups exhibited increased BALP gene levels to varying degrees (P < 0.05) (Figure 6F). These results bear out the results of the animal experiments showing that EZP had a significant synergistic effect with MTX on OBs that was mediated via the Wnt1/LRP5/β-catenin signaling pathway.




Figure 6 | EZP and MTX synergistically promoted the differentiation and maturation of OBs. (A) Bar plots of the cell proliferation rate of each group. (B–F) Relative mRNA expression levels in OBs. #P < 0.05, ##P < 0.01 compared with the control group; *P < 0.05, **P < 0.01 compared with the CIA group; †P < 0.05, ††P < 0.01 compared with the MTX group.






Discussion

The RA management recommendations updated by the European League Against Rheumatism (EULAR) address conventional synthetic (cs) disease-modifying antirheumatic drugs (DMARDs), glucocorticoids (GC), biological (b) DMARDs, and targeted synthetic (ts) DMARDs (Smolen et al., 2017). However, the clinical use of these drugs is limited by adverse effects (Bijlsma and Buttgereit, 2016; Tarp et al., 2017; Wang et al., 2018), drug resistance (Peres et al., 2015), or high cost (Wu et al., 2014; Khilfeh et al., 2019), and none of these drugs directly target bone homeostasis. After treatment with MTX, approximately 30% of patients have no response, and 30% have side effects. Despite all this, because of its reasonable cost and remarkable curative effect, MTX has been the cornerstone drug for the treatment of RA for decades. For the purpose of increasing therapeutic effects or reducing toxicity, MTX has been used in the treatment of RA either as a single agent or in combination (Hazlewood et al., 2016).

From a clinical point of view, Chinese herbal formulas have good clinical efficacies in the treatment of RA (Huang et al., 2015), and some of them target the reestablishment of bone homeostasis in RA (Zhao et al., 2017; Zhao et al., 2018). Chinese herbal formulas have advantages that DMARDs lack, such as multiple targets, good curative effects, few adverse reactions, and low cost. EZP has exhibited a good effect in treating OP, and its effect mainly relies on bone protection (Cheng et al., 2011; Rufus et al., 2013; Sun et al., 2014). Given the unique advantages of EZP and MTX and the abilities of both agents to regulate bone homeostasis, we expect to enhance the effect of MTX by combining the two agents.

MTX combined with EZP for RA treatment involves multicomponent, multitarget, and multipathway effects from a global synergistic perspective. Traditional research methods have difficulty fully revealing the pharmacodynamics and corresponding mechanism of this combination. In recent years, along with the rapid progress in bioinformatics, network pharmacology has emerged as a holistic and efficient tool to decode the underlying mechanisms of multitarget treatments by analyzing various networks of complex and multilevel interactions (Zhang et al., 2015; Zhang et al., 2016; Zheng et al., 2016). Successful attempts to study pharmacodynamics have been achieved previously in our group by network pharmacology (Li et al., 2012; Zhao et al., 2015). In this study, based on a network pharmacological approach, the Wnt/β-catenin signaling pathway was the top signaling pathway shared by MTX, EZP, and RA, which meant that further study may focus on this pathway.

The CIA model is a valid experimental model for RA because the clinical changes observed are similar to those in RA patients (Alabarse et al., 2018). Furthermore, the pathological and biochemical changes in the bone and cartilage are similar to those in clinical patients (Daans et al., 2008). The basic pathological changes of RA as well CIA are chronic inflammation in the synovium, pannus formation, and progressive destruction of the articular cartilage and bone, leading to joint deformity and functional loss (Kato et al., 2015; Abasolo et al., 2019). Our ankle histological score and micro-CT results also showed that EZP cooperated with MTX to reduce cartilage and bone destruction and synovial cell and pannus proliferation, which means that EZP combined with MTX has effects on bone remodeling in RA.

Maintenance of bone homeostasis requires an exquisite balance between bone resorption by OCs and bone formation by OBs. BALP, a marker of OB differentiation and maturation from bone precursors, promotes extracellular mineralization via the release of inorganic phosphate (Halling et al., 2017). TRACP, a marker of OC differentiation and maturation, exerts phosphatase activity to phosphorylate osteopontin to inhibit the formation and growth of hydroxyapatite crystals (Halling et al., 2017). Our ELISA results showed that single-agent EZP had no effect on the levels of BALP but that the level of BALP increased more when EZP was combined with MTX than when MTX was used alone. The results were similar to those reported in the studies of Davies et al. (Davies et al., 2002; Davies et al., 2003). However, single-agent MTX did not decrease the levels of TRACP, and the combination of the two agents did not show an inhibitory effect on TRACP. These results suggest that EZP combined with MTX mainly acts on osteogenesis rather than osteoclasia.

For decades, studies have indicated that Wnt signaling is a critical regulator for stimulating and maintaining OB differentiation and activity in both humans and animals (Le Henaff et al., 2015; Sindhavajiva et al., 2018). When bound to an Fzd receptor complex, Wnt phosphorylates the Lrp coreceptors and recruits and coheres GSK-3β and Axin to the ligand-receptor complex. This complex results in the accumulation of cytoplasmic β-catenin. Finally, β-catenin translocates into the nucleus and induces the expression of target genes, such as Runx2. In OB differentiation, Wnt1 (Laine et al., 2013), Wnt3a (Li et al., 2019), and Wnt5a (Wang et al., 2019) play dominant roles in activating β-catenin through the binding receptor LRP5 (Gong et al., 2001; Chang et al., 2014) with other molecules, thereby promoting the transcription of the differentiation factor Runx2 (Jiang et al., 2017). In this study, both EZP alone and MTX alone increased the gene expression of Wnt1, LRP5, and β-catenin, indicating that both agents target the Wnt1/LRP5/β-catenin pathway. The combination of the two agents resulted in a significant additional induction of gene expression related to Wnt1/LRP5/β-catenin signaling, including Runx2, a gene that was not affected by the use of EZP. Furthermore, the results for BGP and BALP, two bone turnover markers, were consistent with those for the Wnt pathway. The results above preliminarily verified that the bone protection mechanism underlying the synergistic effect of EZP and MTX on RA was realized through the Wnt1/LRP5/β-catenin signaling pathway. In addition, a previous study from Sun et al. found that the anti-OP effect of EZP occurred through Wnt3a/LRP5/β-catenin signaling (Sun et al., 2014). We detected the gene expression of Wnt3a as well, but its level was too low for statistical analysis. The difference might be caused by the difference in bone tissues.

We further confirmed the mechanism underlying the synergistic effect of EZP and MTX on RA in vitro using the OB-like UMR-106 cell line. The results suggested that MTX and EZP-containing serum did not increase the proliferation rate of UMR-106 cells, indicating that the treatment of RA by EZP and MTX was not associated with promoting the proliferation of OBs. The gene expression results for the Wnt1/LRP5/β-catenin signaling pathway finally determined that the synergistic effects of EZP combined with MTX were achieved by increasing OB differentiation via the Wnt1/LRP5/β-catenin signaling pathway.

In conclusion, this study explored the anti-RA effect of EZP combined with MTX through network pharmacological analysis, a CIA rat model, and cell experiments. Our results demonstrated that EZP might exert a synergistic effect in combination with MTX to regulate OBs in RA through the Wnt1/LRP5/β-catenin signaling pathway.
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The beneficial effect of quercetin in rheumatic diseases is unclear. Studies have already confirmed that human umbilical cord mesenchymal stem cells (hUCMSCs) alleviate some symptoms of rheumatoid arthritis (RA) by their immunosuppressive capacities. This study explored whether there are additive effects of quercetin and hUCMSCs on peripheral blood mononuclear cells (PBMCs) under simulated rheumatic conditions. hUCMSCs were pretreated with quercetin (10 μM) before coculture with TNF-α/IFN-γ-stimulated PBMCs at a ratio of 1:1 for 3 days. PBMC proliferation was inhibited, and the proportion of Th17 cells was shifted. These effects may be related to the effect of quercetin on functional molecules in hUCMSCs, including nitric oxide (NO), indoleamine 2,3-dioxygenase (IDO), interleukin 6 (IL-6) and Toll-like receptor-3 (TLR-3) and the Akt/IκB pathways. These results suggest that quercetin effectively promoted the immunoregulatory effect of hUCMSCs by inhibiting the Akt/IκB pathway, activating the Toll-like receptor-3 pathway, and regulating downstream cytokines.




Keywords: rheumatoid arthritis, quercetin, human umbilical cord mesenchymal stem cell, Toll-like receptor 3, interleukin 6, indoleamine 2,3-dioxygenase



Introduction

Rheumatoid arthritis (RA) is a long-term autoimmune disorder involving multiple systems. RA is characterized by the destruction of cartilage and bone by inflammatory cytokines, such as tumour necrosis factor-α (TNF-α) and interferon-γ (IFN-γ) (McInnes and Schett, 2011; Lubberts, 2015), and involves the complex interaction of T helper 1 cells (Th1 cells), Th17 cells, Th2 cells, immunoregulatory cells (such as Treg cells) and monocytes/macrophages. Compared to therapeutic agents and disease-modifying antirheumatic drugs (DMARDS), biological agents, such as TNF inhibitors, are efficacious and safe for the management of arthritis. Mesenchymal stem cells (MSCs), which are multipotent progenitor cells, are emerging as a promising biological agent for treating immune diseases. MSCs can be isolated from bone marrow (BM), umbilical cord, placenta, and adipose tissue, and these cells have the ability to differentiate into various other mesodermal cell lineages, including chondrocytes, adipocytes, and osteoblasts. Another property of MSCs is their anti-inflammatory and immunosuppressive effects. A large number of preclinical studies (Alunno et al., 2015; Yang et al., 2016; Zhang et al., 2017) and clinical studies (Dahbour and Jamali, 2017; Riordan et al., 2018; Zhang et al., 2018) have shown that MSCs considerably alleviate symptoms of autoimmune diseases. Compared with stem cells from other sources, umbilical cord mesenchymal stem cells possess advantages, including rapid, non-invasive harvest procedures, easy expansion in vitro, and ethical access; additionally, umbilical cord mesenchymal stem cells exhibit robust immunosuppressive functions (Jin et al., 2013; Wang et al., 2016).

The flavonoid quercetin is widely distributed in plants, foods, and beverages and is an active ingredient that is abundant in traditional Chinese medicines, such as Huangqi Guizhi Wuwu tang. It is a classic formula for treating autoimmune diseases with clinical efficacy that is based on decades of clinical observation and clinical practice. The formula is composed of 5 herbs: Astragalus mongholicus Bge (Huangqi), Cassia twig (Guizhi), Paeonia lactiflora Pall. (Shaoyao), Zingiber officinale Roscoe (Shengjiang), and Ziziphus jujuba Mill. (Dazao). Pang et al. conducted a meta-analysis of sixteen randomized controlled trials with a total of 1,173 patients suffering diabetic peripheral neuropathy. The results revealed that Huangqi Guizhi Wuwu tang had significant therapeutic efficacy in treating peripheral diabetic neuropathy (Pang et al., 2016). Previous studies have shown that quercetin has various biological actions, such as antioxidative and anti-inflammatory effects (Chen et al., 2018), including inhibiting inflammatory cytokines, such as ROS, IFN-γ, TNF-α, and IL-2 (Meng et al., 2018). Quercetin suppresses the secretion of inflammatory cytokines by regulating transcription factors (NF-κB) (Chen et al., 2005; Potapovich et al., 2011).

We hypothesized that quercetin has an anti-inflammatory effect and an additive effect when combined with UCMSCs, and this study aimed to investigate the mechanism by which quercetin and UCMSCs affect TNF-α and IFN-γ-stimulated PBMCs and explain the effect of quercetin and UCMSC treatment on clinical symptoms and disease activity in patients with RA.



Materials and Methods


Isolation and Culture of UCMSCs

Human umbilical cords (n = 3) were isolated from tissue obtained after full-term, healthy births. The mothers had been informed beforehand and consented to donate. In brief, the vein and artery of the UC were removed to retain Wharton’s jelly. Wharton’s jelly was cut into small pieces (1–2 mm3) and placed into 100 mm tissue culture dishes (NUNC, Thermo Fisher Scientific, USA). A total of 10 ml complete culture medium containing MEM-α (HyClone, USA) supplemented with 5% serum substitute (UltraGRO Advanced, HELIOS, USA) was added to the tissue culture dishes and incubated at 37°C in a 5% carbon dioxide incubator for 7 to 8 days. The medium was changed every 3 to 4 days. After 7 to 8 days, the tissue pieces were removed, and the cells that had attached to the tissue culture dishes were cultured. After another 7 to 8 days, the cells reached 50% to 60% confluence and were passaged into a T175 culture flask at a density of 2×106/cm2. Each flask contained 25 ml of MEM-α supplemented with 5% serum substitute (UltraGRO Advanced, HELIOS, USA) and maintained at 37°C in a 5% carbon dioxide incubator. UCMSCs were further passaged when they reached 90% confluence. All UCMSCs used in this study were used within passages 3–5. This study was approved by the Ethics Committee at Guangdong Provincial Hospital of Chinese Medicine and was conducted in accordance with the 1989 Declaration of Helsinki.



UCMSC Characterization

UCMSCs (1 × 106 per tube) were phenotypically characterized by flow cytometry (FACS Aria II, BD Biosciences, USA) using the following antibodies: CD105-PerCy, CD90-FITC, CD44-PE, CD73-FITC, and a negative MSC cocktail (CD45/CD34/CD11b/CD19/HLA-DR) (BD Biosciences, USA). A total of 20,000 events were recorded for each sample, and the data were analysed using FlowJo software (BD Biosciences, USA). In addition, UCMSCs were functionally characterized by multipotent differentiation to adipocytes, osteocytes, and chondrocytes using differentiation and staining kits (Biological Industries, Israel). Briefly, 6×104 cells/well were seeded in 24-well plates for adipogenic or osteogenic differentiation assays, and 1×105 cells/well were seeded in 96-well U-bottom culture plates for chondrogenic differentiation assays using complete culture medium. All plates were placed in a 5% carbon dioxide incubator at 37°C for 24 to 48 h, and when the cells were 80% to 90% confluent, the medium was changed to differentiation medium (05-330-1-1B, 05-331-1-01 & 05-332-1-15 for adipogenesis; 05-442-1 for osteogenesis; 05-220-1B & D for chondrogenesis). Then, the cells were incubated for 10 to 21 days, and the differentiation medium was changed every 3 to 4 days. Oil red O staining, Alizarin red staining, and Alcian blue staining were used to evaluate adipogenesis, osteogenesis, and chondrogenesis.



Cell Viability Measurement

The effect of quercetin (HPLC≥98%, China National Analytical Centre, Guangzhou (NACC)) on UCMSC viability was assessed by measuring the absorbance of 3-(4.5- dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) dye in the cells. For this, 2 × 103 UCMSCs were cultured in 96-well culture plates and then treated with quercetin (0, 1.25 μM, 2.5 μM, 5 μM, 10 μM, and 20 μM) for 3 days. Subsequently, 10 μl of MTT (5 mg/ml) was added to each well, and the plates were incubated at 37°C for 4 h. Then, the MTT and medium were discarded and replaced with DMSO, and the plates were incubated for 10 min. The optical density was read on a PerkinElmer VICTOR X5 (PerkinElmer, USA) with a monochromatic microplate reader at a wavelength of 570 nm.



Isolation and Activation of PBMCs

PBMCs were isolated from the blood of healthy volunteers by centrifugation using Lymphoprep (Axis-Shied, Norway) and washed three times with PBS. Isolated PBMCs were then activated with 20 ng/ml TNF-α and 50 ng/ml IFN-γ (PeproTech, USA) and used in coculture experiments.



Immunosuppression Assays

To test the effect of UCMSCs in combination with quercetin on PBMC proliferation, 5 × 105 UCMSCs were cocultured for 3 days in 6-well plates with carboxyfluorescein succinimidyl ester CFSE-labeled (Beyotime, China) PBMCs (1:1 ratio) that were activated with TNF-α and IFN-γ; quercetin (10 μM) was added to the UCMSCs 2 h before coculture of the UCMSCs with the PBMCs. On the third day, the PBMCs were collected, and PBMC proliferation was analysed by flow cytometry.

The presence of Th1, Th2, and Th17 cells was determined by measuring IFN-γ-FITC, IL-4-PE, and IL-17-PE cells using flow cytometry. UCMSCs (5 × 105) were cultured in 6-well plates with 20 ng/ml TNF-α, 50 ng/ml IFN-γ, and 15 ng/ml brefeldin A (added 3 h after TNF-α and IFN-γ) (all from PeproTech, USA) and then cocultured with 5 × 105 UCMSCs (1:1 ratio) that were treated or without 10 μM quercetin for 72 h at 37°C. After incubation with FITC-conjugated anti-human CD3 and PE-Cyanine7-CD4 antibodies (eBioscience, USA), the cells were fixed and permeabilized and further incubated with FITC-conjugated anti-human IFN-γ (eBioscience, USA), phycoerythrin (PE)-conjugated anti-human IL-4 (eBioscience, USA), and PE-conjugated anti-human IL-17 (eBioscience, USA) antibodies. The cells were then resuspended in PBS and subjected to flow cytometric analysis.



Cytokine Examination

The levels of the cytokines IL-6 and IL-10 in the supernatant were evaluated by enzyme-linked immunosorbent assay (ELISA) using kits purchased from DAKEWE (Shenzhen, China). Tests were performed according to the manufacturer’s recommended protocols. Each cytokine standard and sample was run in duplicate.



Nitrite Measurement

Nitrite released into the medium was used as a measure of NO production. Nitrite determination was performed using Griess reagent (Invitrogen, Thermo Fisher Scientific, USA) according to the manufacturer protocols.



qRT-PCR

Total RNA from UCMSCs was extracted in the presence or absence of PBMCs and/or quercetin with a FastPure Cell/Tissue total RNA isolation kit (Vazyme, China). RNA concentration and purity were estimated by optical density measurement. RNA isolation was followed by DNase digestion. Total RNA (1 μg) was reverse transcribed to cDNA with a HiScript III RT SuperMix for qPCR kit (Vazyme, China) at 37°C for 15 min and 85°C for 5 s. Quantitative PCR was performed using ChamQ Universal SYBR qPCR master mix (Vazyme, Q711-02) and an Applied Biosystems QuantStudio 3 Detection System according to the manufacturer’s recommendations (Thermo Fisher Scientific, USA). Specific primers for IDO were designed using Primer3 software (Table 1). Expression levels of the transcripts were normalized to the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). For quantification, the values are expressed as the relative mRNA level of a specific gene as determined using the 2−ΔCt method.


Table 1 | Primer sequences and access numbers of study genes.





Western Blot Analysis

UCMSCs were washed with PBS once and then collected. Subsequently, the cells were lysed in RIPA buffer (Beyotime Biotechnology, China) at 4°C for 30 min. Then, the mixture was centrifuged at 16,000 rcf for 20 min. The lysates were incubated at 95°C for 5 min, separated by 10% SDS-PAGE (Beyotime Biotechnology, China) and transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, USA). Each PVDF membrane was blocked in TBST with 5% nonfat milk or BSA with gentle shaking for 60 min and then incubated with their respective primary monoclonal antibodies (1:1000; diluted in primary antibody solutions, purchased from Beyotime Biotechnology) against p-IκB (2859), p-AKT (4060), AKT (4691), Toll-like receptor 3 (6961), and GAPDH (5174) (Cell Signalling Technology, USA) overnight at 4°C. Then, each PVDF membrane was incubated with 1:5000 horseradish peroxidase-conjugated secondary antibody (BA1054) (BOSTER, China) in TBST with 5% nonfat milk or BSA for 1 h. Finally, the membranes were visualized by enhanced chemiluminescence staining. The intensities of the bands were quantified with a computerized densitometer.



Statistical Analysis

Statistical analysis was performed using SPSS 13.0. The data are expressed as the means ± SEM. One-way ANOVA was used to analyse the data. Significance was set at P < 0.05.




Results


Isolation and Characterization of UCMSCs

UCMSCs were grown from the tissue for 5 to 7 days, and single cell-derived clones gradually reached confluence with a whirlpool-like arrangement. When cells were 50% to 60% confluent in 100 mm culture dishes, the cells were passaged into a T175 culture flask at a density of 2×106/cm2. The cells were digested and passaged into another T175 culture flask when they reached 80% to 90% confluence.

Cultured UCMSCs that were isolated from human umbilical cords showed the capacity for differentiation into osteoblasts, adipocytes, and chondrocytes after culture in differentiation medium for 10 to 21 days. The formation of lipid droplets in mature adipocytes and mineralized calcified nodules in osteoblasts and chondrocyte clusters were observed. Calcified nodules in osteoblasts were stained red using Alizarin red (Figure 1B), lipid droplets in mature adipocytes were stained orange using oil red O (Figure 1C), and the proteoglycan aggrecan in chondrocytes was stained blue using Alcian blue (Figure 1D).




Figure 1 | Characterization of UCMSCs. (A) Representative flow cytometry histograms showing high expression levels of CD105, CD90, CD44, and CD73 and low expression levels of the negative MSC cocktail (CD45/CD34/CD11b/CD19/HLA-DR) on the surface of UCMSCs. (B) Osteogenesis. Red calcified nodules formed after 7 to 10 days of osteogenic induction (Alizarin red staining, see arrows). (C) Adipogenesis. Orange red lipid droplets in the cytoplasm after 21 days of adipogenic induction (oil red O staining, see arrows). (D) Chondrogenesis. Proteoglycan aggrecan in mature chondrocytes was stained blue after 21 days of chondrogenic induction (Alcian blue staining, see arrows). Scale bar = 100 μm.



In addition, UCMSCs presented a typical MSC immunophenotype, with positive expression of CD105 (97.57% ± 0.67%), CD73 (97.83% ± 0.51%), CD44 (95.37% ± 1.13%), and CD90 (99% ± 0.7%), and the cells lacked CD34, CD45, and HLA-DR (total 0.1% ± 0.1%) markers (Figure 1A).



Quercetin Did Not Influence UCMSC Viability, Morphology, Phenotype or Cell Cycle

The effect of quercetin on the basic properties of UCMSCs, including viability, morphology, surface marker expression, and cell cycle, was evaluated. No changes were observed in UCMSC viability in an MTT assay after 3 days of culture in complete medium or with 1.25 μM, 2.5 μM, 5 μM, and 10 μM quercetin (Figure 2B). In addition, 20 μM quercetin inhibited UCMSC viability, and a dose of 10 μM quercetin was used in the subsequent study. Regarding morphology and phenotype, UCMSCs treated with 10 μM quercetin and untreated UCMSCs shared similar shapes (Figure 2A) and the same surface markers, and the cells were positive for CD44, CD73, CD90, and CD105 and negative for CD34, CD45, CD19, CD11b, and HLA-DR (data not shown). Both of them had analogous proportions of cells in the G1, S, and G2/M phases of the cell cycle (Figure 2C).




Figure 2 | Morphology, viability, phenotype, and cell cycle of UCMSCs. Untreated UCMSCs and UCMSCs that were pretreated with 10 μM quercetin were cultured for 3 days. (A) Morphology (100×). Untreated UCMSCs and UCMSCs that were pretreated with 10 μM quercetin shared the same morphology. (B) UCMSC viability was examined by MTT assay. Quercetin at 20 μM influenced UCMSC viability. *P < 0.05, mean ± SEM, n=5. (C) The proportion of cells in the G1, S, and G2/M phases of the cell cycle in untreated UCMSCs and UCMSCs that were pretreated with 10 μM quercetin. No significant differences were detected. Representative examples are shown.





Quercetin Enhanced UCMSC Immunosuppression of PBMCs

The inhibitory effects of UCMSCs on PBMC proliferation were evaluated, and the difference between UCMSCs with and without quercetin treatment was compared. CFSE-labeled PBMCs were collected and detected by FACS on the third day after coculture with TNF-α/IFN-γ-activated UCMSCs that were treated with or without 10 μM quercetin. The data showed that the proportion of divided PBMCs in the stimulated group (sPBMCs) reached 84.74% ± 1.85% (M2), while the proportion of unstimulated PBMCs (nPBMCs) was 7.42% ± 1.6% (M2). UCMSCs significantly inhibited the proliferation of PBMCs in the coculture system, showing 78.05% ± 1.41% (M2) divided cells, and quercetin (66.45% ± 2.88% (M2)) enhanced the effect. As shown in Figure 3A, when UCMSCs were treated with quercetin before coculture, the division rates of PBMCs after TNF-α/IFN-γ activation decreased significantly. Th17 subsets in PBMCs were evaluated by counting the CD4+IL-17+ cells using flow cytometry. The proliferation of CD4+IL-17+ cells was promoted in stimulated PBMCs but inhibited in activated PBMCs that were cocultured with UCMSCs compared to stimulated PBMCs, and the addition of quercetin to the coculture system had a combined inhibitory effect on CD4+IL-17+ cell proliferation (Figure 3B).




Figure 3 | Quercetin enhanced UCMSC immunomodulation. UCMSCs were cocultured with TNF-α/IFN-γ-activated PBMCs (1:1 ratio) for 3 days. (A) CFSE-labeled PBMCs were cocultured with UCMSCs that were treated with or without quercetin for 3 days, and PBMC proliferation was determined by the proportions of attenuated CFSE-fluorescent cells (divided cells). Both UCMSCs and quercetin suppressed PBMC division, and UCMSCs and quercetin acted on PBMCs additively; they had a combined inhibitory effect on PBMC division. Mean ± SEM, n = 3, *P < 0.05, ** P < 0.01. (B) Th17 cells were measured by IL-17-positive cells from purified CD4+ T cells. Quercetin and UCMSCs alone or in combination inhibited the proliferation of Th17 cells, and quercetin enhanced the suppressive effect of UCMSCs when UCMSCs were pretreated before coculture. Mean ± SEM, n=3, *P < 0.05, ** P < 0.01.



These results indicated that the suppressive effects of UCMSCs on PBMC proliferation were augmented by quercetin treatment.



Quercetin Promoted UCMSCs to Express TLR-3 and Suppressed AKT or IκB

To explore the mechanism by which quercetin and UCMSCs suppressed PBMC proliferation, the expression of TLR-3, AKT, and IκB was assessed in untreated UCMSCs, as well as in UCMSCs that were treated with 10 μM quercetin or/and activated PBMCs for 3 days. TLR-3 is linked to MSC immunosuppressive capacity, promoting MSCs to secrete cytokines that inhibit the inflammatory response. AKT or IκB are signals that are relevant to inflammatory reactions. The data showed that UCMSCs overexpressed TLR-3 when cocultured with activated PBMCs, and quercetin enhanced this effect. As shown in Figure 4A, UCMSCs alone expressed low levels of TLR-3. When cocultured with activated PBMCs, UCMSCs showed increased expression of TLR-3, and when UCMSCs were pretreated with quercetin in the coculture system, TLR-3 expression was higher. p-AKT and p-IκB expression was increased in UCMSCs that were cocultured with stimulated PBMCs, and quercetin decreased p-AKT and p-IκB expression (Figures 4A–D) show the quantification of the TLR-3,p- AKT and p- IkB.




Figure 4 | Changes in signaling pathways in UCMSCs. UCMSCs were cocultured with TNF-α/IFN-γ-activated PBMCs (1:1 ratio) in the presence or absence of quercetin for 3 days. (A) Expression of TLR-3 and AKT/IκB was assessed by Western blotting. Quercetin induced TLR-3 expression and inhibited AKT/IκB expression in UCMSCs. (B–D) The bar graphs show the quantification of the indicated proteins. Mean ± SEM, n = 3. *P < 0.05.





Quercetin Promoted UCMSCs to Produce the Anti-Inflammatory Factors IL-6, NO, and IDO in Response to Activated PBMCs

Furthermore, the levels of the anti-inflammatory factors IL-6, NO, and IDO, which are linked to TLR-3 signaling, were assessed in UCMSCs that were pretreated with or without 10-μM quercetin and co-cultured with activated PBMCs for 3 days. As shown in Figures 5A, B, IL-6 and NO were increased in the supernatant of UCMSCs in the coculture system, and 10 μM quercetin enhanced the effect, with higher levels of IL-6 and NO. Consistently, IDO transcripts were significantly increased in UCMSCs that were treated with activated PBMCs. Quercetin increased the level of IDO transcripts in UCMSCs in the coculture system (Figure 5C). IL-10 expression was not affected by quercetin or activated PBMCs (data not shown).




Figure 5 | Changes in anti-inflammatory molecules in UCMSCs. TNF-α/IFN-γ-activated PBMCs (1:1 ratio) in the presence or absence of quercetin for 3 days. The anti-inflammatory molecules IL-6 (A), NO (B), and IDO (C) were determined by ELISA, Griess assay and RT-PCR.. UCMSCs overexpressed IL-6, NO, and IDO in the coculture system with PBMCs. Quercetin enhanced the effect. Mean ± SEM, n = 3. *P < 0.05, ** P < 0.01.






Discussion

Rheumatoid arthritis is a systemic inflammatory autoimmune disease that is characterized by synovitis. Infiltrated T cells (Th1 cells, Th17 cells, and Th2 cells), resident macrophages, and Treg cells and the overproduction of inflammatory factors (such as TNF-α, IFN-γ, IL-6, and IL-17) have been extensively studied to explain the mechanism. Their cross-interaction causes complex inflammatory cascades all lead to persistent synovial inflammation, and associated damage to articular cartilage and underlying bone.

