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Osteoarthritis (OA) is one of the most common chronic musculoskeletal disorder worldwide, representing a major source of disability, pain and socioeconomic burden. Yet the effective pharmaceutical treatments applied in the clinical works are merely symptomatic management with uncertainty around their long-term safety and efficacy, namely no drugs currently are capable of modulating the biological progression of OA. Here, we identified the potent anti-inflammatory as well as anti-oxidative properties of Nitidine Chloride (NitC), a bioactive phytochemical alkaloid extracted from natural herbs, in IL-1β-treated rat articular chondrocytes (RACs), LPS-stimulated RAW 264.7 and rat osteoarthritic models in vivo. We demonstrated NitC remarkably inhibited the production of inflammatory mediators including COX2 and iNOS, suppressed the activation of MAPK and NF-κB cell signaling pathway and reduced the expression of extracellular matrix (ECM) degrading enzymes including MMP3, MMP9 and MMP13 in IL-1β-treated RACs. Several emerging bioinformatics tools were performed to predict the underlying mechanism, the result of which indicated the potential reactive oxygen species (ROS) clearance potential of NitC. Further, NitC exhibited its anti-oxidative potential through ameliorating cellular senescence in IL-1β-treated RACs and decreasing NLRP3 inflammasomes activation in LPS-stimulated RAW 264.7 via scavenging ROS. Additionally, X-ray, micro-CT and other experiments in vivo demonstrated that intra-articular injection of NitC significantly alleviated the cartilage erosion, ECM degradation and subchondral alterations in OA progression. In conclusion, the present study reported the potent anti-inflammatory and anti-oxidative potential of NitC in OA biological process, providing a promising therapeutic agent for OA management.
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INTRODUCTION
Osteoarthritis (OA) is a debilitating disease with an unmet medical need, imposing substantial and increasing burdens on the socioeconomic budget. For currently 240 million affected individuals worldwide, this already suffering musculoskeletal disorder is becoming more burdensome when its specific treatment has been limited to end-stage surgery (Hunter and Bierma-Zeinstra, 2019; Katz et al., 2021). Asides from education and constructed exercise, effective non-surgical interventions are confined to topical or oral analgesics for short-term pain relief (Jones et al., 2019; Latourte et al., 2020). The serious challenge urges further research to facilitate identifications of emerging pharmaceutical therapies to slow down the biological process of OA progression and eventually reduce the burdens.
Accumulating evidence indicated that OA is a multifaceted condition, associated with low-grade chronic inflammation, extracellular matrix degradation, oxidative stress, chondrocytes cellular senescence as well as other alterations in articular and periarticular tissues (Liu-Bryan and Terkeltaub, 2015; Robinson et al., 2016; Mobasheri et al., 2017; Coryell et al., 2021). Activation of mitogen-activated protein kinases (MAPK) and nuclear factor κB (NF-κB) cell signaling pathway is a hallmark in OA pathophysiology (Ran et al., 2018; Moqbel et al., 2020). The regulating mechanisms underlying abundant phytomedicine or small molecule studies associated with OA treatment rely on exactly inhibiting MAPK or NF-κB pathway (Guo et al., 2022; Yeo et al., 2022). Furthermore, imbalance in reactive oxygen species (ROS) generation and clearance is another leading cause of oxidative damage, redox-modulated cell signaling pathway disruption and cartilage degradation (Bai et al., 2019; Bolduc et al., 2019; Park et al., 2021; Kang et al., 2022). Liang et al. (2020) reported intra-articular injection of nanofibrous membranes to eliminate ROS significantly attenuated OA progression. Jeon et al. (2017) demonstrated clearance of local senescent chondrocytes ameliorated the development of post-traumatic OA and created a pro-regenerative circumstance. All of these advances in the understanding of OA structural progression have pushed forward the discovery of promising pharmacological therapies, which may potentially reshape the landscape of OA management.
Nitidine Chloride (NitC), a bioactive phytochemical alkaloid extracted from the herb Zanthoxylum nitidum, has been reported to inhibit several enzymes from the cytochrome P450 super family (Li et al., 2014; Mao et al., 2018; Mao et al., 2019), manifesting potential anti-oxidative capacity. Meanwhile, research in the field indicated the potent anti-inflammatory property of NitC (Wang et al., 2012; Yang et al., 2019). Nevertheless, attention is mainly converged on the anticancer activity of NitC (Cui et al., 2020). The effect of NitC on inflammation and oxidative stress in OA progression has not been reported yet.
Therefore, the present study was undertaken to examine the impact of NitC on OA models established through IL-1β induction or under destabilization of the medial meniscus (DMM) surgery. Based on the substantial experiments, briefly, our results first report the anti-inflammatory and anti-oxidative properties of NitC on murine osteoarthritic models both in vitro and in vivo and its underlying mechanism, providing a brand-new drug choice for OA management.
