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Osteoarthritis (OA) is a common articular ailment presented with cartilage loss and destruction that is common observed in the elderly population. Physalin A (PA), a natural bioactive withanolide, exerts anti-inflammatory residences in more than a few diseases; however, little is known about its efficacy for OA treatment. Here, we explored the therapeutic effects and potential mechanism of PA in mouse OA. After the in vitro administration of PA, the expression of inflammation indicators including inducible nitric oxide synthase and cyclooxygenase-2 was low, indicating that PA could alleviate the IL-1β-induced chondrocyte inflammation response. Moreover, PA reduced IL-1β-induced destruction of the extracellular matrix by upregulating the gene expression of anabolism factors, including collagen II, aggrecan, and sry-box transcription factor 9, and downregulating the gene expression of catabolic factors, including thrombospondin motif 5 and matrix metalloproteinases. In addition, the chondroprotective effect of PA was credited to the inhibition of mitogen-activated protein kinase (MAPK) and nuclear factor-κB (NF-κB) signaling pathways. Furthermore, in vivo experiments showed that intra-articular injection of PA could alleviate cartilage destruction in a mouse OA model. However, the anti-inflammatory, anabolism enhancing, catabolism inhibiting, and MAPK and NF-κB signaling pathway inhibiting properties of PA on IL-1β-induced chondrocytes could be reversed when integrin αVβ3 is knocked down by siRNA. In conclusion, our work demonstrates that PA exhibits a chondroprotective effect that may be mediated by integrin αVβ3. Thus, PA or integrin αVβ3 might be a promising agent or molecular target for the treatment of OA.
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INTRODUCTION
OA is the most common articular disorder in the world, affecting 9.6% of men and 18% of women over 60, and is characterized by cartilage damage, joint space narrowing, sclerosis or osteoporosis of the subchondral bone, formation of osteophytes, and synovial membrane inflammation, which occurs in weight-bearing joints and joints subjected to high levels of activity. Common symptoms of OA include the slow development of pain, stiffness, swelling, constrained movement, and deformity of the affected joint, and the pain and dysfunction caused by this disease are the most important factors impacting the lives of elderly people (Woolf and Pfleger, 2003). It is also a degenerative disease influenced by aging, trauma, obesity, strain, joint deformity, and many other factors; however, the exact mechanism of OA remains unclear (Glyn-Jones et al., 2015; Jeon et al., 2017).
According to a previous study, inflammation is regarded as one of the leading pathogenic factors in the progression of OA (Pelletier et al., 2001). Thus, an imbalance of pro-inflammatory and anti-inflammatory factors in the body has an important effect on OA, as these two factors are essential for maintaining a steady state of catabolism and anabolism in articular cartilage (Lee et al., 2021). Interleukin 1β (IL-1β), which is an important pro-inflammatory cytokine mediating the pathophysiology of OA, plays a key role in weakening chondrocyte anabolism and improving chondrocyte catabolism (Liacini et al., 2002). IL-1β can also trigger high synthesis of catabolic index proteins including thrombospondin motifs (ADAMTS) and matrix metalloproteinases (MMPs) and reduce the expression of anabolic proteins like collagen II and aggrecan (Hosseinzadeh et al., 2016). Moreover, inhibiting IL-1β could counteract the disordered metabolic process of OA (Kapoor et al., 2011; Appleton, 2018; Lin et al., 2021). Therefore, anti-inflammatory therapy is pivotal during the development of OA, with drugs for anti-inflammatory routinely applied to relieve patient symptoms (Petersen et al., 2019). However, these drugs and methods are not effective at reducing or reversing the symptoms of OA (Crowley et al., 2009).
PA is a natural acid slurry extracted from Physalis alkekengi L. var. franchetii (Mast.) Makino that has many pharmacological functions, such as anti-inflammatory (Lin et al., 2020; Wang et al., 2021b), anti-tumor (Han et al., 2011; He et al., 2013a; He et al., 2013b; He et al., 2014; Kang et al., 2016), anti-fungal, anti-cough, and analgesic activities. The MAPK, together with NF-κB signaling pathway, is thought to play crucial roles in the development of OA, as activation of these two pathway causes cartilage inflammation and damage (Lianxu et al., 2006; Lepetsos et al., 2019; Chuntakaruk et al., 2021; Deng et al., 2021). Therefore, inhibition of these pathways may be a method of OA treatment (Wu et al., 2020). PA regulates molecular mechanism of inflammation, proliferation, autophagy, and apoptosis by mediating the MAPK (Kang et al., 2016; Shin et al., 2019), NF-κB (He et al., 2013a), and reactive oxygen species (Kang et al., 2016) signaling pathways under different pathophysiological conditions. However, research about the effect of PA on OA chondrocytes and cartilage has not been implemented to date. Therefore, this study explores the role of the anti-inflammatory or signaling pathway-suppressing effects of PA in the treatment of mice OA and elucidates the potential molecular mechanisms.
