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Osteoarthritis (OA) is a common age-related joint disease. Its development has been generally thought to be associated with inflammation and autophagy. Rhoifolin (ROF), a flavanone extracted from Rhus succedanea, has exhibited prominent anti-oxidative and anti-inflammatory properties in several diseases. However the exact role of ROF in OA remains unclear. Here, we investigated the therapeutic effects as well as the underlying mechanism of ROF on rat OA. Our results indicated that ROF could significantly alleviate the IL-1β–induced inflammatory responses, cartilage degradation, and autophagy downregulation in rat chondrocytes. Moreover, administration of autophagy inhibitor 3-methyladenine (3-MA) could reverse the anti-inflammatory and anti-cartilage degradation effects of ROF. Furthermore, P38/JNK and PI3K/AKT/mTOR signal pathways were involved in the protective effects of ROF. In vivo, intra-articular injection of ROF could notably ameliorate the cartilage damage in rat OA model. In conclusion, our work elucidated that ROF ameliorated rat OA via regulating autophagy, indicating the potential role of ROF in OA therapy.
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INTRODUCTION
Osteoarthritis, featured with cartilage loss, joint pain, and physical disability, has attracted worldwide attention in recent years (Kontio et al., 2020). As an age-related joint disease, OA afflicts over 240 million people globally. Furthermore, the prevalence of OA continues to rise since the mid-twentieth century (Nelson 2018; Mandl 2019). Currently, most therapeutic strategies targeted for OA focus on relieving the symptom rather than reversing the disease progression. Therefore, patients at the late stage of OA have to accept joint replacement without better choices (Glyn-Jones et al., 2015).
Chronic inflammatory responses and cartilage metabolic imbalances are vital to the progression of OA (Appleton, 2018). Excessive release of proinflammatory cytokine interleukin-1β (IL-1β) was found in the synovial fluid of OA patient (Pelletier et al., 2001). Previous study indicated that IL-1β could induce the production of matrix metallo-proteinases (MMPs) and aggrecanase-2 (ADAMTS5), which resulted in the loss of cartilage matrix (Tu et al., 2019). Moreover, elevated level of IL-1β had been shown to exacerbate the inflammatory responses via overproducing the inflammatory mediators including cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) (Tu et al., 2019). Autophagy is a highly conserved catabolic process which is essential for maintaining cell homeostasis (He and Klionsky 2009). In OA pathological progression, autophagy induction could promote chondrocyte survival and cartilage matrix synthesis (Carames et al., 2010). Besides, intra-articular injection of autophagy inhibitor ameliorated the cartilage degradation in mouse OA model (Takayama et al., 2014). Furthermore, it is reported that IL-1β could significantly induce the autophagy downregulation in chondrocytes (Wang et al., 2019). Therefore, strategies targeting IL-1β may lead to new ideas in OA treatment.
Due to mild side effects and definite efficacy, more and more herb medicines have been accepted by OA patients (Li et al., 2017). Rhoifolin, a bioactive product first extracted from Rhus succedanea, has proved its anti-oxidative and anti-inflammatory properties in several diseases (Fang et al., 2020; Gandhi et al., 2020; Peng et al., 2020). In vitro, ROF attenuated osteoclasts-stimulated ostolysis via suppressing MAPK and NFκB signal pathways, indicating the possible mechanism of its action (Liao et al., 2019). However, the detailed role of ROF in OA remains unclear. In this study, we aim to clarify therapeutic potential of ROF in OA and in the underlying mechanism. We expect to explore a new way in OA treatment.
MATERIALS AND METHODS