MATERIALS AND METHODS
Reagents
Nitidine Chloride (HY-N0498) and Menadione (HY-B0332) were purchased from MedChemExpress. Dulbecco’s Modified Eagle Medium (DMEM; catalog:11320033), fetal bovine serum (FBS), trypsin-EDTA (catalog: 25200072) and Penicillin-Streptomycin (catalog:15070063) were all purchased from Gibco, NY, USA. Recombinant rat IL-1β (501-RL-010/CF) was obtained from R&D Systems, Abingdon, UK. Collagenase II, DMSO and Lipopolysaccharide (LPS; catalog: L6529) were obtained from Sigma-Aldrich, Merck KGaA, MO, USA.
Cells Culture
Rat articular chondrocytes isolation was conducted as previously described (Ma et al., 2018; Moqbel et al., 2020). In brief, bilateral hips harvested from 4-week-old Sprague Dawley rats (weighing 140 ± 20 g) were cut into 1 mm3 particle under the sterile circumstance. Then the cartilage was digested with 0.25% tyrosine for 30 min and subsequently mixed up with type II collagenase on a horizontal shaker at 37°C for another 4 h. The chondrocytes were isolated through centrifuging the cell suspension, followed by seeded into culture flasks with DMEM (10% FBS and 1% penicillin-streptomycin) at 37°C with 5% CO2. These colony chondrocytes were regarded as passage 0 (P0). Normal P1-3 chondrocytes were used in this study. Mouse macrophages cell line RAW 264.7 was purchased from the Cell Bank of Shanghai Institutes for Biological Science of the Chinese Academy of Sciences (TCM13, Shanghai, China). RAW 254.7 was cultured with DMEM (10% FBS and 1% penicillin-streptomycin) at 37°C with 5% CO2.
Chondrocytes Viability Analysis
CCK-8 assay (KGA317, KeyGen Biotech, Nanjing, China) was performed according to the manufacturer’s instruction to assess the cytotoxicity of NitC on chondrocytes. P3 chondrocytes were seeded into 96-well plates for 24 h under normal circumstances as mentioned above. Then the culture media was respectively substituted for 0, 1, 10, 25, and 50 μM NitC for 24 and 48 h. After that, the media was replaced with fresh DMEM media containing 10% CCK-8 solution for further 3 h incubation at 37°C. The optical density (OD) was determined and the chondrocytes viability was calculated then. This experiment was repeated three times.
Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
Total RNA was extracted using the TRIzol® Plus RNA Purification Kit (Invitrogen, Carlsbad, CA, United States). The RNA concentrations were detected and adjusted before reverse transcription with PrimeScript™ RT Master Mix (RR036A, Takara, Beijing, China). cDNA samples were replicated with SYBR® Premix Ex Taq™ II (RR82WR, Takara, Beijing, China) with an Applied Biosystems™ 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, United States). 18S was used as an endogenous control. The primers used are listed in Supplementary Table S1. All of the above experiments were performed in triplicate according to the manufacturer’s instructions. The data were calculated using the 2−ΔΔCT method.
Safranin O and Alcian Blue Staining
To detect the chondrocyte extracellular matrix phenotype alterations, Safranin O and Alcian Blue staining assays were conducted in this study. P3 chondrocytes were seeded into 12-well plates for 24 h, followed by the intervention of different concentrations (0, 1, 10, 25, and 50 μM) of NitC for 24 h. Then the cells were fixed with 4% paraformaldehyde solution for 15 min. The fixed cells were washed with PBS three times and then stained with 0.1% safranin O solution for 5 min. As for Alcian Blue Staining, the fixed cells were stained with 1% Alcian Blue solution for 30 min. The stained cells were washed with PBS and then imaged by a gross camera and Lecia inverted optical microscope.
β-Galactosidase Activity Assay
The senescence detected assay was conducted as previously described (Xu et al., 2021). Briefly, pretreated chondrocytes in 12-well plates were incubated with β-Galactosidase staining buffer for 24 h from β-Galactosidase activity assay (C0602, Beyotime Biotechnology, China) according to the manufacturer’s instructions. Then the cellular senescence was measured under Lecia inverted optical microscope.
Reactive Oxygen Species Detection
The ROS detection was performed using Reactive Oxygen Species Assay Kit (S0033M, Beyotime Biotechnology, China) as previously described (Bao et al., 2021). For flow cytometry analysis, pretreated chondrocytes were cultured with DCFH-DA at 37°C for 30 min. After being washed three times with PBS, chondrocytes were harvested from 6-well plates and subsequently ROS was evaluated using Beckman CytoFLEX cytometer. For fluorescent analysis, pretreated chondrocytes were incubated with DCFH-DA in 12-well plates at 37°C for 30 min. After washing three times, fluorescent intensities were observed by the inverted Lecia Fluorescence Microscope.