MATERIALS AND METHODS
Chemicals and Reagents
Physalin A (CAS Registry Number: 23027-91-0) was purchased from ChemFaces (Wuhan, Hubei, China), the molecular structure can be found in Figure 2A. Safranin O solution (Catalog number: G1067) and toluidine blue (Catalog number: G3660) were provided by Solarbio (Beijing, China). The company R&D Systems (Minneapolis, MN, United States) provided cytokine IL-1β for mouse. Primary antibody against ADAMTS5 (A02802-1) was got from Boster (Wuhan, Hubei, China) and was applied at a 1:500 dilution. Primary anti-MMP3 antibody (ab52915, applied in Figure 1) was obtained from Abcam (Cambridge, United Kingdom) and used at a 1:1,000 dilution. The biotechnology company Proteintech Group (Wuhan, Hubei, China) supplied the primary anti-GAPDH (60004-1-Ig) and anti-MMP3 (66338-1-Ig, used in Figure 3 and Figure 6) antibodies which were used at a 1:10,000 and 1:5,000 dilution respectively, primary anti-MMP1 (10371-2-AP), anti-MMP13 (18165-1-AP), anti-aggrecan (13880-1-AP), anti-collagen II (28459-1-AP) antibodies were used at a 1:1,000 dilution. The biotech company CST (Beverly, MA, United States) provided the primary antibodies including anti-SOX9 (#82630), anti-iNOS (#13120), anti-COX-2 (#12282), anti-P-P38 (#4511), anti-P38 (#8690), anti-p-JNK (#4668), anti-JNK (#9252), anti-p-ERK (#4370), anti-ERK (#4695), anti-P-P65 (#3033), anti-P65 (#8242), and all used at a dilution ratio of 1:1,000. Anti-rabbit and anti-mouse secondary antibodies for western blot and immunofluorescence analyses, phosphate buffer saline (PBS) solution, tyrisin, and collagenase type II were acquired from Boster (Wuhan, Hubei, China).
[image: Figure 1]FIGURE 1 | Effects of IL-1β on knee chondrocytes in mice. (A) Mice chondrocytes were treated with various concentration gradients of IL-1β (0, 1, 2, 5, and 10 ng/ml) for 24 h, (B) or with IL-1β at the concentration of 5 ng/ml for different time points (0, 1, 6, 12, 24, and 48 h), and cell viability was detected with a CCK-8 kit. (C) Western blots and (E) quantitative analysis of aggrecan, collagen II, iNOS, MMP3, and MMP13 for chondrocytes exposed to different concentrations of IL-1β (0, 1, 2, 5, and 10 ng/ml) for 24 h. (D) Western blotting results and (F) quantitative analysis of aggrecan, collagen II, iNOS, MMP3, and MMP13 for chondrocytes stimulated with IL-1β (5 ng/ml) at several time points (0, 1, 6, 12, 24, and 48 h). GAPDH was used as an internal reference. Data are presented as means ± SD (n = 3). The exact p value was marked in the corresponding figure, N.S. indicated no significance, and p < 0.05 was considered statistically significant.
Extraction and Culture of Chondrocytes
C57BL/6 mice (5 days old, male) were sacrificed to obtain chondrocytes according to a reported method (Li et al., 2018). In short, the knee cartilage was extracted, then cut into tiny granules and incubated with 0.25% trypsin-EDTA in a cell incubator for 0.5 h. After centrifugation, the 0.25% trypsin-EDTA was removed and 0.2% collagenase type II was utilized to digested the cartilage granules for 6–8 h at 37°C in a hybridization oven. Collagenase type II was removed after centrifugation, and cartilage cells were suspended and maintained in a medium containing 10% fetal bovine serum at a temperature of 37°C and a CO2 concentration of 5%. Chondrocytes from the first passage were selected for subsequent experiments.
Cell Viability
The viability of chondrocytes pretreated with PA was evaluated by cell counting kit-8 (CCK-8). Cells in 96-well plates (5,000–10,000 cells/well) were cultured for 24 h. The CCK-8 assay reagent was not added into the wells (10 µL/well) until cells were processed with various concentration gradients of IL-1β (0, 1, 2, 5, and 10 ng/ml) for 24 h, or with IL-1β at a concentration of 5 ng/ml for different time points (0, 1, 6, 12, 24, and 48 h), or with various concentration gradients of PA (0, 1.25, 2.5, 5, 10, 20, and 40 μM) for 24 and 48 h. Next, the absorbance of chondrocytes was obtained using a microplate reader (Bio-Rad, Richmond, United States) to reflect the influence of PA on the growth of chondrocytes.
Toluidine Blue Staining
Toluidine blue staining was applied to reveal the morphology of cartilage cells treated with PA of different concentrations and IL-1β (5 ng/ml), according to a previously described method (Shepard and Mitchell, 1976; Schmitz et al., 2010). When chondrocytes reached 80% confluency, different concentrations of PA alone or with IL-1β (5 ng/ml), were added to treat the cells. The cells then continued to incubate for 24 h. Subsequently, cells were washed with PBS (three times, 5 min each) before fixation with 4% paraformaldehyde (15 min) at 25°C. After discarded the cell fixative and wash the cells (three times, 5 min each), toluidine blue dye was added into the wells and the chondrocytes were stained with the reagent for 2 h. Finally, the toluidine blue liquid was eliminated and chondrocytes were washed again. Images of chondrocyte morphology were captured by a microscope (Evos Fl Auto, Life Technologies, United States).
Safranin O Staining
According to a previous study, safranin O reagent could reflect the content of proteoglycan (Schmitz et al., 2010). The procedure for safranin O staining was similar to that of toluidine blue staining. Briefly, when chondrocytes reached 80% confluency in a 24-well plate, different concentrations of PA alone or with IL-1β (5 ng/ml), were added into each well. The cells then continued to incubate for 24 h before being washed with PBS, fixed with paraformaldehyde at 25°C, discarded the cell fixative, and stained with safranin O reagent for 2 h. At last, the safranin O dye was eliminated and the chondrocytes were again washed with tri-distilled water. The aforementioned microscope was used to observe the proteoglycan content of the chondrocytes with different interventions.