Ethics Approval
This study was conducted in strict accordance with the Guidelines of Animal Care and Use Committee for Teaching and Research, Tongji Medical College, Huazhong University of Science and Technology. The experimental procedures were approved by the Institutional Animal Care and Use Committee, Tongji Medical College, Huazhong University of Science and Technology. All efforts were made to reduce animal suffering.
Reagents
Rhoifolin (ROF, #PHL83302) was procured from Sigma Aldrich (St. Louis, MO, United States). ROF was dissolved in DMSO and all experiment groups were treated with equal volume of DMSO. Recombinant rat IL-1β was purchased from R and D systems (Minneapolis, MN, United States). Fetal bovine serum (FBS) and Dulbecco’s Modified Eagle’s Medium F12 (DMEM/F12) were acquired from Gibco (NY, United States). Antibodies specific for MMP13 (#ab219620) and iNOS (#ab136918) were provided by Abcam (Cambridge, MA, United States). Antibody against Collagen Ⅱ (#15943-1-AP) was obtained from Proteintech Group (Wuhan, Hubei, China). Antibodies against COX-2 (#12882), ATG5(#12994), ATG12 (#4180), Beclin-1 (#3495), P62-sequestosome (#39749), LC3 Ⅰ/Ⅱ (#12741), P-PI3K(#4228), PI3K(#4249), P-AKT (#4060), AKT(#4691), P-mTOR (#5536), mTOR (#2983), P-JNK (#9255), JNK (#9258), P-P38 (#4511), P38 (#8690), P-ERK (#4370), and ERK (#4695) were supplied by Cell Signaling Technology (Beverly, MA, United States). Antibodies specific for ADAMTS5 (#BA3020) and GAPDH (#BM3876) were procured from Boster (Wuhan, Hubei, China).
Cell Culture
Chondrocytes were harvested from 5 days-old Sprague–Dawley (SD) rats as reported previously (Ma et al., 2019; Tu et al., 2019). Briefly, the cartilage obtained from the knee joints was first sliced into small pieces and digested with 0.25% trypsin–EDTA for 30 min. Then, the cartilage fragments were fully digested with 0.25% collagenase Ⅱ overnight. Subsequently, the cell suspension was centrifuged with a speed of 1,500 rpm for 5 min to obtain primary chondrocytes. Cells were finally cultured in DMEM/F12 supplemented with 10% FBS and 1% penicillin/streptomycin solution at 37°C with 5% CO2. Chondrocytes of second or third passages were used in following experiments.
Cell Viability
Cell Counting Kit-8 (CCK-8, #AR1160, Boster) assay was employed to explore the cell viability. Concisely, rat chondrocytes were seeded onto 96-well plates at a density of 1 × 104 cells per well. After adhesion, the cells were treated with different concentrations of ROF (0, 5, 10, and 20 μM) alone or combined with IL-1β (10 ng/ml) for 24 h. Next, 100 μL culture medium supplemented with 10 μL CCK-8 reagent was added to each well. After 1 h incubation at room temperature, the absorbance at 450 nm of each well was detected by a microplate reader (Bio-Rad, Richmond, CA, United States).
Western Blot
Rat chondrocytes were collected and washed with phosphate buffered saline (PBS). Next, the cells were lysed with RIPA buffer containing 1% protease/phosphatase inhibitor cocktail (Boster). The protein concentration of isolated cell lysis solution was determined by bicinchoninic acid (BCA) kit. Afterward, 25 μg protein samples were separated on 8–12% SDS–polyacrylamide gels and transferred to PVDF membranes using a Bio-Rad system. The membranes were blocked with 5% BSA for 1 h at room temperature and then incubated with primary antibodies overnight at 4°C. Subsequently, the membranes were washed with TBST and incubated with corresponding secondary antibodies for 1 h at room temperature. Finally, enhanced ECL kit (Thermo Fisher Scientific, United States) was used to visualize the blots. The relative protein expression was calculated by ImageJ software compared to internal control.
Tandem GFP-RFP-LC3 Adenovirus Transfection