Bioinformatics Analysis
To further elucidate the underlying mechanism of NitC treatment, several emerging bioinformatics were used in the present study. In brief, PharmMapper was used to predict the potential proteins directly binding with NitC according to the instructions (Liu et al., 2010; Wang et al., 2016; Wang et al., 2017). Thereafter, database STRING was used to establish the protein-protein association network (Szklarczyk et al., 2019). Cytoscape was subsequently used to calculate the top 10 proteins by the MCC method in the network (Shannon et al., 2003; Otasek et al., 2019). The bioinformatics analysis results were shown in Supplementary Tables S2, S3.
Western Blot
The adherent chondrocytes were washed three times with PBS and then detached with a cell scraper. Then the harvested cells were lysed in RIPA Lysis Buffer (P0013B, Beyotime, China) containing a protease inhibitor cocktail (P1005, Beyotime, China) as well as a protein phosphatase inhibitor (P1260, Solarbio Science & Technology, Beijing, China) on ice for 30 min. After extraction, proteins were separated using SDS-PAGE gels at 70–140 V for 1.5 h and transferred onto polyvinylidene difluoride (PVDF) membranes (IPVH00010, Millipore, United States) at 250 mA for 2 h. Subsequently, the membranes were blocked for 2 h with 5% BSA (A600903, Sangon Biotech, China) at room temperature. Then the membranes were incubated with primary antibody at 4°C overnight. The next day, after being washed by TBST 3 times, the membrane was incubated with horseradish peroxidase- (HRP-) conjugated goat anti-rabbit and anti-mouse secondary antibodies (A0208, A0216; 1:5,000, Beyotime, China) for 2 h and the luminescence was determined using an ECL kit (WBKLS005, Immobilon, KGaA). The relative amount of proteins was analyzed using ImageJ and normalized to GAPDH (GA) or β-Actin. All assays were performed in triplicate.
Animal Model
Twenty-four male Sprague Dawley rats (200–250 g; 6 weeks old) were randomly divided into three groups (six rats/four cages per group): sham group (Sham), osteoarthritis group (DMM) and NitC treated group (DMM + NitC). Rats in the Sham group underwent sham surgery, while the other rats underwent Destabilization of the medial meniscus (DMM) surgery and were thereby regarded as OA rats (Xu et al., 2020). One week after Sham or DMM surgery, rats in group Sham and DMM were intra-articularly injected with vehicles while rats in group DMM + NitC were injected with an equal volume of 10 μM NitC. These weekly injections lasted 6 weeks. Then the rats were sacrificed 1 week after the last treatment, and knee samples were fixed with 4% paraformaldehyde solution for further research.
Radiological Assessment
After fixation, the rat knee samples were scanned with an X-ray imager. The representative images in each group showed the alteration of articular surface and space width. As for micro-CT analysis, the samples were assessed using a U-CT system (MILabs U-CT, Netherlands). MILabs Rec 10.16 software was used to evaluate the data. Three-dimensional bone structure image slices and several trabecular bone indices including trabecular bone volume fraction (BV/TV; %), trabecular thickness (Tb.Th; cm) and trabecular spacing (Tb.Sp; cm) were calculated and reconstructed using the IMALYTICS Preclinical 2.1 software.
Histological Analysis
The fixed knee joints were decalcified with 10% EDTA over 2 months. The specimens were dehydrated using ascending ethanol series and embedded in paraffin blocks and subsequently were cut into 5 μm sections. Then the sections of the joint were stained with SO and HE according to the manufacturers’ instructions. Immunofluorescence analysis of sections was performed subsequently.
Immunofluorescence
For p65 detection in chondrocytes, pretreated chondrocytes were fixed with 4% paraformaldehyde for 10 min, followed by permeabilization with 0.1% v/v Triton X-100 for 5 min. After being washed by PBS 3 times, chondrocytes were incubated with primary antibody against p65 at 4°C overnight. On the next day, chondrocytes were incubated with fluorochrome-conjugated secondary antibodies for 2 h in the dark. Then the chondrocytes were stained with DAPI for 5 min and finally observed by inverted Lecia Fluorescence Microscope.
Statistical Analysis
All the results in the present stud are presented as means ± SDs. For in vitro studies, One-way analysis of variance (ANOVA) followed by Tukey’s test was used for comparison between the two groups. As for in vivo studies, analysis for multiple samples was carried out by the one-way ANOVA with Tukey’s post-hoc test. Statistical analysis was performed with Prism 8 (IBM Corporation, Armonk, NY, United States). The value of p < 0.05 was considered indicative of significant statistical differences.
RESULTS
Impacts of NitC on Primary RACs
The chemical structure of Nitidine Chloride (NitC) was shown in Figure 1A. To begin with, a CCK8 assay was conducted to figure out the appropriate concentration of NitC on primary articular rat chondrocytes (RACs). NitC did not a manifest detrimental effect till its concentration rose to 25 μM, both in 24- and 48-h treating time (Figure 1B). Aligned with the CCK8 assay, safranin O staining results revealed that when the NitC concentration excessed 10 μM, the application of NitC contributed to the extracellular matrix degradation (Figures 1C,D). Based on these findings, 1 and 10 μM concentrations of NitC were used for further in vitro tests.