Western Blotting Analysis
Protein samples was gained from chondrocytes with different treatment. In brief, chondrocytes were collected after lysis on ice for 15 min with the cell lysate, which was formulated in a proportion of 100:1:1 with the RIPA lysis buffer, phosphatase inhibitors, and protease inhibitors (Boster, Wuhan, China). Cells were further lysed with an ultrasonic disruptor. The supernatant after centrifugation was then collected as protein samples. After the detection of samples concentration with the above mentioned reader, the proteins were mixed thoroughly with a protein loading buffer, cooked at 100°C for 5 min, then stored at −20°C for follow-up experiments. Electrophoresis and membrane transferred were performed after the protein samples were loaded onto SDS-PAGE gels (8.0–12.5%). After 1 h of blocking with 5% BSA, the bands were incubated with primary antibodies at 4°C overnight. Next, the samples were rinsed with TBST (three times, 10 min each) and incubated with the corresponding proportion of secondary antibodies for 1 h at 25°C, then washed again with TBST (three times, 10 min each). Finally, a exposure software was applied to visualize the target protein bands.
Quantitative Real-Time Polymerase Chain Reaction
Relevant indicators of the anabolism and catabolism of chondrocytes at the gene level were evaluated with RT-qPCR analysis. Briefly, a kit for RNA extraction (Omega Bio-tek, United States) was utilized to obtain the total RNA of chondrocytes. The quality of the total RNA samples was verified by the aforementioned microplate reader. The total RNA samples and a kit for complementary DNA (cDNA) synthesis were used to synthesize cDNA, which was subsequently amplified using a RT-qPCR kit (Yeasen, Shanghai, China). The relative levels of different gene expressions were represented as bar graphs by calculating the comparative2−ΔΔCt. And primer sequences used in the experiment are shown in Table 1.
TABLE 1 | Primer sequence used in the RT-qPCR experiment.
[image: Table 1]Immunofluorescence
Chondrocytes were not processed with PA (10 μM) alone or with IL-1β (5 ng/ml) in a 24-well plate (10,000 cells/well) for 24 h until the cells reached 40% confluency. Next, chondrocytes were pretreated with 4% paraformaldehyde and 0.2% Triton X-100 for 15 min respectively. After blocked with 5% BSA for 30 min, the chondrocytes were incubated overnight with primary rabbit antibodies against MMP13 (18165-1-AP, 1:50), collagen II (28459-1-AP, 1:200), aggrecan (13880-1-AP, 1:200), and P65 (#8242, 1:400) at 4°C. The chondrocytes were then incubated with the corresponding species of secondary antibody (1:50 dilution) in the absence of light at 37°C for 1 h. Under dark conditions, the cells were immersed with 4–6-Diamidino-2-phenylindole dye (DAPI) for 10 min. Then, immunofluorescence images were obtained by the aforementioned microscope.
siRNA
Small interfering RNA (siRNA) was selected to knock down specific genes. The siRNA (sequence:5′-GAGGATCTCTTCAACTCTA-3′, 5′-CCG​TGA​ATT​GTA​CCT​ACA​A-3′), synthesized by RiboBio (Guangzhou, China), was used to target the mouse integrins αV (Itg αV) and β3 (Itg β3), respectively. The specific integrin αVβ3 siRNA was used to transfect chondrocytes. After reaching 60–70% confluency in a six-well plate, the chondrocytes were incubated with negative control or integrin αVβ3 siRNA (transfection concentration, 50 nM) for 24 h with the help of lipofectamine 3,000 reagent for transfection (Thermo Fisher, UT, United States). Subsequently, the knockdown efficiency was verified by RT-qPCR, and the cells transfected by the above method were cultured for further treatment.
Surgical Procedures for DMM-OA Models
The male mice of C57BL/6J, which were bred in the specific-pathogen-free Animal Center of Tongji Medical College, Huazhong University of Science and Technology, served as the experimental OA models. After anesthetization with 1% pentobarbital (100 µl/10 g body weight, intraperitoneal administration), 24 mice were randomly selected and grouped (the DMM group and the DMM + PA group) for destabilized medial meniscus (DMM) surgery. The remaining 12 mice underwent only capsulotomy and suturing surgery (the sham group). All surgical procedures were performed only on the right knee of the mice. Three groups were administered intra-articular injections with different treatments, twice per week. The sham and DMM groups received 10 μl of the vehicle (30% PEG300, 5% DMSO, and ddH2O), whereas the DMM + PA group received 10 μl of PA (1 mg/kg body weight).
Histological Staining and Immunohistochemistry Analysis
After 8 weeks of intra-articular injection, the right knee joints of all mice were obtained. After immersion in tissue fixative for 24 h, the knee joints were transferred into regent containing 10% EDTA for decalcification for 30 days. Next, these decalcified samples were paraffin-embedded and cut into 5-μm sections for further tissue staining analysis, which included hematoxylin-eosin (HE), safranin O/fast green. Immunohistological analysis was performed using antibodies against MMP13 (18165-1-AP, 1:100), aggrecan (13880-1-AP, 1:200) and collagen II (28459-1-AP, 1:800). The severity of OA was assessed in a blinded manner by three independent observers under the guidelines of the Osteoarthritis Research Society International (OARSI) scoring system.
Statistical Analysis
The results, which were repeated at least three times in our experiments, were processed with GraphPad Prism V.8.4.0 software. Data were shown as the mean ± standard deviation (SD) and analyzed by one-way analysis of variance (ANOVA). Besides, the nonparametric data (OARSI scores) was analyzed by the Kruskal-Wallis H test. Statistical significance was defined as p-value < 0.05.