For autophagy flux evaluation, rat chondrocytes were transfected with tandem GFP-RFP-LC3 adenovirus transfection vectors (HanBio Technology, China). Autophagosomes (shown in green) and autolysosomes (shown in red) were observed with a nanoscale laser scanning confocal microscope system (Nikon, NY, United States).
Transmission Electron Microscopy
Rat chondrocytes were trypsinized, centrifuged and blocked in 10% BSA. Then cells were fixed using 2.5% glutaraldehyde overnight at 4°C. Subsequently, the cells were washed with PBS and fixed with 1% osmium tetroxide for 1 h. Next, the cells were washed with distilled water and stained using 2% uranyl acetate for 1 h. After dehydration, the samples were mixed with resin and propylene oxide (1:1) for 2 h and transferred into pure resin overnight. Finally, the samples were embedded, sectioned, and stained with uranyl acetate and lead citrate. A TECNAI G20 transmission electron microscopy (TEM) was employed to observe the autophagosomes in cells.
Rat Osteoarthritis Model
Eighteen 8-week-old male SD rats (weight 280–320 g) were obtained from the Laboratory Animal Center of Tongji Hospital. The rat OA model was built by anterior cruciate ligament transaction (ACL-T) and medial meniscus destabilization as described before (Appleton et al., 2007). All rats accepted the surgery on the right knee and were randomly divided into three groups. For the ROF group (n = 6), rats were performed the operation and intra-articular injection of 20 μM ROF weekly. For the sham group (n = 6), rats accepted sham surgery without ACL-T or meniscus destabilization and were treated with equal volume of saline. For the OA group (n = 6), rats were performed the operation and intra-articular injection of equal volume of saline. 8 weeks postsurgery, all rats were sacrificed and the samples were fixed with 4% paraformaldehyde for further study.
Histological Evaluation
Fixed samples were decalcified in 10% EDTA solution for 1 month and embedded in paraffin. Then the whole knee joints were cut into 5 μm-thick sections coronally, and stained with H and E and Safranin-O-Fast green. Further immunohistological staining was performed using antibodies against Collagen Ⅱ, MMP13, and LC3B. Furthermore, the Osteoarthritis Research Society International (OARST) scoring system was employed to evaluate the histological changes.
Statistical Analysis
Data are exhibited as mean ± standard deviation. All data were analyzed using one-way analysis of variance (ANOVA) followed by Turkey’s post hoc test. Comparisons were considered significant for p < 0.05. All experiments were repeated at least three times.
RESULTS
Effects of Rhoifolin on Cell Viability
CCK-8 assay was performed to evaluate the cytotoxic effects of ROF on rat chondrocytes. As shown in Figure 1, after 24 h reaction, ROF at the concentrations of 5, 10, and 20 μM had no toxic effects on chondrocytes with or without IL-1β treatment (10 ng/ml).
[image: Figure 1]FIGURE 1 | Effects of ROF on Cell Viability. (A) Rat chondrocytes were exposed to ROF (5, 10, 20 μM) alone or (B) with IL-1β (10 ng/ml) for 24 h and cell viability was assessed by CCK-8 assay. N.S. indicated no significance.
Rhoifolin Alleviates IL-1β–Induced Inflammatory Responses and Cartilage Degradation
To confirm the protective effects of ROF on the IL-1β–induced inflammatory responses and cartilage degradation in rat chondrocytes, Western blotting was performed. As exhibited in Figures 2A,B, IL-1β could significantly increase the expression of inflammatory cytokines, including iNOS and COX-2, while administration of different concentrations of ROF could alleviate this process. Moreover, the expression of collagen Ⅱ, MMP13, and ADAMTS5 was used to evaluate the cartilage degradation. As shown in Figures 2C,D, IL-1β could notably induce the upregulation of MMP13 and ADMTS5 and the downregulation of collagen Ⅱ. However, ROF could reverse this change.