[image: Figure 1]FIGURE 1 | Effect of NitC on viability and chondrocyte phenotype maintenance. (A) Nitidine Chloride (NitC) chemical structure. (B) CCK8 analysis of NitC on chondrocytes viability. (C) Gross view of safranin O stained primary rat articular chondrocytes treated with 0, 1, 10, 25, or 50 μM NitC in 12 wells for 24 h. (D) Microscopic images of safranin O stained primary rat chondrocytes treated with 0, 1, 10, 25, or 50 μM NitC for 24 h. *p < 0.05 versus the control group. Scale bar = 200 μM.
NitC Inhibited Inflammation Progress in RACs
Recently, accumulating studies in humans and animal models demonstrated the crucial role of inflammation in osteoarthritis pathogenesis (Liu-Bryan and Terkeltaub, 2015; Robinson et al., 2016; Conaghan et al., 2019). Interleukin-1β (IL-1β)-induced osteoarthritis in vitro model has been widely recognized in the corresponding research field (Xu et al., 2020; Bao et al., 2021). Thus, we firstly investigated whether NitC was entitled with anti-inflammation capacity in IL-1β-treated RACs. Briefly, passage 3(P3) RACs were pretreated with different concentrations of NitC for 1 h, followed by incubation with 10 ng/ml IL-1β for 24 h. As shown in Figures 2A,B, NitC decreased the protein expression of universally acknowledged inflammation-related mediators including iNOS and COX2 in a dose-dependent manner. Meanwhile, qRT-PCR results in Figures 2C,D revealed that NitC could also down-regulate iNOS and COX2 expression at the mRNA level. These results indicated that NitC possessed potent anti-inflammatory ability through decreasing the secretion of inflammatory mediators.
[image: Figure 2]FIGURE 2 | NitC alleviated ECM degradation and inhibited RACs inflammation in vitro. (A) The WB analysis of COL2, iNOS, MMP9, COX2, MMP13, MMP3, and GA was conducted and their relative protein expression (B) was shown. (C–G) The qRT-PCR analysis was performed to detect the relative mRNA expression of iNOS, MMP9, MMP13, COX2, and COL2. (H) Representative images of the Safranin O staining of pretreated chondrocytes. (I) The microscopic images of Alcian Blue staining of pretreated chondrocytes. #p < 0.05 versus the control group. ∗p < 0.05 versus the model group. Scale bars = 200 μM.
NitC Reduced Extracellular Matrix Degradation
The normal joint function requires the biomechanical structural support and resistance to deformation from the cartilage extracellular matrix, which is mainly composed of proteoglycans within the collagen fibrillar network (Krishnan and Grodzinsky, 2018). The early feature of initiation characteristic to OA is the upregulation of cartilage degrading enzymes including matrix metalloproteinase 3 (MMP3), MMP9, and MMP13 (Liu-Bryan and Terkeltaub, 2015; Mobasheri et al., 2017; Mehana et al., 2019). Therefore, we examined the effect of NitC on IL-1β-induced RACs. Western blot analysis in Figures 2A,B demonstrated that IL-1β treatment significantly enhanced the production of MMP3, MMP9, and MMP13, whereas the intervention of NitC remarkably rescued the enzymes over-production in a dose-dependent manner. Furthermore, the qRT-PCR analysis indicated that NitC treatment suppressed the MMP9 and MMP13 at the mRNA level (Figures 2E,F).
To further examine the alterations in NitC-treated RACs, Western blot and qRT-PCR analyses were performed to detect the expression of type II collagen. In accordance with the upregulations of MMPs, type II collagen decreased sharply in IL-1β-treated RACs both at proteins level and mRNA level, while the intervention of NitC significantly reversed it (Figures 2A,B,G). In addition, Safranin O staining as well as Alcian Blue staining results indicated that loss of cartilage matrix proteoglycan glycosaminoglycan (GAG) induced by IL-1β was restored by the treatment of NitC (Figure 2H). Taking these results together, we demonstrated that NitC was capable of downregulating MMP3 and enhancing GAG expression, ultimately decreasing ECM degradation in IL-1β-induced RACs.
NitC Inhibited the IL-1β-Induced Activation of MAPK and NF-κB Pathway
Activation of mitogen-activated protein kinases (MAPK) and nuclear factor κB (NF-κB) cell signaling pathway is another hallmark in OA pathophysiology (Ran et al., 2018; Moqbel et al., 2020). Our previous studies found that inhibited MAPK pathway or NF-κB pathway could significantly suppress the progression of OA (Ma et al., 2018; Ran et al., 2018). Here, we examined the effect of NitC on the MAPK pathway in IL-1β-induced RACs. Western blot analysis detected that IL-1β stimulation activated by increasing the expression of phosphorylation of Erk, JNK, and p38 levels, whereas NitC treatment could reverse it (Figure 3A). The activation status of p65 and IκBα was examined through Western blot analysis as well, and the results revealed that NitC treatment could remarkably rescue the activation of the NF-κB pathway in IL-1β-induced RACs (Figure 3B). Furthermore, immunofluorescence analysis was performed to detect the location of p65, the key effector of the NF-κB pathway, and the result demonstrated nuclear translocation of p65 was significantly blocked by pretreatment of NitC in a dose-dependent manner (Figure 3C). Based on these results, we identified that NitC was able to effectively inhibit the activation of MAPK and NF-κB cell signaling pathways in IL-1β pretreated RACs.