RESULTS
IL-1β Inhibited Anabolism and Enhanced the Inflammatory Response and Catabolism of Chondrocytes
IL-1β is a critical pro-inflammatory mediator that inhibits chondrocyte anabolism and promotes chondrocyte catabolism, which could affect the homeostasis of chondrocytes and accelerate cartilage degradation (Kapoor et al., 2011). The viability of chondrocytes administered with various concentration gradients of IL-1β (0, 1, 2, 5, and 10 ng/ml) for 24 h, or with IL-1β at a concentration of 5 ng/ml for different time points (0, 1, 6, 12, 24, and 48 h) was measured using a CCK-8 kit. As shown in Figures 1A,B, different concentration gradients of IL-1β (0, 1, 2, 5, and 10 ng/ml) for 24 h, or IL-1β at the concentration of 5 ng/ml for different time points (0, 1, 6, 12, 24, and 48 h) exhibited no cytotoxicity on chondrocytes. Therefore, we then chose concentration gradients (0, 1, 2, 5, and 10 ng/ml) of IL-1β to clarify its effects on the inflammation response, catabolism, and anabolism of chondrocytes by western blotting. After stimulation with IL-1β at different concentrations for 24 h, the levels of inflammatory markers (iNOS) and catabolic markers (MMP3 and MMP13) were increased from those of the control group (0 ng/ml); this increase was concentration dependent and reached a peak at 5 ng/ml for MMP3 and MMP13 (Figures 1C,E). Meanwhile, the expression levels of anabolic indicators (collagen II and aggrecan) showed a decreasing trend compared to the control group (0 ng/ml). In addition, no statistical significance (p > 0.05) was observed in the production of collagen II, aggrecan, iNOS, or MMP13 among the groups administered with 2, 5, and 10 ng/ml of IL-1β (Figures 1C,E). Thus, we chose a IL-1β concentration of 5 ng/ml for the follow-up experiment. Next, we tested several time points (0, 1, 6, 12, 24, and 48 h) to determine the influence of IL-1β stimulation (5 ng/ml) on the inflammatory response, catabolism, and anabolism of chondrocytes. As illustrated in Figures 1D,F, changes in the inflammatory response, anabolism, and catabolism of chondrocytes stimulated with IL-1β (5 ng/ml) were generally time dependent, unlike the control group (0 h). In detail, anabolic indicators (collagen II and aggrecan) showed a downward trend, whereas inflammatory markers (iNOS) and catabolic markers (MMP3 and MMP13) showed an upward trend. Additionally, collagen II and aggrecan reached their lowest levels at 48 h, whereas iNOS, MMP3, and MMP13 peaked at 24 h. Therefore, we selected an IL-1β concentration of 5 ng/ml to stimulate the chondrocytes for 24 h in subsequent experiments.
Effect of PA on Chondrocyte Viability
The viability of chondrocytes administered with PA was measured using a CCK-8 kit (Figure 2B). PA (20 and 40 μM) presented an inhibitory effect on cell growth at 24 and 48 h, whereas concentrations below 20 μM PA did not affect cell viability. In addition, toluidine blue staining showed no obvious morphological change in chondrocytes treated with PA at concentrations of 2.5, 5, and 10 μM (Figures 2C–G). Thus, PA at concentrations of 2.5, 5, and 10 μM were applied in the following experiments.
[image: Figure 2]FIGURE 2 | Effects of PA on cell viability and PA suppressed inflammatory responses induced by IL-1β. (A) Molecular structure of PA. (B) Mice chondrocytes were treated with PA (0, 1.25, 2.5, 5, 10, 20, and 40 μM) for 24 and 48 h, and cell viability was detected with a CCK-8 kit. (C–G) Toluidine blue staining of chondrocytes treated with IL-1β (5 ng/ml) and PA for 24 h (scale bar 200 μm). (H) Western blotting results and (I,J) quantitative analysis of COX2 and iNOS in IL-1β–induced chondrocytes treated with PA. GAPDH was used as an internal reference. Data are presented as means ± SD (n = 3). The exact p value was marked in the corresponding figure and p < 0.05 was considered statistically significant.
PA Suppressed COX2, iNOS, ADAMTS5, and MMPs (MMP1, MMP3, and MMP13) in IL-1β-Treated Chondrocytes
Previous investigations have indicated that inflammation is a leading pathogenic factors in the progression of OA (Pelletier et al., 2001); therefore, anti-inflammatory therapy plays a pivotal role in the OA treatment. Thus, we designed experiments to explore whether PA could reduce the IL-1β-stimulated inflammation. The western blotting results revealed that different concentrations of PA (2.5, 5, and 10 μM) decreased the levels of protein iNOS and COX2 significantly compared to the group only treated with IL-1β. In addition, the anti-inflammatory property of PA on chondrocytes treated with IL-1β was concentration dependent (Figures 2H–J).
Catabolism is essential for keeping the homeostasis of the extracellular matrix (ECM). Among the catabolic indicators, ADAMTS5 and MMPs are the key enzymes related to chondrocyte catabolism; therefore, they were used to clarify the function of PA on IL-1β-treated cells. We observed that IL-1β (5 ng/ml) trigger high protein expression of ADAMTS5 and MMPs (MMP1, MMP3, and MMP13). However, PA reversed these trends shown in Figures 3A–E. The influence of PA on the degradation of cartilage ECM was also verified by RT-PCR according to mRNA expression (Figures 3G–I). As shown in Figure 3F, immunofluorescence analysis showed increased expression of MMP13 in the cytoplasm when cartilage cells were administration with IL-1β. However, PA (10 μM) decreased the protein expression of MMP13.