[image: Figure 2]FIGURE 2 | ROF inhibits IL-1β–induced inflammatory responses and cartilage degradation in chondrocytes. Cells were treated with different concentrations of ROF in the presence or absence of IL-1β (10 ng/ml) for 24 h. (A) Western blots and (B) quantitative analysis of iNOS and COX-2. (C) Western blots and (D) quantitative analysis of collagen Ⅱ, MMP13, and ADAMTS5. GAPDH was employed as the loading control (n = 3). #p < 0.05 vs. control group; *p < 0.05 and **p < 0.01 vs. IL-1β group.
Rhoifolin Attenuates IL-1β–Induced Autophagy Downregulation in Chondrocytes
A previous study indicated that autophagy played an important role in OA development. We next explored the effects of ROF on autophagy in IL-1β–treated rat chondrocytes. As shown in Figures 3A,B, IL-1β treatment significantly decreased the expression of ATG5, ATG12, Beclin-1, and the ratio of LC3 Ⅱ/LC3 Ⅰ, while increased the expression of P62-sequestosome in rat chondrocytes. However, administration of 20 μM ROF could markedly reverse this change. The tandem GFP-RFP-LC3 adenovirus transfection was further used to observe the autophagosome formation. As exhibited in Figures 3C,D, the number of autophagosomes (green puncta) and autophagolysosomes (red puncta) in chondrocytes decreased significantly after IL-1β treatment. However, when treated with 20 μM ROF, more autophagosomes and autophagolysosomes were observed in chondrocytes. Moreover, transmission electron microscopy (TEM) was used to further observe the autophagosomes in each group. As shown in Figures 3E,F, the ROF treatment could significantly alleviate the IL-1β–induced autophagosomes decrease in rat chondrocytes.
[image: Figure 3]FIGURE 3 | ROF suppresses IL-1β–induced autophagy downregulation in chondrocytes. (A) Western blots and (B) quantitative analysis of ATG5, ATG12, Beclin-1, P62-sequestosome and LC3 Ⅱ/LC3 Ⅰ in each group. (C) Fluorescence microscopy and (D) quantitative analysis of cells transfected with tandem GFP-RFP-LC3 adenovirus in each group. (E) TEM images and (F) quantitative analysis of autophagosomes in each group. Red arrow indicated autophagosome. GAPDH was employed as the internal control (n = 3). #p < 0.05 vs. control group; *p < 0.05 vs. IL-1β group.
Methyladenine Reverses the Anti-Inflammatory and Anti-Cartilage Degradation Effects of Rhoifolin in Chondrocytes
To elucidate whether ROF exerts anti-inflammatory and anti-cartilage degradation effects by regulating autophagy, autophagy inhibitor 3-methyladenine (3-MA) was employed. As shown in Figure 4, ROF could effectively ameliorate the IL-1β–induced inflammatory response and cartilage matrix degradation in chondrocytes. However, when 3-MA was added simultaneously, the protective effects of ROF were blocked. The results suggested that ROF may function via promoting autophagy in IL-1β–treated rat chondrocytes.
[image: Figure 4]FIGURE 4 | Autophagy inhibitor 3-MA attenuates the anti-inflammatory and anti-cartilage degradation effects of ROF in chondrocytes. (A) Western blots and (B) quantitative analysis of iNOS and COX-2 in each group. (C) Western blots and (D) quantitative analysis of collagen Ⅱ, MMP13, and ADAMTS5 in each group. GAPDH was employed as the internal control (n = 3). #p < 0.05 vs. control group; *p < 0.05 and **p < 0.01 vs. IL-1β group;$p < 0.05 vs. IL-1β + ROF (20 μM) group.
Effects of Rhoifolin on Interleukin-1β–Induced MAPK and PI3K/AKT/mTOR Signal Activation in Chondrocytes
MAPK and PI3K/AKT/mTOR pathways are highly associated with inflammatory reaction and autophagy in OA development. In this study, chondrocytes were first serum-starved overnight and then treated with IL-1β alone or in combination with 20 μM ROF for 30 min. As shown in Figure 5, ROF could dramatically block the phosphorylations of JNK, P38, PI3K, AKT. and mTOR induced by IL-1β in chondrocytes.