[image: Figure 3]FIGURE 3 | NitC inhibited MAPK and NF-κB pathway in the osteoarthritic model in vitro. (A) The WB analysis of MAPK pathway-related protein: p-ERK, ERK, p-JNK, JNK, p-p38, and p38 as well as endogenous control GA were performed as previously described. Besides, the p-ERK/ERK, p-JNK/JNK, and p-p38/p38 ratios were shown. (B) The WB analysis of NF-κB pathway-related protein: p-p65, p65, p-IκBα, IκBα, and endogenous control β-Actin were conducted. The p-p65/p65 and p-IκBα/IκBα ratios were shown. (C) The nuclear translocation of p65 was assessed by immunofluorescent microscopy. The quantified results of nuclear location/total ratio were shown as well. Blue: DAPI. Green: p65. #p < 0.05 versus the control group. ∗p < 0.05 versus the model group. Scale bars = 100 μM.
NitC Was Capable of Inhibiting ROS Generation
To further elucidate the underlying mechanism of NitC on RACs, several emerging bioinformatics were performed as our previous study (Xu et al., 2021). To begin with, PharmMapper was used to predict the potential protein targets directly binding with NitC. The top 300 candidates of potential proteins were listed in Supplementary Table S2. Database STRING was subsequently used to establish the protein-protein association network (Figure 4A). Meanwhile, software Cytoscape was used to calculate the top 10 proteins which played a crucial role in the network. Interestingly, the predictive results indicated eight proteins from the candidates were tightly involved with ROS generation or clearance (Figure 4B). For example, tumor necrosis factor (TNF), a regulator of the generation of ROS and reactive nitrogen species (RNS), and prostaglandin-endoperoxide synthase 2 (Ptgs2), encoded by COX2 and already investigated in the present study (Blaser et al., 2016; Chen et al., 2021). To probe the promising ROS scavenging property, immunofluorescence analysis and flow cytometry analysis were conducted. The results showed treated with IL-1β significantly enhanced ROS generation, while the intervention of NitC could decrease the level of ROS in a dose-dependent manner (Figures 4C,D). Combining bioinformatics prediction with substantial experiments, we revealed NitC was capable of reducing oxidative stress in IL-1β treated RACs via scavenging ROS.
[image: Figure 4]FIGURE 4 | NitC reduced ROS generation and ameliorated cellular senescence in RACs. (A) The potential targets of NitC were obtained by PharmMapper. The protein-protein association network of the targets was established by STRING. (B) The top 10 hub genes were calculated by Cytoscape subsequently. Genes marked with “ROS” are involved with the modulation of ROS generation according to the existing research. (C) Immunofluorescent microscopy was utilized to detect the ROS in RACs. The intensity of fluorescence represented the relative level of ROS. (D) The ROS levels of different groups were also assessed through flow cytometry. (E) β-Galactosidase activity assay was performed in RACs. Typical normal RAC and senescent RAC were shown. Red arrows mark the senescent RAC. (F) The WB analysis of cellular senescence-related genes: p16 and p53 were conducted. Meanwhile, the quantified results of relative protein expression were present. #p < 0.05 versus the control group. ∗p < 0.05 versus the model group. Scale bars = 50 μM.
NitC Attenuated Cellular Senescence in IL-1β-Treated RACs
Although multiple risk factors such as obesity, trauma and heredity participate in OA pathophysiology, the most prevalent one is aging (O’Neill et al., 2018). Senescence, a hallmark in aging, is defined by a permanent state of cell arrest. Jeon et al. (2017) demonstrated clearance of local senescent chondrocytes ameliorated the development of post-traumatic OA and created a pro-regenerative circumstance. Advance in exploring the cellular senescence has facilitated a novel approach to modify the progression of OA. Recent findings supported that besides aging, cellular senescence could be induced by oxidative stress, including the excess level of ROS (Tudorachi et al., 2021). Therefore, we investigated the effect of NitC on chondrocyte cellular senescence. RACs were cultured on 6-well plates and pretreated with NitC for 1 h, followed by stimulation of IL-1β. Subsequently, a β-Galactosidase activity assay was conducted to measure the cellular senescence. The results showed that IL-1β stimulation remarkably arose the number of senescent chondrocytes, whereas the pretreatment of NitC relieved the effect (Figure 4E). In addition, Western blot analysis showed that NitC managed to downregulate the protein expression of p16 and p53, acknowledged biomarkers in the senescence process, induced by IL-1β. In conclusion, these results indicated that NitC was capable of ameliorating cellular senescence in IL-1β-induced RACs.