MSCs are emerging as a new type of immunosuppressant in multiple autoimmune diseases. Biological agents are non-dependent, non-resistant, and have no side effects that are increasingly favoured by clinical researchers. How to improve the immunosuppressive effect of MSCs is currently a concern. Quercetin, a traditional Chinese medicine monomer, has anti-inflammatory and antioxidant effects. A few studies have focused on its anti-inflammatory effects on autoimmune diseases (Milenkovic et al., 2010; Wang et al., 2013; Javadi et al., 2017).

Consistent with other studies (Allanore et al., 2001; Kim et al., 2007; Xiong et al., 2014), this study used TNF-α/IFN-γ to mimic the in vitro condition of RA, which promoted PBMC proliferation and amplified Th17 subsets. Quercetin and UCMSCs were then administered to stimulate the PBMCs. The results showed that quercetin and UCMSCs both inhibited the inflammatory response. They had an additive effect on activated PBMCs. Notably, quercetin alone did not affect the proliferation, phenotype, or cell cycle of UCMSCs.

Furthermore, the results demonstrated that quercetin downregulated p-AKT/p-IκB expression and upregulated TLR-3 on UCMSCs and induced high levels of IL-6, IDO, and NO, which may explain some of the mechanisms by which UCMSCs suppress PBMC responses. Activation of the AKT/IκB pathway is involved in the inflammatory response in many studies (Burris et al., 2014; Ye et al., 2017; Harikrishnan and Jantan, 2018), and the findings of this study are consistent with these observations. TNF-α/IFN-γ stimulated PBMCs to activate p-AKT/p-IκB in cocultured UCMSCs; however, quercetin reversed these effects. TLR-3 is capable of polarizing MSCs towards an anti-inflammatory phenotype with enhanced immunosuppressive capacity (Opitz et al., 2009; Waterman et al., 2010; Cassano et al., 2018). According to the data, quercetin treatment of UCMSCs induced TLR-3 signaling and boosted the capacity of these cells to control PBMC inflammatory reactions. Quercetin alone has a direct suppressive effect. Poly(I:C) (a TLR-3 agonist) interacts with TLR-3 and prominently induces IL-6, IL-10, IL-11, LIF, VEGF, SDF1, and PGE2 (Mastri et al., 2012; Kim et al., 2018) in MSCs, which suggests that expression of the anti-inflammatory factors IDO, NO, and IL-6 by UCMSCs may be regulated by TLR-3.

Collectively, this study confirmed that UCMSCs combined with 10 μM quercetin ameliorated proliferation of TNF-α/IFN-γ-activated PBMCs by inducing TLR-3 signaling, providing an understanding of the mechanism by which quercetin potentiates UCMSCs and induces anti-inflammatory proteins in UCMSCs. This work may provide new ideas for the treatment of rheumatoid arthritis in the clinic.
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Rheumatoid arthritis (RA) is a chronic and progressive autoimmune disease in which activated RA fibroblast-1ike synoviocytes (RA-FLSs) are one of the main factors responsible for inducing morbidity. Previous reports have shown that RA-FLSs have proliferative features similar to cancer cells, in addition to causing cartilage erosion that eventually causes joint damage. Thus, new therapeutic strategies and drugs that can effectively contain the abnormal hyperplasia of RA-FLSs and restrain RA development are necessary for the treatment of RA. Tanshinone IIA (Tan IIA), one of the main phytochemicals isolated from Salvia miltiorrhiza Bunge, is capable of promoting RA-FLS apoptosis and inhibiting arthritis in an AIA mouse model. In addition, RA patients treated at our clinic with Tan IIA showed significant improvements in their clinical symptoms. However, the details of the molecular mechanism by which Tan IIA effects RA are unknown. To clarify this mechanism, we evaluated the antiproliferative and inhibitory effects of proinflammatory factor production caused by Tan IIA to RA-FLSs. We demonstrated that Tan IIA can restrict the proliferation, migration, and invasion of RA-FLSs in a time- and dose-dependent manner. Moreover, Tan IIA effectively suppressed the increase in mRNA expression of some matrix metalloproteinases and proinflammatory factors induced by TNF-α in RA-FLSs, resulting in inflammatory reactivity inhibition and blocking the destruction of the knee joint. Through the integration of network pharmacology analyses with the experimental data obtained, it is revealed that the effects of Tan IIA on RA can be attributed to its influence on different signaling pathways, including MAPK, AKT/mTOR, HIF-1, and NF-kB. Taken together, these data suggest that the compound Tan IIA has great therapeutic potential for RA treatment.
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Introduction

Rheumatoid arthritis (RA) is a chronic and systemic autoimmune disease characterized by deformity and joint dysfunction (Smolen et al., 2016). Although the pathogenesis and etiology of RA have not been fully explained, fibroblast-like synoviocytes (FLSs) are considered to be crucial in the development of synovial hyperplasia and the progressive joint destruction in RA patients (Huber et al., 2006; Lefevre et al., 2009). Recent evidence indicates that activated RA-FLSs display biological characteristics similar to tumor cells, such as aggressive proliferation, migration, and invasion. Remarkably, these features are conducive to causing damage to articular cartilage and bone (Bustamante et al., 2017; Wang Z. et al., 2019; Wang and Zhao, 2019). Therefore, the inactivation of RA-FLSs has been pointed to as a potential therapeutic strategy for the treatment of RA.

Many natural ingredients from herbal medicine have been found to be pharmaceutically effective against RA. Salvia miltiorrhiza Bunge, a famous herbal medicine, has been widely used to treat cardiovascular diseases in China. Tanshinone IIA (Tan IIA) is the main phytochemical isolated from S. miltiorrhiza and is the main contributor to its beneficial cardiovascular effect. Besides, several studies have revealed other medicinal effects of Tan IIA, including anti-tumor, anti-proliferation, and anti-inflammatory effects in various cancers, such as non-small-cell lung cancer, liver cancer, cervical cancer, colorectal cancer, and gastric cancer (Sui et al., 2017; Zhang et al., 2018; Liu et al., 2019; Wang R. et al., 2019; Zhang et al., 2019). Additionally, there are also reports that Tan IIA can be used to treat arthritis (Jia et al., 2017; Zhang et al., 2017).

RA patients have an increased mortality rate due to cardiovascular events. The increase in inflammation associated with RA is the main mechanism that leads to an increase in the cardiovascular mortality rate. These data may suggest that aggressive treatment of inflammation may decrease cardiovascular risk in patients with RA. Tan IIA has been shown to have anti-inflammatory and immunomodulatory effects on atherosclerosis (Chen and Xu, 2014). Recent studies pointed out that Tan IIA can be used in antiatherosclerosis treatment targeting immune cells, antigens, cytokines, and cell signaling pathways (Ren et al., 2019). In this context, the anti-inflammatory and immunomodulatory effects of Tan IIA could be used in the treatment of rheumatoid arthritis also. In fact, patients with RA treated at our clinic with compound Salvia injection, in which Tan IIA is one of the main ingredients, showed significant improvements in their clinical symptoms (Jie et al., 2002; Jie et al., 2010).

All of the above indicate that Tan IIA is safe and could be a potential clinical medicine, but further research on the mechanism is needed to provide a basis for clinical use. In particular, for RA patients with cardiovascular disease or related risk factors, Tan IIA may be a better choice than the alternatives. In recent years, several studies have focused on the effect and the mechanism of tanshinone in the treatment of RA. Our previous studies demonstrated that Tan IIA induced apoptosis of RA-FLSs by blocking the cell cycle in the G2/M phase and regulating a mitochondrial pathway. In addition, other studies have shown that Tan IIA and a derivate, sodium tanshinone IIA sulfonate, inhibited proliferation, migration, invasion, and inflammation in RA-FLSs and attenuated RA progression in collagen-induced arthritis (CIA) mice (Tang et al., 2019; Wang Z. et al., 2019). However, the details of the molecular mechanisms that result in the effect of Tan IIA on RA have not yet been discovered due to its various effects and targets. Therefore, in this study, several approaches (an AIA animal model for in vivo experiments, RA-FLS strain construction for in vitro evaluation, and network pharmacology and signaling pathway analyses) were applied to further investigate the effects and therapeutic use of Tan IIA in RA.



Materials and Methods


Animals

Male C57BL/6 mice at the age of 10–12 weeks were obtained from the Lab Animal Center of Southern Medicine University. The experiment was approved by the Southern Medical University Ethics Committee for Animal Laboratory Research. All animal experimentation procedures were in accordance with the Ethical Guide for Institutional Animal Care and Use of Laboratory Animals of the National Institutes of Health. The mice were fed in the suitable environment according to previously described conditions (Du et al., 2019).



AIA Induction and Tan IIA Treatments

Eighteen male C57BL/6 mice, about 20 g in body weight each, were divided into three groups randomly: the normal group, AIA model group, and AIA model with Tan IIA treatment group. The protocol for inducing the AIA model was as previously described (Atkinson and Nansen, 2017; Dong et al., 2019; Du et al., 2019; Grötsch et al., 2019), adjusted on some points. The experimental timeline for AIA is shown in Figure 1. Briefly, mixtures (1:1/volume ratio) of 5% bovine serum albumin (BSA, Sigma, USA) and Freund's complete adjuvant (CFA) (Sigma-Aldrich, USA) were made by emulsification. On day 0, the mice immunizations were performed by subcutaneously injecting 100 μL of emulgator into the knee joint space under general anesthesia. Mice were injected with 20 μL of emulgator in which Freund's incomplete adjuvant (IFA) (Sigma-Aldrich, USA) was substituted for CFA on day 21. From day 2 to day 31 after immunization, mice were intragastrically administrated with 100 μL Tan IIA (30mg/kg, Selleck, Shanghai, China) every single day. The normal and AIA model groups were given an equal volume of 1% sodium carboxylmethyl cellulose suspension i.g. simultaneously. Body weight and mediolateral knee joint diameter were monitored by experimenters blinded to the experimental design every 5 days (Frey et al., 2018; Dong et al., 2019; Du et al., 2019).




Figure 1 | Study design of the AIA experiment. Male C57BL/6 mice aged 10–12 weeks were immunized at each side of the knee articular cavity on day 0, and second immunizations were performed on day 21. From day 2 to day 31 after immunization, mice were administered with oral gavage Tan IIA once a day consecutively, as described in the Materials and Methods. Body weight and knee joint diameter were measured every 5 days. Blood samples for proinflammatory cytokine analysis were collected on days 40, 48, 56, and 80. The mice were euthanized at day 80, and bone, spleen, liver, and serum samples were collected. Histopathological analysis was performed on the bones of knee joints. Spleen and liver indices were calculated by weighing spleen and liver. Serum samples were subjected to ELISA assay.





Measurement of Serum Proinflammatory Cytokine Concentration

On days 40, 48, 56, and 80 after immunization, 200–300 μL blood samples were gathered from the eyeballs of mice and 100–200 μL serum samples were separated by centrifuge and stored at -80℃ for analysis. The ELISA detections of IL-6, IL-17, and TNF-α were carried on with ELISA kits (Jiangsu Meimian Industrial Co., Ltd, Jiangsu, China) according to the manufacturer's instructions (Gou et al., 2018; Du et al., 2019; Li et al., 2019).



Measurement of Spleen and Liver Indices

On day 80 after immunization, all the mice were sacrificed by cervical dislocation. The liver and spleen indices were determined by the ratio of spleen and liver wet weight to mouse body weight (g/g), respectively. They were expressed as organ index=organ wet weight (g)/animal body weight (g) × 100% (Hu et al., 2005; Gou et al., 2018; Du et al., 2019).



Histopathological Evaluation of Joints

Hind limbs with knee articular were removed from mice and fixed in Roles-Bio® Universal Tissue Fixative (Roles-Bio, Guangzhou Routh Biotechnology Co., Ltd.). Subsequently, the tissues were decalcified with Roles-Bio® Quick Decalcifying Solution (Roles-Bio, Guangzhou Routh Biotechnology Co., Ltd.) and embedded in paraffin. About 5-μm-thick paraffin sections were made and stained with hematoxylin and eosin (H&E) (Gou et al., 2018; Du et al., 2019). The HE results were graded in a blinded manner according to previous research (Du et al., 2019; Grötsch et al., 2019). The scoring standard was as follows: 1=mild, 2=moderate, and 3=severe.



Cells Isolation and Culture

The synovial tissues were removed from the knee joints of active RA patients who were undergoing synovectomy with arthroscopy. The detailed data from the patients, of whom 2 were males and 4 females, were shown in Table S1. RA patients selected for our research conformed to the American College of Rheumatology revised criteria of the diagnosis of RA (Arnett et al., 1988) and provided informed consent. Moreover, our experiments were in accordance with the guidelines formulated by the Medical Ethics Committee of Zhujiang Hospital, Southern Medical University, and were performed according to the recommendations of the Declaration of Helsinki. The primary synoviocytes (RA-FLSs) were isolated from the harvested synovial tissue and cultured according to our previously published research (Du et al., 2019). After being subcultured, the three to six passage RA-FLSs were used for the subsequent experiments. All reagents for culturing cells were purchased from Gibco® (Thermo Fisher Scientific, MA, USA).



Cell Viability Assay

RA-FLSs were placed in a 96-well plate and treated with Tan IIA (C19H18O3, ≥98% HPLC, CAS:568-72-9, Selleck) at various concentrations (0 μM, 2.5 μM, 5 μM, 10 μM, 20 μM) and TNF-α (20 ng/mL). The cell viability assay was carried out with a Cell Counting Kit (CCK-8) (KeyGEN BioTECH) according to the manufacturer's instructions. The absorbance was measured at 450 nm with a microplate reader.



Cell Migration and Invasion Assay

RA-FLS migration and invasion assays were performed in a Boyden chamber with 6.5-mm-diameter inserts containing 8-μm pores (Costar, New York, NY, USA) or coated with Matrigel basement membrane matrix (BD Biosciences, Oxford, UK) in a 24-well plate. Briefly, after being treated with various concentrations of Tan IIA for 24 h respectively, 4×103/200 μL RA-FLSs suspended in serum-free DMEM medium were added into the upper chamber, and 500 μL DMEM media with 10% FBS were placed in the lower well as a chemoattractant. Following incubation, the cells that had migrated through the filter were fixed and stained with 0.1% crystal violet. The cells were quantified by counting the stained cells with a microscope. The mean number of cells per 5–6 random fields was calculated for each assay (Du et al., 2019; Wu et al., 2019).



Wound Healing Assay

RA-FLSs were planted into a 12-well culture dish on the first day. On the next day, a pipette tip was used to make a scratch, and deciduous cells were washed away with PBS twice. After being treated with various concentrations of Tan IIA for 48 h, the wound areas were photographed with a microscope and the extent of would closure was calculated with Image J software. The data are shown as the mean ± SD of three independent experiments.



RNA Isolation and Real-Time PCR Assay

Real-time PCR was performed for analyzing the expression of some cytokines and MMPs in RA-FLSs treated with Tan IIA according to previous descriptions (Jie et al., 2015; Du et al., 2019). Total RNAs in RA-FLSs treated with or without TNF-α (20ng/mL) and Tan IIA were isolated by TRIzol (Invitrogen, U.S.A.) and reverse transcribed into cDNA using the Prime Script RT Reagent kit (Takara Biotechnology, Dalian, China), adopting the manufacturer's protocol. According to the manufacturer's instructions, PCR quantification for cytokines and MMP mRNA with an SYBR Premix Ex TaqTM kit (Takara Biotechnology, Dalian, China) was carried out in an ABI 7500 type PCR instrument (Applied Biosystems Inc., Foster City, CA, USA). DdH2O containing no template was set as negative control. All of the primers were synthesized by IGE Biotech. Co., Ltd (Guangzhou, China) and are listed in Table S2. All experiments were performed in triplicate and repeated three times independently. To quantify the relative expression of each gene, the ΔΔCt method (ΔΔCt =ΔCtsample−ΔCtcontrol) was used to indicate the ratio of the expression of the target gene in the model group to that of the control group (Du et al., 2019; Wu et al., 2019).



Western Blot Assay

After treatment with TNF-α (20ng/mL) or/and 10μM and 20 μM Tan IIA for 24 h, RA-FLSs were collected and total protein was extracted using RIPA lysis buffer and phosphatase inhibitors (Beyotime Biotechnology, Nantong, China) on ice. The proteins from RA-FLSs were obtained by separating supernatants and debris via centrifugation at 12,000 rpm for 20 min at 4°C. The Pierce® BCA Protein Assay Kit (Thermo Scientific, USA) was used to determine the protein concentration. The levels of protein were adjusted to 0.5–1 μg/μL and detected by automated electrophoresis western analysis assay (ProteinSimple, Biotechne, San Jose CA, United States) as described previously (Baradaran-Heravi et al., 2016). According to the user manual, all procedures were performed using the manufacturer's reagents. Briefly, 8 µl diluted protein lysate was mixed with 2 µl of 5× fluorescent master mix and heated at 95°C for 5 min. Various ingredients, including the sample (about 1 µg), blocking reagent, wash buffer, primary antibodies, secondary antibodies, and chemiluminescent substrate were allotted into the designated wells in a manufacturer-provided microplate. The plate was loaded into the instrument, and protein was drawn into individual capillaries on a 25-capillary cassette provided by the manufacturer (Jess/Wes Separation 12-230 kDa 8×25 Capillary Cartridges kit). Protein separation and immunodetection were automatically performed on the individual capillaries using the default settings. The data were analyzed with inbuilt Compass software (ProteinSimple, Biotechne, United States). The truncated and target protein peak intensities (area under the curve) were normalized to that of the vinculin peak, used as a loading control. Primary antibodies included AKT, mTOR, p70S6K, 4E-BP1, p38 MAPK, p44/42 MAPK (Erk1/2), JNK, NFκB p65, Iκκα, and HIF-1α and their corresponding phosphorylation antibodies, Phospho-Akt (Ser473), Phospho-p70 S6 Kinase (Thr389), Phospho-4E-BP1 (Ser65), Phospho-p38 MAPK(Thr180/Tyr182), Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204), Phospho-JNK (Thr183/Tyr185), p-NFκB p65(Ser 536), and p-Iκκα/β(Ser176/180), which were all purchased from Cell Signaling Technology, USA. GAPDH antibodies used as a reference standard for quantification were purchased from Bioworld Technology Inc.



Measurements of Cytokine Levels by ELISA

To determine the effect of Tan IIA on cytokine production, ELISA experiments were performed using human enzyme-linked immunosorbent assay (ELISA) kits (Jiangsu Meimian Industrial Co., Ltd, Jiangsu, China) according to the manufacturer's instructions. For example, RA-FLSs were seeded into six-well plates and treated with TNF-α (20ng/mL) or/and 10μM and 20μM Tan IIA for 48 h. The culture supernatants were collected, and the level of IL-6 release from the RA-FLSs was detected as previously described (Jie et al., 2015; Du et al., 2019). The other cytokine assays were carried out using the same method. All experiments were performed in triplicate and replicated 3 times.



Search for Potential Tan IIA Targets in RA by Network Pharmacology

Firstly, data preparation was carried out by searching for Rheumatoid Arthritis-related genes at the National Biotechnology Center (https://www.ncbi.nlm.nih.gov). Additionally, the chemical structure, molecular weight, 2D structure, 3D structure, chemical number, and physicochemical properties of Tan IIA had to be confirmed. The target genes of Tan IIA were obtained by PharmMapper (http://www.lilab-ecust.cn/pharmmapper/). Next, a drug–target–disease interaction network was constructed. A Venn diagram was constructed based on the functions of the human genes related to rheumatoid arthritis and the potential Tan IIA targets, and the intersection target genes were obtained. Moreover, a protein–protein interaction network (PPI) was constructed on-line by STRING (https://string-db.org/cgi/input.pl). Finally, biological process and pathway analysis was performed. According to the function of human genes related to rheumatoid arthritis and potential Tan IIA targets, the Bioconductor database was used to perform Gene Ontology (GO) Enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of target genes through R (R 3.6.1 for Windows). The target genes were screened with P < 0.05 set as the critical value of significant functions and pathways, and the main signaling pathways and biological processes involved in the pharmacological effects of Tan IIA in treating rheumatoid arthritis were obtained.



Statistical Analysis

Data from multiple experiments are presented as the mean ± standard deviation (SD). Statistical software was used for all data analysis. The statistical difference comparisons (P-values) between two groups were calculated using Student's t-test, and P-values between more than three groups were calculated using one-way analysis of variance (ANOVA) with GraphPad Prism 8.0. Two-sided p < 0.05 was considered statistically significant. The number of replicates and/or total number of animals are shown in figure legends or within the figures.




Results


Tan IIA Attenuates the Inflammatory Response in Mice With AIA


Tan IIA Suppresses Weight Loss and Knee Joint Swelling in AIA Mice

All of the mice from different groups could access food and water freely during the whole study period. To clarify the effect of Tan IIA on AIA model mice, the mean changes in body weight of mice were monitored every 5 days from day 0 to day 80. As shown in Figure 2A, the mean body weight change of mice from the AIA group significantly decreased compared with the change in the normal group at the 25th day after immunization. Nevertheless, compared with the normal group, the mean body weight change of mice from the group treated with Tan IIA (30mg/kg) via gavage had declined little at that time. There was significant difference between the Tan IIA treatment group and the AIA model group.




Figure 2 | Tan IIA ameliorates arthritis severity in mice with AIA. (A) The effect of Tan IIA on mean change in the body weight of mice after immunization (from day 0 to day 80), monitored every 5 days. (B) The effect of Tan IIA on mean change in knee joint diameter after immunization (from day 0 to day 80), monitored every 5 days. (C) The effect of Tan IIA on the spleen and liver indices of mice with AIA and control. Data are shown as spleen weight (g)/body weight (g) ×100%. (D) The effect of Tan IIA on the pathohistological features of knee joints in mice with AIA. Photomicrographs of knee joint sections stained with H&E (original magnification 200×). (E) The scores for inflammatory severity. (F)The effect of Tan IIA on IL-6, IL-17, and TNF-α expression in serum of mice with AIA and control on days 40, 48, 56, and 80 after immunization. All of the data are expressed as means ± S.D. n=6, *P < 0.05, **P < 0.01, ***P < 0.001 vs. the control group, #P < 0.05, ##P < 0.01, vs. the AIA model group.



Synchronously, the effect of Tan IIA on arthritis severity, as characterized by measurements of the knee joint diameters, were assessed every 5 days. As shown in Figure 2B, the mean value of the diameters of knee joints in AIA mice increased obviously compared to the normal group from the 20th day after immunization because of obvious swelling. Moreover, the increase was rapid from the 25th to the 40th day, when the mean diameter reached a peak value. After the 40th day, it gradually reduced. The values of the mean diameter for AIA mice were significantly different from those of the normal control group during the whole process. However, the mean diameter of knee joints in the mice with Tan IIA treatment was lower than that of AIA mice from the 25th to the 60th day.



Tan IIA Reduces Spleen and Liver Indices of AIA Mice

The spleen and liver indices from mice in different groups were assessed to evaluate the effect of Tan IIA on the main immune organs. The spleen and liver indices of mice in the AIA model group was obviously raised compared with those of the normal group (Figure 2C). Nevertheless, the spleen and liver indices for the Tan IIA treatment group were significantly lower than those of the AIA group.



Tan IIA Improves the Pathohistological Characters of Knee Joints and Arthritis Severity in AIA Mice

To study how Tan IIA affected the pathohistological features of AIA mice, histological examinations of tissue sections were performed. The knee joints from all mice were removed at the 80th day after euthanization and were then stained with H&E to make pathohistological sections. Clear and complete histological architecture was seen through microscopic observation of the knee joints from the normal control group. However, the knee joints of the AIA model group had abnormal histological architecture, characterized by synovial tissue hyperplasia and massive inflammatory cell infiltration, accompanied by epithelial cell degradation and angiogenesis (microvessel density increase). Compared with the AIA group, the abnormalities of the histological architectures of knee joints from the Tan IIA treatment group were milder, with less synovial hyperplasia, inflammatory cell infiltration, and synovial tissue erosion (Figure 2D). Additionally, as shown in Figure 2E, the pathohistological score exhibited similar differential tendencies in the three experimental groups, which suggested that Tan IIA did attenuate the inflammatory response in mice from the AIA group and had good anti-arthritic effect.



Tan IIA Restrains Proinflammatory Cytokine Expression in AIA Mice

On days 40, 48, 56, and 80 after immunization, the expressions of IL-6, IL-17, and TNF-α in serum from AIA mice with and without Tan IIA treatment were examined by ELISA to explore how Tan IIA affected the proinflammatory cytokines. In the case of IL-6, its expression in serum from AIA mice was significantly higher than in serum from the normal control group on the 40th, 48th, and 56th day. Moreover, it was obviously increased compared to in mice treated with Tan IIA on days 40 and 48. However, on days 56 and 80, there was no obvious difference between them. Similar trends on days 40, 48, and 56 were observed in IL-17 and TNF-α expression in the three groups. Although there was a difference between the expression levels in normal mice and AIA mice on day 80, no differences in IL-17 and TNF-α were witnessed between the Tan IIA treatment group and the AIA group (Figure 2F). All the data indicated that Tan IIA (30mg/kg) could suppress production of the proinflammatory cytokines IL-6, IL-17, and TNF-α in serum of AIA mice.




Tan IIA Suppresses the Migration and Invasion of RA-FLSs

Primary RA-FLSs were separated from synovial tissue from clinical samples. Transwell experiments were performed using the transwell Boyden chamber with or without Matrigel matrix to evaluate the effect of Tan IIA on the migration and invasion of RA-FLSs in vitro. Treatment with 10 μM or 20μM Tan IIA profoundly reduced both the migratory and the invasion ability of RA-FLSs comparing with control, as presented in Figures 3A, B. This result was further confirmed by wound closure assay, the results of which are shown in Figure 3C. After 48 h, the control group cells had almost recovered from the scratch. The cells treated with Tan IIA had inhibited wound healing. Although 5 μM Tan IIA did not significantly interfere with the capacity of RA-FLSs to migrate from one side of the wound to the other, higher concentrations Tan IIA (10 and 20 μM) did restrain the cell migration into the wounded area, as presented in Figure 3C. All of the data indicated the Tan IIA could block the migration and invasion of RA-FLSs in vitro.




Figure 3 | Tan IIA suppresses the migration and invasion of RA-FLSs. (A) The effect of Tan IIA on migration was detected with transwell Boyden chamber after 8 and 12 h. The images are representative of migration or invasion through the membrane after staining. Original magnification 200× (left panel). Cell numbers/field are presented as the mean ± SD of eight independent fields (right panel). (B) The effect of Tan IIA on invasion was detected with a transwell Boyden chamber coated with a Matrigel basement membrane matrix after 12 and 24 h. The images are representative of migration or invasion through the membrane after staining. Original magnification 200× (left panel). Cell numbers/field are presented as the mean ± SD of eight independent fields (right panel). (C) The effect of Tan IIA on wound healing was detected with cell scratch assay. After 48 h, the wound area was photographed using a microscope. Original magnification 100× (left panel). The extent of wound closure is presented as the percentage by which the original scratch width had decreased at each measured time point. The values are the mean ± SEM from at least 3 independent experiments (right panel). *P < 0.05, **P < 0.01, ***P < 0.001 vs. 0 μM (Ctrl).





Tan IIA Inhibits the Viability of RA-FLSs Activated by TNF-α

As is well known, TNF-α is one of the important pro-inflammatory cytokines conducive to RA-FLS survival and progressive arthritis in RA pathology (Bottini and Firestein, 2013; Bustamante et al., 2017). To discover the effect of Tan IIA on the viability of RA-FLSs induced by TNF-α, the effect of Tan IIA with a series of concentrations (0, 2.5, 5, 10, and 20 μM) on the viability of RA-FLSs activated with TNF-α was measured. A concentration of 20 ng/mL TNF-α obviously promoted the viability of RA-FLSs (Figure 4A). Tan IIA had almost no effect on cell viability induced by TNF-α after 24 h treatment (data not shown), while higher concentrations Tan IIA (10 and 20 μM) showed a dose-dependent inhibition in cell viability induced by TNF-α after 48 h treatment (Figure 4A).




Figure 4 | The effect of Tan IIA on producing pro-inflammatory cytokines and MMPs in RA-FLSs. (A) The effect of 0, 2.5, 5, 10, and 20μM Tan IIA on cell viability induced by TNF-α (20 ng/mL). (B) The effect of 10 μM and 20 μM Tan IIA on relative mRNA expression of pro-inflammatory cytokines induced by TNF-α (20 ng/mL) normalized with β-actin in RA-FLSs. (C) The effect of 10 μM and 20 μM Tan IIA on relative mRNA expression of MMP-2, MMP-3, MMP-8, and MMP-9 induced by TNF-α (20ng/mL) compared to β-actin in RA-FLSs. (D) The effect of Tan IIA on pro-inflammatory cytokines release induced by TNF-α in RA-FLSs. a. The effect of 10 μM and 20 μM Tan IIA on IL-6 release induced by TNF-α (20ng/mL). b. The effect of 10 μM and 20 μM Tan IIA on IL-1β release induced by TNF-α (20ng/mL). c. The effect of 10 μM and 20 μM Tan IIA on IL-8 release induced by TNF-α (20ng/mL). The values are the mean ± SEM from at least 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Ctrl (0 μM Tan IIA and 0 ng/mL TNF-α). #P < 0.05, ##P < 0.01, ###P < 0.001 vs. group treated with TNF-α (20 ng/mL).