[image: Figure 5]FIGURE 5 | ROF blocks the activation of P38/JNK and PI3K/AKT/mTOR pathways induced by IL-1β in chondrocytes. Cells were exposed to L-1β (10 ng/ml) with or without 20 μM ROF for 30 min as above. (A) Western blots and (B) quantitative analysis of MAPK pathways in each group. (C) Western blots and (D) quantitative analysis of PI3K/AKT/mTOR pathways in each group. JNK, P38, ERK, PI3K, AKT, and mTOR were used as loading control (n = 3). #p < 0.05 vs. control group; *p < 0.05 and **p < 0.01 vs. IL-1β group.
Effects of Rhoifolin on Rat Osteoarthritis Model
To clarify the effects of ROF on rat OA in vivo, we built rat OA models by anterior cruciate ligament transaction and medial meniscus destabilization. All animals recovered with no infection or complications. ROF was injected into the knee joint weekly postsurgery. H&E and Safranin-O-Fast green staining were employed to access the histomorphology differences among samples from the three groups. As shown in Figure 6A, compared with normal structure of cartilage in the sham group, obvious cartilage damage, including surface erosion, disorganized sequence of chondrocytes, and loss of proteoglycan, was observed in the OA group. However, less cartilage lesion was observed in the ROF group. We further compared the OARSI scores in the three groups; results indicated that intra-articular injection of 20 μM ROF could markedly alleviate the OA progression (Figure 6B). In consistent with in vitro results, the immunohistochemistry staining showed that ROF could significantly increase collagen Ⅱ and LC3B and reduce MMP13 expression in rat OA cartilage (Figures 6C,D). All data indicated ROF could ameliorate OA progression in vivo.
[image: Figure 6]FIGURE 6 | ROF alleviates cartilage damage in the rat OA model. (A) H&E and Safranin-O-Fast green staining of cartilage samples from three groups 8 weeks after surgery. (B) OARIS scores of three groups. (C) Immunohistochemical staining and (D) quantitative analysis of MMP13, collagen Ⅱ, and LC3B in the cartilage samples from three groups. The rate of positively stained chondrocytes in each section was calculated and quantitated from six rats of each group. #p < 0.05 vs. sham group; *p < 0.05 and **p < 0.01 vs. OA group.
DISCUSSION
Due to unsatisfactory therapeutic strategies available, osteoarthritis undoubtedly brings endless pain to the elderly (Robinson et al., 2016). In recent years, natural plant extract has attracted wide attention in OA therapy for its potential anti-inflammatory properties and mild side effects (Dragos et al., 2017). Rhoifolin (ROF), a flavanone first extracted from Rhus succedanea, has showed its anti-inflammatory potential in lipopolysaccharide-induced acute inflammation (Fang et al., 2020), Freund’s adjuvant–induced rheumatoid arthritis (Peng et al., 2020), and age-related inflammation (Lim et al., 2017). In this study, for the first time, we report the therapeutic effects of ROF in rat OA as well as the underlying mechanisms.
Local inflammatory responses and metabolic dysfunction are essential to the progression of OA. During the OA process, massive proinflammatory cytokines such as IL-1β and TNFα were secreted in the joint. These proteins can induce excessive production of inflammatory mediators and cartilage matrix–degrading enzymes (Dumond et al., 2004; Murphy and Nagase 2008). Previous study indicated that IL-1β at the dose of 10 ng/ml shared the maximum effects in rat chondrocytes (Wang, et al., 2018). Therefore, in our study, IL-1β treatment (10 ng/ml) was employed as a stimulus in vitro. We first confirmed ROF could significantly alleviate the IL-1β–induced upregulation of iNOS and COX-2. Moreover, our data revealed that ROF could reduce the IL-1β–induced production of MMP13 and ADAMTS5, thus contributing to the elevated level of collagen Ⅱ in chondrocytes. Taken together, we proved the anti-inflammatory and anti-cartilage degenerative effects of ROF on the IL-1β–treated rat chondrocytes.