[image: Figure 3]FIGURE 3 | PA suppressed excess expression of the catabolic indicators of chondrocytes induced by IL-1β, including ADAMTS5, MMP1, MMP3, and MMP13. Mice chondrocytes were treated with 5 ng/ml of IL-1β, alone or with PA (2.5, 5, and 10 μM) for 24 h (A) Western blotting results and (B–E) quantitative analysis of ADAMTS5, MMP1, MMP3, and MMP13. (F) MMP13 expression was observed by immunofluorescence staining when chondrocytes were treated with 5 ng/ml of IL-1β, alone or with 10 μM of PA (scale bar 200 μm). (G–I) Relative mRNA levels of ADAMTS5, MMP3, and MMP13 in chondrocytes stimulated with 5 ng/ml of IL-1β, alone or with PA (2.5, 5, and 10 μM) for 24 h. GAPDH was used as an internal reference. Data are presented as means ± SD (n = 3). The exact p value was marked in the corresponding figure and p < 0.05 was considered statistically significant.
PA Upregulated Collagen II, Aggrecan, and SOX9 in IL-1β-Induced Chondrocytes
Similar to catabolism, anabolism is also a crucial factor in keeping the homeostasis of cartilage ECM (Mobasheri et al., 2017). Collagen II, aggrecan, and SOX9 are the most important proteins in the process of anabolism, and are beneficial for the metabolism of cartilage cells (Orhan et al., 2021); thus, we analyzed these above proteins. The data revealed that IL-1β could weaken the production of collagen II, aggrecan, and SOX9 in chondrocytes. However, this suppression was alleviated by the application of various concentrations of PA (Figures 4A–D), and the mRNA levels of collagen II, aggrecan, and SOX9 were confirmed by RT-qPCR analysis (Figures 4F–H). In addition, immunofluorescence analysis revealed reduced expression of collagen II and aggrecan when the cells were stimulated with IL-1β. However, PA (10 μM) upregulated the two proteins’ production (Figures 4I,J). Additionally, safranin O staining showed that the degree of redness, which reflects the proteoglycan content, was lower in the group pretreated with IL-1β than in the control group, but slightly enhanced after the administration of PA (Figure 4E); these results were consistent with those of western blotting and immunofluorescence analysis.
[image: Figure 4]FIGURE 4 | PA upregulated anabolic indicators including collagen II, aggrecan, and SOX9 expression in IL-1β-induced chondrocytes. (A) Western blotting results and (B–D) quantitative analysis of collagen II, aggrecan, and SOX9. (E) Safranin O staining reflected the content of proteoglycan among the control, IL-1β (5 ng/ml), and IL-1β (5 ng/ml) + PA (10 μM) groups (scale bar 200 μm). (F–H) Relative mRNA levels of collagen II, aggrecan, and SOX9 in chondrocytes stimulated with 5 ng/ml of IL-1β, alone or with PA (2.5, 5, and 10 μM) for 24 h. GAPDH was used as an internal reference. Data are presented as means ± SD (n = 3). The exact p value was marked in the corresponding figure and p < 0.05 was considered statistically significant. (I,J) Collagen II and aggrecan expression observed by immunofluorescence staining when chondrocytes were treated with 5 ng/ml of IL-1β, alone or with 10 μM of PA (scale bar 200 μm).
PA Inhibited the IL-1β-Induced Activation of MAPK and NF-κB Signaling Pathways
The transduction of MAPK and NF-κB pathways is an early event that promotes the development of OA. IL-1β, a cytokine, was widely used to activate the above two signaling pathways. According to current research, inhibiting the transduction of the above two signaling pathways triggered by IL-1β can alleviate the cartilage destruction in OA (Wang et al., 2021a). Thus, we analyzed proteins related to the MAPK and NF-κB pathways to determine the timing of activation of the above two pathways induced by IL-1β at those time points (0, 10, 30, and 60 min). Figures 5A–E shows that the IL-1β-induced activation of both MAPK and NF-κB pathways was time-dependent, with the activation peak occurring after 10 min of stimulation, before gradually weakening. Thus, we selected the strongest stimulus time point of 10 min to analyze the effect of PA on the two pathways. As demonstrated in Figures 5F–K, protein expression in the MAPK pathway (P-P38, P-JNK, P-ERK) and NF-κB pathway (P-P65) was significantly activated upon IL-1β treatment. In addition, our data (Figure 5L) demonstrated that P65 was localized in the cytoplasm of normal chondrocytes, while the tendency of p65 to transfer to the nucleus was increased after chondrocytes treated with IL-1β. However, the increased protein production of P-P38, P-JNK, P-ERK, P-P65, and increased transfer to the nucleus of P65 could be reversed by the application of PA.
[image: Figure 5]FIGURE 5 | PA inhibited the IL-1β-induced activation of MAPK and NF-κB signaling pathways. (A) Western blots and (B–E) quantitative analysis of MAPK pathway related proteins (P-P38, P38, P-JNK, JNK, P-ERK, and ERK) and NF-κB pathway related proteins (P-P65, P65) in IL-1β-induced chondrocytes at the time points (0, 10, 30, and 60 min). (F,G) Western blotting results and (H–K) quantification analysis of MAPK pathway related proteins (P-P38, P38, P-JNK, JNK, P-ERK, and ERK) and NF-κB pathway related proteins (P-P65, P65) in chondrocytes pretreated with the administration of PA (2.5, 5, and 10 μM) for 24 h and followed the stimulation of 5 ng/ml of IL-1β for 10 min. (L) Nuclear translocation of P65 was detected by immunofluorescence staining after chondrocytes pretreated with the administration of PA (10 μM) for 24 h and followed the stimulation of 5 ng/ml of IL-1β for 10 min (scale bar 200 μm). Non-phosphorylated protein (P38, JNK, ERK, and P65) was used as an internal control. Data are presented as means ± SD (n = 3) and the exact p value was marked in the corresponding figure and p < 0.05 was considered statistically significant.