Tan IIA Suppresses the Pro-inflammatory Cytokine and MMP Expression Stimulated by TNF-α

Accumulating evidence has pointed out that, during the development of RA, certain pro-inflammatory cytokines and matrix metalloproteinases (MMPs) in particular contribute to the pathogenic factors for proliferation, migration, and invasion of RA-FLSs and even erosion of cartilago articularis (Bottini and Firestein, 2013; Bustamante et al., 2017). To explore the role of Tan IIA on the expression of key pro-inflammatory cytokines induced by TNF-α, the mRNA expression levels of IL-6, IL-8, IL-17, and IL-1β stimulated by TNF-α in RA-FLSs treated with 10 μM and 20 μM Tan IIA for 24 h were assessed with qPCR. As presented in Figure 4B, although TNF-α (20ng/mL) did upregulate, to a greater or lesser extent, the mRNA levels of IL-6, IL-1β, and IL-8 in RA-FLSs, 20 μM Tan IIA inhibited the IL-6, IL-1β, and IL- 8 mRNA upregulation stimulated by 20-ng/mL TNF-α, while 10 μM Tan IIA had no obvious effect except for on IL-1β. Unexpectedly, neither Tan IIA treatment nor TNF-α stimulation profoundly changed IL-17 mRNA expression. Additionally, as shown in Figure 4C, only an increase in MMP-2 mRNA expression was induced by TNF-α (20ng/mL), and MMP-3 mRNA expression was decreased by 10 μM Tan IIA treatment. However, the mRNA expressions of MMP-2, MMP-3, MMP-8, and MMP-9 dropped significantly after 20-μM Tan IIA treatment, which suggested that Tan IIA significantly blocked upregulation in mRNA expression of MMP-2, MMP-3, MMP-8, and MMP-9 stimulated by TNF-α in RA-FLSs.

In addition, the effect of Tan IIA on the release of some pro-inflammatory cytokines stimulated by TNF-α, as well as on the mRNA level, was also investigated. After being treated with Tan IIA (10 μM and 20 μM) for 48 h, ELISA assays for IL-6, IL-1β, and IL- 8 were performed in cell culture supernatant. As indicated in Figure 4D, 20-ng/mL TNF-α significantly increased IL-6 and IL-1β production in RA-FLSs, but Tan IIA treatment could suppress the increase, as shown in Figures 4D-a and 4D-b. Of interest, stimulation with 20-ng/mL TNF-α did not arouse profound upregulation of IL-8, but 20 μM Tan IIA indeed downregulated IL-8 release (Figure 4D-c). There was no detectable IL-17 in the ELISA assay because there was less expression in cell culture supernatants. In short, the results suggest that Tan IIA may be helpful for reducing the production and release of some MMPs and pro-inflammatory cytokines from RA-FLSs.



Potential Targets for Tan IIA in RA Found by Database Search Tools

To uncover potential targets for Tan IIA in RA, we searched the NCBI database and obtained 1147 human genes associated with rheumatoid arthritis. At the same time, we found 297 target genes involved in Tan IIA from the PubChem and PharmMapper databases. A Venn diagram was made with R (R 3.6.1 for Windows) based on the 297 drug targets of Tan IIA and 1147 gene targets of rheumatoid arthritis (Figure 5A). We found 31 common targets, which were designated as the key targets of Tanshinone IIA in the treatment of RA. The common targets were then imported into STRING to build the PPI network (Figure 5B). This network consists of 71 nodes. The size of the node in the figure indicates the magnitude of the Degree value. The higher the Degree value, the larger the node. We predicted that the proteins BCL2L1, MAPK14, CTNNB1, TP53, EIF4EBP1, HIF1a, HMGB, and mTOR would be potential direct targets of Tan IIA in the treatment of rheumatoid arthritis.




Figure 5 | Enrichment analysis of Tan IIA against rheumatoid arthritis: (A) Venn diagram revealing the overlapping target genes of Tan IIA against rheumatoid arthritis. (B) Protein interaction network of the overlapping target genes of Tan IIA against rheumatoid arthritis. Each network node represents all the proteins produced by a single, protein-coding gene locus, and the edge represents protein–protein associations. (C) KEGG enrichment and network analysis of RA target genes. Top 20 functionally enriched biological processes with corresponding adjusted p-values, displayed in a dot plot. The color scale indicates the different thresholds of adjusted p-values, and the sizes of the dots represented the gene count of each term.



Meanwhile, considering the common targets of RA and Tan IIA, 43 biological processes (P < 0.05) were screened by GO, including protein heterodimerization activity, growth factor activity, receptor regulator activity, disordered domain-specific binding, ribonucleoprotein complex binding, receptor ligand activity, etc. Next, we performed functional enrichment analysis using the KEGG database to clarify the functions of these target genes and signaling pathways. It is of note that the data show that the potential target genes found were functionally related with various signal transduction pathways, including the PI3K-Akt signaling pathway, proteoglycans in cancer, pancreatic cancer; Kaposi sarcoma-associated herpesvirus infection, human cytomegalovirus infection, the MAPK signaling pathway, choline metabolism in cancer, and the hypoxia-inducible factor (HIF-1) signaling pathway (Figure 5C). In general, Tan IIA may participate in these pathways, and this could ultimately affect the progression of the disease.



Tan IIA Affects the Activation of RA-FLSs Induced by TNF-α Through Modulation of the MAPK, Akt/mTOR, and HIF-1 Pathways

Combining the results from GO and KEGG with our preliminary research data, we speculated that Tan IIA probably affected RA through the PI3K-Akt, MAPK, and HIF-1 signaling pathways. We detected the main protein expressions and phosphorylation levels of the MAPK signaling pathway, including of p38MAPK, JNK, and ERK, to further verify our supposition as to the effect of Tan IIA on MAPK. After treatment with 20 ng/mL TNF-α and Tan IIA (10 and 20 μM) for 24 h, the RA-FLSs were collected, and the expression and phosphorylation levels of p38MAPK, JNK, and ERK were evaluated by Western blot analysis. As presented in Figure 6A, enhanced p38MAPK and JNK phosphorylation activations in RA-FLSs were observed to be induced by TNF-α compared with the control without TNF-α stimulation. Also, Tan IIA efficiently inhibited TNF-α-induced phosphorylation of p38MAPK and JNK. Intriguingly, Tan IIA had less influence on the ERK phosphorylation level. The fact that Tan IIA strongly reduced p38MAPK and JNK activity may contribute to controlling abnormal synovial hyperplasia in the articular cavity.




Figure 6 | The effect of Tan IIA on the intracellular phosphorylated activation of the MAPK and Akt/mTOR pathway induced by TNF-α in RA-FLSs. RA-FLSs were treated with TNF-α (20ng/mL) or/and Tan IIA (10 and 20 μM) for 24 h. (A) Western blot analysis was conducted to assess the expression and phosphorylation levels of p38MAPK, JNK, ERK, and FAK. Representative images of immune blot (left panel) and densitometric quantification phosphorylation/total of p38MAPK, JNK, and ERK expression (right panel). (B) Western blot analysis was conducted to assess the expression and phosphorylation levels of AKT, mTOR, p70S6K, and 4E-BP1. Representative images of immune blot (left panel) and densitometric quantification phosphorylation/total of AKT, mTOR, p70S6K, and 4E-BP1 expression (right panel). (C) Western blot analysis was conducted to assess the expression and phosphorylation levels of Iκκα and NFκB p65. Representative images of immune blot (left panel) and densitometric quantification phosphorylation/total of Iκκα and NFκB p65 expression (right panel). (D) Western blot analysis was conducted to assess the expression level of HIF-α. Representative images of immune blot (left panel) and densitometric quantification of HIF-α expression (right panel). Densitometry analysis from three independent experiments was used to quantitate the protein expression. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Ctrl (0 μM Tan IIA), #P < 0.05, ##P < 0.01, ###P < 0.001 vs. group treated by TNF-α (20 ng/mL).



Moreover, the phosphorylation levels of the Akt/mTOR signaling pathway and its downstream molecules, p70 ribosomal S6 kinase (p70S6K) and eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1), in RA-FLSs were evaluated with Western blot to explore the effect of Tan IIA on the mTOR pathway. From Figure 6B, it can be seen that Tan IIA indeed inhibited the phosphorylation activation of Akt and mTOR stimulated by 20-ng/mL TNF-α. Meanwhile, the increased phosphorylation of p70S6K and 4E-BP1 triggered by TNF-α was also inhibited by Tan IIA treatment in a concentration-dependent manner, suggesting that Tan IIA suppressed the Akt/mTOR/p70S6K and 4E-BP1 signaling pathway in RA-FLSs.

Additionally, according to the results of GO and KEGG analysis, the HIF-1 pathway is a potential target for Tan IIA. The molecular mechanism of hypoxia sensitivity involves oxygen sensing hydroxylases, prolyl-hydroxylases, orchestrating two main transcription factors related to the induction of inﬂammation and angiogenesis, namely nuclear factor-κB (NFκB) and HIF-1 (D'Ignazio and Rocha, 2016; Fearon et al., 2016). Therefore, we detected the effect of Tan IIA on the HIF-1α and NFκB expression variation in RA-FLSs. Similarly, Tan IIA suppressed the phosphorylation level of NFκB p65 and upstream Iκκα (Figure 5C) and the HIF-1α expression (Figure 5D) stimulated by TNF-α, which indicated that Tan IIA could participate in regulating the response of synovial tissues to hypoxia. Altogether, the regulation of the biological characteristics of RA-FLSs by Tan IIA is dependent on impeding not only intracellular phosphorylation activation of the MAPK and Akt/mTOR pathways but the expression and activation of HIF-1α and NFκB.




Discussion

RA is a chronic autoimmune disease with a hyperplastic, aggressive, and invasive phenotype that causes the formation of pannus angiogenesis, inflammation, cartilage degradation, and subsequent bone erosion (Smolen et al., 2016). RA-FLSs play a leading role in the pathogenesis of inflammatory arthritis due to their tumor-like features of proliferation, migration, and invasion (Karami et al., 2019). In this context, RA-FLSs stand out as a potential target for RA treatment (de Oliveira et al., 2019). Currently, the main RA treatment strategies in clinical practice are chemical drugs, including non-steroidal anti-inflammatory drugs (NSAIDs), disease-modifying anti-rheumatic drugs (DMARDs), and glucocorticoids (Conigliaro et al., 2019). Nevertheless, these treatments are usually associated with adverse reactions, such as cardiovascular and gastrointestinal bleeding risk, liver and kidney toxicity, growth inhibition, infection, and risk of tumors (Yamamoto et al., 2011; Rubbert-Roth and Petereit, 2012; Xue et al., 2016; Nissen, 2017; Wang et al., 2018). In recent years, progress in research on the pathogenesis of RA has resulted in the development of new anti-rheumatic drugs, such as biological agents and small-molecule targeted signaling pathway inhibitors. These new drugs have greatly improved the chronic inflammatory state and quality of life of RA patients (Conigliaro et al., 2019). However, clinical data show that only less than 50% of RA patients can benefit from these new drugs. Unfortunately, more than 30% of patients still suffer from unsatisfactory disease control, and it is not possible to effectively control disease activities in more than 20% of RA patients. In such cases, the bone destruction process cannot be blocked or delayed, even after the clinical use of these recent drugs (Ranganath et al., 2015; Smolen et al., 2016; Conigliaro et al., 2019).

Recently, herbal medicines have received a large amount of scientific attention for their remarkable healing effects and for having fewer side effects than synthetic drugs. The therapeutic effects of Tan IIA, a compound isolated from Salvia miltiorrhiza Bunge (Salviae miltiorrhizae), includes pro-apoptotic, anti-tumor, and anti-inflammatory activities. Additionally, Tang et al. showed that Tan IIA injections could inhibit the inflammatory response in PBMCs of RA patients by decreasing TNF-α and IL-6 levels (Tang et al., 2019). Therefore, the application of Tan IIA in the treatment of RA is feasible in terms of therapeutic effect. To highlight the potential of Tan IIA for RA treatment, we first used an AIA mouse model to verify its therapeutic effects. The AIA model has been widely used to clarify the pathogenesis of RA and to explore potential therapeutic targets, including the validation of the therapeutic effects of new drugs (Sardar and Andersson, 2016; Atkinson and Nansen, 2017; Dong et al., 2019; Du et al., 2019). Our experiments showed that AIA mice treated with Tan IIA showed decreased histologic scores and attenuated synovial inﬂammation. The level of the inflammatory cytokines, including IL-6, IL-17, and TNF-α, measured after 40 days of treatment was significantly higher in the AIA model group than in the normal group. However, the level of inflammatory cytokines was significantly lower in AIA mice treated with Tan IIA than in the AIA model group. The data obtained using the AIA model showed that Tan IIA not only reduced the swelling of the knee joint caused by inflammation but also inhibited the expression of pro-inflammatory factors and improved pathological manifestations in AIA mice. These data corroborate our initial hypothesis that Tan IIA has therapeutic potential for RA treatment. To date, few in vivo studies on the effects of Tan IIA in RA treatment have been conducted, and no detailed related mechanisms had previously been discovered.

To discover the mechanisms involved in the effects of Tan IIA on RA, we constructed primary RA-FLS strains from samples of synovial tissue from RA patients. We demonstrated that Tan IIA can inhibit the tumor-like proliferation characteristics of RA-FLSs in clinically safe concentrations. According to our data, although Tan IIA does not have a remarkable effect on the vitality of RA-FLSs after 24-h treatment, it can prevent TNF-α-stimulated cell proliferation in a dose-dependent manner after 48 h of treatment. In addition, previous reports suggested that high concentrations Tan IIA can promote RA-FLS apoptosis (Jie et al., 2014; Li et al., 2018), probably by upregulating lncRNA GAS5 (Li et al., 2018). However, we found in our experiments that RA-FLSs do not undergo apoptosis when treated with up to 20 μM of Tan IIA, while cell apoptosis may accrue at concentrations of Tan IIA above 40 μM. Therefore, we speculate that the effect of Tan IIA on RA-FLSs is different for higher and lower concentrations of Tan IIA, although further studies are needed to elucidate this issue. Moreover, Tan IIA could restrict the migration and invasion of RA-FLSs, which would be better for suppressing the tumor-like properties of RA-FLSs and reducing the damage to distal cartilage.

The RA pathogenesis states that RA-FLSs usually secrete pro-inflammatory factors and chemokines, including TNF-α, IL-6, IL-8, IL-17, and IL-1β, to recruit and activate various immune cells. These immune cells, in turn, secrete cytokines to activate RA-FLSs, contributing to cartilage damage and joint destruction (Bartok and Firestein, 2010; Bottini and Firestein, 2013). TNF-α is one of the most important inflammatory cytokines in the joint cavity of RA patients and is commonly used as an activator of RA-FLSs in vitro to simulate the inflammatory microenvironment (Shi et al., 2018; Du et al., 2019; Wang Z. et al., 2019; Wu et al., 2019). We found that 20 ng/mL of exogenous TNF-α can stimulate RA-FLSs and produce a similar effect. It is worth mentioning that 10 or 20 μM of Tan IIA inhibited the increased mRNA expression of IL-6, IL-1β, and IL-8 induced by 20-ng/mL TNF-α. Moreover, only 1 μM of sodium tanshinone IIA sulfonate, a Tan IIA derivate, can decrease IL-6 and IL-1β mRNA expression (Wang Z. et al., 2019). Taken together, these data suggest that Tan IIA acts as an anti-inflammatory in RA by inhibiting the production of pro-inflammatory cytokines, despite the different worked concentrations of Tan IIA or its derivative. Remarkably, Tan IIA did not inhibit TNF-α-induced IL-17 mRNA expression, a result that was similar to those of our previous research on 3′3-Diindolylmethane (DIM) (Du et al., 2019). This may be related to the individual differences of the patients or may indicate that IL-17 production is not related to TNF-α stimulation, and, therefore, it is regulated by other mechanisms. From the ELISA results, we observed that, although there was no increase in TNF-α-induced IL-8, 20μM of Tan IIA suppressed the release of IL-8 by RA-FLSs. Moreover, we also found that Tan IIA inhibited the tendency of IL-1β increase induced by TNF-α, although the basal expression of IL-1β in the blank control group was difficult to detect because it was low.

Previous studies suggested that the expression of MMPs in fibroblasts of synovial joints is responsible for the degradation of synovial collagen in several inflammatory diseases, including RA (Agere et al., 2017). More than fifteen synovial MMPs are expressed in the synovial joints from RA patients, and they fall into three main categories: collagenase, gelatinase, and matrix metalloproteinase (Konttinen et al., 1999). We found that 20 μM of Tan IIA prevented TNF-α-induced mRNA expression of MMP-8 collagenase, MMP-2 and MMP-9 gelatinases, and MMP-3 matrix metalloproteinase. However, we were unable to detect these MMPs at the protein level in the culture supernatant, similar to previous studies (Du et al., 2019). Despite the absence of bands in Western blot and gelatinase analyzes, our data suggest that these MMPs did indeed play an important role in the invasion and migration of RA-FLSs. In addition, we demonstrated that Tan IIA decreased the expression of MMPs in RA-FLSs.

Tan IIA has been reported to affect the proliferation, invasion, and migration of tumor cells through different signaling pathways (Zhang et al., 2018; Liao et al., 2019; Xue et al., 2019). However, such reports left the specific molecular mechanism of Tan IIA in RA-FLSs unknown. We performed network pharmacology analyzes and found some potential pathways for Tan IIA action in the treatment of RA. The integration of the network pharmacology analyses with the experimental in vitro-obtained data reveals that Tan IIA can affect three different pathways: MAPK, AKT/mTOR, HIF-1, and NF-kB.

The mitogen-activated protein kinases (MAPK) family is widely conserved among eukaryotes and is responsible for the phosphorylation and dephosphorylation of several key proteins involved in regulatory mechanisms of different cells (Tong et al., 2014). Extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and P38MAP kinase (p38) are the main members of the MAPK family. These proteins are the main intracellular responders embedded in a highly active signaling flow that is involved in the activation of RA-FLSs (Müller-Ladner et al., 2007; Tong et al., 2014; Bustamante et al., 2017). Several compounds, including sodium tanshinone IIA sulfonate, DIM, and triptolide, have been shown to inhibit MAPK signaling pathway activation by preventing the phosphorylation of p38, JNK, and ERK. Thus, these compounds are able to inhibit the proliferation, metastasis, and invasion of RA-FLSs (Yang et al., 2016; Du et al., 2019; Wang Z. et al., 2019). Our data showed that Tan IIA played an inhibitory role in TNF-α-stimulated p38 and JNK phosphorylation in RA-FLSs but had no significant effect on ERK. Therefore, we suggest that the effect of Tan IIA on proliferation, migration, and invasion in RA-FLSs is mainly mediated by inactivation of p38 and JNK proteins. There is near-consensus that the expression and activation of p38 and JNK in the synovial tissue of RA patients modulate the growth, apoptosis, and differentiation of RA-FLSs. Thus, inflammation and cartilage damage is triggered in the joint cavity of RA patients (Yang et al., 2016; Bustamante et al., 2017).

The PI3K/AKT signaling pathway is involved in the pathogenesis of inflammation (Malemud, 2015), and, therefore, understanding its regulation would be of great benefit for the control of RA (Laragione and Gulko, 2010; Jia et al., 2015). mTOR complex 1 (mTORC1) lies downstream of the PI3K/Akt pathway. The activation of the downstream signaling through AKT-mediated mTORC1 phosphorylation promotes anabolic processes and limits catabolic processes involved in cell growth, proliferation, and metabolism (Liu et al., 2006; Laplante and Sabatini, 2009). Moreover, previous reports have shown that activation of the PI3K/AKT/mTOR pathway appears to be the critical driver of proliferation and anti-apoptosis responses and is a typical feature of inflamed synovial tissue in RA (Garcia et al., 2010). Cytokines, especially TNF-α, in RA-FLS lead to the activation of the PI3K/AKT/mTOR pathway, thereby promoting cell migration and invasion (Karonitsch et al., 2018). Moreover, S6K1 and 4E-BP1 are the two best-characterized mTORC1 substrates, whereby mTORC1 plays the role of an mRNA to protein translator (Wendel et al., 2004). In our data, we found direct evidence that Tan IIA can influence the AKT/mTOR pathway. We showed that Tan IIA blocks activation by TNF-α-stimulated phosphorylation of AKT/mTOR and downstream p70S6K and 4E-BP1. Therefore, these data indicate that Tan IIA has antiproliferative activity and highlight that Tan IIA can be used independently or in combination with other drugs to improve clinical symptoms in RA patients. On the other hand, numerous studies have revealed that autophagy and autophagy-related proteins also participate in the pathogenesis and progress of RA. Furthermore, the mTOR pathway is also involved in autophagy in RA (Li et al., 2017; Wu and Adamopoulos, 2017). Further studies are needed to assess whether Tan IIA can regulate RA-FLS autophagy via the AKT/mTOR pathway.

Insufficient oxygen supply appears in the damaged articular cavity in RA pathology and is accompanied by metabolic disorders and pannus hyperplasia, resulting in a hypoxic microenvironment (Fearon et al., 2016; Quiñonez-Flores et al., 2016; Veale et al., 2017). The transcription factors NF-κB and HIFs, in addition to the relevant enzymes, oxygen-sensitive and prolyl hydroxylases, are responsible for responding to the hypoxia signal in the hypoxic microenvironment. In particular, NF-κB and HIFs play key roles in several disorders, including induction of inflammation and angiogenesis and rheumatoid arthritis (Szade et al., 2015; D'Ignazio and Rocha, 2016). Our analysis showed that the HIF-1 pathway may be a potential target for Tan IIA in RA. Based on previous data, we chose NF-κB p65 and HIF-1α as targets to assess their changes in response to hypoxia to highlight the effect of Tan IIA on hypoxia pathways. Our data showed that Tan IIA can actually inhibit HIF-1α expression and TNF-α-stimulated NFκB p65 phosphorylation. Moreover, Tan IIA can also decrease LPS-induced p65 protein expression in PBMCs of RA patients (Tang et al., 2019). Therefore, it can be concluded that Tan IIA may affect RA by suppressing HIF-1α and NF-κB p65 to alleviate damage from hypoxia and the release of proinflammatory cytokines. Nevertheless, the regulatory mechanism of HIF-1α and NF-κB p65 needs further study to be fully revealed.

In conclusion, our data reveal a specific role of Tan IIA on TNF-dependent arthritogenesis. We identified that Tan IIA can inhibit the proliferation, migration, and invasion of RA-FLSs and suppress the release of proinflammatory cytokines and MMPs. We also showed that Tan IIA achieves these effects by affecting the MAPK, AKT/mTOR, HIF-1, and NF-κB signaling pathways. Finally, we present in vivo evidence that Tan IIA is able to improve arthritis severity in AIA mice. Therefore, this study highlights the therapeutic role of Tan IIA in the treatment of RA and shows its potential to improve the quality of life of RA patients.
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Traditional Chinese medicine (TCM) with the characteristics of “multi-component-multi-target-multi-pathway” has obvious advantages in the prevention and treatment of complex diseases, especially in the aspects of “treating the same disease with different treatments”. However, there are still some problems such as unclear substance basis and molecular mechanism of the effectiveness of formula. Network pharmacology is a new strategy based on system biology and poly-pharmacology, which could observe the intervention of drugs on disease networks at systematical and comprehensive level, and especially suitable for study of complex TCM systems. Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease, causing articular and extra articular dysfunctions among patients, it could lead to irreversible joint damage or disability if left untreated. TCM formulas, Danggui-Sini-decoction (DSD), Guizhi-Fuzi-decoction (GFD), and Huangqi-Guizhi-Wuwu-Decoction (HGWD), et al., have been found successful in controlling RA in clinical applications. Here, a network pharmacology-based approach was established. With this model, key gene network motif with significant (KNMS) of three formulas were predicted, and the molecular mechanism of different formula in the treatment of rheumatoid arthritis (RA) was inferred based on these KNMSs. The results show that the KNMSs predicted by the model kept a high consistency with the corresponding C-T network in coverage of RA pathogenic genes, coverage of functional pathways and cumulative contribution of key nodes, which confirmed the reliability and accuracy of our proposed KNMS prediction strategy. All validated KNMSs of each RA therapy-related formula were employed to decode the mechanisms of different formulas treat the same disease. Finally, the key components in KNMSs of each formula were evaluated by in vitro experiments. Our proposed KNMS prediction and validation strategy provides methodological reference for interpreting the optimization of core components group and inference of molecular mechanism of formula in the treatment of complex diseases in TCM.




Keywords: Traditional Chinese medicine (TCM), rheumatoid arthritis, key gene network motif with significant (KNMS), mechanisms, network pharmacology



Introduction

Rheumatoid Arthritis (RA) is a chronic systemic autoimmune disease with symmetric inflammation of aggressive multiple joints (Sodhi et al., 2015). As the most common inflammatory rheumatic disease, the prevalence of RA is about 0.5%-1.0% in the world (Saraux et al., 2006). The inflammatory cell infiltration of synovium, pannus formation, and the progressive destruction of articular cartilage and bone destruction are the main pathological properties of RA (Brzustewicz and Bryl, 2015). The data from epidemiological investigations shows that about 90% of RA patients developed bone erosions within 2 years, eventually leading to joint deformities or even disability (Cecilia et al., 2013). Therefore, RA brings great impact on the quality of life of patients and also imposes a heavy burden on families and society.

Traditional Chinese medicine (TCM) has the advantages of definite curative effect, safety and few side effects in the treatment of rheumatoid arthritis and has attracted more and more attention in the prevention and treatment of rheumatoid arthritis. TCM usually treats RA and other complex diseases in the form of formulas, which has theoretical advantages and rich clinical experience. In the study of RA therapy-related formulas, increasing evidence confirmed that different formulas can treat RA, which coincide with the theoretical concept of “treating the same disease with different treatments” in TCM (Fu et al., 2014). Such as Danggui-Sini-decoction (DSD) (Bang et al., 2017), Guizhi-Fuzi-decoction (GFD) (Peng et al., 2013), and Huangqi-Guizhi Wuwu-Decoction (HGWD) (Wang et al., 2010) etc., have been found successful in controlling RA in TCM clinics. Previous pharmacological studies have shown that DSD exert positive effects and good anti-inflammatory function which might protect collagen-induced arthritis rats from bone and cartilage destruction (Cheng et al., 2017). It has been reported that GFD could substantially inhibit the activities of interleukin-6 and tumor necrosis factor-α in the serum of adjuvant-induced arthritis rats, as well as inhibit the formation of synovitis and pannus, and has obvious therapeutic effect on rheumatoid arthritis (He and Gu, 2008; Xia and Song, 2011). In addition, some pharmacological experimental studies have found that HGWD could promote the apoptosis of synovial cells in rheumatoid arthritis rats with abnormal hyperfunction (Liu et al., 2017), and reduce the degree of foot swelling in adjuvant arthritis rats, affect the arthritis index of rats, and play a role in treating rheumatoid arthritis (Shi et al., 2006).

In these formulas, DSD consists of 7 herbs: Angelica sinensis (Oliv.) Diels (Danggui, 12 g), Cinnamomum cassia (L.) J. Presl (Cinnamomi ramulus, Guizhi, 9 g), Paeonia lactiflora Pall. (Baishao, 9 g), Asarum sieboldii Miq. (Xixin, 3 g), Glycyrrhiza uralensis Fisch. ex DC. (Gancao, 6 g), Tetrapanax papyrifer (Hook.) K. Koch (Medulla tetrapanacis, Tongcao, 6 g), Ziziphus jujuba Mill. (Jujubae fructus, Dazao, 8). GFD consists of 5 herbs: Cinnamomum cassia (L.) J. Presl (Cinnamomi ramulus, Guizhi, 12 g), Aconitum carmichaeli Debeaux (Aconiti lateralis radix praeparata, Fuzi, 15 g), Zingiber officinale Roscoe (Shengjiang, 9 g), Glycyrrhiza uralensis Fisch. ex DC. (Gancao, 6 g), Ziziphus jujuba Mill. (Jujubae fructus, Dazao, 12). HGWD consists of 5 herbs: Astragalus mongholicus Bunge (Huangqi, 15 g), Paeonia lactiflora Pall. (Baishao, 12 g), Cinnamomum cassia (L.) J. Presl (Cinnamomi ramulus, Gui zhi, 12 g), Zingiber officinale Roscoe (Shengjiang, 25 g), Ziziphus jujuba Mill. (Jujubae fructus, Dazao, 4). These traditional formulas are recorded in the Chinese pharmacopoeia (National Pharmacopoeia Commission, 2015). However, the molecular mechanism of these different formulas in treating rheumatoid arthritis under the concept of “treating the same disease with different treatments” is still unclear. How to develop new methods to detect the key component groups of different formulas for treating rheumatoid arthritis and speculate the possible mechanism not only provides the benefit therapy strategy for the precise treatment of RA, but also provides methodological reference for the analysis of the mechanism of treating the same disease with different treatments in TCM.

Network pharmacology has been widely used in the research of treating the same diseases with different formulas. For example, Gao et al. used network pharmacology to decode the mechanisms of Xiaoyao powder and Kaixin powder in treating depression; Liu et al. clarified the molecular mechanism of Sini San and Suanzaoren Tang in treating insomnia based on network pharmacology, etc (Yao et al., 2018; Liu et al., 2019). With the in-depth intersection of systems biology, poly-pharmacology, bioinformatics and other technologies, and the continuous improvement of the accuracy, reliability, and integrity of data resources, the research ideas and technical means of network pharmacology will be better applied to the mechanism research of formulas in TCM and provide more innovation in methodology for the molecular level research of TCM.