Regeneration of ROS Rescued the Effect of NitC on RACs
To investigate the underlying mechanism of the NitC effect on IL-1β-Induced RACs, menadione, a synthetic naphthoquinone widely used as a free radical generator, was exerted to further experiments. For menadione stimulation, RACs were cultured on 6-well plates and pretreated with 50 μM menadione for 1 h according to recent studies (Wang et al., 2020). Firstly, immunofluorescence analysis was performed to detect the ROS levels in RACs. The results probed that intervention of menadione significantly increased the ROS generation and managed to regenerate ROS in NitC-pretreated RACs (Figure 5A). Furthermore, the β-Galactosidase activity assay results showed that both IL-1β and menadione stimulation-induced cellular senescence in RACs, whereas menadione treatment was able to restore the effect of NitC on IL-1β-Induced RACs (Figure 5B), indicating NitC ameliorated senescence in RACs via scavenging ROS. Interestingly, Western blot analysis revealed that regeneration of ROS by menadione could significantly rescue the anti-inflammatory effect of NitC on IL-1β-Induced RACs through upregulation of iNOS, COX2 and MMP9 (Figures 5C–F). Altogether these results identified the potential underlying mechanism of NitC was scavenging ROS in RACs under pathological conditions.
[image: Figure 5]FIGURE 5 | Regeneration of ROS rescue the impact of NitC on RACs. (A) The ROS levels in RACs were detected through immunofluorescence analysis. (B) β-Galactosidase activity assay was performed to identify the senescent RACs. (C) WB analysis of iNOS, COX2, MMP9, and β-Actin. The relative protein expression was quantified and shown respectively in (D–F). ∗p < 0.05 versus the model group, other significant differences between the groups were shown as indicated in the figure.
NitC Suppressed NLRP3 Inflammasomes Activation in RAW 264.7 Through Scavenging ROS
With the advance in the understanding of OA pathophysiology, OA has now been considered a disease of the whole joint (Martel-Pelletier et al., 2016). Among the structural alterations in the joint, synovial membrane inflammation is another independent driver of OA onset (Mathiessen and Conaghan, 2017). Jin et al. (2011) reported that besides secreting catabolic cytokine IL-1β, NLRP3 inflammasome activations mediated ectopic deposition of hydroxyapatite crystals in joints, playing an essential role in the pathogenesis of OA. In the present study, we further investigated the role of NitC on LPS-induced RAW 264.7, a well-established macrophage cell line wildly used in OA investigations (Lv et al., 2021). The Western blot analysis showed that LPS stimulation for 24 h remarkably upregulated the protein expression of iNOS, COX2, IL-1β, and NLRP3, indicating the activations of the NLRP3 inflammasome, whereas NitC treatment significantly inhibited the effect in a dose-dependent manner (Figures 6A–F). Previous studies demonstrated the crucial role of the ROS-NLRP3-Inflammasome axis in other disease progressions, nevertheless, it has not been reported in OA yet (Xie et al., 2020). Here, we found regeneration of ROS by menadione could significantly reduce the effect of NitC on LPS-induced NLRP3 inflammasome activations (Figures 6G–K). In conclusion, our results demonstrated NitC was capable of suppressing NLRP3 inflammasome activation in LPS-induced RAW 264.7 through scavenging ROS.
[image: Figure 6]FIGURE 6 | NitC inhibited NLRP3-inflammasome activation through scavenging ROS. (A) The WB analysis and quantitative analysis of the (B) cleaved IL-1β, (C) pro-IL-1β, (D) NLRP3, (E) COX2, and (F) iNOS. (G) Another WB analysis was performed to investigate the role of ROS in NitC-treated RAW 264.7. The quantified results of (H) pro-IL-1β, (I) COX2, (J) NLRP3, and (K) iNOS were shown in the figure. ∗p < 0.05 versus the model group, other significant differences between the groups were shown as indicated in the figure.
NitC Alleviated OA Progression in DMM Rats
As for in vivo assessment of cartilage degeneration, rat OA models were induced by surgical resection of the medial meniscus. The flowchart for animal procedures was shown as in Figure 7A. Briefly, twenty-four SD rats were randomly divided into three groups. Rats in the Sham group underwent sham surgery while other rats underwent DMM surgery to resect the medial meniscus (Figure 7B). The safranin O staining results showed notable loss of superficial articular cartilage in the DMM group, while intra-articular injection of NitC rescued it (Figure 7C). Aligned with the safranin O staining, the HE staining results showed remarkable cartilage degradation in the DMM group, whereas NitC treatment alleviated the degradation (Figure 7D). Additionally, the results of immunofluorescence analysis showed that type II collagen expression was highly decreased while MMP13 expression was increased in the DMM group, while NitC treatment reversed the effect (Figure 7E). Collectively, these results demonstrated that intra-articular injection of NitC was capable of ameliorating OA progression in the rat OA model.