Knockdown of Integrin αVβ3 Weakened the Anti-inflammatory Effect of PA on IL-1β-Induced Chondrocytes
RT-qPCR detection revealed that the integrin αV/β3 (Itg αV/β3) levels in chondrocytes treated with IL-1β were less than those in untreated chondrocytes; however, this trend was reversed when chondrocytes were treated with PA (Figures 6A,B). Knockdown of integrin αV/β3 was then conducted by siRNA transfection, whose efficiency was verified by RT-qPCR; we then chose Itg αV siRNA#1 and Itg β3 siRNA#1 for follow-up experiments (Figures 6C,D). Integrin αVβ3 in the chondrocytes were knockout by using the above method, and these chondrocytes were followed the administration with 5 ng/ml IL-1β or 10 μM PA. After that, these pretreated chondrocytes were collected to detect protein expression by western blotting. We found that the inflammatory markers iNOS and COX2 were highly expressed in the IL-1β-treated group, and PA restrained the production of these two proteins; however, the inhibitory effect of PA on chondrocytes could be reversed when integrin αVβ3 was knocked down (Figures 6E,F).
[image: Figure 6]FIGURE 6 | Knockdown of integrin αVβ3 weakened the anti-inflammatory, anabolism enhancing, and catabolism inhibiting effect of PA on IL-1β-induced chondrocytes. (A,B) Relative mRNA levels of integrin αV (Itg αV) and integrin β3 (Itg β3) in chondrocytes stimulated with 5 ng/ml of IL-1β, alone or with PA (2.5, 5, and 10 μM) for 24 h (C,D) Itg αV and Itg β3 were knocked down by siRNA transfection, and the knockdown efficiency was verified by RT-PCR. (E,F) Inflammatory markers (COX2, iNOS) were detected by western blotting and the band density of protein levels were quantified after mice chondrocytes were added with or without 5 ng/ml of IL-1β, 10 μM of PA, and Itg αVβ3 siRNA. (G–I) Western blotting was applied to measure the anabolic (aggrecan, collagen II) and catabolic markers (MMP1, MMP3, MMP13, and ADAMTS5) in the Itg αVβ3-deficiency mice chondrocytes along with or without the administration of 5 ng/ml of IL-1β and 10 μM of PA, and the band density of these protein levels were quantified in the histogram. GAPDH was used as an internal reference. Data are presented as means ± SD (n = 3). The exact p value was marked in the corresponding figure and p < 0.05 was considered statistically significant.
Knockdown of Integrin αVβ3 Reversed the Anabolism Enhancing/Catabolism Inhibiting Effect of PA on IL-1β-Induced Chondrocytes
In addition to the detection of inflammatory proteins in integrin αVβ3-deficient chondrocytes, we also measured the anabolic and catabolic indicators of chondrocytes. According to the results (Figures 6G–I), the production of anabolic-related proteins (aggrecan and collagen II) was decreased after chondrocytes stimulated with IL-1β. Moreover, PA upregulated these proteins, demonstrating the ability to enhance anabolism, whereas the expression level of these proteins was decreased again in cells deficient in integrin αVβ3. Furthermore, proteins related to the catabolism of chondrocytes, including ADAMTS5, MMP1, MMP3, and MMP13 were highly expressed after IL-1β treatment, and PA again exhibited the role of decreasing the production of these proteins. Moreover, the inhibitory effect of PA on catabolism could be reversed when integrin αVβ3 was knocked down in chondrocytes.
Knockdown of Integrin αVβ3 Reversed the Inhibition of MAPK and NF-κB Signaling Pathways by PA
Based on the above results, IL-1β can activate the MAPK and NF-κB pathways, which can trigger chondrocyte inflammation, enhance chondrocyte catabolism, inhibit chondrocyte anabolism, and lead to the destruction of cartilage and progression of OA. Conversely, PA can inhibit the activation of these two pathways. Thus, we explored whether PA would continue to affect the two pathways after integrin αVβ3 knockdown. According to Figure 7, compared to the control group, proteins in chondrocytes such as P-P38, P-JNK, P-ERK, and P-P65 were highly expressed in the IL-1β-treated group, but expressed at low levels after the application of PA. However, the decreased expression of these proteins could be reversed by the application of siRNA for integrin αVβ3 knockdown.
[image: Figure 7]FIGURE 7 | Knockdown of integrin αVβ3 reversed the inhibition of MAPK and NF-κB signaling pathways by PA. (A) Western blotting results and (B–E) quantitative analysis of MAPK pathway related proteins (P-P38, P38, P-JNK, JNK, P-ERK, and ERK) and NF-κB pathway related proteins (P-P65, P65) from the Itg αVβ3-deficiency mice chondrocytes along with or without the administration of 5 ng/ml of IL-1β and 10 μM of PA. The non-phosphorylated protein (P38, JNK, ERK, and P65) was used as an internal control. Data are presented as means ± SD (n = 3) The exact p value was marked in the corresponding figure and p < 0.05 was considered statistically significant.