In this study, network pharmacology model was applied to analyze the key gene network motif with significant (KNMS) of different formulas in the treatment of RA. Coverage of RA pathogenic genes, coverage of functional pathways and cumulative contribution of key nodes were employed to evaluate the accuracy and reliability of KNMSs, and then the validated KNMSs were used to infer the common potential mechanism of different formulas in the treatment of RA. In summary, the proposed network pharmacology strategy aims to identify major mechanism and related pharmacological effects of different treatments in treating RA through specific KNMSs, which may offer a new network-based method for evaluating and selecting suitable treatment strategies of complex diseases in TCM.



Materials and Methods


Flowchart

This phenomenon that different formulas treat the same diseases is widely used in TCM clinical applications. However, there is lack of systematic method to decode the mechanisms of treat the same disease with different treatments. In this study, we designed a network pharmacology model to decode the common and specific potential mechanisms of 3 formulas in the treatment of RA, which may provide a methodological reference for different formulas treat the same disease. The workflow is illustrated in Figure 1 and described as follows: 1) the components of DSD, GFD and HGWD were collected from TCMSP, TCMID, and TCM@Taiwan; 2) ADME based methods were used to identify the main active components; 3) the main active components from three formulas and their predicted targets were used to construct the component-target (C-T) networks; 4) The KNMSs were detected from integrated C-T and target-target interaction networks; 5) the KNMSs were validated by the coverage of RA pathogenic genes, coverage of functional pathways and cumulative contribution of key nodes; 6) Finally, all validated KNMSs were employed to decode the underlying mechanism of different formulas treat the same disease.




Figure 1 | A schematic diagram of network pharmacology-based strategy to decode the mechanisms of different formulas treat the same disease of TCM. DSD represents Danggui-Sini-decoction, GFD represents Guizhi-Fuzi-decoction, and HGWD represents Huangqi-Guizhi Wuwu-Decoction, KNMSs represents key gene network motifs with significant.





Component Identification

All chemical components of Danggui-Sini-decoction (DSD), Guizhi-Fuzi-decoction (GFD), and Huangqi-Guizhi Wuwu-Decoction (HGWD) were collected from Traditional Chinese Medicine Systems Pharmacology (TCMSP) Database (Ru et al., 2014) (http://lsp.nwsuaf.edu.cn/tcmsp.php), Traditional Chinese Medicine integrated database (Xue et al., 2013) (TCMID, http://www.megabionet.org/tcmid/), and TCM@Taiwan (Chen, 2012) (http://tcm.cmu.edu.tw/zh-tw). The chemical identification and concentration of the herbs in DSD, GFD, and HGWD were collected from the previous reports. All chemical structures were prepared and converted into canonical SMILES using Open Babel Toolkit (version 2.4.1). The targets of DSD, GFD, and HGWD were predicted by using Similarity Ensemble Approach SEA (Keiser et al., 2007) (http://sea.bkslab.org/) and Swiss Target Prediction (David et al., 2014) (http://www.swisstargetprediction.ch/).



ADME Screening

Components that meet the Lipinski’ rules of five usually have better pharmacokinetic properties, higher bioavailability during metabolism in the body, and are therefore more likely to be drug candidates (Lipinski et al., 2012; Damião et al., 2014). Oral bioavailability (OB) refers to the extent and rate of active components release from the herbs into the systemic circulation and is an important indicator for evaluating the intrinsic quality of the component (Xu et al., 2012). Drug-like (DL) indicate the characteristics that an ideal drug should have and was a comprehensive reflection of the physical and chemical properties and structural characteristics exhibited by successful drugs (Tao et al., 2013). In this study, active components from DSD, GFD, and HGWD were mainly filtered by integrating Lipinski’s rules, oral bioavailability (OB), and drug-likeness (DL). The detail of Lipinski’s rules includes molecular weight lower than 500 Da, number of donor hydrogen bonds less than 5, number of acceptor hydrogen bonds less than 10, the logP lower than 5 and over -2, and meets only the criteria of 10 or fewer rotatable bonds. Besides, oral bioavailability (OB), and drug-likeness (DL) also were employed to screen the active components. The components with OB values higher than 30% and DL values higher than 0.14 were retained for further investigation (Wang et al., 2018).



Networks Construction

The component-target (C-T) networks of three formulas were constructed by using Cytoscape software (Version 3.7.0) (Lopes et al., 2010). The topological parameters of networks were analyzed using Cytoscape plugin NetworkAnalyzer (Jong et al., 2003).



Detection of Key Gene Network Motif With Significant (KNMS)

The exploration of motif structures in networks is an important issue in many domains and disciplines. To find key gene network motifs with significant (KNMS) of 3 formulas in the treatment of RA, a mathematical algorithm was designed and described as follows:

To take advantage of the motif structure of the network, m motif codebooks, and one index codebook are used to describe the random walker’s movements within and between motifs, respectively. Motif codebook i has one codeword for each node α∈i and one exit codeword. The codeword lengths are derived from the frequencies at which the random walker visits each of the nodes in the motif, pα∈i, and exits the motif, qi↷. We use pi↻ to denote the sum of these frequencies, the total use of codewords in motif i, and Pi to denote the normalized probability distribution. Similarly, the index codebook has codewords for motif entries. The codeword lengths are derived from the set of frequencies at which the random walker enters each motif, qi↶. We use q↶ to denote the sum of these frequencies, the total use of codewords to move into motifs, and Q to denote the normalized probability distribution. We want to express average length of codewords from the index codebook and the motif codebooks weighted by their rates of use. Therefore, the map equation is

	

Below we explain the terms of the map equation in detail and we provide examples with Huffman codes for illustration.

L(M) represents the per-step description length for motif partition M. That is, for motif partition M of n nodes into m motifs, the lower bound of the average length of the code describing a step of the random walker.

	

The rate at which the index codebook is used. The per-step use rate of the index codebook is given by the total probability that the random walker enters any of them motifs. This variable represents the proportion of all codes representing motif names in the codes. Where qi↶ is probability of jumping out of Motif i.

	

This variable represents the average byte length required to encode motif names. The frequency-weighted average length of codewords in the index codebook. The entropy of the relative rates to use the motif codebooks measures the smallest average codeword length that is theoretically possible. The heights of individual blocks under Index codebook correspond to the relative rates and the codeword lengths approximately correspond to the negative logarithm of the rates in base 2.

	

This variable represents the coding proportion of all nodes (including jump-out nodes) belonging to motif i in the coding. The rate at which the motif codebook i is used, which is given by the total probability that any node in the motif is visited, plus the probability that the random walker exits the motif and the exit codeword is used.

	

This variable represents the average byte length required to encode all nodes in motif i. The frequency-weighted average length of codewords in motif codebook i. The entropy of the relative rates at which the random walker exits motif i and visits each node in motif i measures the smallest average codeword length that is theoretically possible. The heights of individual blocks under motif codebooks correspond to the relative rates and the codeword lengths approximately correspond to the negative logarithm of the rates in base 2.



Contribution Coefficient Calculation

The contribution coefficient (CC) represents the network contribution of KNMSs in 3 formulas. R value was used to determine the importance of the components by the following mathematical model:

	

	

where dc represents the degree of each component, which is calculated by Cytoscape. R is an indicator to evaluate the importance of the component.

Where n is the number of components from different KNMSs of DSD, GFD, and HGWD, respectively; m is the number of components from C-T network of DSD, GFD, and HGWD, respectively; Ri represents the indicator of each component in KNMSs of DSD, GFD, and HGWD, and Rj represents the indicator of each component in C-T network of DSD, GFD, and HGWD.



KEGG Pathway

To analyze the main function of the KNMSs, the pathway data were obtained from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Draghici et al., 2007) for KEGG pathway enrichment analyses. P-values were set at 0.05 as the cut-off criterion. The results of analysis were annotated by Pathview (Luo and Brouwer, 2013) in the R Bioconductor package (https://www.bioconductor.org/).



Experimental Validation


Materials

Isoliquiritigenin, isorhamnetin and quercetin (≥98% purity by HPLC) was obtained from Chengdu Pufei De Biotech Co., Ltd (Chengdu, China). Fetal bovine serum (FBS) and Dulbecco’s modified Eagle’s medium (DMEM) were purchased from Gibco (Grand Island, USA). Lipopolysaccharide (LPS) was purchased from Sigma-Aldrich Co., Ltd (St Louis, USA).



Cell Culture and Treatment

RAW264.7 cells were obtained from the cell bank of the Chinese Academy of Sciences (Shanghai, China). The cells were cultured in DMEM with 10% FBS, and incubated at 37°C under 5% CO2. When RAW264.7 cells reached 80% confluency, the cells were treated with isoliquiritigenin, isorhamnetin and quercetin for 2 h, then the cells were treated with LPS (1 μg/ml) for 24 h.



Cell Viability Assay

MTT assay was utilized to measure cell viability. RAW264.7 cells (6×104 per/well) were seeded in 96-well plates. After 24 h incubation, RAW264.7 cells were treated with 1, 5, 10, 20, 40, and 80 μM isoliquiritigenin, isorhamnetin and quercetin for 24 h. Ten μl of MTT were added to reach a final concentration of 0.5 mg/ml, and incubated for a further 4 h. The absorbance was measured at 570 nm with a microplate reader (BioTek, USA).



Measurement of NO

Griess reagent was utilized to detected the level of NO in the culture supernatant of RAW264.7 cells. After incubation with isoliquiritigenin, isorhamnetin and quercetin for 2 h and LPS (1 μg/ml) for 24 h, the culture supernatant was collected and mixed with Griess reagent for NO assay. The absorbance was measured at 540 nm using a microplate reader.




Statistical Analysis

To compare the importance of motifs in three formulas, SPSS22.0 was used for statistical analysis. One-way analysis of variance followed by a Dunnett post-hoc test was used to compare more than two groups. Obtained p-values were corrected by Benjamini-Hochberg false discovery rate (FDR). Results were considered as statistically significant if the p-value was <0.05.




Results


Chemical Analysis

Chemical analysis plays important roles in the study of substances basis and mechanism of herbs in the formulas. By searching from the literature, we collected the information on specific chemical identification and concentration of the herbs in DSD, GFD and HGWD, respectively. The detail information was shown in Table 1 and Table S1. The results suggest that chemical components of herbs and the concentration of identified components provide an experiment-aided chemical space for search of active components. This will provide valuable reference for the further analysis.


Table 1 | The information on chemical analysis of the herbs from the literature in DSD, GFD, and HGWD.





Active Components in DSD, GFD, and HGWD

By a comprehensive search of the TCMSP, TCMID, and TCM@Taiwan database, 812 components from seven herbs in DSD, 640 components from five herbs in GFD, and 459 components from five herbs in HGWD were obtained. A TCM formula usually contains large number of components, and ADME screening approaches are always used to select active components. After ADME screening, 124 active components in DSD, 120 active components in GFD, and 48 active components in HGWD were passed the combined filtering criteria which integrated by Lipinski’s rule, OB, and DL (Table 2). For further analysis of these active components, 31 common components in three formulas and 93, 89, and 17 unique components in DSD, GFD, and HGWD were found (Figure 2). These results indicate that three formulas might exert roles in treating RA by affecting the common components and specific components.


Table 2 | Components in DSD, GFD, and HGWD for further analysis after ADME screening.












Figure 2 | Distribution map of active components in DSD, GFD, and HGWD.





C-T Network Construction

To facilitate analysis of the complex relationships between active components and their targets of three formulas, component-target networks were constructed by using Cytoscape (Figures S1–S3). The results revealed that the DSD network consisted of 124 active components, 846 target proteins, and 3758 interactions; the GFD network contained120 active components, 821 target proteins, and 3759 interactions; the HGWD network consisted of 48 active components, 612 target proteins, and 1373 interactions.

We further analyzed the topology parameters of these C-T networks using NetworkAnalyzer and found that the average degree of components and targets in DSD were 30.31 and 5.20; the average degree of components and targets in GFD were 31.33 and 5.36; the average degree of components and targets in HGWD were 28.6 and 2.43. These results indicate that there exist interactions between one component and multiple targets in three formulas, and also exist phenomenon that different components act on the same target, which is in line with the characteristics of multi-component and multi-target mediated synergistic effect of TCM, and also reflects the complexity of the mechanism of TCM.



KNMSs Predication and Validation


KNMSs Predication

These C-T networks are complex and huge. How to quickly extract important information from these complex networks is the key step to decode underlying molecular mechanism. Here, we introduced the infomap algorithm in the network pharmacology model for the first time based on the random walk theory combined with Huffman-encoding. The algorithm performs to optimize the discovery of KNMSs in C-T network heuristically by using a reasonable global metric. 7, 10, and 10 KNMSs were predicted in DSD, GFD, and HGWD, respectively (p value < 0.05) (Figures 3–5). The detail information of network KNMSs were shown in Table S2.




Figure 3 | The predicated KNMSs of C-T network of DSD. The red nodes represent the specific components of DSD, and the yellow nodes represent related targets.






Figure 4 | The predicated KNMSs of C-T network of GFD. The green nodes represent the specific components of GFD, and the yellow nodes represent related targets.






Figure 5 | The predicated KNMSs of C-T network of HGWD. The blue nodes represent the specific components of HGWD, and the yellow nodes represent related targets.





KNMSs Validation

In order to validate whether predicted KNMSs in each formula can represent corresponding full C-T networks in treating RA. Three strategies were used to verify the accuracy and reliability and of KNMSs. The first strategy was used to see whether the number of RA pathogenic genes in KNMSs are close to the number of RA pathogenic genes in CT network. The coverage was defined as the percentage of the number of pathogenic genes in KNMSs to the number of pathogenic genes in C-T network. High coverage indicated that KNMSs could retain most formula-targeted RA pathogenic genes that included in the corresponding C-T network. The second strategy was designed to see whether the gene enrichment pathways in KNMSs covers the gene enrichment pathways in C-T network as much as possible. High coverage indicated that KNMSs could cover most genes enriched pathways of the corresponding C-T network. The third strategy was employed to calculate the percentage of cumulative contribution of important nodes in KNMSs to that of nodes in C-T network. High percentage means KNMSs can retain the important nodes in the corresponding C-T network. The detail results are as follows:


Validated the Number and Coverage of Pathogenic Genes in KNMSs

To assess whether the number of RA pathogenic genes in KNMSs are close to the number of RA pathogenic genes in corresponding C-T network. The known pathogenic genes of RA reported by published literature and databases were collected, and the pathogenic genes confirmed by more than 5 literatures were selected for further analysis (Table S3). We found that the C-T network of DSD, GFD, and HGWD contains 50, 52, and 39 pathogenic genes, respectively. While the KNMSs of DSD, GFD, and HGWD contains 39, 40, and 30 pathogenic genes. The number of pathogenic genes in KNMSs compared to that in C-T network of DSD, GFD, and HGWD reached 78%, 76.9%, and 76.9%, which confirmed that the predicted KNMSs with high coverage of pathogenic genes (Figures 6A–C). These results demonstrate that KNMSs have a high coincidence degree with C-T network in the number and coverage of pathogenic genes, it also indicated that our proposed KNMS detection model can maximize the coincidence degree of pathogenic genes in the C-T network of formulas.




Figure 6 | The number of overlap pathogenic genes between C-T network and KNMSs in DSD, GFD and HGWD (A–C). (A–C) use venn diagram to visualize the overlap number between C-T network and KNMSs in DSD, GFD, and HGWD, respectively.





Validated the Genes Enriched Pathways in KNMSs

An additional metric for evaluating the importance of the inferred motifs is determined by their functional coherence, which can be accessed via their related genes enrichment pathways from KEGG (Kanehisa and Goto, 2000). Here, we used this method to detect whether KNMSs found in each formula can represent their full C-T networks at functional level. Our analysis shown that genes enriched pathways of KNMSs in DSD accounts for 85.8% of genes enriched pathways of the full C-T network in DSD; genes enriched pathways of KNMSs in GFD accounts for 86.6% genes enriched pathways of the full C-T network in GFD; genes enriched pathways of KNMSs in HGWD accounts for 81.9% genes enriched pathways of the full C-T network in HGWD (Figures 7A, B). It was encouraged that the gene enriched pathways involved in KNMSs of 3 formulas are highly compatible with gene enriched pathways of their C-T networks. This result confirmed that KNMSs have a high coincidence degree with C-T network at the gene functional level and also suggested that our proposed KNMS detection model can maximize the retention of functional pathways in the formulas of TCM.




Figure 7 | The functional similarity analysis between C-T network and KNMSs in DSD, GFD, and HGWD, respectively. (A, B) represent the functional similarity visualized by venn diagram and bubble diagram, respectively.





Validated the Cumulative Contribution of Important Nodes in KNMSs

The degree of nodes is a key topological parameter that characterizes the influence of nodes in a network (Lv et al., 2014). Here, a mathematical model was established to evaluate the importance of KNMSs in each formula based on the degree of nodes. According to the calculation results, each KNMS was assigned a CC value. The detailed information was shown in Figure 8 and Table S4. The sum of CC of 7, 10, and 10 KNMSs in each formula reached 80.44%, 79.88%, and 70.76% of that in C-T networks of DSD, GFD, and HGWD, respectively. The results confirmed that KNMSs have a high coincidence degree with C-T network on the topological structure and also indicated that our proposed KNMS detection model could maximize the coverage of important network topological structures compared with C-T network in each formula.




Figure 8 | The contribution coefficient of network topological between C-T network and KNMSs in DSD, GFD and HGWD (A–C). (A–C) use bar diagram to visualize the cumulative contribution rate between C-T network and KNMSs in DSD, GFD and HGWD, respectively.







Potential Mechanisms Analysis of Different Formulas Treats the Same Disease

In order to reveal the potential mechanism of KNMSs in different formula for treating rheumatoid arthritis, pathway enrichment analysis of KNMS-related genes in each formula were performed. In the DSD, genes in total 7 KNMSs were enriched in 165 pathways, genes in two KNMSs, DSD1, and DSD2 were enriched in 158 pathways, accounting for 95.8% of that in 7 KNMSs. The arthritis-related signaling pathways corresponding to DSD1 and DSD2 were partially complementary, for example, genes in DSD1 were mainly enriched in JAK-STAT signaling pathway and AMPK signaling pathway, genes in DSD2 mainly enriched in NF-kappa B signaling pathway, p53 signaling pathway and Wnt signaling pathway. In GFD, we total got 10 KNMSs. Genes in these 10 KNMSs were enriched in 151 pathways. Four of 10 KNMSs, GFD1, GFD3, GFD4, and GFD5 related genes are enriched in 144 pathways, accounting for 95.4% of enrichment pathways in 10 KNMSs of GFD. Moreover, some of their corresponding arthritis-related signaling pathways are complementary. For example, GFD1 mainly includes TNF signaling pathway, IL-17 signaling pathway and AMPK signaling pathway, and GFD3 mainly includes Inflammatory mediator regulation of TRP channels and GnRH signaling pathway. In HGWD, genes in 10 predicted KNMSs were enriched in 110 pathways, genes in HGWD4 and HGWD5, HGWD6, and HGWD8 covered 102 pathways, accounting for 92.7% of all KNMSs gene enrichment pathways. Consistent with DSD and GFD results, some of their corresponding arthritis-related signal pathways were also complementary. For example, HGWD4 mainly includes TNF signaling pathway, Hedgehog signaling pathway and IL-17 signaling pathway, HGWD5 mainly includes VEGF signaling pathway, NF-kappa B signaling pathway and mTOR signaling pathway, HGWD6 mainly includes cAMP signaling pathway and cGMP-PKG signaling pathway (Figure 9, Table S5). These results show that KNMSs in different formulas have distinct roles and synergistic effects in the treatment of rheumatoid arthritis.




Figure 9 | The enrichment pathway map of KNMSs in the C-T network of DSD, GFD, and HGWD.



In order to further explore the potential mechanism of the three formulas in treating RA, besides the difference analysis of each KNMS in different formulas, KEGG enrichment analysis of all KNMSs in each formula were also implemented and found that 3 formulas play the therapeutic effect on RA through the following five common pathways: Rap1 signaling pathway, cAMP signaling pathway, MAPK signaling pathway, EGFR Tyrosine Kinase Inhibitor Resistance, Calcium signaling pathway and Neuroactive ligand-receptor interaction. Except the common pathways, we found that the three formulas can play the role of treating RA through their specific pathways (Figure 10). For example, DSD can play the role of treating RA by regulating VEGF signaling pathway. GFD can play a role in treating RA by regulating HIF-1 signaling pathway. HGWD can play a role in treating RA by regulating PI3K-Akt signaling pathway. These results indicate that 3 formulas can play the role of treating RA through different and common pathways, which may act as the essence of different formulas treat the same disease.




Figure 10 | Gene enrichment analysis of all KNMSs from DSD, GFD, and HGWD, respectively.



Through PubMed literature search, we found that among the common pathways, MAPK signaling pathway and cAMP signaling pathway have the most correlation records with rheumatoid arthritis. We selected MAPK signaling pathway and cAMP signaling pathway which were reported closely related to inflammation to illustrate the mechanism of different formulas treat the same disease in detail. Firstly, a comprehensive inflammatory pathway was constructed by integrating the two pathways. And then, the genes in KNMSs of three formulas were mapped to the comprehensive inflammatory pathway (Figure 11). Results show that genes in the KNMSs of DSD mainly distributed in the downstream of the comprehensive inflammatory pathway, such as MAPK14, MAPK8, and JUND; Genes in the KNMSs of GFD mainly distributed in the downstream of the comprehensive inflammatory pathway, such as AKT3, RAF1, and TAOK3; while genes in the KNMSs of HGWD distributed both in the upstream and downstream of the comprehensive inflammatory pathway, such as CSF1R, ADCYAP1R1, CHRM1, NFKB1, MAPT, and JUN. The results suggest that different formulas play therapeutic roles through targeting different genes in the comprehensive inflammatory pathway.




Figure 11 | Distribution of specific targets enriched pathways of KNMSs in three formulas on the comprehensive inflammatory pathway. (A–C) represent the distribution of targets enriched pathways of KNMSs in DSD, GFD and HGWD on the comprehensive inflammatory pathway, respectively.





Experimental Validation In Vitro

Effects of isoliquiritigenin, isorhamnetin and quercetin with different concentrations on cell viabilities of RAW264.7 cells were detected by MTT assay. Compared with control group, 1, 5, 10, and 20 μM isoliquiritigenin, isorhamnetin, and quercetin had no effects on RAW264.7 cells viabilities (Figures 12A–C). Therefore, four concentrations were used (1, 5, 10, and 20 μM) for subsequent experiments.




Figure 12 | Effects of isoliquiritigenin (A, D), isorhamnetin (B, E), and quercetin (C, F) on cell viabilities and NO of LPS induced RAW264.7 cells. *p < 0.05, **p < 0.01, ***p < 0.001 compared with control group. #p < 0.05, ###p < 0.001 compared with the LPS group.



NO is a regulator of information transmission between cells and has the function of mediating cellular immune and inflammatory reactions. In order to further evaluate the results obtained by the network pharmacology model, the key components in KNMSs of each formula were selected for experimental validation. Isoliquiritigenin from motif 1 (DSD1) of DSD, isorhamnetin from motif 1 (GFD1) of GFD, and quercetin from motif 5 (HGWD5) of HGWD were chose to detect potential anti-inflammatory effects using LPS induced RAW264.7 cells. Compared with control group, the NO level was significantly increased by 275.34% in the culture medium of LPS treated cells, however, isoliquiritigenin (10 and 20 μM) markedly decreased the extracellular NO levels by 107.94% and 151.04%, isorhamnetin (10 and 20 μM) markedly decreased the extracellular NO levels by 81.59% and 137.94%, quercetin (5, 10 and 20 μM) markedly decreased the extracellular NO levels by 56.68%, 106.57% and 174.59%, respectively, in a concentration-dependent manner (Figures 12D–F). Our results demonstrated that isoliquiritigenin, isorhamnetin, and quercetin inhibited NO production in LPS induced RAW264.7 cells.




Discussion

The therapeutic effect of current synthetic agents in treating RA is not satisfactory and most of them have undesirable side effects. In China, some classical formulas have a long history of clinical application to treat RA and have shown significant curative effects. However, TCM formulas is a multi-component and multi-target agent from the molecular perspective (Corson and Crews, 2007; Bo et al., 2013). Based on the characteristics of complex components and unclear targets of TCM formula, the development of novel methods became an urgent issue needed to be solved.

TCM network pharmacology emerging recently has become a flourishing field in TCM modern studies along with the rapid progress of bioinformatics (Guo et al., 2017; Gao et al., 2018; Wang et al., 2018). So, using the method, combined with the rich experience of TCM treatment, could hopefully decode the underlying mechanism of TCM formula in the treatment of complex disease with the characteristic of “multi-targets, multi-component”. Network pharmacology approach could help us search for putative active components and targets of herbs based on widely existing databases and shows the network of drug-targets by a visual way (Gao et al., 2016). Moreover, it abstracts the interaction between drugs and target genes into a network model and investigates the effects of drugs on biological networks from a holistic perspective. It can help us to further understand potential action mechanisms of TCM within the context of interactions at the system level. However, in the decode process of complex networks, there are still exist redundancies and noises in current network pharmacology study.

In order to solve this problem, we introduced the infomap algorithm based on huffman encoding and the random walk theory for the first time. The algorithm performs to optimize the discovery of motif in C-T network heuristically by using a reasonable global metric. The results of optimized KNMSs are used to analyze the mechanism of different formulas for the treatment of RA. During this process the contribution coefficient model was used to validate the predicted KNMSs, which confirm the accuracy and reliability of our proposed strategy.

In this study, 230 active components of three formulas were found in total after ADME screening, 31 of these components are common to the three formulas, and 93, 89, and 17 components are specific to each formula. It suggested that the three formulas play therapeutic effect on rheumatoid arthritis through both common and specific components. In order to analyze the key component groups and mechanisms of the three formulas in the treatment of rheumatoid arthritis, we used target prediction tools to predict the targets of active components in different formulas and construct C-T networks. The degree distribution in the C-T network shows that the same components could act on different targets, and different components could also act on the same targets, which fully reflects the multi-component and multi-target complexity of TCM in treating complex diseases.

In order to quickly extract important information from complex C-T networks, motif prediction and validation strategy were used to rapidly discover the KNMSs of different formulas in the treatment of RA by using multidimensional data. More and more evidences show that network motif is an effective method to extract functional units and find core elements in complex networks. Radicchi et al. has confirmed that network motif offers an effective and manageable approach for characterizing rapidly the main functional unit of disease progression (Radicchi et al., 2004). Yang has reported that identifying overlapping motifs is crucial for understanding the structure as well as the function of real-world networks (Yang and Leskovec, 2012). Cai et al. indicate that uncovering motif structures of a complex network can help us to understand how the network play functions (Cai et al., 2014). Utilizing the network motif prediction model, 7, 10, and 10 KNMSs (p<0.05) were predicted in DSD, GFD and HGWD, respectively.

Coverage of RA pathogenic genes, coverage of functional pathways and cumulative contribution of key nodes were employed to evaluate the accuracy and reliability of KNMSs. The verification results show that KNMSs has a high coincidence degree with C-T network at the pathogenic genes, gene functional and topological structure level. It suggests that our proposed KNMS detection model can maximize the retention of functional pathways, the coverage of network topological structure and the coincidence degree of pathogenic genes in the formulas of TCM.

Through the analysis of KNMSs gene enrichment pathways in different formulas, we found that the percentage of gene enrichment pathways of different KNMSs is distinct compare to the gene enrichment pathways of all KNMSs in each formula. In DSD, gene enrichment pathways of DSD1, DSD2 account for more than 95% of gene enrichment pathways of 7 KNMSs. In GFD, the gene enrichment pathways of 4 KNMSs, GFD1, GFD3, GFD4, and GFD5 account for 95.4% of gene enrichment pathways of 10 KNMSs. In HGWD, the gene enrichment pathways of 4 KNMSs, HGWD4, HGWD5, HGWD6, and HGWD8 account for 92.7% of gene enrichment pathways of 10 KNMSs. These KNMSs in each formula play different roles by targeting on common and complementary inflammation-related signaling pathways. These complementary inflammatory signaling pathways include: DSD1 specifically related JAK-STAT signaling pathway and AMPK signaling pathway, DSD2 specifically related NF-kappa B signaling pathway, p53 signaling pathway and Wnt signaling pathway. GFD1 specifically related TNF signaling pathway, IL-17 signaling pathway, GFD3 specifically related Inflammatory mediator regulation of TRP channels and GnRH signaling pathway, HGWD4 specifically related TNF signaling pathway, Hedgehog signaling pathway, HGWD5 specifically related VEGF signaling pathway and mTOR signaling pathway, HGWD6 specifically related cAMP signaling pathway and cGMP-PKG signaling pathway. These results indicate that KNMSs in different formulas have distinct roles and synergistic effects in the treatment of rheumatoid arthritis.