[image: Figure 7]FIGURE 7 | Intra-articular injection of NitC ameliorated OA progression in rat OA model. (A) The flowchart for animal procedures. (B) The resected medial meniscus. (C) Microscopic images of safranin O staining of rat knee joints. (D) Representative images of HE staining of rat knee joints. (E) Typical images of immunofluorescence analysis against type II collagen and MMP13. Scale bars = 200 μM.
NitC Ameliorated the Radiological Features of OA
We further performed X-ray and micro-CT analysis to exert radiological assessment of alterations in rat joints. X-ray results revealed characteristic narrowing joint space and irregular contours of the articular surface in DMM models, while intra-articular injection of NitC significantly ameliorated these osteoarthritis progression features (Figure 8A). Moreover, the coronal plane of micro-CT results indicated that rats in DMM groups developed marginal osteophytes around the articular surface, while the treatment of NitC reduced the osteophytes (Figure 8B; Red arrow noted the typical osteophytes). 3D reconstruction of tibial subchondral bone structures showed the formation of bone cysts, one of the common features of advanced OA, in the DMM models group, whereas the intervention of NitC restored it (Figure 8C). The whole joint 3D reconstruction was established to observe marginal osteophytes and other alterations, demonstrating NitC treatment could remarkably restore the OA progression (Figure 8D; red parts noted the OA alterations). Furthermore, three trabecular bone indices including trabecular bone volume fraction (BV/TV; %), trabecular thickness (Tb.Th; cm) and trabecular spacing (Tb.Sp; cm) were calculated in the present study. The results showed DMM surgery significantly decreased BV/TV (Figure 8E) and Tb.Th (Figure 8F), meanwhile increased Tb.Sp (Figure 8G), while NitC treatment alleviated the alterations, indicating NitC treatment might preserve the tibial subchondral bone microarchitecture in OA progression. Taken together, our results demonstrated that NitC treatment remarkably ameliorated the radiological features in advanced OA.
[image: Figure 8]FIGURE 8 | Radiological assessment of NitC impact on DMM rats. (A) Representative images of rat knees X-ray scanning. The treatment was performed as previously described in Methods and Materials. (B) The coronal plane of rat knees. The red arrow showed osteophyte formation. (C) Subchondral bone in each group. (D) Reconstruction of 3D rat knee models. IMALYTICS Preclinical 2.1 software was used to evaluate BV/TV (E), Tb.Th (F), and Tb.Sp (G). #p < 0.05 versus the control group. ∗p < 0.05 versus the model group.
DISCUSSION
Given the rapid progress of the aging and obese population globally, the OA prevalence is unprecedently rising than in previous decades (Hunter and Bierma-Zeinstra, 2019). To date, pharmaceutical treatments recommended and used in clinical works are merely symptomatically, namely no drugs are capable of modulating OA progression and eventually reducing long-term disability, representing a major health challenge for the coming future (Jones et al., 2019; Latourte et al., 2020). Recently, collecting insights into the pathogenesis of OA has revealed that alterations in cartilage, subchondral bone, synovial membrane, meniscus, ligament and other tissues accumulate gradually, ultimately leading to joint dysfunction (Martel-Pelletier et al., 2016).
Further unraveling of the underlying mechanism showed OA was a multifactorial disorder, in which chronic inflammation in tissues plays a vital role (Liu-Bryan and Terkeltaub, 2015; Robinson et al., 2016). Hence, we firstly examined the effect of NitC on chondrocytes inflammation. iNOS and COX-2, known as the positive regulator of inflammation (Matziouridou et al., 2018; Chen et al., 2021), were remarkably downregulated following NitC treatment in IL-1β-Induced OA models in vitro. Furthermore, the intervention of NitC suppressed the activation of MAPK and NF-κB cell signaling pathways in the OA progression. Enhancing catabolic metabolism in ECM, including upregulation of MMPs and degradation of collagens, is a pivotal factor for OA initiation and development (Rahmati et al., 2017). Western blot, qRT-PCR, Safranin-O staining, Alcian Blue staining, immunofluorescence and other diverse experiments analysis in the present study congruently indicated that NitC treatment was capable of inhibiting MMPs expression, reversing collagen degradation and eventually rescuing cartilage erosion.
To further explore the underlying mechanism, we utilized a series of emerging bioinformatics tools: PharmMapper, STRING and Cytoscape [25–30, 47] The predictive results showed the top 10 proteins that probably directly bind with NitC. Interestingly, among these 10 proteins, eight proteins were reported to be involved with reactive oxygen species (ROS) generation or clearance (Blaser et al., 2016; Matziouridou et al., 2018; Gilardini Montani et al., 2019; Bermúdez-Muñoz et al., 2020; Chen et al., 2021). Meanwhile, previous studies demonstrated that NitC could inhibit cytochrome P450 family enzymes (Mao et al., 2018; Mao et al., 2019), which play a central role in ROS generation (Leung and Nieto, 2013). All of these results indicated NitC possesses the potential capacity of modulating ROS. Our flow cytometry and immunofluorescence result further probed that NitC treatment inhibited IL-1β-Induced ROS generation in RACs.