Autophagy is considered as a protective process in normal cartilage (Carames et al., 2010). Enhancement of autophagy can delay the progression of OA via regulating intracellular metabolic activity (Luo et al., 2019). In our study, reduced levels of autophagy were observed in IL-1β–treated rat chondrocytes compared to normal ones. However, administration of ROF could partly reverse the IL-1β–induced autophagy downregulation. To further verify whether ROF exerts anti-inflammatory and anti-cartilage degradation effects via regulating autophagy, we used autophagy inhibitor 3-methyladenine (3-MA). It is interesting to see that ROF lost its protective properties when mixed with 3-MA. These results suggested that ROF ameliorated OA by regulating autophagy.
MAPK and PI3K/AKT/mTOR pathways are crucial to the onset and development of OA (Malemud 2017). Meanwhile, these two pathways are highly related to autophagy process (Yu et al., 2018). Previous study revealed inactivating MAPK signaling resulted in reduced cartilage and subchondral bone damage in OA (Zhou et al., 2019). Besides, inhibition of PI3K/AKT/mTOR promoted the autophagy and attenuated inflammation in OA (Xue et al., 2017). In our results, ROF could dramatically block the IL-1β–induced phosphorylations of P38/JNK and PI3K/AKT/mTOR pathways, indicating the underlying mechanisms. Since numerous natural compounds had been reported to block the IL-1β–induced activation of ERK in chondrocytes, it is interesting to see that ERK was not involved in the protective role of ROF in IL-1β–treated rat chondrocytes.
To clarify the therapeutic effects of ROF in OA, the in vitro study is far from enough. We next constructed the rat OA model and evaluated the protective properties of ROF in vivo. Results from the histological analysis indicated intra-articular injection of ROF could alleviate the cartilage damage. The in vivo data further confirmed the protective role of ROF in OA progression. However, the direct target of ROF in OA therapy is still unknown. Furthermore, the most suitable dose of ROF for in vivo application remains unclear. Considering the results we have achieved, further work is needed.
CONCLUSION
In summary, we are the first to report the anti-inflammatory, anti-cartilage degradation and autophagy promoting properties of ROF in OA. We further proved ROF functioned by regulating autophagy. Moreover, P38/JNK and PI3K/AKT/mTOR pathways were involved in this process. Our study would contribute to the knowledge of the therapeutic effects of ROF and provide new ideas for future OA treatment.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was reviewed and approved by the Guidelines of Animal Care and Use Committee for Teaching and Research, Tongji Medical College, Huazhong University of Science and Technology. Written informed consent was obtained from the owners for the participation of their animals in this study.
AUTHOR CONTRIBUTIONS
CT worked on conception and design. In vivo experiments were conducted by JY, YX conducted the in vitro experiments. CT wrote the paper.
FUNDING
This work was financially supported by the National Natural Science Foundation for Young Scientists of China (Grant No. 82001281) to Yifan Xiao and the National Natural Science Foundation of China (Grant No.51537004) to Hua Wu.
REFERENCES
 Appleton, C. T. G., McErlain, D. D., Pitelka, V., Schwartz, N., Bernier, S. M., Henry, J. L., et al. (2007). Forced Mobilization Accelerates Pathogenesis: Characterization of a Preclinical Surgical Model of Osteoarthritis. Arthritis Res. Ther. 9 (1), R13. doi:10.1186/ar2120
 Appleton, C. T. (2018). Osteoarthritis Year in Review 2017: Biology. Osteoarthritis and Cartilage 26 (3), 296–303. doi:10.1016/j.joca.2017.10.008
 Caramés, B., Taniguchi, N., Otsuki, S., Blanco, F. J., and Lotz, M. (2010). Autophagy Is a Protective Mechanism in normal Cartilage, and its Aging-Related Loss Is Linked with Cell Death and Osteoarthritis. Arthritis Rheum. 62 (3), 791–801. doi:10.1002/art.27305