In addition to the difference analysis of each KNMS in different formulas, KEGG enrichment analysis of all KNMSs in each formula were also implemented and revealed that 3 formulas exert the therapeutic effect of RA through common pathway, such as MAPK signaling pathway, cAMP signal pathway etc. or specific pathway, such as VEGF signaling pathway, HIF-1 signaling pathway, PI3K-Akt signaling pathway etc. Among them, MAPK signaling pathway plays an important role in the pathological process of RA (Schett and Zwerina, 2008). Its over-activation is closely related to inflammatory hyperplasia of synovial tissue and destruction of articular cartilage tissue. As an inducible transcription factor, MAPK regulates the expression of many genes and has been considered as a promising target for the treatment of RA (Rubbert-Roth, 2012). Studies have shown that collagen-induced arthritis rats administrated with MAPK signal transduction pathway inhibitor have significant differences in inhibiting synovitis, bone destruction and articular cartilage destruction compared with the group without signal pathway inhibitor (Adelheid et al., 2014). cAMP signal pathway is an important signal pathway for peripheral blood lymphocytes of RA patients. The study found that the cAMP level in peripheral blood lymphocytes (PBL) of RA patients increased, and its proliferation response was significantly lower than that of PBL in normal patients. It was also found that the abnormal activation of adenylate cyclase in RA patients was related to the low function of Gi protein (Dai and Wei, 2003). The formation of RA neovascularization depends on the expression of various angiogenic factors, especially VEGF and its receptor in RA (Mi-La et al., 2006). It has been confirmed that VEGF expression is upregulated in synovial macrophages and fibroblasts of RA patients, and VEGF expression is positively correlated with RA disease activity and joint destruction (Kanbe et al., 2015). The articular cavity of RA is anoxic microenvironment. Recent studies have shown that the increased expression of HIF-1 in synovium of RA joint is closely related to the occurrence and development of RA (Xu et al., 2010). PI3K-AKT signal pathway is an important intracellular signal transduction pathway, which is closely related to abnormal apoptosis of RA fibroblast-like synovial cells (RAFLS) (Smith and Walker, 2004). Inhibition of abnormally activated PI3K-AKT signaling pathway or expression of anti-apoptotic molecules can induce apoptosis in RAFLS and have therapeutic effect on RA (Liu and Pope, 2003).

Besides the function analysis, we also analysis and validated the key components in KNMSs of each formula. In DSD, the results suggested that the key component isoliquiritigenin from motif 1 (DSD1) exert effect on treatment of RA possibly through acting on MAPK signaling pathway. Studies have shown that isoliquiritigenin suppresses RANKL-induced osteoclastogenesis and inflammatory bone loss via RANK-TRAF6, MAPK, IκBα/NF-κB, and AP-1 signaling pathways (Zhu et al., 2012). In GFD, the results suggested that the key component isorhamnetin from motif 1 (GFD1) treats RA possibly through acting on TNF signaling pathway. Published reports confirmed that isorhamnetin play intervening roles in the development and progression of RA via anti-inflammatory and anti-oxidative activities. Previous studies have suggested that isorhamnetin attenuates collagen-induced arthritis via modulating the levels of cytokines TNF-α, IL-1β, and IL-6 etc. in the joint tissue homogenate of mice (Wang and Zhong, 2015). In HGWD, the results suggested that the key component quercetin from motif 5 (HGWD5) has therapeutic effect on RA possibly through acting on PI3K-Akt signaling pathway. This also verified by previous studies, which found that the mechanisms responsible for the quercetin-induced apoptosis of FLS from patients with RA are associated with the inhibition of PI3K/AKT pathway activation (Pan et al., 2016). Cellular experiments were applied to prove the reliability of the network pharmacology model through verifying the protective effects of key components in KNMSs of three formulas on the inflammation of mice RAW264.7 cells induced by LPS. In addition, in order to better evaluate the reliability of our proposed network pharmacology model, in vivo study will be conducted in our future research.

To summarize, a network pharmacology-based approach was established to extract core components group and decode the mechanisms of different formulas treat the same disease of TCM. Additionally, our proposed KNMS prediction and validation strategy provides methodological reference for optimization of core components group and interpretation of the molecular mechanism in the treatment of complex diseases using TCM.
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Bone destruction is an important pathological feature of rheumatoid arthritis (RA), which finally leads to the serious decline of life quality in RA patients. Bone metabolism imbalance is the principal factor of bone destruction in RA, which is manifested by excessive osteoclast-mediated bone resorption and inadequate osteoblast-mediated bone formation. Although current drugs alleviate the process of bone destruction to a certain extent, there are still many deficiencies. Recent studies have shown that traditional Chinese medicine (TCM) could effectively suppress bone destruction of RA. Some bioactive compounds from TCM have shown good effect on inhibiting osteoclast differentiation and promoting osteoblast proliferation. This article reviews the research progress of bioactive compounds exacted from TCM in inhibiting bone destruction of RA, so as to provide references for further clinical and scientific research.
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Introduction

Rheumatoid arthritis (RA) is a erosive autoimmune condition with lingering course (Smolen et al., 2016). Bone destruction is one of the most typical pathological features in the early RA patients, more than 10% of patients will occur pathological manifestation 8 weeks after onset (Panagopoulos and Lambrou, 2018). Current drugs for the treatment of RA are mainly non-steroidal anti-inflammatory drugs (NSAIDs), disease modifying anti-rheumatic drugs (DMARDs), hormones, biological agents and so on. Although these drugs alleviate the process of bone destruction to a certain extent, the long-term use is easy to produce side effects. Therefore, further scientific research on the treatment of bone destruction is still urgently needed. As is known to all, traditional Chinese medicine (TCM) has been used to treat RA for centuries and shown good efficacy (Guo Q. et al., 2017; Zhang Q. et al., 2019; Zhao H. et al., 2018). Recently, accumulating evidence have indicated that bioactive compounds extracted from TCM can effectively inhibit osteoclast differentiation as well as promote osteoblast proliferation, and may be used as potential therapeutically drugs. Therefore, this paper aims to review the potential therapeutic effect and targets of some representative bioactive compounds extracted from TCM, in order to provide reference for future research and development.



Bone Metabolism Imbalance Is the Key to Bone Destruction in RA

Bone is a metabolically active organ that keeps alive through continuous renewal in the process of bone remodeling. Bone remodeling depends on the balance between bone formation and bone resorption that maintains the homeostasis of bone reconstruction (Lian, 2015). Bone destruction in RA mainly lies in excessive bone absorption and insufficient bone reconstruction. Osteoclasts play an important role in bone resorption; they are derived from monocyte/macrophage-lineage hematopoietic precursor cells which are stimulated by macrophage colony stimulating factor (M-CSF) and receptor activator of nuclear factor-kB ligand (RANKL) (Fujiwara et al., 2016). Mature osteoclasts can express proteins including integrin, artrat resistant acid phosphatase (TRAP), calcitonin receptor (CTR), cathepsin K (CTSK), and matrix metalloproteinase (MMP) at the bone surfaces that are infiltrated by synovial cells (Zhu et al., 2020a). Osteoclast differentiation is a complex multistep process, and its molecular mechanism mainly involves the regulation of inflammation mediators, transcription factors, and signal pathways. Inflammatory mediators including tumor necrosis factor-alpha (TNF-α), interleukin-1 beta (IL-1β), interleukin-6 (IL-6), interleukin-8 (IL-8), and interleukin-17 (IL-17), prostaglandin E2 (PGE2), inducible nitric oxide synthase (iNOS), etc., can promote the augment of RANKL and M-CSF after binding to the receptors on osteoclasts, so as to aggravate bone resorption in RA. Simultaneously, the initiation of osteoclast differentiation in the process of bone destruction in RA also needs the regulation of transcription factors including nuclear factor of activated T cells (NFATc1), cellular oncogene fos (c-fos), cellular oncogene jun (c-Jun) (Zhu et al., 2020a). These cytokines mediate the regulation of osteoclasts on bone destruction in RA through multiple signal pathways. For instance, TNF-α and other pro-inflammatory cytokines secreted by synoviocytes and T cells in RA promote osteoclast differentiation by activating nuclear factor kappa-B (NF-κB), mitogen-activated protein kinase (MAPK), Janus kinase/signal transducer and activator (JAK/STAT), hypoxia inducible factor-1α (HIF-1α), phosphatidylinositol-3 kinase/protein-serine-threonine kinase (PI3K/AKT), Toll-like receptor (TLR), etc. In-depth understanding of the pathological process of osteoclasts in RA, monitoring and interfering with the cytokines and signal pathways that promote osteoclast activation can provide a new target for the treatment of bone destruction in RA.

The occurrence of bone destruction in RA is not only the reason of the enhancement of bone resorption mediated by osteoclasts, but also due to the limited bone formation (bone repair) mediated by osteoblasts (Gravallese, 2017). Osteoblasts participate in osteoclasts regulation by expressing RANKL and OPG (Corrado et al., 2017). Bone marrow mesenchymal stem cells (BMSCs) are the main source of osteoblasts, BMSCs is a kind of stem cells with the potential of self-proliferation and multi-directional differentiation, which can differentiate into bone, cartilage, muscle, and other tissues under the action of different environments and stimulating factors(Komori, 2010). Because of the stimulation of cytokines such as insulin-like growth factor 1 (IGF-1) and transforming growth factor-β (TGF-β), BMSCs differentiate into osteoblast progenitor cells under the regulation of transcription factors such as Runt-related transcription factor 2 (Runx2) and bone morphogenetic protein-2 (BMP-2) (Blair et al., 2017; Komori, 2019). Subsequently, osteoblasts form osteoid, and mature osteoblasts highly express calcification-related proteins, which are mainly osteocalcin (OCN), bone morphogenetic protein-2 (BMP-2), and osteopontin (OPN) (Blair et al., 2017; Halling Linder et al., 2017; Komori, 2019). At the same time, Wnt/β-catenin, BMP/Smad, and Notch signaling pathways will act on osteoblast differentiation and maturation. Sclerostin and dickkopf-related protein 1 (Dkk-1) are the Wnt/β-catenin signaling pathway inhibitors which prevent low-density lipoprotein receptorrelated protein 5/6 (LRP 5/6) from binding to downstream signal receptor. Studies have found the expression of Wnt/β-catenin signal pathway inhibitors in osteoblasts of patients with RA was increased, which inhibited the activity of osteoblasts and promoted osteoblast apoptosis, and TNF-α and IL-1 played a promoting role (Miao et al., 2013). BMP/Smad signaling pathway can promote the formulation of osteoblasts by regulating all aspects of osteoblast cycle and has a synergistic effect with Wnt/β-catenin signaling pathway (Dejaeger et al., 2017). Miyazono et al. found that both osteoblast development and osteoblast function in BMP2/4 knockout mice were defective, and the number of osteoblasts decreased, all of which might be caused by the down-regulation of Runx2 and Osx (Miyazono et al., 2010). Verschueren et al. have proved that the total amount of phosphorylated Smad1 and Smad5 in synovium of patients with RA increased significantly compared with the control group (Verschueren et al., 2009). Many kinds of cytokines and signal pathways are interlaced with each other, and the correlation is complicated in bone metabolism. Therefore, it is the key to treat bone destruction in RA by regulating the balance between osteoclasts and osteoblasts.



Existing Chemical and Biological Drugs for Treating Bone Destruction in RA

Once bone destruction occurs, it means that its pathological changes enter an irreversible phase, so delaying or even blocking bone destruction has become one of the main strategies for the treatment of RA. The treatment guidelines recommend the use of methotrexate (MTX) or biological disease modifying anti-rheumatic drugs (bDMARDs) first when bone destruction is found (Singh et al., 2016; Smolen et al., 2017). Conventional synthetic disease modifying anti-rheumatic drugs (csDMARDs) is regarded as the cornerstone in the treatment of RA, and it is also a first-line drug recognized by domestic and foreign guidelines (Singh et al., 2016; Smolen et al., 2017). This type of drug can effectively control the development of the disease, improve the clinical symptoms of RA and prevent the continued destruction of joint structure, but the therapeutic effect is relatively slow and it is not effective in all patients with RA (Schett et al., 2016). Glucocorticoids have strong anti-inflammatory and immuno-suppressive effects, short-acting hormones are used in the treatment of acute stage of RA (Güler-Yüksel et al., 2018). low-dose glucocorticoid can quickly relieve joint swelling and prevent joint bone destruction (Tada et al., 2016). However, unreasonable long-term use of glucocorticoids can lead to a decrease in bone mineral density and an increase in the risk of fractures (Zerbini et al., 2017; Güler-Yüksel et al., 2018). The emergence of bDMARDs can be said to be a breakthrough in the treatment of bone destruction in RA and bDMARDs have clear targeting in the treatment of bone destruction (Aletaha and Smolen, 2018). The main function of it is to antagonize the activities of T cells, B cells, osteoclasts, cytokines, and some small molecules, which delay bone destruction (Ho et al., 2019). Although the bDMARDs can correct the abnormal bone metabolism of patients to a certain extent, and improve their imaging examination and serum bone metabolism indexes, high costs reduce the dose, or frequency of bDMARDs (Burmester and Pope, 2017). In addition, they are not suitable for the complex conditions of all patients because of the single target (Zampeli et al., 2015). In summary, the current clinical application of drugs cannot adequately prevent the bone destruction in all RA patients. Due to the complexity of the bone destruction mechanism in RA, we need to explore multi-target drugs with reliable efficacy and little side effects.



Effect of Bioactive Compounds on Bone Destruction in RA

TCM in the treatment of rheumatism has a history of thousands of years, especially the single TCM and its bioactive compounds, which is more popular in recent years, the therapeutic effect of TCM on bone destruction has gradually become a new research hotspot (Shen et al., 2019). A large number of experimental studies have been carried out, which directly or indirectly verified the role of TCM in inhibiting bone destruction in RA from different perspectives. These studies have shown that bioactive compounds extracted from TCM could down-regulate bone destruction promoting factors and up-regulate bone protective factors (Cai X. et al., 2018). Due to its diversified action ways and targets, TCM may have potential advantage in restraining RA bone destruction. Therefore, in this review, we elaborated the potential mechanisms of bioactive compounds extracted from TCM in the treatment of bone destruction in RA and divide them into alkaloids, saponins, flavonoids, and so on.


Alkaloids

Alkaloids generally represent a highly diverse group of compounds containing cyclic structures with at least one basic nitrogen atom, which exist widely in medicinal plants, such as Coptis chinensis Franch., Sinomenium acutum (Thunb.) Rehder & E.H. Wilson, Conioselinum anthriscoides ‘Chuanxiong’, Ephedra sinica Stapf, etc (Bednarz et al., 2019). In recent years, it has been found that alkaloids have many pharmacological activities, such as anti-inflammatory, analgesic and immunoregulation (Bach and Lee, 2019). The bone-protective alkaloids include sinomenine (SIN), tetrandrine (TET), norisoboldine (NOR), berberine, magnoflorine, ligustrazine, etc. The repair effect of SIN, TET, NOR on bone destruction in RA has been confirmed.

SIN is a kind of bioactive compound extracted from the medicinal rhizome of Sinomenium acutum (Thunb.) Rehder & E.H. Wilson, which has been used in the treatment of various diseases for hundreds of years. SIN is one of the strongest histamine-releasing agents, and has been proved to have anti-inflammatory, immunosuppressive, analgesic, antihypertensive, and anti-arrhythmic effects (Sun et al., 2010). In China and Japan, several SIN preparations have been used for RA in clinical practice, such as Zhengqing Fengtongning sustained-release tablets, SIN hydrochloride injection (Liu et al., 2016). The pharmacological basis of SIN in the treatment of RA lies in its anti-inflammatory, analgesic and immunosuppressive effects. Wei-Wei Liu et al. systematically evaluated the efficacy and safety of SIN in treating RA by searching the Pubmed, Cochrane Library, and other databases electronically, and including sixteen randomized controlled trials (RCTs) involving 1,500 subjects; the results of this meta-analysis indicated that SIN had better clinical efficacy and relatively fewer adverse events in the treatment of RA when compared to MTX (Liu et al., 2016). Initially, the effect of SIN on RA is the inhibition of synovitis. Related studies have confirmed that SIN exerted an effect on anti-inflammatory and immunomodulatory activities in the treatment of synovitis in RA by inhibiting pro-inflammatory cytokines, inhibiting synovial cells proliferation and T cell activation, and regulating monocyte/macrophage subsets (Zhao et al., 2007; Zhang et al., 2015; Liu et al., 2016). In addition, the preponderance of SIN in the treatment of bone destruction in RA are gradually emerging with the deepening of basic research. On one hand, SIN can indirectly inhibit bone destruction in RA by inhibiting the secretion of pro-inflammatory cytokines. on the other hand, it can directly inhibit osteoclast-mediated bone resorption (Bao et al., 2017; Liu et al., 2018). NFATc1 is one of the important transcription factors that induce osteoclast differentiation, and it can induce the formation of osteoclast specific genes such as TRAP, CTR and CTSK (Li H. et al., 2018). Recent studies have shown that NFATc1 is mainly activated through NF-κB and Ca2+ signaling pathways (Bendickova et al., 2017). Long-gang He et al. found that SIN inhibited the expression and transcriptional activity of NFATc1 mRNA during the differentiation of human peripheral blood mononuclear cells into osteoclasts induced by lipopolysaccharide (LPS), and the main mechanism was to inhibit the activation of NF-κB and reduce the level of Ca2+ in cells (He et al., 2016). In addition, SIN also reduced the breast cancer cells induced bone destruction by inhibiting the protein activity of NFATc1 (Zhang et al., 2019b). The OPG/RANKL ratio plays a decisive role in osteoclast differentiation. SIN regulated OPG/RANKL ratio induced by PGE2 and reduced the amount of TRAP-positive multinucleated osteoclasts which differentiated from RAW264.7 cells (Zhou B. et al., 2017). Another study showed that SIN obviously reduced the activation of caspase-3 and the phosphorylation of p38 (p-p38), and JNK (p-JNK) in RANKL-stimulated RAW264.7 cells, but has no effect on ERK1/2 posphorylation (He et al., 2014; Li X. et al., 2013). Xiaojuan Li et al. confirmed that SIN prevented the reduction of tissue mineral density (TMD), bone mineral density (BMD), trabecular number (Tb. N), trabecular thickness (Tb. Th), as well as the activity of TRACP5b and ALP in RA rat model induced by M. tuberculosis H37Ra (Mt) (Li X. et al., 2013). The inhibitory effect of SIN on bone resorption was also confirmed in collagen-induced arthritis (CIA) rats that SIN reduced the level of MMP-3 and MMP-13 in serum and RANKL protein expression in the synovium (Sun et al., 2014). Obviously, SIN has a good prospect and application potential in the field of clinical treatment of bone destruction in RA. However, current researches of SIN were mainly focused on its inhibitory effect on bone resorption, its effect on bone formation in RA is still unknown and needs further research. Meanwhile, the adverse effects caused by SIN through histamine release, such as allergic reactions and gastrointestinal reactions, have severely impeded the further clinical application of SIN. For people with allergic constitution, SIN should be taken in small doses and the use of SIN should be cautious; and it is suggested to avoid taking high-fat and high-protein diets during administration. For digestive tract reactions, appropriate preparation forms should be selected to alter the irritation and instability of SIN. Hence, further studies are urgently needed to explore the possibilities of decreasing the clinical adverse effects of SIN.

Besides SIN, other alkaloids also have the effect on bone destruction in RA. As a potential ligand of aryl hydrocarbon receptor (AhR), TET markedly inhibited the differentiation of RAW264.7 cells and bone marrow-derived macrophages (BMMs) into osteoclasts through AhR/c-Src/c-Cbl signal pathway. Moreover, bone mineral density (BMD) and trabecular bone (Tb) of bone parameters increased in CIA rats significantly after continuous administration of TET (Yuan et al., 2016; Jia et al., 2018; Jia Y. et al., 2019). NOR is the main isoquinoline alkaloid that inhibited the differentiation of osteoclasts via MAPK/NF-kB/c-fos/NFATc1, HIF, and p38/ERK/AKT/AP-1 signal pathway, and it also significantly reduced the number of TRAP-positive multinucleated osteoclasts in the joints of CIA rats as well as the levels of RANKL, IL-6, PGE2, and MMP-13 in serum of AIA rats independently of its anti-inflammatory effect, but the results also showed that NOR could not reduce the levels of OPG and MMP-1 (Luo et al., 2010; Wei et al., 2013a; Wei et al., 2013b; Wei et al., 2015). All these experimental evidences have been summarized in Table 1.


Table 1 | Effects and mechanisms of alkaoids on bone destruction in rheumatoid arthritis (RA).



Berberine, magnoflorine, ligustrazine, and other alkaloids have been confirmed to inhibit the bone resorption or promote the bone formation in vitro, but whether they have any effect on bone destruction in RA is still unknown and needs to be verified in vivo (Wang et al., 2016; Wang et al., 2017; Cai Z. et al., 2018; Dinesh and Rasool, 2018). Collectively, most of the alkaloids play a role in relieving bone destruction by inhibiting the formation, differentiation and maturation of osteoclasts, and their biological activities may be related to their special structure which need to be explored by more related researches. The major challenges associated with alkaloid researches are the poor water solubility and low bioavailability which will limit their oral administration. Low bioavailability may be resolved by using semisynthetic and biochemical transformation approach. Most of the alkaloids have different biological characteristics, and biosynthesis of these agents is also varied. Therefore, it is indeed a daunting task to indicate the common mechanisms of action for alkaloids, because compounds exhibit differential cellular and molecular mechanisms even within a particular structural class. Hence, more studies in vitro and in vivo are needed to verity the effects of alkaloids agents on bone destruction in RA.



Saponins

Saponins are linked by hydrophobic sapogenins and hydrophilic glycosyl groups through glycosides which the main components are triterpenes or spiral steranes. They have the activities of anti-inflammatory and improving body immunity (Zhao Y. et al., 2018). Saponins’ bone protection is also very prominent, triterpenoid saponins such as asperosaponin VI (ASA VI), ginsenoside Rg1, notoginsenoside R1, glycyrrhizin, and steroidal saponins such as dioscin, all of them are bone-protective saponins. The repair effect of ASA VI, ginsenoside Rg1 on bone destruction in RA has been confirmed.

ASA VI is the main bioactive compound of Dipsacus japonicus Miq., which has a wide range of pharmacological effects. Its pharmacological activities in neuroprotection, prevention of osteoporosis, anti-apoptosis, analgesia, etc. that have attracted the attention of the majority of scholars, and has high research and development value (Ke et al., 2016). Liu et al. demonstrated ASA VI inhibited osteoclast differentiation to protect bone tissue, it reduced the levels of TNF-α and IL-1β in serum of CIA mice, and significantly reduced the expression of TRAP, CTSK, MMP-9 and β3-integrin involved in bone resorption, in addition, the formation of F-actin ring induced by RANKL in BMMs significantly inhibited, as well as the phosphorylation levels of AKT, JNK, and p38 (Liu et al., 2019). ASA VI not only inhibited osteoclast differentiation, but also promoted osteoblast differentiation. ASA VI induced osteoblast maturation and differentiation, and then increase bone formation in MC3T3-E1 and primary osteoblastic cells via increasing BMP-2 synthesis, and activating p38 and ERK1/2 (Niu et al., 2011). Ding et al. demonstrated ASA VI enhanced the ALP activity of adipose-derived stem cells (ADSCs), promoted matrix mineralization, and up-regulated the phosphorylation of bone-related proteins OCN, Runx2, and Smad2/3, which promoted the osteogenic differentiation of ADSCs (Ding et al., 2019). Although the pharmacological action of ASA VI has a wide application prospect, its development and popularization are greatly limited by its poor bioavailability. It is suggested that it can be further improved through preparation technologies such as nano-drug delivery system, sustained and controlled release drug delivery system and so on.

Ginsenoside Rg1 effectively controlled the bone damage in CIA mice, which was mainly manifested by significant decrease in the number of osteoclasts in the interphalangeal joint and ankle joint, and the expression of TRAP, CTSK, MMP and calcitonin receptor (CTR) induced by RANKL was inhibited (Gu et al., 2014). This bone-protective effect was also effective in AIA rats, after intraperitoneal injection of ginsenoside Rg1 for 14 days, the levels of TNF-α and IL-6 in the blood of AIA rats were significantly decreased. In addition, Rg1 increased the expression of peroxisome proliferators-activated receptors-gamma (PPAR-γ) protein and inhibited NF-κB nuclear translocation in RAW264.7 cells stimulated by lipopolysaccharide (LPS) (Zhang et al., 2017). All these experimental evidences have been summarized in Table 2.


Table 2 | Effects and mechanisms of saponins on bone destruction in rheumatoid arthritis (RA).



In vitro studies, it has been proven that notoginsenoside R1, glycyrrhizin, dioscin, and other saponins can inhibit the osteoclasts’ differentiation or promote the osteoblasts’ differentiation, but their effect on bone destruction in RA requires the verification of relevant animal experiments (Li Z. et al., 2018; Qu et al., 2014; Wang et al., 2015). Based on the above findings, we can find that most of the saponins (mainly triterpenoid saponins) play a role in bone resorption or bone formation. However, it is not known whether triterpenoid saponins and steroidal saponins have different pharmacological effects on bone-protection, whether the bone protection of steroidal saponins is affected by the structural changes of liver microsomes. Therefore, a large number of related experiments are still needed. Similarly, because of the structural diversity and complexity of saponins, the acquisition of many saponins is still a difficult task, which greatly limits the further exploration of saponins’ pharmacological activity and mechanism. In addition, the bioavailability of most saponins is low after oral administration, which also brings difficulties to the research of new drugs based on active natural saponins.



Flavonoids

Flavonoids generally refer to a series of bioactive compounds formed by the connection of two benzene rings with phenolic hydroxyl groups (A and B rings) through the central three carbon atoms. They have the effects of anti-inflammation, anti-oxidation, scavenging free radicals and so on (Wen et al., 2017). The bioactive compounds of flavonoids for protecting effect on bone by acting on osteoclasts or osteoblasts include kaempferol (KP), quercetin, icariin, poncirin, baicalin, silibinin, etc. The repair effect of KP, quercetin, icariin on bone destruction in RA has been confirmed.

KP is a natural flavonol-type flavonoid, which is present in the rhizomes of the ginger plant Kaempferia galanga L. According to literature reports, previous studies have shown that KP has many pharmacological effects, such as anticancer, anti-inflammatory, antioxidant, antibacterial, antiviral, immunosuppressive, etc (Calderón-Montaño et al., 2011; Jia Z. et al., 2019). KP is the basis of the quality control standard of Duanteng Yimutang preparation for clinical treatment of RA, the mechanism and molecular target of KP in the treatment of RA can provide more theoretical support and basis for its clinical application. The effect of KP on synovitis is shown that it inhibited proliferation, induced apoptosis, and ameliorated inflammation in fibroblast-like synoviocytes by suppressing the NF-κB and AKT/mTOR pathways or targeting on the fibroblast growth factor receptor 3 (FGFR3)-ribosomal S6 kinase 2 (RSK2) signaling axis (Wang J. et al., 2019). In addition to its inhibitory effect on synovitis, KP also showed bone-protecting effect in the treatment of RA. KP’s bone-protective function in RA is to inhibit pro-inflammatory cytokines indirectly, it also can directly act on osteoclast-mediated bone resorption or osteoblast-mediated bone formation. Alice Wattel et al. explored the effect of KP on bone resorption for the first time, they found KP directly induced apoptosis of mature osteoclasts in the highly purified rabbit osteoclasts, and its estrogenic effect could be involved in the inhibition of bone resorption (Wattel et al., 2003). KP inhibited RANKL-induced expression of c-fos, c-RANK and CTR in RAW264.7 cells, however, TNF-α-stimulated intracellular ROS production was unaltered by KP (Pang et al., 2006). KP inhibited IL-1β-stimulated, RANKL-mediated the expression of NFATc1, phosphorylation of ERK 1/2, p38 and JNK MAP kinases in bone marrow cells (Lee et al., 2014). Autophagy has pivotal roles in maintaining bone metabolic balance. Sequestosome 1 (p62/SQSTM1) is an important bridge protein that becomes incorporated into autophagosomes in RANKL-induced autophagy and osteoclastogenesis (Rea et al., 2013). Kim et al. found KP inhibited autophagy and promoted apoptotic cell death in RAW 264.7 cells by the degradation of p62/SQSTM1. KP’s main manifestation of inhibiting osteoclastogenesis was to abrogate the formation of TRAP-positive multinucleated cells induced by RANKL in this in vitro experiment (Kim C. J. et al., 2018). There are studies that showed the direct effects of KP on osteoblastic cells or osteoblastic precursor cells by different mechanisms. KP’s estrogenic effect acted on osteoblast differentiation, KP induced the activity of osteoblast differentiation biomarkers including ALP, OCN, osterix, Runx2 by estrogen receptor activation in rat primary osteoblasts (Guo et al., 2012). Interestingly, KP-mediated autophagy promotes osteoblast differentiation and bone mineralization. Kim et al. found KP increased the expression of the autophagy-related factors beclin-1, p62/SQSTM1, and the expression of osteoblast-related factors Runx2, osterix, BMP-2, and collagen I also decreased with dose dependent under the concentration of 10 μM in MC3T3-E1 cells (Kim et al., 2016). With further insights into the mechanism of bone-protective action of KP, Yang Wang et al. found KP’s regulation of Wnt/β-catenin pathway was to up-regulate the microRNA-101 in MC3T3-E1 cells (Wang Y. et al., 2019). The effect of KP on bone destruction in RA has also been confirmed in vivo. After intragastric administration of KP, the effect of synovitis on the invasion of surrounding bone and the level of MMP were suppressed in CIA model (Pan et al., 2018). Furthermore, KP inhibited the progressive structural destruction of RA joints by blocking the bFGF/FGFR3/RSK2 signaling axis in CIA model, the mainly manifest was shown as decreased the levels of osteoclast specific genes TRAP, CTR, CTSK, c-jun, and p50 (Lee et al., 2018). Though KP’s poor bioavailability represents a significant obstacle, the use of KP-based nanoparticles has brought more hope on chemoprevention strategies. While KP shows potential for improving bone destruction by the alterations of osteoclast or osteoblast related protein genes or RNAs, but most of the research conducted on KP resistance to bone destruction potency was in vitro, making it difficult to draw a final conclusion on its usefulness, in vivo studies and clinical trials are scarce so far, thus stressing the need for more in-depth experiments.