In Vivo Attenuation of Cartilage Damage in Mice OA Model by PA
HE, safranin O/fast green, and immunohistological staining methods were applied to observe the changes among the aforementioned three groups. As shown in Figure 8A, compared to the sham group, obvious erosion of superficial articular cartilage and loss of proteoglycan were discovered in the DMM group. However, this adverse effect could be reversed by PA, as the DMM + PA group exhibited less cartilage destruction and richer proteoglycan than the DMM group. In addition, immunohistochemical staining showed consistent expression of MMP13, aggrecan, and collagen II among the three groups and with the in vitro experiment, with PA decreasing MMP13 production and increasing collagen II and aggrecan production in the in vivo mouse OA model (Figures 8C,D). Moreover, the OARSI score also indicated that injecting PA into the knee joint cavity could ameliorate the progression of OA in the mouse model (Figure 8B).
[image: Figure 8]FIGURE 8 | PA attenuated cartilage destruction in the in vivo mouse OA model. (A) HE, Safranin O, and Fast Green staining and (B) OARSI scores of mice knee joints from the sham, DMM, and DMM + PA groups at 8 weeks after the corresponding treatment (scale bars, 200 and 400 μm). (C) Immunohistochemistry staining and (D) quantification of the expression of MMP13, aggrecan, collagen II were measured among the three groups (scale bars 200 and 400 μm). Data are presented as means ± SD (n = 6). The exact p value was marked in the corresponding figure and p < 0.05 was considered statistically significant. (E) The potential molecular mechanism of PA’s chondroprotective effect. PA could alleviate the inflammatory response and cartilage degradation of IL-1β-induced chondrocytes by inhibting the MAPK and NF-κB signaling pathways, and the beneficial effect of PA on OA may be mediated through integrin αVβ3.
DISCUSSION
OA is a debilitating disease which placing a growing economic burden on society, accounting for almost 2.5% of the GDP in developed countries (Hiligsmann et al., 2013). However, the specific mechanism of OA remains unclear (Glyn-Jones et al., 2015; Jeon et al., 2017). Previous research revealed that inflammatory factors play a major part in the process of OA progression, and the balance of pro-inflammatory and anti-inflammatory cytokines is also essential for maintaining the steady state of catabolism and anabolism in articular cartilage (Sellam and Berenbaum, 2010; Lee et al., 2021). IL-1β, one main pro-inflammatory factor involved in the pathophysiology of OA, is often used as a stimulant for OA chondrocyte models because it can weaken cartilage anabolism and enhance cartilage catabolism, which is similar to the pathology of OA (Liacini et al., 2002; Huang et al., 2019). In other words, IL-1β triggers the high expression of matrix-degrading enzymes such as ADAMTS5, MMP1, MMP3, and MMP13, as well as the reduced synthesis of anabolic enzymes such as collagen II and aggrecan (Hosseinzadeh et al., 2016). These enzymes regulate the catabolism and anabolism of chondrocytes, and their imbalance will cause changes in the composition of the ECM. Thus, strategies to reduce the level of inflammation have proven to be effective for counteracting the disordered metabolic process of OA (Kapoor et al., 2011; Appleton, 2018; Lin et al., 2021). Furthermore, iNOS and COX2 are two pro-inflammatory mediators that play major roles in the pathogenesis of OA (Sellam and Berenbaum, 2010). COX2 typically exists in small amounts in vascular endothelial cells and catalyzes the formation of protective prostaglandin I2. However, under the stimulation of inflammation, cells such as monocytes, macrophages, and fibroblasts express COX2 in large amounts, leading to inflammation and pain (Jiang et al., 2020; Schjerning et al., 2020). High expression of iNOS and COX2 could further induce the production of catabolic factors, including ADAMTS5, MMP1, MMP3, and MMP13, which may lead to damage of the articular cartilage (Lepetsos et al., 2019). Strategies for reducing the level of inflammation have proven to be effective in treating OA (Matsumoto et al., 2021; Zeng et al., 2021). In this study, PA significantly reduced the generation of iNOS and COX2 in chondrocytes pretreated with IL-1β. In addition, the downregulation of catabolic enzymes including ADAMTS5, MMP1, MMP3, and MMP13 was also observed in IL-1β-induced chondrocytes.
The articular cartilage is an important part of the joint. It is smooth and elastic and can absorb and buffer stress to the maximum extent (Maki et al., 2021). After articular cartilage injury, the force absorption effect decreases, resulting in the progressive deterioration of joint performance (Elder and Athanasiou, 2009). An imbalance in the anabolism and catabolism of chondrocytes contributes to reduced force absorption (Chen et al., 2021; Tao et al., 2021). Collagen II, as one of the most important indexes of anabolism, is the main component of cartilage protein and provides a network structure that can obtain stability from other collagen types and non-collagen proteins and impart tensile strength to articular cartilage (Miao et al., 2021). In addition, aggrecan, another major anabolic indicator and cartilage protein, can incorporate water molecules into cartilage to provide compressive strength (Buckwalter et al., 2005; Pearle et al., 2005). The reduction of protein collagen II and aggrecan, which alters the ECM composition and generates tremendous changes in the mechanical environment of the cells in the cartilage matrix, is one of the crucial factors causing cartilage degradation in OA pathology (Maldonado and Nam, 2013). As shown by our results, the decreased generation of cartilage anabolic enzymes (including collagen II, aggrecan, and SOX9) induced by IL-1β could be reversed by PA. This indicates that PA promotes anti-inflammation, inhibits catabolism, and enhances anabolism in chondrocytes. Moreover, this type of cartilage protection characteristic was verified by the animal experiments, as intra-articular injection of PA attenuated cartilage damage in the in vivo mouse OA model.