 Dragos, D., Gilca, M., Gaman, L., Vlad, A., Iosif, L., Stoian, I., et al. (2017). Phytomedicine in Joint Disorders. Nutrients 9 (1). doi:10.3390/nu9010070
 Dumond, H., Presle, N., Pottie, P., Pacquelet, S., Terlain, B., Netter, P., et al. (2004). Site Specific Changes in Gene Expression and Cartilage Metabolism during Early Experimental Osteoarthritis. Osteoarthritis and Cartilage 12 (4), 284–295. doi:10.1016/j.joca.2003.11.008
 Fang, J., Cao, Z., Song, X., Zhang, X., Mai, B., Wen, T., et al. (2020). Rhoifolin Alleviates Inflammation of Acute Inflammation Animal Models and LPS-Induced RAW264.7 Cells via IKKβ/NF-Κb Signaling Pathway. Inflammation 43 (6), 2191–2201. doi:10.1007/s10753-020-01286-x
 Gandhi, G. R., Vasconcelos, A. B. S., Wu, D. T., Li, H. B., Antony, P. J., Li, H., et al. (2020). Citrus Flavonoids as Promising Phytochemicals Targeting Diabetes and Related Complications: A Systematic Review of In Vitro and In Vivo Studies. Nutrients 12 (10). doi:10.3390/nu12102907
 Glyn-Jones, S., Palmer, A. J. R., Agricola, R., Price, A. J., Vincent, T. L., Weinans, H., et al. (2015). Osteoarthritis. The Lancet 386 (9991), 376–387. doi:10.1016/s0140-6736(14)60802-3
 He, C., and Klionsky, D. J. (2009). Regulation Mechanisms and Signaling Pathways of Autophagy. Annu. Rev. Genet. 43, 67–93. doi:10.1146/annurev-genet-102808-114910
 Kontio, T., Viikari-Juntura, E., and Solovieva, S. (2020). Effect of Osteoarthritis on Work Participation and Loss of Working Life-Years. J. Rheumatol. 47 (4), 597–604. doi:10.3899/jrheum.181284
 Li, L., Liu, H., Shi, W., Liu, H., Yang, J., Xu, D., et al. (2017). Insights into the Action Mechanisms of Traditional Chinese Medicine in Osteoarthritis. Evid. Based Complement. Alternat Med. 2017, 5190986. doi:10.1155/2017/5190986
 Liao, S., Song, F., Feng, W., Ding, X., Yao, J., Song, H., et al. (2019). Rhoifolin Ameliorates Titanium Particle‐stimulated Osteolysis and Attenuates Osteoclastogenesis via RANKL‐induced NF‐κB and MAPK Pathways. J. Cel Physiol. 234 (10), 17600–17611. doi:10.1002/jcp.28384
 Lim, H., Park, B. K., Shin, S. Y., Kwon, Y. S., and Kim, H. P. (2017). Methyl Caffeate and Some Plant Constituents Inhibit Age-Related Inflammation: Effects on Senescence-Associated Secretory Phenotype (SASP) Formation. Arch. Pharm. Res. 40 (4), 524–535. doi:10.1007/s12272-017-0909-y
 Luo, P., Gao, F., Niu, D., Sun, X., Song, Q., Guo, C., et al. (2019). The Role of Autophagy in Chondrocyte Metabolism and Osteoarthritis: A Comprehensive Research Review. Biomed. Res. Int. 2019, 5171602. doi:10.1155/2019/5171602
 Ma, Y., Tu, C., Liu, W., Xiao, Y., and Wu, H. (2019). Isorhapontigenin Suppresses Interleukin-1β-Induced Inflammation and Cartilage Matrix Damage in Rat Chondrocytes. Inflammation 42 (6), 2278–2285. doi:10.1007/s10753-019-01092-0
 Malemud, C. J. (2017). Negative Regulators of JAK/STAT Signaling in Rheumatoid Arthritis and Osteoarthritis. Int. J. Mol. Sci. 18 (3). doi:10.3390/ijms18030484
 Mandl, L. A. (2019). Osteoarthritis Year in Review 2018: Clinical. Osteoarthritis and Cartilage 27 (3), 359–364. doi:10.1016/j.joca.2018.11.001
 Murphy, G., and Nagase, H. (2008). Reappraising Metalloproteinases in Rheumatoid Arthritis and Osteoarthritis: Destruction or Repair?. Nat. Rev. Rheumatol. 4 (3), 128–135. doi:10.1038/ncprheum0727
 Nelson, A. E. (2018). Osteoarthritis Year in Review 2017: Clinical. Osteoarthritis and Cartilage 26 (3), 319–325. doi:10.1016/j.joca.2017.11.014
 Pelletier, J.-P., Martel-Pelletier, J., and Abramson, S. B. (2001). Osteoarthritis, an Inflammatory Disease: Potential Implication for the Selection of New Therapeutic Targets. Arthritis Rheum. 44 (6), 1237–1247. doi:10.1002/1529-0131(200106)44:6<1237::aid-art214>3.0.co;2-f