Quercetin and icariin are two other flavonoids with the effect of treating bone destruction in RA. Quercetin not only inhibited the expression of osteoclast-specific genes TRAP, CTSK, NFATc1 in vitro, and the plasma level of MMP-3, MMP-9 in CIA mice, but also up-regulated the mRNA and protein expression of osteoblast-specific genes Osx, Runx2, ALP and OCN (Guo C. et al., 2017; Haleagrahara et al., 2018; Kim H. R. et al., 2019). Icariin blocked osteoclast generation by inhibiting the expression of TRAF6 in the early stage of osteoclast formation and the activation of ERK1/2 and NF-κB. In addition, the decrease of F-actin ring formation revealed that bone resorption capacity of mature osteoclasts was inhibited by Icariin. Moreover, Icariin’s inhibitory effect on bone resorption in RA has also been confirmed in CIA model (Chi et al., 2014; Kim B. et al., 2018; Xu et al., 2019). All these experimental evidences have been summarized in Table 3.


Table 3 | Effects and mechanisms of flavonoids on bone destruction in rheumatoid arthritis (RA).



Poncirin, baicalin, silibinin, and other flavonoids have been shown significant effects on osteoclasts or osteoblasts (Kim et al., 2009; Lu et al., 2017; Chun et al., 2020). But whether they can repair bone destruction in RA is not verified which need a large number of relevant animal experiments. Actually, most of the flavonoids play a role in bone resorption or bone formation by different signal transduction mechanisms. Autophagy may be involved in, but still need conduct appropriate animal experiments. The difference between protective autophagy and inhibitory autophagy induced by flavonoids may be related to the type, mode and dose of flavonoids, as well as the type and the state of the cell lines. Moreover, most flavonoids have low cytotoxicity to normal cells at normal dose, and are safer than traditional cytotoxic drugs, so they have strong potential for clinical application.



Terpenoids

Terpenoids, a kind of compounds with isoprene unit (C5 unit) as the basic structural unit in the molecular framework, have anti-inflammatory, immunoregulatory and other pharmacological activities (Guesmi et al., 2017). The bioactive compounds of terpenoids for protecting effect on bone include triptolide (TP), celastrol, artesunate, parthenolide, andrographolide (AP), etc. The repair effect of TP, celastrol, artesunate on bone destruction in RA has been confirmed.

TP (a dierpene triepoxide in chemical structure), extracted from Tripterygium wilfordii Hook.f., is a kind of natural product with various biological activities. It attracted worldwide attention in the 1960s because of its pharmacological effects in a variety of diseases such as RA, no small cell lung cancer, and refractory nephrotic syndrome (Yuan et al., 2019). TP has been considered as a promising anti-RA drug which has definite effects including immunosuppression, anti-inflammatory reaction, inducing apoptosis, inhibiting angiogenesis (Li et al., 2014). Tripterygium wilfordii tablets, Tripterygium wilfordii glycosides tablets, and Tripterygium hypoglaucum hutch tablets which take triptolide as the quality control standard are available in clinic (Law et al., 2011). The pharmacological effect of TP on synovitis is the focus of researchers to explore the mechanism of triptolide in the treatment of RA at the very start. TP treated synovitis in RA by regulating immune-related cells (such as T cells, macrophages, dendritic cells), immune-related inflammatory mediators and immune-related angiogenesis (Chan et al., 1999; Zhu et al., 2005; Kong et al., 2013). With the research developed, researchers found that delaying or even blocking bone destruction is another primary mechanism of TP in the treatment of RA. Zhu et al. systematically evaluated the effect of Tripterygium wilfordii glycosides tablets in the treatment of RA by searching the Pubmed, Web of Science, Cochrane Library and other databases, three RCTs were employed which involved a total of 223 subjects, and the results indicated that Tripterygium wilfordii glycosides tablets had a good effect on regulating the modified Sharp score (m TSS), tender join joint erosions (JE) and joint space narrowing (JSN), and the effect is better than the positive drugs MTX and sulfasalazine, which reflected the advantages of TP in the treatment of bone destruction in RA (Zhu G. Z. et al., 2019). As a typical anti-inflammatory drug, TP indirectly treated bone destruction in RA by inhibiting the levels of pro-inflammatory cytokines such as TNF-α and IL-1β and promoting the secretion of IL-10 and TGF-β1 derived from T cells (Xu et al., 2016). RANK-RANKL signaling activates a variety of downstream signaling pathways required for osteoclast development. TP suppressed RANKL-induced NF-κB activation in osteoclast precursor cells by inhibiting IκBα kinase activation, IκBα phosphorylation, and IκBα degradation effectively, and osteoclast formation induced by tumor cells was inhibited (Park, 2014). Spleen cells are also one of the main sources of osteoclast precursors, low-dose TP promoted the apoptosis of osteoclast precursors by inhibiting the overexpression of cellular inhibitor of apoptosis protein 2 (cIAP2) in fresh spleen cells induced by M-CSF (Wang et al., 2018). AKT-MDM2‐induced cell death might contribute to the osteoclastogenesis suppression. Cui et al. found TP suppressed NFATc1 overexpression and AKT phosphorylation when PI3K-AKT-NFATc1 pathway was activated induced by RANKL in BMMCs or RAW264.7 cells (Cui et al., 2020). The therapeutic effect of TP on bone destruction in RA has been confirmed in vivo, TP improved bone destruction of TNF-Tg mice by decreasing the levels of pro-inﬂammatory cytokines, promoting the apoptosis of osteoclast precursors and inhibiting the generation of osteoclast (Wang et al., 2018). The result of Micro CT showed that TP significantly increased joint bone density, bone volume fraction and trabecular thickness of CIA mice, reduced trabecular separation of inflammatory joints through inhibiting the expression of RANKL and increasing the expression of OPG (Liu et al., 2013). Although TP has already been proved to have potential advantages in the treatment of bone destruction in RA in vitro and in vivo, its precise molecular targets that responsible for the potent biological activity have not been fully identified yet. At the same time, the side effects of TP are to block its clinical application to a great extent, development of efficient TP-targeted delivery system is an available strategy to realize targeted delivery of TP with reduced toxicity.

Celastrol and artesunate are two other terpenoids with the effect of treating bone destruction in RA. Celastrol played an inhibitory effect against the formation and function of osteoclasts by regulating the ratio of RANKL/OPG and the expression of transcription factors in osteoclasts induced by RANKL, the main mechanisms involved the phosphorylation of NF-κB and MAPK (Nanjundaiah et al., 2012; Gan et al., 2015; Cascao et al., 2017). Artesunate down-regulated the expression of osteoclast-specific genes TRAP, CTSK, c-fos, and NFATc, as well as the expression of MMP-9 protein in CIA model hind paw by inhibiting the ERK and JNK phosphorylation (Li Y. et al., 2013; Wei et al., 2018). All these experimental evidences have been summarized in Table 4.


Table 4 | Effects and mechanisms of terpenoids on bone destruction in rheumatoid arthritis (RA).



Parthenolide, AP and other terpenoids exerting an effect on osteoclasts or osteoblasts has been found in vitro (Kim et al., 2014; Qu et al., 2014; Zhang et al., 2014; Li et al., 2016). But whether they have any effect on bone destruction in RA is unknown, it is critical to verified terpenoids’ pharmacological action of bone protection in vivo. Terpenoids are expected to become the main drugs for the treatment of bone destruction in RA with its significant pharmacological effects, low toxicity and side effects, but the efforts to further improve terpenoids’ efficacy are limited because of the unclear structure-activity relationship. Therefore, it is necessary to explore new technical measures to definite the structure-activity relationship.



Phenols

Phenols is a kind of bioactive compound, and its hydroxyl group is directly connected to benzene ring or other aromatic ring. Phenols has strong effects of anti-oxidation, anti-atherosclerosis, anti-infection, anti-tumor, and anti-osteoporosis (Zenkov et al., 2016). The bioactive compounds of terpenoids for protecting effect on bone by acting on osteoclasts or osteoblasts including resveratrol (RES), ferulic acid (FA), curcumin, gastrodin, paeonol, etc. The repair effect of RES, FA on bone destruction in RA has been confirmed.

RES, extracted from Reynoutria japonica Houtt., is a naturally occurring polyphenolic compound containing stilbene structure. It has reported that RES has positive effects on health and increase life span (Baur and Sinclair, 2006). RES mainly functioned on the centrum restraint, heart sturdiness, inflammation diminishing, and anti-cancer (Ko et al., 2017; Wahab et al., 2017). At present, the role of RES in the treatment of RA is particularly remarkable because of its unique anti-inflammatory and immunosuppressive pharmacological effects. RES treated RA by enhancing the apoptosis of fibroblast-like synoviocytes, inhibiting angiogenesis, etc, the mechanism of its inhibition of synovitis included the regulation of NF-κB, MAPK-p38, JAK/STAT, PI3K/AKT, etc signaling pathways (Yang et al., 2017; Yang et al., 2018; Zhang et al., 2019a). As a natural phytoestrogen, RES acts as an estrogen receptor agonist which obviously promotes bone growth under normal bone growth environment and protects bone under weightlessness and diseases (Baur and Sinclair, 2006). The dosage forms of RES used for RCT to investigate the effects of RES on bone in type 2 diabetic patients or metabolic syndrome (MetS) include RES tablets and RES capsules, these clinical trials further confirmed the protective effect of RES on bone (Ornstrup et al., 2014; Bo et al., 2018). RES is reported to impact bone destruction by increasing osteoblast differentiation and function in vitro. RES at non-toxic concentrations dose-dependently inhibited RANKL-induced osteoclast differentiation and induced osteoclast apoptosis by inhibition of ROS generation (He et al., 2010). RES improved the oxidative stress state of RAW264.7 cells, thus inhibited the mRNA expression of osteoclast specific enzyme MMP-9, TRAP, CTSK, this was the first time to confirm that RES promoted resistance to oxidative damage and restrained osteoclastogenesis by inhibiting the PI3K/AKT signaling pathway at the molecular level (Feng et al., 2018). The role of RES in promoting osteoblast differentiation may be more prominent. RES suppressed OCN synthesis in osteoblasts induced by stimulating factors (triiodothyronine or BMP-4) via the activation of SIRT1 or the amplification of p38 MAP kinase activity (Kuroyanagi et al., 2015; Fujita et al., 2017). Although RES indirectly promoted osteoblast differentiation by inhibiting inflammation, RES promoted the increase of ALP and OPG in BMSCs induced by LPS, but did not decrease the levels of IL-6 and IL-8, the result indicated RES’s effect on osteoblasts could be independent of inflammation. Meanwhile, the Wnt/β-catenin and ERK/MAPK signaling pathways also participated in the mechanism of RES’s bone-protection (Ornstrup et al., 2016; Zhao X. E. et al., 2018). Silent information regulator 2 homologue 1 (SIRT1) is a positive regulator of the master osteoblast transcription factor, RES reduced the decrease of OCN, OPN, and RUNX2 expression in MC3T3-E1 cells induced by LPS, and the main possible mechanism was to regulate mitochondrial function of osteoblasts by increasing the expression of SIRT1 (Ma et al., 2018). Yaqiong Yu et al. found a new mechanism of RES promoting osteoblast differentiation under the same result, the activation of AMP-activated protein kinase (AMPK) phosphorylation and inhibitor of suppressor of cytokine signaling 1 (SOCS1) were important signal events that RES inhibited LPS-induced MMP-2 production in MC3T3-E1 cells (Yu et al., 2018). The potential protective effects of RES on bone destruction in RA has been confirmed in vivo, RES significantly improved the narrowing of joint space, and the expression level of MMP1 and MMP13 in the synovial tissue was significantly reduced in CIA rats (Hao et al., 2017). Similarly, the expressions of MAPK, Src kinase, STAT3, and Wnt5a in the CIA model joint tissue also participated in the repairing effect of RES on bone destruction in RA (Oz et al., 2019). More and more experimental studies have emphasized the immunomodulatory and osteoprotective effects of RES in vivo and in vitro. Although these studies have produced exciting results, we still faced with some problems such as poor water solubility and low bioavailability. Therefore, various strategies are being implemented, including the development of RES-related preparations (nanoparticles, liposomes, micelles and phospholipid complexes, etc.) to improve their bioavailability. In addition, several other methods have been used to improve its bioavailability, including changing the route of administration of resveratrol and blocking the metabolic pathway through treatment with other drugs. In fact, since RES has multiple intracellular targets, additional data are needed to determine the results of interactions or synergies between other polyphenols.

FA has the functions of anti-inflammatory, anti-oxidation, inhibiting platelet aggregation, improving microcirculation, and so on (Zheng et al., 2019; Perez-Ternero et al., 2017). Zhu et al. found FA significantly alleviated joint swelling and reversed the increase of C-reactive protein (CRP) and rheumatoid factor (RF) in CFA rats, its protective mechanism on joints is mainly to reduce the secretion of TNF-α and increase the secretion of TGF-β by inhibiting JAK/STAT pathway (Zhu et al., 2020b). Sagar et al. found that FA inhibited the expression of DC-STAMP which is necessary for the differentiation and maturation of osteoclasts, as well as inhibited RANKL-induced upregulation of MMP-9 and CTSK. In addition, it induced mature osteoclast apoptosis through the caspase-3 pathway (Sagar et al., 2016). Scanning electron microscopy and TRAP staining analysis showed that FA significantly inhibited the osteoclast differentiation induced by RANKL, it inhibited the formation of mature osteoclasts by inhibiting the expression of NFATc1 and c-fos, it further inhibited the bone resorption activity of mature osteoclasts by inhibiting the expression of TRAP, MMP-9, and CTSK (Doss et al., 2018). All these experimental evidences have been summarized in Table 5.


Table 5 | Effects and mechanisms of phenols on bone destruction in rheumatoid arthritis (RA).



In vitro studies, it has been found that curcumin, gastrodin, paeonol and other phenols can also inhibit bone resorption or promote bone formation (Zhou F. et al., 2017; Li et al., 2019; Wang Q. et al., 2019). However, we need more experiments in vivo to explore their effects on bone destruction in RA. Phenols has good antioxidant activity because of the high reactivity of hydroxyl substitution and the ability to engulf free radicals. It is known that oxidative stress can improve the activity of osteoclasts, whether phenols’ antioxidant properties are closely related to its pharmacological effects on osteoclasts or osteoblasts needs to be further studied.




Conclusion and Further Perspectives

Bone destruction in RA is difficult to cure, and the disability rate is high, which is a serious threat to human health. Therefore, it is particularly important to find more effective and reliable treatment methods and means. TCM in the treatment of RA has a long history, the research of TCM in the treatment of bone destruction in RA has made rapid progress, which shows that TCM has strong advantages and characteristics in the treatment of bone destruction in RA. These bioactive compounds extracted from TCM display anti-bone destructive activity in vitro and in vivo, and they have shown very good results from different aspects. The potential of bioactive compounds extracted from TCM to provide or inspire the development of anti-bone destruction bioactive drugs is, therefore, really quite evident. However, the biological tests about these compounds and test results are different, mainly due to the different extraction protocols, compounds purity and intervention projects (including doses, animal, or cell models, test methods, and so on). Even compounds with the same purity in the study may have different test results and will make people doubt the authenticity of these tests. Therefore, it has become necessary to use some advanced and interdisciplinary technology and methodology unify extraction protocols and purity identification standard. Furthermore, the studies on compounds are only in the early stage, most of them are focused on in vitro experiments. Hence, additional investigation into pharmacokinetics with animal models and clinical studies are necessary. In addition, proper dosage needs to be considered to prevent the potential toxicity when developing these compounds into clinically viable drugs. Similar compounds can treat bone destruction of RA through different signal transduction mechanisms. Whether these mechanisms are interrelated, and whether compounds with the same or similar structures have similar pharmacological effects on osteoclasts or osteoblasts remain to be further verified. Combinations of different compounds that regulate bone destruction in RA through different mechanisms may have synergistic or cumulative effects. This also needs to be further verified.