The ROS production in osteoarthritis tissues has received increasing attention. Excess levels of ROS lead to cartilage degradation, oxidative damage as well as redox-regulated cell signaling pathway disruption (Bai et al., 2019; Bolduc et al., 2019). Additionally, in its role as an oxidative stress stimulation, overloaded ROS induces chondrocytes cellular senescence and macrophage activation (Jin et al., 2011; Pei et al., 2019; Au et al., 2020). Intervention with Menadione, a synthetic naphthoquinone widely used as a free radical generator, was exerted to further confirm the crucial role of ROS in determining chondrocyte and macrophage destiny (Wang et al., 2020). Consistently, our results demonstrated that NitC was able to alleviate chondrocyte cellular senescence via scavenging ROS. Meanwhile, regeneration of ROS reduce NitC-treated downregulation of MMP9 and proinflammatory mediators including iNOS and COX2, manifesting the inter-dependent relationship between oxidative stress and inflammation in OA progression (Ansari et al., 2020).
Asides from effects on chondrocytes, ROS production appears a dispensable role for NLRP3 inflammasome activation according to recent studies (He et al., 2016; Chen et al., 2019). NLRP3 inflammasome has been implicated in osteoarthritis pathological progression through secreting proinflammatory cytokines including IL-1β and tumor necrosis factor-alpha (TNF-a), producing cartilage degrading enzymes like MMP3 and aggravating synovial membrane inflammation (Mathiessen and Conaghan, 2017; McAllister et al., 2018; Chen et al., 2019). In this study, we found that NitC remarkably suppressed the expression of LPS-stimulated inflammation-related genes and inactivated NLRP3 inflammasome in RAW264.7 via clearance of ROS, manifesting another protective aspect in alleviating OA progression.
The advantages of radiological assessments of rat knee joints were fully taken in the present study. X-ray results revealed narrowing joint space and irregular contours of the articular surface in the DMM model, while intra-articular injection of NitC significantly ameliorated these osteoarthritis progression features. More precise observations by micro-CT showed fewer marginal osteophytes around the articular surface in the NitC-treated group. Improvements in the joint osteoarthritis alterations were shown by representative images of knee joint 3D reconstruction. Analyzing data from subchondral bone demonstrated that NitC intervention significantly reversed osteoarthritic changes of tibial subchondral trabecular bone. All of these results supported that NitC treatment might preserve the tibial subchondral bone microarchitecture in OA progression. Aligned with radiological measurement, other in vivo experiments showed NitC was capable of maintaining cartilage structural integrity, suppressing inflammation and inhibiting ECM degradation.
The present study reported the protective role of NitC in murine osteoarthritis models both in vitro and in vivo for the first time. In terms of the complicated pathogenesis of OA, we not only investigated chondrocytes but also demonstrated the effect of NitC on macrophages. Besides, several acknowledged vital phenotypes of OA, including inflammatory mediator secretion, ECM degradation, chondrocytes cellular senescence, oxidative stress, NLRP3 inflammasome activation, and subchondral bone alterations were comprehensively and substantially investigated in this study. Another highlight of this study is providing a plausible example for understanding and utilizing the emerging bioinformatics tools with the rapid advance in computer technology. Frankly, a few limitations of this study should be noted. Firstly, our findings merely indicated that inactivation of the MAPK/NF-κB pathway was involved in the effect of NitC on inducing osteoarthritic chondrocytes. Whether MAPK and NF-κB pathways are the direct targets of NitC remains elusive. Secondly, although RAW 264.7 cell line has been widely used in studying osteoarthritis as the synovial membrane macrophage, it is still not the exact cell type residing in the joint tissues. Furthermore, more works should be focused on the cross-talk between chondrocytes and macrophages which was lacking in the study. Lastly, our finding demonstrated that NitC was capable of scavenging ROS in both chondrocytes and macrophages. Further investigations should be conducted to illustrate whether the specific underlying mechanism was similar to the previous studies through inhibiting cytochrome P450 family enzymes or through other distinct regulatory mechanisms.
CONCLUSION
In the present study, we reported first that NitC was capable of inhibiting enhanced catabolic response in the extracellular matrix, downregulating secretion of inflammatory mediators and inactivating of MAPK/NF-kB pathway in OA progression. In addition to the anti-inflammatory effect, NitC exerted its anti-oxidative activity through ameliorating cellular senescence, reducing oxidative stress and inhibiting NLRP3 inflammasome activation via scavenging reactive oxygen species (ROS). Based on these in vitro and in vivo results, we demonstrated the promising role of NitC as a drug treatment for OA.
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