 Peng, S., Hu, C., Liu, X., Lei, L., He, G., Xiong, C., et al. (2020). Rhoifolin Regulates Oxidative Stress and Proinflammatory Cytokine Levels in Freund's Adjuvant-Induced Rheumatoid Arthritis via Inhibition of NF-Κb. Braz. J. Med. Biol. Res. 53 (6), e9489. doi:10.1590/1414-431x20209489
 Robinson, W. H., Lepus, C. M., Wang, Q., Raghu, H., Mao, R., Lindstrom, T. M., et al. (2016). Low-grade Inflammation as a Key Mediator of the Pathogenesis of Osteoarthritis. Nat. Rev. Rheumatol. 12 (10), 580–592. doi:10.1038/nrrheum.2016.136
 Takayama, K., Kawakami, Y., Kobayashi, M., Greco, N., Cummins, J. H., Matsushita, T., et al. (2014). Local Intra-articular Injection of Rapamycin Delays Articular Cartilage Degeneration in a Murine Model of Osteoarthritis. Arthritis Res. Ther. 16 (6), 482. doi:10.1186/s13075-014-0482-4
 Tu, C., Huang, X., Xiao, Y., Song, M., Ma, Y., Yan, J., et al. (2019). Schisandrin A Inhibits the IL-1beta-Induced Inflammation and Cartilage Degradation via Suppression of MAPK and NF-kappaB Signal Pathways in Rat Chondrocytes. Front. Pharmacol. 10, 41. doi:10.3389/fphar.2019.00041
 Tu, C., Ma, Y., Song, M., Yan, J., Xiao, Y., and Wu, H. (2019). Liquiritigenin Inhibits IL-1β-induced Inflammation and Cartilage Matrix Degradation in Rat Chondrocytes. Eur. J. Pharmacol. 858, 172445. doi:10.1016/j.ejphar.2019.172445
 Wang, F., Liu, J., Chen, X., Zheng, X., Qu, N., Zhang, B., et al. (2019). IL-1beta Receptor Antagonist (IL-1Ra) Combined with Autophagy Inducer (TAT-Beclin1) Is an Effective Alternative for Attenuating Extracellular Matrix Degradation in Rat and Human Osteoarthritis Chondrocytes. Arthritis Res. Ther. 21 (1), 171. doi:10.1186/s13075-019-1952-5
 Wang, P., Mao, Z., Pan, Q., Lu, R., Huang, X., Shang, X., et al. (2018). Histone Deacetylase-4 and Histone Deacetylase-8 Regulate Interleukin-1β-Induced Cartilage Catabolic Degradation through MAPK/JNK and ERK Pathways. Int. J. Mol. Med. 41 (4), 2117–2127. doi:10.3892/ijmm.2018.3410
 Xue, J.-F., Shi, Z.-M., Zou, J., and Li, X.-L. (2017). Inhibition of PI3K/AKT/mTOR Signaling Pathway Promotes Autophagy of Articular Chondrocytes and Attenuates Inflammatory Response in Rats with Osteoarthritis. Biomed. Pharmacother. 89, 1252–1261. doi:10.1016/j.biopha.2017.01.130
 Yu, L., Chen, Y., and Tooze, S. A. (2018). Autophagy Pathway: Cellular and Molecular Mechanisms. Autophagy 14 (2), 207–215. doi:10.1080/15548627.2017.1378838
 Zhou, F., Mei, J., Han, X., Li, H., Yang, S., Wang, M., et al. (2019). Kinsenoside Attenuates Osteoarthritis by Repolarizing Macrophages through Inactivating NF-Κb/MAPK Signaling and Protecting Chondrocytes. Acta Pharmaceutica Sinica B 9 (5), 973–985. doi:10.1016/j.apsb.2019.01.015
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 Yan, Ni, Sheng, Zhang, Xiao, Ma, Li, Wu and Tu. 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.
OPS/images/fphar-12-661072-g005.gif





OPS/images/fphar-12-661072-g006.gif





OPS/images/fphar-12-661072-g003.gif





OPS/images/fphar-12-661072-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Rhoifolin Ameliorates Osteoarthritis via Regulating Autophagy		Introduction

		Materials and Methods		Ethics Approval

		Reagents

		Cell Culture

		Cell Viability

		Western Blot

		Tandem GFP-RFP-LC3 Adenovirus Transfection

		Transmission Electron Microscopy

		Rat Osteoarthritis Model

		Histological Evaluation

		Statistical Analysis





		Results		Effects of Rhoifolin on Cell Viability

		Rhoifolin Alleviates IL-1β–Induced Inflammatory Responses and Cartilage Degradation

		Rhoifolin Attenuates IL-1β–Induced Autophagy Downregulation in Chondrocytes

		Effects of Rhoifolin on Interleukin-1β–Induced MAPK and PI3K/AKT/mTOR Signal Activation in Chondrocytes

		Effects of Rhoifolin on Rat Osteoarthritis Model





		Discussion

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Rhoifolin Ameliorates
Osteoarthritis via Regulating
Autophagy





OPS/images/fphar-12-661072-g001.gif





OPS/images/fphar-12-661072-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