It is hoped that this review can highlight the importance of bioactive compounds extracted from TCM in the treatment of bone destruction in RA and provide a new direction for future researchers. In the future, we need advanced technology to separate more bioactive compounds from TCM for the treatment of bone destruction in RA, and further explore the exact molecular mechanism and therapeutic targets of the bioactive compounds, which will be helpful for the treatment of bone destruction in the early stage, preventing disability and enhancing the quality of patients’ life.
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Objective: To investigate the anti-angiogenesis mechanisms and key targets of total saponins of Panax japonicus (TSPJ) in the treatment of rheumatoid arthritis (RA).
Methods: RStudio3.6.1 software was used to obtain differentially expressed genes (DEGs) by analyzing the differences in gene expression in the synovial tissue of RA and to predict the potential targets of active compounds from TSPJ by the PharmMapper and SwissTargetPrediction databases. We evaluated the overlapping genes by intersectional analysis of DEGs and drug targets. Based on the overlapping genes, we used Cytoscape 3.7.2 software to construct a protein–protein interactions (PPI) network and applied Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis to determine the mechanisms of the treatment. Finally, the correlations with angiogenesis-related genes were explored. Collagen-induced arthritis (CIA) model was established and treated with different doses of TSPJ. The manifestations of CIA were determined by evaluation of arthritis index and histology score. Serum levels of vascular endothelial growth factor (VEGF) and the hypoxia-inducible factor 1 (HIF-1) were tested by ELISA. The mRNA levels of IL-1β and IL-17A were detected by real time-quantitative PCR.
Results: Altogether, 2670 DEGs were obtained by differential analysis, and 371 drug targets were predicted for four active components (Araloside A, Chikusetsusaponin IVa, Ginsenoside Rg2, and Ginsenoside Ro). A total of 52 overlapping genes were included in the PPI network and the KEGG analysis. However, only 41 genes in the PPI network had protein interactions. The results of the KEGG enrichment analysis were all related to angiogenesis, including VEGF and HIF-1 signaling pathways. Seven genes with negative correlations and 16 genes with positive correlations were obtained by correlational analysis of DEGs in the VEGF and HIF-1 signaling pathways. SRC proto-oncogene, nonreceptor tyrosine kinase (SRC), and the signal transducer and activator of transcription 3 (STAT 3) had a higher value of degree and showed a significant correlation in the pathways; they were regarded as key targets. Compared with the model group, TSPJ significantly relieved the symptoms and decreased the expression of VEGFA, HIF-1α, IL-1β, and IL-17A in serum or spleens of CIA mice.
Conclusion: In the current study, we found that antiangiogenesis is one of the effective strategies of TSPJ against RA; SRC and STAT 3 may be the key targets of TSPJ acting on the VEGF and HIF-1 signaling pathways, which will provide new insight into the treatment of RA by inhibiting inflammation and angiogenesis.
Keywords: Panax japonicus, saponins, rheumatoid arthritis, angiogenesis, network pharmacology
INTRODUCTION
Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease affected by both genetic and environmental factors (Croia et al., 2019). Approximately 0.5–1% of the world’s population suffers from RA, and many patients have symptoms of joint damage or even disability (Smolen et al., 2016; Aletaha and Smolen, 2018). When synovitis occurs, macrophages and fibroblasts in synovial tissue are induced to secrete angiogenic factors, leading to an abnormal increase of synovial vessels. A large number of inflammatory cells enter the joint through newly formed blood vessels, causing synovitis and synovial hyperplasia. Increased angiogenesis leads to the permanence of RA (Elshabrawy et al., 2015; Leblond et al., 2017; Lu et al., 2017; Chen et al., 2018). Eventually, these mechanisms destroy the joint and lead to deformity. It is worth noting that the treatment of RA with vascular targeted therapy has gradually entered the clinic (Leblond et al., 2017).
Recently, many people have become interested in research into traditional Chinese medicine (TCM) because it plays an important role in the treatment of difficult and complicated diseases (Yuan et al., 2017). The study of Chinese herbal medicine, with the identification of the main components of herbals and the molecular mechanisms of their curative effects, has become a hot research topic. Currently, TCM is increasingly being used in clinical treatment or for developing new treatment methods (Wang et al., 2018). Panax japonicus (T.Nees) C.A.Mey is a kind of Chinese herbal medicine that belongs to the Panax genus, which is widely grown in the southwest of China. Studies have shown that Panax japonicus (T.Nees) C.A.Mey has analgesic, anti-inflammatory, antioxidant, and joint swelling-relieving properties (Yang et al., 2014; Yang et al., 2018). Saponins are the main components of Panax japonicus (T.Nees) C.A.Mey. Total saponins of Panax japonicus (TSPJ) are extracted from Panax japonicus (T.Nees) C.A.Mey and are widely used to treat RA. Its main ingredients include Araloside A, Chikusetsusaponin IVa, Ginsenoside Rg2, and Ginsenoside Ro (Yu-min et al., 2019) (Supplementary Figure S1 and Table S1). Ding et al. have confirmed that Araloside A has an anti-inflammatory effect in the treatment of RA (Ding et al., 2019). Chikusetsusaponin IVa and Ginsenoside Ro exhibit antiangiogenic effects (Zheng et al., 2019). In the treatment of RA, TSPJ can inhibit synovial hyperplasia and reduce capillary permeability (Guo et al., 2019). Yuan et al. found that TSPJ could reduce the degree of foot swelling (Ding et al., 2008) and downregulate the serum levels of TNF-α and IL-1β in CIA rats (Ding et al., 2009). Related studies have shown that TSPJ can inhibit angiogenesis during tumor therapy (Yougui, 2011). However, no previous studies have shown whether TSPJ can be used as a targeted drug against angiogenesis in RA.
With the development of biomedical big data research, the network pharmacology approach and data mining in bioinformatics is being applied to help study the potential mechanism of different actions of drugs in organisms (Boezio et al., 2017) and has been proven to effectively reveal the regulation principles of small molecules of TCM (Zhang R.-z. et al., 2017). There is a large quantity of biological data in the public database, among which there is much valuable information that has not yet been highlighted. Bioinformatic methods are widely used to extract productive data because of their advantages of being quick and inexpensive (Ramharack and Soliman, 2018). By constructing an interaction network of disease-related proteins of TCM components, network pharmacology can identify the key targets in the network, and study the interactions among the drugs, targets, and pathways (Yuan et al., 2017; Sidders et al., 2018). In this study, we first identified differentially expressed genes (DEGs) of RA related to angiogenesis by bioinformatics analysis. After predicting potential targets for the active compounds of TSPJ, we used a network pharmacology approach to identify the possible antiangiogenic mechanism of the main components of TSPJ in RA therapy. Because CIA model has many similar pathological and immunological characteristics to human RA, many animal experiments have used CIA mice as RA models (Choudhary et al., 2018). We successfully established CIA model and verified partly of our computational prediction results (Supplementary Figures S2–S5). The findings of this study deepen our understanding of the therapeutic mechanism of TSPJ and provide a new therapeutic idea in the antiangiogenic treatment of RA. The flow diagram of this study is shown in Figure 1.
[image: Figure 1]FIGURE 1 | General research framework. DEGs, differentially expressed genes; KEGG, Kyoto Encyclopedia of Genes and Genomes; PPI, protein–protein interactions network; RA, rheumatoid arthritis; TSPJ, total saponins of Panax japonicus.
METHODS
Data Collection and Preprocessing
The Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/), a public functional genomics database built and maintained by the National Center for Biotechnology Information (NCBI), collects microarray, next-generation sequencing, and other forms of high-throughput functional genomic data. Persistent synovitis and joint destruction are the main characteristics of RA (Scott et al., 2010). In our study, we mainly studied the difference in synovial tissue expression between RA patients and healthy individuals. Microarray raw data were downloaded from the GEO database by searching with the keywords: “rheumatoid arthritis,” “synovial tissue,” and “Homo sapiens.” All the above data sets were merged according to the same probe name by RStudio3.6.1 software to build the gene expression data matrix. The gene expression data matrix was normalized using the “Limma” R package. In the end, the gene expression matrix of synovial tissue was obtained.
PubChem (https://pubchem.ncbi.nlm.nih.gov/) is an open-access database that contains chemical structures, molecular formulas and patents, and article identifiers of drugs (Sayers et al., 2020). The chemical structures of the main components of TSPJ were searched in the PubChem database. Based on the chemical structure models, drug targets were predicted via the PharmMapper database (http://www.lilab-ecust.cn/pharmmapper/) and the SwissTargetPrediction database (http://www.swisstargetprediction.ch/).
Differentially Expressed Genes' Screening
The “Limma” R package is commonly used for variance analysis. First, RStudio3.6.1 software was used to read the gene expression matrix of synovial tissue. All samples were divided into two groups (healthy control and the RA group). Second, the “Limma” package was adopted to identify the DEGs between the healthy control and the RA group. The results also included fold change (FC) and the p values to reflect the degree of gene differences. p values were adjusted for multiple test correction using the Hochberg and Benjamini test. Finally, |log2FC| > 2 and adj.p < 0.05 were used as the cutoff criteria to identify DEGs.
Network Pharmacology
The UniProt database (http://www.uniprot.org/) provides high-quality annotation for proteins (The UniProt Consortium, 2017). The UniProt database was utilized for retrieving drug prediction targets information and screening out targets for the “Homo sapiens” species. The overlapping targets between the drug targets and the DEGs were identified, and input into the STRING database (https://string-db.org/) to retrieve the protein–protein interactions (PPI). Cytoscape3.7.2 software was used to import the data to construct and visualize the PPI network. We used the “Network Analyzer” plugin to analyze the network to obtain network-related parameters.
Pathway Enrichment Analysis
The DAVID database (https://david.ncifcrf.gov/) is commonly used for annotation, visualization, and integrated discovery (Dennis et al., 2003). To illustrate the possible mechanism of drug action in the treatment of RA, the overlapping targets were adopted for the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis by the DAVID database with the “Homo sapiens” setting. Finally, the signaling pathway with p < 0.05 was selected for the next study.
Correlation Analysis
Significant signaling pathways were acquired by KEGG enrichment analysis. To learn more about the synergistic mechanisms of these pathways, we performed correlation analysis and identified negative and positive genes in the related pathways. First, we downloaded all targets in these signaling pathways from the KEGG (https://www.kegg.jp/) database. Second, the overlapping genes between the DEGs and pathways were identified by intersection analysis. Finally, the roles of these overlapping genes in the pathway were determined by correlation analysis.
RESULTS
Gene Expression Matrix
After a systematic review, we found two gene expression data sets that met our requirements. The gene expression data sets GSE48780 and GSE77298 were downloaded from the GEO database (Supplementary Table S2). These data sets are based on the GPL570 platform (Affymetrix Human Genome U133 Plus 2.0 Array). We used the “dplyr” R package to merge the data sets to construct the gene expression matrix of synovial tissue. This matrix contained seven healthy samples and 99 RA samples.
Differentially Expressed Genes
We compared two groups of data in the gene expression matrix, and subsequently we obtained 2,670 DEGs (adj.p < 0.05, |log2FC| > 2), including 1,071 upregulated (adj.p < 0.05, log2FC > 2) and 1,599 downregulated (adj.p < 0.05, log2FC < −2) DEGs. Meanwhile, the volcano plot was used to display both the DEGs and the background genes (Figure 2).
[image: Figure 2]FIGURE 2 | Volcano plot of differentially expressed genes. Note: red represents upregulated genes, blue represents downregulated genes, and gray represents background genes. X-axis represents log fold change, and Y-axis represents log 10-adjusted p-value.
Identification of the Overlapping Targets
A total of four active ingredients were identified from TSPJ, including Araloside A, Chikusetsusaponin IVa, Ginsenoside Rg2, and Ginsenoside Ro. The targets of the four main ingredients (Figure 3A) of TSPJ were predicted by using the PharmMapper database and SwissTargetPrediction database. We obtained 157 Araloside A targets, 157 Chikusetsusaponin IVa targets, 163 Ginsenoside Rg2 targets, and 127 Ginsenoside Ro targets. Then, 371 drug targets were attained by using the UniProt database to screen and remove repetition. Subsequently, the drug targets and DEGs were set as a background list to get the overlapping targets using Venn diagrams. As shown in the Venn diagram (Figure 3B), 52 overlapping targets could be tested in further research.
[image: Figure 3]FIGURE 3 | The 2D chemical structure diagram of main ingredients in TSPJ (A), Venn diagram containing the DEGs and drug target gene (B). Note: DEGs up, upregulated genes; DEGs down, downregulated genes.
Protein–Protein Interactions Network
According to the related data in the STRING databases, the PPI relationships of the overlapping targets were obtained. Using the Cytoscape3.7.2 software, we constructed the PPI network of the overlapping targets. In the network (Figure 4), nodes represent targets and edges represent interaction relationships existing between two targets. The value of degree indicates the connectivity of the node in the network. The higher the value of the node, the more important the node is in the network. We found a total of 41 nodes and 124 edges in this PPI network after applying the “Network Analyzer” plugin. According to the node degree, some hub targets were identified among the network. The top 10 (degree ≥ 7) targets in the network are SRC proto-oncogene, nonreceptor tyrosine kinase, epidermal growth factor receptor, signal transducer and activator of transcription 3, vascular endothelial growth factor A, jun proto-oncogene, AP-1 transcription factor subunit, Fos proto-oncogene, AP-1 transcription factor subunit, matrix metallopeptidase 2, protein tyrosine phosphatase receptor type C, annexin A1, protein kinase C beta, matrix metallopeptidase 13, and renin.
[image: Figure 4]FIGURE 4 | Drug-DEGs PPI network. Note: the color of the nodes is shown in a gradient from green to yellow according to the descending order of the degree value.
Signaling Pathway
A total of 10 significant signaling pathways (p < 0.05) were obtained by KEGG analysis of the 52 drug and DEGs overlapping targets in the DAVID database. The results of pathway enrichment analysis (Figure 5A) included VEGF, sphingolipid, Ras, Rap1, oxytocin, HIF-1, GnRH, estrogen, ErbB, and calcium signaling pathways. Through the analysis of the pathways, we found that all 10 signaling pathways were related to angiogenesis. Antiangiogenesis may be one of the effective mechanisms of TSPJ in the treatment of RA. Recent studies showed that the VEGF (Elaimy and Mercurio, 2018; Apte et al., 2019) and the HIF-1 signaling pathways (Wang et al., 2016; Serocki et al., 2018) were classic angiogenesis signaling pathways. Next, we downloaded all the genes in the two classic signaling pathways (the VEGF signaling pathway and the HIF-1 signaling pathway) from the KEGG database, and 148 genes were obtained after filtering and deleting the duplicates. Intersection analysis between the 148 genes in the signaling pathways and the DEGs identified 28 genes related to angiogenesis, including six upregulated and 22 downregulated DEGs (Figure 5B). Five out of the top 10 targets (SRC proto-oncogene, nonreceptor tyrosine kinase, epidermal growth factor receptor, signal transducer and activator of transcription 3, vascular endothelial growth factor A, and protein kinase C beta) in the PPI network were also in the same two pathways, and they may play an important role in the mechanism underlying the anti-angiogenesis effect of TSPJ.
[image: Figure 5]FIGURE 5 | KEGG signaling pathway (A), Venn diagram containing the DEGs and targets in signaling pathways (B).
Correlation Analysis
To analyze the synergistic mechanisms of the antiangiogenesis effect, we performed a correlation analysis for DEGs in the pathways and calculated the correlation coefficient between the expression of each gene and the others. According to the results of the correlation analysis, the genes with a correlation coefficient greater than 0.5 are defined as positive correlation genes to promote each other, and those with correlation coefficients less than −0.5 are negative correlation genes that inhibit each other. The results of the correlation analysis are shown as a heat map (Figure 6A) by the “Pheatmap” R package. By clustering the results of the correlation analysis, the genes in the red region indicate a positive correlation, the blue region indicates a negative correlation, and the yellow region indicates that the correlation is not significant; seven negative and 16 positive correlation genes were found. We mapped these genes into signaling pathways (Figures 6B,C) by the KEGG database. As shown in the figures, nine genes (sphingosine kinase 2, mitogen-activated protein kinase kinase 2, paxillin, Mitogen-activated protein kinase 11, Mitogen-activated protein kinase 12, SRC proto-oncogene, nonreceptor tyrosine kinase, Ras-related C3 botulinum toxin substrate 2, AKT serine/threonine kinase 2, and nitric oxide synthase 3) showed positive correlations and promoted each other’s expression. PIK3CB is the only suppressed gene in the VEGF signaling pathway. However, in the HIF-1 signaling pathway, seven genes (epidermal growth factor, phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit beta, enolase 3, BCL2 apoptosis regulator, Toll-like receptor 4, aryl hydrocarbon receptor nuclear translocator, and TEK receptor tyrosine kinase) showed negative correlations, and 11 genes (signal transducer and activator of transcription 3, mitogen-activated protein kinase kinase 2, AKT serine/threonine kinase 2, egl-9 family hypoxia inducible factor 2, TIMP metallopeptidase inhibitor 1, serpin family E member 1, nitric oxide synthase 3, hexokinase 3, enolase 1, and cyclin-dependent kinase inhibitor 1A) had positive correlations.
[image: Figure 6]FIGURE 6 | The heat map of correlation analysis (A), VEGF signaling pathway (B), and HIF-1 signaling pathway (C). Note: red or pink represents positive correlation and blue or green represents negative correlation.
DISCUSSION
In this study, 52 overlapping genes were found based on 2670 DEGs and 371 drug targets. In addition, the pathways of the KEGG analysis were all involved in angiogenesis, especially the HIF-1α and VEGF signaling pathways. Two key genes in the PPI network were also in these two pathways. Moreover, we successfully established CIA model and verified partly of our computational prediction results. These results suggested that TSPJ could inhibit angiogenesis by targeting the HIF-1α or the VEGF signaling pathway through multitargets such as SRC and STAT 3, effectively treating RA.
Angiogenesis is one of the main features of RA, and it often occurs in the early stage of inflammation (Lu et al., 2017; Li Y. et al., 2018). RA synovial macrophages and fibroblasts produce growth factors, cytokines, and chemokines after inflammatory stimulation or hypoxia (Bartok and Firestein, 2010; Konisti et al., 2012). These include the production of HIF-1α after hypoxia and the most famous angiogenic stimulator VEGF (Świdrowska-Jaros and Smolewska, 2018). New angiogenesis aggravates the inflammation and then promotes synovial neovascularization. There is a positive feedback loop between the two (Leblond et al., 2017). Inhibition of angiogenesis has become a new choice for the treatment of RA in recent years (Jia et al., 2018). However, many drugs targeting RA angiogenesis are still under research and development (Alaarg et al., 2017; Feng and Chen, 2018), including Chinese medicine compounds or monomers. For example, sinomenine inhibits angiogenesis through the HIF-1α-VEGF-ANG-1 axis (Feng et al., 2019). Tripterygium wilfordii, Hook f. indirectly suppresses VEGF by inhibiting TNF-α (Zhang W. et al., 2017). It has previously been reported that some components of TSPJ have an antiangiogenic effect in tumors; however, the mechanism of the antiangiogenesis effect of TSPJ in the treatment of RA was not clear. Because of the multicomponent combination therapy, it is difficult to identify the specific interactions between the components and a single target. Network pharmacology is consistent with the overall concept and can help to predict the targets and identify the mechanisms of TCM (Lee et al., 2019; Zhang et al., 2019). We use the methods of network pharmacology and bioinformatics analysis to further understand the possible mechanism underlying the antiangiogenic effect of TSPJ.
In this study, four active components (Araloside A, Chikusetsusaponin IVa, Ginsenoside Rg2, and Ginsenoside Ro) of TSPJ and the 371 potential targets of TSPJ were predicted. DEGs in RA synovium were obtained by difference analysis and could be involved in the pathogenesis of RA. Acting on these DEGs may be very helpful for the targeted therapy of RA. The pathways containing these DEGs may also be important targets for the treatment of RA. The results of the intersection analysis showed that 52 of the targets may be related. The protein interactions of the 52 overlapping genes were obtained from the STRING database and network visualized by Cytoscape3.7.2 software. The top 10 genes' (SRC proto-oncogene, nonreceptor tyrosine kinase, epidermal growth factor receptor, signal transducer and activator of transcription 3, vascular endothelial growth factor A, jun proto-oncogene, AP-1 transcription factor subunit, Fos proto-oncogene, AP-1 transcription factor subunit, matrix metallopeptidase 2, protein tyrosine phosphatase receptor type C, annexin A1, protein kinase C beta, matrix metallopeptidase 13, and renin) degree values were not less than seven according to the network visualization analysis. A high degree value indicates that these genes play a key role in the regulatory network of RA proteins in responding to TSPJ therapy. Similarly, the important pathways of TSPJ in the treatment of RA were found by the KEGG analysis of overlapping genes. To our surprise, the 10 signaling pathways were all related to angiogenesis, and the top four genes (SRC proto-oncogene, nonreceptor tyrosine kinase, epidermal growth factor receptor, signal transducer and activator of transcription 3, and vascular endothelial growth factor A) in the PPI network are all involved in the VEGF and HIF-1 signaling pathways. We supposed that TSPJ might treat RA by inhibiting angiogenesis.
The VEGF and HIF-1 signaling pathways are two important pathways of angiogenesis. VEGF-A induces endothelial cell proliferation, migration, and survival by activating VEGFR2 and its downstream signal transduction pathway, thus promoting new angiogenesis (Karaman et al., 2018). Synovial inflammation and hyperplasia consume much oxygen, leaving the tissue in a state of local hypoxia. When hypoxia occurs, activation of the HIF-1 signal pathway leads to an increase in the expression of angiogenesis-related factors such as VEGF (Li Y. et al., 2018; Fallah and Rini, 2019). To further identify the synergistic mechanism of the TSPJ against angiogenesis, we analyzed the correlation of DEGs in the VEGF and HIF-1 signaling pathways. Seven genes showed a negative correlation, and 16 showed a positive correlation. The difference in correlation reflects the competition or mutual promotion among these genes (Xuan et al., 2019). Meanwhile, we found only two genes (SRC and STAT 3) with higher degree values in angiogenesis-related pathways according to the results of the correlation analysis. STAT 3 is a marker of angiogenesis that interacts with SRC (Sp et al., 2017). Li et al. and L. Claesson-Welsh et al. have shown that the activation of SRC phosphorylation promotes angiogenesis (Claesson-Welsh and Welsh, 2013; Li P. et al., 2018). In addition, the results showed that the degree value of STAT 3 in the PPI network is higher than that of other DEGs in the HIF-1 signaling pathway. Studies have shown that STAT 3 is a potential therapeutic target of RA (Oike et al., 2017). STAT 3 directly regulates VEGF, and blocking STAT 3 can effectively inhibit angiogenesis (Wei et al., 2003; Xu et al., 2005). Therefore, we propose that when SRC and STAT 3 are inhibited by TSPJ, the genes positively related to SRC and STAT 3 are also suppressed, and thus reduce angiogenesis.
To further verify the prediction results above, we successfully established CIA mice model. The data showed that TSPJ could significantly reduce the arthritis index of CIA mice. This indicated that TSPJ can effectively relieve the symptoms of CIA mice. The results of H&E staining and histology score of knee joint sections showed that TSPJ inhibited articular cartilage destruction, synovial hyperplasia, and inflammatory cell infiltration in a dose-dependent manner. In addition, TSPJ could reduce the expression of HIF-1 α and VEGFA in serum. This is consistent with our prediction that TSPJ may act as an antiangiogenic by regulating the VEGF or the HIF-1 signaling pathway. Results also showed that TSPJ could decrease the expression of IL-1β and IL-17A in spleen (Supplementary Figures S2–S5). The above results indicated that TSPJ application might improve joint inflammation, vascular proliferation, and bone erosion.
CONCLUSION
The current study demonstrated that TSPJ may regulate the VEGF or HIF-1 signaling pathways by inhibiting two targets, STAT 3 and SRC, thus inhibiting inflammation and angiogenesis, which will provide a new strategy for the treatment of RA.
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Psoriasis is a chronic inflammatory skin disease that is associated with multiple coexisting conditions. Extensive literature suggests that psoriasis is a T-cell-mediated condition, and its pathogenesis is related to dysfunction of the immune system. Myeloid-derived suppressor cells (MDSCs) are a group of heterogeneous myeloid cells that have suppressive effects on T cells. MDSCs are present at very low levels in healthy individuals but can substantially expand in tumours or inflammatory conditions. PSORI-CM02, a Chinese medical formula designed based on the Chinese medicine theory (Blood Stasis), has been prescribed extensively for psoriasis therapy and shows a stable clinical effect and safety. This study discusses the mechanisms of MDSCs involved in disease development and therapeutic progress. Our data provides evidence that monocytic myeloid-derived suppressor cells (M-MDSCs) play a role in IMQ-induced psoriatic dermatitis. Functional characterization and correlation analysis indicated that MDSCs are positively correlated with Th17 cells. PSORI-CM02 alleviated IMQ-induced psoriatic dermatitis and suppressed the proliferation of Th17 cells via M-MDSC-induced Arg1 upregulation, suggesting M-MDSCs could be a novel therapeutic target for psoriasis, and PSORI-CM02 exerted its effects via the perturbation of M-MDSCs and Th17 cell crosstalk.
Keywords: Chinese medicine, PSORI-CM02, Th17, MDSCs, psoriasis
INTRODUCTION
Psoriasis is a common skin disease caused by both autoimmune dysfunction and genetic burden. The worldwide prevalence of psoriasis is estimated at approximately 2%, and the prevalence is in a diverse range according to regions (Parisi et al., 2013). Patients with psoriasis have been reported to suffer from elevated rates of various psychopathologies, including depression, anxiety, sexual dysfunction, poor self-esteem, and even suicidal ideation (Kimball et al., 2005; Kimball et al., 2012).
In the past decade, breakthroughs in the understanding of the pathogenesis of psoriasis have developed from its histopathologic accelerated cell proliferation of keratinocytes to the pathogenesis of chronic inflammatory with a dominant IL-23/Th17 axis (Zheng et al., 2007; Ogawa et al., 2018). The crosstalk within neutrophils, dendritic cells, T cells, and the cytokines released from immune cells are the central pathogenesis of psoriasis progress (Boehncke and Schon, 2015).
However, we still lack a holistic knowledge of the role of the myeloid cell-derived immune system in psoriasis. Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of activated myeloid precursors and relatively immature myeloid cells that are associated with various pathological immune environments (Brandau et al., 2013; Ost et al., 2016). Most studies have divided MDSCs into two major subsets: monocytic myeloid-derived suppressor cells (M-MDSCs) and polymorphonuclear or granulocytic myeloid-derived suppressor cells (PMN-MDSCs or G-MDSCs). PMN-MDSCs are similar to neutrophils, whereas M-MDSCs share many morphological and phenotypic characteristics of monocytes (Gabrilovich and Nagaraj, 2009; Gabrilovich, 2017).
Recent studies have indicated that the MDSC population increases in patients with psoriasis (Cao et al., 2016; Soler et al., 2016). But we still know little about the perturbations of MDSCs in the immune system of psoriasis patients and its immune response in the psoriatic therapeutic progress. To explore how the different subpopulation of MDSCs in psoriasis patients mediate psoriasis development, we detected the expansion of MDSCs and its subpopulation PMN-MDSCs and M-MDSCs in imiquimod (IMQ)-induced murine psoriatic dermatitis. The results showed that the MDSCs and their subpopulations were also different between psoriatic dermatitis mice and the controls.
Recently, series of clinical trials and systematic reviews have reported that Chinese medicine is effective in treating psoriasis (May et al., 2012; Deng et al., 2013; 2014; Zhang et al., 2014). Yinxieling (PSORI-CM) formula is a Chinese herbal medicine compound preparation with 10 ingredients (Angelica sinensis (Oliv.) Diels, Paeonia lactiflora Pall., Chloranthus spicatus (Thunb.) Makino, Prunus mume (Siebold) Siebold and Zucc., Rehmannia glutinosa (Gaertn.) DC., Ligusticum striatum DC., Lithospermum erythrorhizon Siebold and Zucc., Curcuma zedoaria (Christm.) Roscoe, Smilax glabra Roxb., Glycyrrhcentera glabra L.) for psoriasis. This medicine was developed by a well-known Chinese Medicine dermatologist National Medical Master Guo-wei Xuan and formulated according to traditional Chinese medicine theory. The clinical practice in these 20 years showed that PSORI-CM formula has been prescribed extensively for psoriasis therapy and has shown a stable curative effect on not only relieving symptoms of psoriasis but also reducing the relapse rate (Cz and Liu, 2006; Han et al., 2011). To expand the application of Yinxieling, an optimized formula PSORI-CM02 was developed, composed of only five ingredients (Curcuma longa L., Paeonia lactiflora Pall., Smilax glabra Roxb., Prunus mume (Siebold) Siebold and Zucc. and Sarcandra glabra (Thunb.) Nakai) from the original Yingxieling. In the theory of Traditional Chinese medicine, psoriasis is generally associated with three syndromes: blood stasis, blood heat, and blood dryness. In the acute stage of the pathogenesis of psoriasis, blood heat is mainly obstructed on the surface of the lesion. In the chronic stage, qi and blood deficiency lead to dryness, which obstructs the normal nourishment in the skin, as well as blood stasis, which prohibits blood flow smoothly in the skin (Lu et al., 2012). Therefore, the therapeutic principle of psoriasis is to activate blood circulation and remove blood stasis. In PSORI-CM02 formula, Curcuma longa L. and Paeonia lactiflora Pall. help to activate blood circulation, while Smilax glabra Roxb., Prunus mume (Siebold) Siebold and Zucc. and Sarcandra glabra (Thunb.) Nakai play the roles of removing blood stasis. These five ingredients in PSORI-CM02 were found to have positive correlations with pharmacodynamic indicators by using computer systematic pharmacological methods and laboratory experiments (Gu et al., 2018). However, previous studies of PSORI-CM02 are mostly focused on the role of the adaptive immune system in psoriasis. One of our previous studies showed that PSORI-CM02 suppressed allograft rejection by reducing the proliferation of T cells (Lu et al., 2018), implying that the mechanism of T-cell suppression needed to be investigated.
The IMQ-induced mouse model for psoriasiform dermatitis is one of the most widely used mouse models in recent research studies on psoriasis, as psoriasis mediated by the IL-23/Th17 axis can be triggered by this TLR7 agonist (van der Fits et al., 2009). Considering there are many effective components characterized by inducing multitarget effects in Chinese Medicine, whether the myeloid cell is also a target of PSORI-CM02 or not is still uncertain. Therefore, based on the observation of MDSCs and their subpopulation in IMQ-induced murine psoriatic dermatitis, we investigated the effect of PSORI-CM02 on MDSCs in the psoriatic mouse model.
Currently, various immunosuppressive and promoting functions of MDSCs on diseases have been reported in the literature. In this study, we performed the functional analysis of murine MDSCs in psoriatic dermatitis. We also discussed the association of MDSCs with T-help cells in psoriasis and the Chinese medicine formula PSORI-CM02 effects on their crosstalk. We aimed at providing suggestions for the contemporary biological characterization of MDSCs and the mechanism of Chinese medicine on psoriasis.
MATERIALS AND METHODS
Reagents and Antibodies
Reagents were purchased as follows: liberase TM (5401119001) was purchased from Roche, DNase I (D4263-1VL) was purchased from Sigma-Aldrich. Cell Staining Buffer (554656), BD GolgiPlug™ (brefeldin A, 550583), RBC Lysing Buffer (10X concentrate), Ms CD11B FITC (561688), Ms Gr1 PE (553128), Ms LY-6G PE (561104), Ms Ly-6C PerCP-Cy™5.5 (560525), Ms CD16/CD32 PURE (553142) and mouse Th1-Th2-Th17 CBA KIT (560485) was purchased from BD (United States), Ms Arg1 (A1exF5) APC (17-3697-80) antibody was purchased from Invitrogen, Arg1 ELISA Kit, TGF-beta1 ELISA Kit, iNOS ELISA Kit, IL-17A ELISA Kit were purchased from Cusabio (China). Mouse CD4+ T cell isolation kit II (130-095-248) were purchased from Miltenyi Biotec. Fetal bovine serum (FBS) and High-glucose Dulbecco’s modified Eagle’s medium (DMEM) were purchased from Gibco (United States). Trizol reagent was purchased from Life (United States). RNeasy fibrous tissue mini kit was purchased from Qiagen (Germany), Ms CD45.2 PerCP, Ms CD4 eFluor 660, Ms IL-17A FITC, Ms IL-22 APC, First Strand cDNA Synthesis Kit was purchased from and FastStart Universal SYBR Green Master Mix were purchased from Thermo (United States). RIPA Buffer was purchased from Cell Signaling Technology (United States). Imiquimod cream was obtained from Ming Xin Pharmaceutical Co. LTD. (China), Vaseline® pure petroleum jelly was purchased from Unilever (United Kingdom), methotrexate (MTX) was purchased from the Shanghai Pharmaceutical Group Co. Ltd. (China), PSORI-CM02 was obtained from the Chinese Medicine Hospital of Guangdong Province (China).
BD FACSAria™ III (BD Biosciences, United States), ABI7500 Real-Time PCR System (ABI, United States), NanoDrop 2000C Spectrophotometer (Thermo Scientific, United States), microscope (Olympus, Japan) and VICTOR™ X5 (PerkinElmer, United States) were used for the analysis.
IMQ-Induced Psoriatic Dermatitis in Mice
BALB/c mice with an equal sex ratio at 6–8 weeks of age with an average weight of 16–18 g were purchased and transferred from Guangdong Medical Laboratory Animal Center (Guangdong, China). All of the mice were settled in a specific pathogen-free (SPF) animal facility with unlimited access to food and water and a 12-h daylight, 12-h night cycle. Mice in the IMQ group received a topical dose of 60 mg imiquimod cream on the shaved back skin (2 × 3 cm) once per day for seven consecutive days, and mice in the control group received Vaseline® as vehicle controls.
A modified Psoriasis Area Severity Index (PASI) score for measuring the inflammation of psoriatic dermatitis was recorded every day before painting of the cream. Erythema, scaling and thickening of back skin were measured based on 0–4 scales (0, none; 1, slight; 2, moderate; 3, marked; and 4, very marked). Bodyweight was measured daily. At day-8 morning, all mice were anaesthetised with a ketamine/acepromazine mixture (ketamine 100 mg/kg, acepromazine 5 mg/kg) and then weighed, PASI was recorded, and the digital photo was taken. Then, the mice were sacrificed. Skin tissues were collected and processed for flow cytometric analysis. The skin sample was also reserved for histological analysis and gene expression analysis.
Treatment of Mice
The mice were housed in a stable SPF environment for one week after purchase. For the experiments, they were allocated randomly to different groups.
PSORI-CM02 group: 60 mg imiquimod cream painted on the shaved back skin daily, PSORI-CM02 decoction (5 ml/kg) was administered orally twice per day. The treatment of PRORI-CM02 began one week before the IMQ painting and lasted 14 consecutive days. Considering the ethical statement of Institutional Animal Care and Use Committee of Guangdong Provincial Academy of Chinese Medical Sciences, as all of our previous multiple-dose studies indicated that the treatment with PSORI-CM02 decoction dose with 2.94 g/kg to the mice was the most effective (Chen et al., 2017; Wu et al., 2019; Yue et al., 2019; Li et al., 2020), we prepared the PSORI-CM02 decoction dose only with 2.94 g/kg in this study to reduce and refine the use of animals in research.
MTX group: 60 mg imiquimod cream painted on the shaved back skin daily, MTX 0.65 mg/kg was administered orally twice per day.
Model group: 60 mg imiquimod cream painted on the shaved back skin daily, saline was administered orally twice per day.
Control group: Vaseline® painted on the shaved back skin daily, saline was administered orally twice per day.
Preparation of PSORI-CM02
All the herbs of the PSORI-CM02 formula were pharmacopeia-grade and purchased from the Department of Pharmacy, Guangdong Provincial Hospital of Chinese Medicine. Five herbs are used in the PSORI-CM02 formula: Curcuma longa L., Paeonia lactiflora Pall., Smilax glabra Roxb., Prunus mume (Siebold) Siebold and Zucc. and Sarcandra glabra (Thunb.) Nakai, with a weight ratio of 2:3:5:2:5. The types of specimens used in this study were deposited in the herbarium in the School of Chinese Materia Medica, Guangzhou University of Chinese Medicine (GUCM).
Water extracts were then concentrated and dried with a rotary evaporator under vacuum. The PSORI-CM02 decoctions were prepared using the following procedures: herbs were marinated in a pot with filtered water for half an hour. Then, the pot was heated and kept boiling for 15 mins. Then, decocting was done for 30 mins with a small fire. The herbs were decocted twice. The two decoctions were mixed, filtered using a 75-μm filter and stored in a refrigerator at 4 °C. A chromatographic fingerprint for quality control and quantitative analysis of the PSORI-CM02 decoction was performed and reported in our previous study (Supplementary Figure S1; Table S1) (Chen et al., 2017; Wu et al., 2019). All procedures followed the procedures of the China Pharmacopoeia (2010 Edition).
Single-Cell Preparation From Skin
The skin samples from the mice were cut from the shaved back region. Skin samples were chopped into small pieces with scissors and digested with 2 ml of liberase TM (2.5 mg/ml) containing 0.1% DNase I for 90 min at 37 °C. The cell suspensions were filtered with 40 μm of cell strainer and washed twice with 5 ml of PBS 1% FBS.
Drainage from the lymph nodes was obtained from the abdomens of the mice and ground by the frosted surface of the glass slides. The cell suspensions were filtered with 40 μm of cell strainer and washed with 2 ml of PBS 1% FBS.
Flow Cytometric Analysis
Immune phenotype characterization of the skin sample was performed by flow cytometry with a 12-colour setup, based on the surface staining and intracellular staining method. A 3-h stimulation of 106 cells/ml suspension at 37 °C with PMA (25 ng/ml)/ionomycin (1 mg/ml) in the presence of Brefeldin-A (10 mg/ml) was performed. Before the staining, the cells were resuspended in 106 cells/100 μL per well in a 96-well plate with 2 μg/ml of anti-CD16/CD32 diluted in PBS 1% FBS and incubated at 4 °C for 15 mins to block non-specific binding to Fc receptors. After the preparation, cells were incubated in the dark at 4 °C for 30 mins for surface staining with the following antibodies: Ms CD11B FITC, Ms Gr1 PE, Ms LY-6G PE, Ms Ly-6C PerCP-Cy™5.5. The cells for intracellular staining were also surface stained with the following antibodies: Ms CD45.2 PerCP, Ms CD4 eFluor 660. Intracellular staining was performed for the cells with the following antibodies: Ms IL-17A FITC, Ms IL-22 APC, Ms Arg1 APC. The stained cells were analysed by flow cytometer BD FACSAria III. Data were analysed by using FlowJo software (Version.10.0.8, Tree Star Ashland, OR). The results were represented as the percentage of positive cell populations.
Skin Biopsy Histological Analysis
The skin biopsies extracted from the mice were fixed in fresh 4% (w/v) formaldehyde solution for 24 h and then embedded in paraffin. After paraffin embedding, the slides were stained with haematoxylin and eosin (H&E).
Real-Time Quantitative PCR (RT-qPCR)
Skin biopsies were stored under liquid nitrogen. On the day of the RT-qPCR assay, the biopsies were allowed to thaw, and 30 mg of tissue was homogenized with the aid of a homogenizer in ice-cold Trizol reagent. mRNA was obtained from the back-skin biopsy of all mice with the RNeasy fibrous tissue mini-kit. cDNA was synthesized using the Thermo First Strand cDNA Synthesis Kit. For the qPCR reaction, complementary DNA (cDNA) was amplified with FastStart Universal SYBR Green Master Mix. Quantitative research detection of target nucleic acid sequences was then performed on the ViiA seven Real-Time PCR System.
All target genes were normalized with housekeeping gene GAPDH expression in parallel as the internal control. The relative expression of target genes was calculated by the 2−ΔΔCT method.
Cytometric Bead Array (CBA) Analysis
Skin biopsies were lyzed with Radio-Immunoprecipitation Assay (RIPA) lysis buffer. Th1/Th2/Th17 cytokine (IL-2, IL-4, IL-6, IL-10, IL-17A, TNF and IFN-γ) secretion in the skin and the serum of mice were detected by cytometric bead array, a flow cytometric bead-based technology for multiplexed assay, by using the mouse Th1-Th2-Th17 CBA kit according to the manufacturer’s technical guidelines and protocols (Morgan et al., 2004). Data were acquired through flow cytometry BD FACSAria™ III. FCAP Array software (V4.0, BD Biosciences) was used to calculate the cytokine levels.
Enzyme-Linked Immunosorbent Assay (ELISA)
Skin biopsies from the shaved back region were stored under liquid nitrogen. On the day of the ELISA assay, the biopsies were thawed, and 20–50 mg of wet tissue was homogenized with the aid of a homogenizer in ice-cold PBS. The homogenates were centrifuged for 20 mins at 10,000 x g to remove debris and insoluble material, and aliquots of the supernatants were assayed by ELISA. Skin tissue Arg1, TGFβ1, iNOS, IL-13, and IL-22 levels were measured using the commercial ELISA kits according to the manufacturer’s instructions. The 96-well plates were detected using VICTOR™ X multilabel reader at a wavelength of 450 nm.
Cell Isolation
Whole blood was obtained from the inferior vena cava of anaesthetised mice and then collected by lepirudin tubes from the anaesthetised mice. Red Blood Cell (RBC) Lysis Buffer was used to remove the red blood cells from the blood samples. The CD4+ T cells were isolated from the sample with CD4+ T cell isolation kit II according to the manufacturer’s instruction. To assess the purity, cells were stained with anti-CD4-eFluor 660 antibody and analysed by flow cytometry. The purity of CD4+ T cells reached 97% and was acceptable for the coculture.
MDSCs were isolated from the remaining cells by flow cytometric sorting. For flow cytometric sorting, 1 × 107 cells/mL suspension cells were stained with anti-CD11b-FITC, anti-Ly6G-PE and anti-Ly6C -PerCP-Cy™5.5 antibodies for 30 mins on ice in the staining buffer. After the cells were washed twice with PBS, the cells were then sorted with BD FACSAria™ III.
CD4+ T Cells and MDSCs Coculture
M-MDSC (1 × 106) or PMN-MDSC were plated at 1 × 106 cells per well in a 6-well culture plate in RPMI 1640 medium. CD4+ T cells were added to MDSC in the Transwell system. Then, CD4+ T cells were activated with anti-CD3/anti-CD28. The coculture system was incubated at 37 °C in a humidified incubator and 5% CO2 atmosphere for 24 h. Then, the culture supernatant was collected for the enzyme-linked immunosorbent assay.
Statistical Analysis
All data were described as the mean with standard deviation (SD). Differences between two groups were analysed with unpaired Student’s t-test (two-tailed, assuming equal variance). Correlation analysis was performed with the Spearman method. Correlation heatmap was plotted by R (Version 3.6.0). All statistical analyses were performed and presented using GraphPad Prism software (version 6.0 for windows). Statistically significant difference was indicated when p < 0.05.
RESULTS
MDSCs Were Elevated in IMQ-Induced Psoriatic Dermatitis
To explore the role of MDSCs in psoriasis, a mouse model with skin inflammation was induced by IMQ to mimic psoriasis (Figure 1A). H&E stained sections of the back skin of mice treated with 5% IMQ cream showed the epidermal thickening due to hyperkeratosis, parakeratosis, neovascularization and infiltration of immune cells in dermis and epidermis (Figure 1B). To determine the dysfunction of MDSCs and its subpopulations in psoriatic dermatitis, we measured the MDSCs marker levels of CD11b, Gr1, Ly-6G and Ly-6C in mouse skin samples by using flow cytometry (Figures 2A,B). The percentages (%) of MDSCs (CD11b+ Gr1+) and M-MDSCs (CD11b+ Ly-6C+) among total cells significantly increased in the skin samples of IMQ mice. These results suggested that the MDSCs, especially M-MDSCs, were involved in the pathological mechanism of IMQ-induced psoriatic dermatitis.
[image: Figure 1]FIGURE 1 | Expansion of MDSCs in IMQ-induced psoriatic dermatitis. (A) Flow cytometry analysis of MDSCs (CD11b+ Gr1+), M-MDSC (CD11b+ Ly6C+) and PMN-MDSC (CD11b+ Ly6G+) in skin samples. First row: MDSCs (CD11b+ Gr1+), second row: M-MDSC (CD11b+ Ly6C+), third row: PMN-MDSC (CD11b+ Ly6C+). First column: sample from control group, second column: sample from model (IMQ) group. (B) Percentages of MDSCs, M-MDSC and PMN-MDSC in live cells of skin tissue. Seven mice per group in MDSC analysis, four mice per group in M-MDSC and PMN-MDSC analysis; *p < 0.05, **p < 0.01.
[image: Figure 2]FIGURE 2 | Different treatment caused different effects on IMQ-induced psoriatic dermatitis. (A) Skin inflammatory symptoms in different groups. (B) H&E stained sections of back skin of mice in different groups. Psoriasis-specific hyperkeratosis, parakeratosis, neovascularization and infiltration of immune cells in dermis and epidermis were labeled by arrows. (C) Accumulative PASI score based on the erythema, induration, desquamation and percentage of affected area during the dermatitis progress. n = 8 mice per group (D) Weight loss during the treatments challenged. n = 8 mice per group.
PSORI-CM02 Alleviated IMQ-Induced Psoriatic Dermatitis
Mice in different groups showed different effects on the skin inflammatory symptoms such as the erythema, thickness and scales. Comparing to the model group, dermatitis in the MTX group and the PSORI-CM02 group was alleviated significantly (Figure 1A). H&E stained sections of the back skin of mice in different groups presented a consistency with skin inflammatory symptoms. Hyperkeratosis, parakeratosis, neovascularization and infiltration of immune cells into the dermis and epidermis in the MTX group and PSORI-CM02 group were lighter than those parameters in the model group (Figure 1B).
The accumulative PASI score of the model group at day 7 was 5.38 ± 1.18, whereas the score was 4.13 ± 0.64 in the MTX group and 4.33 ± 0.71 in the PSORI-CM02 group (Figure 1C). Body weights were recorded daily, showing the difference between the PSORI-CM02 group and other groups of those challenged with IMQ. PSORI-CM02 treatment alleviated IMQ-caused weight loss (Figure 1D).
PSORI-CM02 Reduced M-MDSCs in Psoriatic Dermatitis Tissue and Lymph Nodes
To determine whether PSORI-CM02 treatment was affected via MDSCs, we evaluated the M-MDSC and PMN-MDSC levels in skin and lymph node samples of different groups by flow cytometric analysis (Figures 3A,B). The results showed that the percentages of M-MDSCs differed among the groups. In the PSORI-CM02 group and the MTX group, the percentage of M-MDSCs was lower than in the model group, not only in skins but also in lymph nodes (Figure 3C). No differences were observed in the PMN-MDSCs in skins from different groups. However, in lymph nodes, MTX can reduce the cell ratio of PMN-MDSCs (Figure 3D). These results were consistent with the conclusion in Figure 2 that M-MDSCs but not PMN-MDSCs played a role in psoriatic dermatitis.
[image: Figure 3]FIGURE 3 | Treatment effects on M-MDSC and PMN-MDSC. (A) Flow cytometric analysis on M-MDSC and PMN-MDSC levels in skin samples of different groups. First row: M-MDSC (CD11b+ Ly6C+), second row: PMN-MDSC (CD11b+ Ly6C+). (B) Flow cytometric analysis on M-MDSC and PMN-MDSC levels in lymph nodes of different groups. First row: M-MDSC (CD11b+ Ly6C+), second row: PMN-MDSC (CD11b+ Ly6C+). (C) Percentages of M-MDSC and PMN-MDSC in live cells of skin samples of different groups. n = 4 mice per group; *p < 0.05, **p < 0.01. (D) Percentages of M-MDSC and PMN-MDSC in live cells of lymph nodes of different groups. n = 4 mice per group; *p < 0.05.
PSORI-CM02 Reduced the Inflammatory Infiltrate in Psoriatic Dermatitis Tissue
To analyse the mechanism of PSORI-CM02 treatment effected on the psoriatic immune environment, we evaluated the M-MDSC markers (Arg1, TGFβ1, iNOS, IL-10, and IL-13) and psoriatic inflammatory cytokines (Th1/Th2/Th17 cytokines) in skin samples of different groups by CBA, ELISA and RT-qPCR. The results acquired from different assays are concisely illustrated in Figure 4.
[image: Figure 4]FIGURE 4 | MDSCs and psoriasis related functional characterization by different assays. (A) Genes expression of M-MDSC markers and psoriatic inflammatory cytokine in different groups, detected by RT-qPCR. n = 5 mice per group; Compared to model group, *p < 0.05. (B) M-MDSC markers and psoriasis related inflammatory cytokine secretion in back skin of mice from different groups, detected by ELISA. n = 5 mice per group; Compared to model group, *p < 0.05. (C) Th1/Th2/Th17 related inflammatory cytokine secretion in back skin of mice from different groups, detected by CBA. n = 5 mice per group; Compared to model group, *p < 0.05.
As expected, at the transcript level, the psoriatic inflammatory cytokines IL-17 and IL-22 increased in the model group and decreased notably after MTX and PSORI-CM02 (Figure 4A). At the protein level, Arg1, IL-10 and IL-22 were significantly different between model group and control. Only Arg1 changed significantly after treatments (Figures 4B,C).
Given that IL-17 and IL-22 positively related to psoriatic dermatitis at the mRNA level but not at the protein level detected by CBA, we examined the IL-17+CD4+ T cells and IL-22+CD4+ T cells in the skin by flow cytometric analysis (Figure 5A). The results showed that the percentages of IL-17+CD4+ T cells and IL-22+CD4+ T cells differed among the groups. Compared to the control, they were both higher in the model group. MTX and PSORI-CM02 reduced the percentages of IL-17+CD4+ T cells and IL-22+CD4+ T cells (Figure 5B). These results indicated that PSORI-CM02 reduced IL-17 and IL-22 mainly to control the inflammatory infiltrate in psoriatic dermatitis.
[image: Figure 5]FIGURE 5 | Expansion of IL-17+ CD4+ T cells and IL-22+ CD4+ T cells in different groups. (A) Flow cytometric analysis on IL-17+ CD4+ T cells and IL-22+ CD4+ T cells in live cells of back skin of mice from different groups. First row: IL-17+ CD4+ T cells, second row: IL-22+ CD4+ T cells. (B) Percentages of IL-17+ CD4+ T cells and IL-22+ CD4+ T cells in live cells of back skin of mice from different groups. n = 4 mice per group; *p < 0.05, **p < 0.01.
Relationship of MDSCs and Psoriatic Inflammatory Cytokines
The above results showed that PSORI-CM02 reduced both M-MDSCs and inflammatory cytokines IL-17 and IL-22. However, the evidence for the relationship of MDSCs and psoriatic inflammatory cytokines in vivo was still lacking. To clarify that point, we performed a correlation analysis on MDSC levels and inflammatory cytokines. The heatmap depicts the full-scale statistical analysis using all samples (Figure 6A), revealing a very strong correlation between M-MDSCs and IL-17+CD4+ T cells, the same as the IL-22+CD4+ T cells. PMN-MDSC was positively correlated to IL-17+CD4+ T cells as well (Figure 6B).
[image: Figure 6]FIGURE 6 | Relationship of MDSCs with psoriatic inflammatory cytokine. (A) Correlation heatmap between MDSCs and psoriatic inflammatory cytokine in all samples were analysed using Spearman method. For correlation analysis, ΔCt was used as related gene expression value. Colour bar labelled the different methods/technologies for acquiring the data. Colour scale (right) indicated the r value. *p < 0.05. (B) Correlations between % CD11b+ Ly6C+ MDSCs and % IL-17+ CD4+ T cells, % CD11b+ Ly6C+ MDSCs and % IL-22+ CD4+ T cells, % CD11b+ Ly6G+ MDSCs and % IL-17+ CD4+ T cells in all samples were analysed using Spearman’s coefficient.
Psoriatic MDSCs Promoted Th17 Cell Differentiation via Arg1
We screened the gene expression and protein abundance of MDSCs and psoriasis-related molecules (Figure 4). The correlation of MDSCs and Th17 was confirmed (Figure 6). Only Arg1, IL-17, and IL-22 were positive in the above assays. We then assessed the effect of MDSCs on anti-CD3/CD28-activated CD4+ T cells in the coculture system. After the CD4 T cells and MDSCs coculture, the secretions of Arg1 by M-MDSC or PMN-MDSC obtained from IMQ mice were higher than the secretions from normal mice, suggesting that the effect of MDSC subpopulations is mediated by their secretion of Arg-1. In addition, M-MDSC obtained from IMQ mice can significantly promote the secretion of IL-17A by CD4+ T cells (Figure 7A), implying that M-MDSC from IMQ mice was much more potent in Th17 cell polarisation via Arg1. When we compared the secretions of Arg1 by M-MDSC and PMN-MDSC from different treatments, we found that both MTX and PSORI-CM02 could significantly reduce the production of Arg1 from M-MDSC but not from PMN-MDSC (Figures 7B,C).
[image: Figure 7]FIGURE 7 | MDSCs induced Th17 differentiation. (A) The expression of Arg1, IL-17A and IL-22 in the co-culture supernatant. *p < 0.05. (B) Flow cytometric analysis on Arg1+ M-MDSC and Arg1+ PMN-MDSC in skin samples of different groups. First row: Arg1+ M-MDSC cells, second row: Arg1+ PMN-MDSC T cells. (C) Percentages of Arg1+ M-MDSC and Arg1+ PMN-MDSC in different groups. n = 3 in control group and n = 4 in other groups; *p < 0.05, **p < 0.01.
DISCUSSION
Psoriasis is a chronic inflammatory disease characterized by erythema, with thickening and scaling of the skin. Its histopathologic change in the epidemic is abnormal proliferation and differentiation of keratinocyte (Boehncke, 2015; Boehncke and Schon, 2015). However, the cause of this histopathologic change remains unknown. Accumulating evidence indicates that psoriasis is a T-cell-mediated disease (Gottlieb et al., 1995). The IL-23/Th17 pathway plays a pivotal role in the progress of psoriasis (Hawkes et al., 2017). The Th17 cell is the key factor in the inflammatory infiltrate, whereas the development of Th17 is maintained by IL-23, which is secreted mainly by monocytes and dendritic cells. With the dendritic cell activation, lymphocytes, neutrophils and monocytes migrate into the skin. Th17 cells produce inflammatory cytokines, including IL-17 and IL-22. IL-17 and IL-22 lead to hyperkeratosis and parakeratosis. TNFα production is induced indirectly by IL-17 and IL-22, which accelerates the inflammatory infiltrate. (Zheng et al., 2007; Ogawa et al., 2018). In clinical practice, biologics targeting these cytokines showed credible efficacy on psoriasis, which proved the importance of the role of the IL-23/Th17 axis in the aetiology of psoriasis.
Recently, the important biological role of MDSCs has been investigated. MDSCs are a cluster of heterogeneous cells that present immunosuppressive to T cell and NK cell function (Gabrilovich and Nagaraj, 2009; Dar et al., 2020). The absence of MDSCs caused T cell proliferation, whereas the accumulation of MDSCs was associated with tuberculosis (TB) progress and severity (Knaul et al., 2014; Tsiganov et al., 2014). Myeloid-derived cells have been indicated as an essential factor in the immune system, particularly in cancer immunotherapy. Two subtypes of MDSCs have clear roles that have been established in murine: CD11b+Ly6G-Ly6C+ monocytic MDSCs (M-MDSCs) and CD11b+Ly6G+Ly6C- polymorphonuclear or granulocytic myeloid-derived suppressor cells (PMN-MDSCs or G-MDSCs) (Wu and Chiang, 2019). Generally, PMN-MDSCs make up the majority of the population of MDSCs. Both M-MDSCs and PMN-MDSCs have strong immunosuppressive activity, which has been indicated to contribute to immunosuppression in the tumour microenvironment and allergic inflammation (Gabrilovich and Nagaraj, 2009). Meanwhile, both PMN-MDSCs and M-MDSCs can reverse from being immunosuppressive to immunostimulatory. The proportion of subpopulations of MDSCs is highly variable (Ben-Meir et al., 2018). In response to different conditions or environments, M-MDSCs can directionally differentiate into dendritic cells or macrophages, while PMN-MDSCs consist of myeloid progenitors that differentiate into granulocytes (Kumar et al., 2016).
In recent years, CD14+HLA-DR-/low M-MDSCs have been reported to suppress T-cell activation (Lauret Marie Joseph et al., 2020). In psoriatic patient PBMC, M-MDSCs was increased, compared to the healthy control (Soler et al., 2016; Sun et al., 2020). In vivo and in vitro assays demonstrated that Treg cells induced by M-MDSCs in the PBMC of a psoriasis patient presented suppressive functionality reduction. These results suggest that M-MDSCs increased in psoriasis with the impaired suppressive function of effector T-cell expansion. Our present study also proved that MDSCs, especially M-MDSCs, were elevated in IMQ-induced psoriatic dermatitis and lymph nodes.
As Th17 has been found to increase in psoriatic dermatitis, it would be interesting to understand how MDSCs interact with T cells in the immune environment of psoriasis. The functions of MDSCs in suppressing T cells, including producing inducible arginase-1 (Arg1) and inducible nitric oxide synthase (iNOS), which lead to the nitration of T cell receptors and chemokines that are essential for T cell migration, induce T cell apoptosis (Gabrilovich et al., 2012). IL-10 and TGF-β1 are produced, inhibiting immune effector cell proliferation and functions (Umansky et al., 2017). We therefore checked all these molecules in the present study. However, only Arg1 was significantly different between IMQ-induced psoriatic dermatitis and control, and Arg1 was reduced after treatment. The dynamic changes in Arg1 for different groups strongly suggested that M-MDSC was involved in the pathogenesis of psoriasis. However, the functional characterisation presented that most of the marker molecules of MDSCs showed negative results. The relationship between MDSCs and Th17 cells was confirmed by the correlation analysis. Both M-MDSCs and PMN-MDSCs were positively correlated to IL-17+CD4+ T cells, while M-MDSCs were also associated with IL-22+CD4+ T cells.
PSORI-CM02 is the Chinese medicine formula formulated based on the Chinese medicine theory (Blood Stasis). As a compound formula, PSORI-CM02 exerts its effects via the combination of the five herbal components. According to our prior published results, PSORI-CM02 can alleviate psoriatic dermatitis induced by IMQ in mice, by increasing the regulatory T cell level (Chen et al., 2017), inducing autophagy to promote the apoptosis of keratinocytes (Yue et al., 2019), and regulating the infiltration and polarisation of macrophages (Li et al., 2020). We found that PSORI-CM02 alleviated IMQ-induced psoriatic dermatitis and suppressed proliferation of M-MDSCs and Th17 cells. Interestingly, M-MDSCs-induced Arg1 is confirmed to cause the suppression of T cell by depletion of the semi-essential amino acid l-arginine (Bogdan, 2011). MDSCs are reported to induce the suppressive activity of Th17 cells through the upregulation of Arg1 (Wu et al., 2016). In our study, the correlation analysis indicated that MDSCs and Th17 cells had a strong relationship with each other, suggesting the existence of crosstalk between MDSCs and Th17 cells in dermatitis. This crosstalk was involved in the therapeutic progress of PSORI-CM02. However, the positive correlation does not mean that the change in MDSCs or Th17 is the cause of the change in the levels of the other variable. To establish the relationship between MDSC and Th17 and the regulatory effects of PRORI-CM02 in the psoriatic dermatitis model, we assessed the in vitro coculture assay and found that M-MDSC from IMQ mice was much more potent in Th17 cell polarisation via Arg1. In vivo experiment indicated that PSORI-CM02 could significantly reduce the production of Arg1 from M-MDSC, which implied that PSORI-CM02 suppressed proliferation of Th17 cells by targeted M-MDSC-induced Arg1.
CONCLUSION
Taken together, our data provided evidence that the percentage of CD11b+ Ly6C+ M-MDSCs was elevated in IMQ-induced psoriatic dermatitis. Chinese medicine formula PSORI-CM02 alleviated IMQ-induced psoriatic dermatitis and suppressed proliferation of M-MDSCs and Th17 cells. Moreover, our study also determined that M-MDSCs were positively associated with Th17 cell. Psoriatic MDSCs promoted Th17 cell differentiation via Arg1, suggesting that PSORI-CM02 exerted its effects on suppressing Th17 cells by targeted M-MDSC-induced Arg1.
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Company