The MAPK pathway, which includes the P38, JNK, and ERK pathways, is an important transmitter of signals from the surface of the cell to the inside of the nucleus (Sondergaard et al., 2010). The NF-κB pathway is a family of transcription factors. Both are ubiquitous signaling pathways that mediate cell proliferation, differentiation, and inflammatory response (Rigoglou and Papavassiliou, 2013); the signal transduction nodes among these pathways have become targets of related drugs development (Qi and Elion, 2005). In addition, MAPK and NF-κB pathways are essential for the progression of OA (Saklatvala, 2007; Herrero-Beaumont et al., 2019). As an upstream signaling pathway, the activation of MAPK signaling could contribute to the generation of aggrecanases and MMPs, which results in the degradation of the cartilage matrix (Sondergaard et al., 2010). P65, a key sub-unit of the NF-κB pathway, regulates the production of ADAMTS5 (Kobayashi et al., 2013) and SOX9 (Ushita et al., 2009). Furthermore, activation of the NF-κB pathway can trigger high expression of MMPs along with inflammation-related genes, such as iNOS and COX2, which are detrimental to chondrocytes (Clancy et al., 2001; Marcu et al., 2010). Therefore, targeting MAPK and NF-κB is beneficial to the maintenance of joint homeostasis. Our research revealed that IL-1β could significantly upregulate the expression of P-P38, P-JNK, P-ERK, and P-P65. However, upregulation of these proteins could be reversed by the application of PA. Thus, a chondroprotective effect of PA on OA was achieved by inhibiting MAPK and NF-κB signal transduction.
Integrin receptors are a family of transmembrane heterodimeric proteins that predominantly comprise α and β subunits. As one of the most common receptor families on cell surfaces, they can bind intracellular proteins and ECM proteins, such as fibronectin and type II and type VI collagens, and have the ability to modulate the proliferation, differentiation, and matrix remodeling of cells (Loeser, 2014; Tian et al., 2015; Kalli et al., 2017; Wang et al., 2017). Previous research suggested that integrin αVβ3 is an essential component of osteocytes because blocking integrin αvβ3 destroyed the morphology of osteocytes (Haugh et al., 2015). However, the role of integrin αvβ3 in chondrocytes remains controversial. Researchers have revealed that integrin αVβ3 can be found in normal adult articular chondrocytes (Loeser, 2014). Moreover, some studies have shown that integrin αVβ3 is highly expressed in osteoarthritic chondrocytes, exhibiting a cartilage damage effect, as the stimulation of integrin αVβ3 contributes to catabolic signaling, which results in matrix degradation, inflammatory response, cartilage breakdown, and progression of OA (Wang et al., 2019). Conversely, one study revealed that stimulation of integrin αVβ3 could restrain the protein expression of IL-1β and NO in chondrocytes and exert chondroprotective effects (Attur et al., 2000). In previous in vivo experiments, knockdown of the integrin α1 in mice led to the early appearance of OA (Zemmyo et al., 2003). Other researchers have shown that integrin αVβ3 can act as an intermediary that protects chondrocytes from apoptosis (Wang et al., 2018; Cheng et al., 2021). Moreover, MAPK regulates signaling pathways not only through various cytokines but also by the mechanical effects of integrins (Roca-Cusachs et al., 2012). MAPK and chondrocyte integrins are essential for the regulation of chondrocyte proliferation and matrix-degrading enzymes, including ADAMTS5 and MMPs, when dealing with mechanical stimuli (Perera et al., 2010; Liang et al., 2013). In our study, we found that integrin αVβ3 was expressed at low levels in chondrocytes with IL-1β treatment. However, PA upregulated the expression of integrin αVβ3 compared with the IL-1β treatment. We further explored whether the knockdown of integrin αVβ3 affects the inflammatory response, catabolism, anabolism of chondrocytes, and MAPK and NF-κB pathways under the administration of PA. Our data demonstrated that the knockdown of integrin αVβ3 weakened the anti-inflammatory effect of PA on IL-1β-induced chondrocytes. Simultaneously, it can reverse the anabolism enhancement/catabolism suppression effect of PA on IL-1β-stimulated chondrocytes. Additionally, integrin αVβ3 deficiency attenuated the inhibition of MAPK and NF-κB pathways by PA. Thus, we conclude that integrin αVβ3 may serve as a protective factor for IL-1β-stimulated chondrocytes, which is consistent with the results of previous research (Attur et al., 2000; Wang et al., 2018). As shown in Figure 8E, the anti-inflammatory, anabolism enhancing, catabolism inhibiting, and MAPK and NF-κB pathways inhibiting properties of PA on IL-1β-induced chondrocytes may be mediated through integrin αVβ3. We speculate that this may represent a feedback mechanism or an unknown relationship between integrin αVβ3 and PA. Thus, the detailed and complete mechanism behind the chondroprotective effect of PA and integrin αVβ3 on OA and the in vivo effect of integrin αVβ3 on arthritis requires further scrutiny.
In summary, our research is the first to demonstrate that PA plays a role in protecting articular cartilage through anti-inflammatory properties, anti-cartilage degradation, and MAPK and NF-κB signaling pathways inhibition via in vivo and in vitro experiments in mice. The chondroprotective effect of PA on OA may be mediated through integrin αVβ3. This indicates that PA or integrin αVβ3 might be a promising agent or molecular target for the treatment of OA.
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