‘Snangha WanShiCheng Crinese Medicno Co. L.
‘Snangha Hongajao raciional Crinese medicine decocton peces Co., LG
‘Shangha WanShChens Cineso Medicno Co. L.

‘Shangh Hongaiao raciional hingse medicine deoocton pieoes Co., LG
‘Snangha Kangcjao Chinose Horbal Mecsicne Co. LG

‘Shangha Kangciao Chinose Horbal Mecicne Co, LG

‘Snangha Kanggiao Chinoso Horbal Mecicne Co. L

‘Shanghi WanShiChens Crinese Medicine Co. L.

‘Snangh Hongajao raiional Crinsse medicine decocton peoss Co., LG
‘Shangha Hua Yu Pharmaceuica Co., Ld.

‘Shanghal Hua Pu Chinese medicine decoction pieces Co., Ld.
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2. Spatbolobus subersctus Dunn (Xe-Teng)
6. Qyperus otundls L. (Pao-Fu-Tzu)

£ Mows aba L. Sang Crn)

5. Coiclacyma-jobi L. (Y4 ¥ Jer)

Pojherba formuaton

1. G 2-Sha0-Ya0- 21 MusTang

2. Dang.Gul-Nn Tong Tang

5. ShudevHuo-Xe-Tang

. O Huo-Ji Sheng Tang

5. Ja-Woi-X20-Y20-San

a1

701
675
a1
a0

1449
182
01

696
E3

Ischemic stroke
No. of Event

104

20
2
s
21
19

21
E
s
®
s

Hazard Ratio(95°% CI)
Grudo® Adjusted”
Hetersnce) eterancs)
078052-1.16) 092061-138)
0690.44-1.08) 081052-1.29)
0700.43-1.14) 087050-1.49)
071045-1.12) 084052-1.39)
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044028-070" 050031-080
061042-089" 0.71048-1.08)
0320.18-0.56y 0350.20-063"
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072044-1.17) 1.080:64-1.76)
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G, confdonce ntarval CHP, Ohineso erbal prockes; COPD, chvoric Obsinclo Pulmonary Dsoase; ESRD, o stagoranalisaase: NSAID, no-serodal ant-fammatey ougs:
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Corydais ambigua Cham. & Sohid.
Yan+HosSu0)

Spatholobus suberectus Dum
X Teng)

Cyperus rotuns L
Kang Fu)

vorws aba L.
Seng-20)

Coir laoymajobiL.
iviRen)

Namo.

Polyherbal formulation
GukZhShao-Ya0 21k Mo Tang

Dang Gui-NanTong Tang

Shu-Jin Huo Xo Tang

Active compounds

Corynolne, Acetykcorynaine d-coneian, di-
tetrahycopaimatie, Protopie, Telrahydrocoptisne, d-
tetrahycroCoptsne, d-confoubbne, AlocypIopne
etengsteo, Fiedein, Friodsinstro, Tareron, -
‘Stosterol, Stgmasters, Campesterol

‘alongiinane, p-sainene, Cyperens, Canophylens oxde

Morn, Oxresveratol Mubbertn, Mulbel- Cochomens,
Oyclomubertn, Cyclomubetrochvomene.

Cobo), Coxenaice, Mytstic acid

Ingredients Percentage
)
Pasona sctitora Pal. (86 Shac) 96%
Atractyoses macrocephala Koz, B2 161%
Aemanten asphodeides Bge. @) 129%
‘Saposhrkovia Gvarcata (Turcz) Sischk. 129%
(Fang-Feng) 65%
Gyeymhiza uralens’s Fisch. ox OC. Gan o) 129%
Comamomum cassia L) JPres! G2, 65%
Ephecta snica Stap! MarHuang) 65%
Aconitum camichaes Det. (Fu2) 16.1%
Zrgber oficinale Roscos (Sheng~Jang)
Anenisia capilars Thun, Y Cren) 106%
Notoptengium incsum K C.Ting ex 106%
HT.Cnang (Qiang-Huo) 60%
‘Saposhrkovia Gvarcata (Turcz) Sclischk. 8%
(Fang-Feng) 6%
Actaea heracieoa (Kom) J Complon a6%
(snengMa) 60%
Pueraria obata (W) Onwi (Ge-Gen) 106%
Atractyoses lances (Murb) OC. (Cang: ) 106%
Atractyodes macrocephal Koidz. B2 46%
Gyoymhiza raknsis Fisch. o< 0C, GanCac)  6.0%.
‘Scutetaria baicaensis Georgi(Huang-Qi) 6%
‘Sophora favesoons A, (Ku-Shen) 60%
Anemartiena asphodeciies Bge. @) 60%
Angeica sinensis Of) Dies (Dang-Gu) a6%
Poypors unbetatus Pers) Fies ZurLing)
Assma plantago-aquatica subsp. orientale
(Sam) Sam. ZeXe)
Atractyodes lancea (Murb) 0C
Angeica snensis (Ov) Diels (Dang-Gu) 2%
Ligustoum chuaniong Hot, CrusnQing)  3.7%.
Pasonsa actffora Pal. (Ba-Sac) °1%

72%
725%
70%

Retmannia gutinosa Lbosch. (DHang)
Atracjoses lancea (Thurb) OC. (CangZ)
Ovathula officinals Kuan (Niu-X)

Function

Pain tokrancet
Antypertension
Antinflammaton
Antnflemmation
Antoxdant ofects
Antvral ofects
Immunomodatory
Antinoccepte.
ofects
Antintamratory
Antoxdant efects
Antipidenic,
Antnfammation
Ant-od0ant

At tumour

Antyperpidemic,
Antinflamration
Antoxdant ofects
At tumour

Function

Moming stoess |
Pl

RSRL

RAfactor)

Itetoukin2
producion |
At hypersansioiy

Reference

@rouet . 2016; Zrou et al, 2019)

(Fuetal, 2017:Pang et a, 2011)

(mam and Sum, 2014; Przac ot .,
201

(Bachonal ot o, 2018; Park ot ., 2016;
Uetal, 2015)

(se0etal, 2000)

Roforence.

(Eftiniou and Kkar, 2010; Yo t .
2014)

(mam ang Sumi, 2014)
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Stophana terancra S. Moore (Fang-)
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Hook, (831 20)

Gentiana scabra Bunge (Long-Dan -Cao)
Zngber oficinal Roscos (Sheng-Jang)
Poria c0cos (Schw) Woll Fu-Ling)
‘Saposhikoria divaricata (Tucz) Schiscrk.
(Fang-Feng)

Gyeymhizawrakensis Fich. ox 0G. (Gan-Cac)
Taxius chnenss (OC) Danser Sang--
sneng)

Angeica pubescens Maxn. OuHue)
Eucomma uimoides Oiv. DuZhong)
Cyathul offcinals Kuan (N X)
Asarm sieboli N 06Xe)
Gyoymhiza wrakensis Fisch, ex OC. (Gan-Cac)
Gentiana macrophyta Pal. Qn<Ja0)

Poria cocos (Sctmw) Wol FurLing)
Cnamomum cassa Prei (Fou-Gu)
‘Saposhrikoria divaricata (Tucz) Schiscrk
(Fang-Feng)

Ligustou chuanxiong Hor. (Chuan-Ciong)
Retmannia gutihosa Lboseh. (OHuang)
Paconsa kctitora Pal (B Sha0)

Angoica siensis Of) Dies (Dang-Gu)
Panax ginseng C. A Mey. (RenSnen)
Gyoymhiza uraknsis Fisch, ex DC. (Gan-Cac)
Pasonia sctitora Pal. Ba-S1ac)

Angeica siensis (Of) Dies (0ang-Gu)
Poria cocos (Schw) Wol Fu-Ling)
Atractyodes macrocephal Kodz. (86 Z)
Bupleurum chinense DC. (Chat-Ho)

Mentha haplocayx Bq, (Bo-He)

Zngber offcinal (Wiki) Rosc. (Gan-Jang)
Meutan offcinais (L) Lind. & Paxton (M-
o)

‘Gardenia jasminoides J.E8s Z-Z)

37%
72%
37%

37%
37%
108%
37%
72%
3%

61%
1%
21%
1%
1%
121%
61%

121%
76%

76%

Antinflammaton  (Kong o . 2013)

Prevent boneloss  (Pizada et ., 2015)
Provent
atherosdrosis
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Variable Rhoumatold Arthritis

‘Accepted CHP

Non-CHP  CHP group Standardized
group  (n=4149  moan

(n=a148) difference*

A% on %

Gender
Femalo 3591 8657 G591 8657 0,000
Male 557 1343 567 1343 0000

Age group.

18-39 1157 27.80 1167 2789 0000
40-59 2068 505 2468 595 0000
260 528 1261 523 1261 0000
Mean = S (years) 4667(11.59) 46601159 0,006

Baseline Comorbidity
Diabetes melitus 310 82 268 694 0047
Hypertension 810 1958 706 1702 0065
Hyperipidemia 447 1078 469 1131 0017
coPD 510 1302 682 1644 0097
EsRD 49 118 29 07 0050
Aa iitation 8 019 6 014 0012

Drug used
NSAD 4118 9928 4136 971 0061
Coricosteroid 163 393 208 48 0047
OMARD 3906 94.17 4058 9783 019
TNF-antagonist 625 1507 1001 2413 023

Mean (median) of the follow- 481 (4:30) 537 (484 0108

up period (years)

Duration between rheumatoid ~ 942(616)  931(605) 0012

arthrits date and index, days

(mean, median)

A vaue of stancirdized méan Gference <0.1 indicales a neglghie cference between
e two groups.
CHP, Chinese herbal products; SO, standard deviaton; COPD, civonic Obstnuctive
Puimonary Diseaso; ESAD, end stage renal iseaso; NSAID, non-storoidal ant-
infammatory drugs; DMARD, disease-modilying antimeumatic orugs; TNF, tumor
omais facior
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Basaline Comorbidity
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No. 122

Yes 2
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No. %

Yes 2
Hyparipidemia
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Yes 2
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No 122

Yes 2
€D

No 12

Yes 4
Al focaton

No 146

Yes o
Drug used

NSAD

No. 1

Yes 145
Cortosterod

No. 134

Yes 12
omaRD.

No 1

Yes 122
T antagorist

No. 128

Yes s

Non-CHP group (n = 4148)

Person years.
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12095
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19274

1681

17181
704

18908
1947
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20848
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7

&
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w Event
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‘Compared with non-CHP users.

Crude HR
tos%0)
067052-086"

0590.44-0.79)
105061-181)

074027-198
055039-076)"
089058-138)

069052097
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Adjusted HR
)
067052-086"

073026-201)
063045-089)"
080058-1.47)

074055-0%6
064032-1.31)

0705096
081051-1.27)

069051-092
095052-1.74)
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fcstoc HR:acfustodor CHP so, 290, Qocir, abes melts, ypertonsin,ypertpidons, COPD, ESAD, atnalfriato, NSAID s, cortcosiero DVARD, and TNF-antagonst

i Cox praportonsl hazarcs regression

MR, hazrd s IR, etk rale, por 1,000 prson-yas: O, confdonca it CHP, Chineso hbal products; COPD, ofvoni Obstctve Pulmonay Dease: ESRD, e stgo
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Rheumatoid Arthitis (RA) patients were diagnosed in

Registry database for Catastrophic lness Certificate
(n=47.531)

36,529 RA patients were newly
diagnosed during 1997-2010 years

20,483 RA patients
diagnosed during 199’

Received Chinese herb
products treatment
(n=4.960)

Non- received Chinese
herb products treatment
(0=14374)

1:1 frequency match

‘CHP zroup
(1=4,148)

Non-CHP group
(1=4,148)

Excluded

® Missing information
forage or sex and less
than 18 years old.
(@=958)

®  Wiose diagnosis date
of stroke before the
diagnosis date f RA
(@=5.324).

®  Diagnosed ICD-9-CM

of CAD before the

diagnosis date f RA

(=9,764).

Excluded who diagnosed
of stroke befween RA date
and index date or follow-up
period less than half year
(180 days). (n=1149)





