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Although osteoarthritis (OA) significantly affects the quality of life of the elderly, there is still no effective treatment strategy. The standardized Ginkgo biloba L. extract preparation has been shown to have a wide range of therapeutic effects. Bilobalide, a unique ingredient of Ginkgo biloba, has anti-inflammatory and antioxidant pharmacological properties, but its mechanism of action on OA remains unknown. In this study, we investigated the effects of bilobalide on the development of OA through in vivo and in vitro experiments, as well as its potential anti-inflammatory mechanisms. The in vitro experiments demonstrated that bilobalide significantly inhibited the production of inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and matrix metalloproteinase 13 (MMP13) in ATDC5 chondrocytes induced by Interleukin-1β (IL-1β). At the molecular level, bilobalide induced chondrocyte autophagy by activating the AMPK/SIRT1/mTOR signaling pathway, which increased the expression of autophagy-related Atg genes, up-regulated the expression of LC3 protein, and reduced the expression of the p62 protein. In vivo, bilobalide exerted significant anti-inflammatory and anti-extracellular matrix (ECM) degradation effects in a rat model of post-traumatic OA (PTOA) induced by anterior cruciate ligament transection (ACLT). Bilobalide could relieve joint pain in PTOA rats, inhibit the expression of iNOS and COX-2 protein in cartilage via the AMPK/SIRT1/mTOR pathway, and reduce the level of ECM degradation biomarkers in serum. In conclusion, bilobalide exhibits vigorous anti-inflammatory activity, presenting it as an interesting potential therapeutic agent for OA.
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1 INTRODUCTION
Osteoarthritis (OA) is an age-related, painful, and disabling disease. Around 35% of the global population over the age of 60 suffers from symptomatic (painful, disabling) OA (Grassel et al., 2021). OA may develop in any joint, such as the shoulders, hands, feet, spine, knees, and hip joints (Katz et al., 2021). Currently, Non-steroidal anti-inflammatory drugs (NSAIDs) and tramadol are recommended for the clinical treatment of OA. However, NSAIDs have gastrointestinal and cardiovascular side effects, are commonly used in clinical practice for the short-term treatment of OA (Chen et al., 2008). Safe and effective drugs for preventing or reversing the progression of OA are therefore still lacking (Pérez-Lozano et al., 2021).
Notably, plant extracts have attracted a lot of attention due to their safe and diverse biological activities (Sukhikh et al., 2021) (Henrotin and Mobasheri, 2018). Ginkgo biloba L. extract is one of the most widely used botanical drugs in the world (Achete de Souza et al., 2020). Various biological preparations made from Ginkgo biloba L. extract as raw materials are commonly used in medicines, dietary supplements, food additives, cosmetics, and functional beverages (Mahadevan and Park, 2008; dal Belo et al., 2009; Aziz et al., 2018; Palacios et al., 2019). Bilobalide is a sesquiterpene compound extracted from Ginkgo biloba L. that has received widespread interest due to its anti-inflammatory (Jiang et al., 2014), anti-oxidative (Achete de Souza et al., 2020), and neuroprotective properties (Feng et al., 2019). Bilobalide has been shown to inhibit the production of pro-inflammatory mediators, improve mitochondrial function, and prevent damage caused by cerebral ischemia (Jiang et al., 2014). Recent studies indicate that bilobalide inhibits IL-17-induced inflammatory damage in ATDC5 cells by down-regulating microRNA-125a via the JNK and NF-kB signaling pathways (Mao et al., 2019), demonstrating that bilobalide has anti-inflammatory effects on chondrocytes. However, further studies on its molecular mechanism are required.
Autophagy is a widely occurring cell self-protection mechanism that acts as an intracellular scavenger to maintain intracellular balance in eukaryotic cells (Kang and Elledge, 2016; Vinatier et al., 2018). The activation of autophagy has positive significance for the survival of chondrocytes in the early stage of OA (Duan et al., 2020). During the development of OA, decreased chondrocyte autophagy leads to impaired cellular function, resulting in joint aging and dysfunction (Netea-Maier et al., 2016), indicating that autophagy plays an important role in the development of OA and is expected to be an important target for OA treatment. Several studies have reported that bilobalide can interfere with certain diseases by regulating autophagy. Bilobalide inhibits LPS-induced neuroinflammation and promotes autophagy (Qin et al., 2021). After cerebral ischemia/reperfusion injury in rats, treatment with bilobalide can significantly reduce cell apoptosis and autophagy, while promoting angiogenesis (Zheng et al., 2018). These findings indicated that the dynamic process of regulating autophagy and anti-inflammatory can delay the development of certain diseases, although it remains unclear whether bilobalide inhibits the inflammatory response of OA via the autophagy pathway.
Adenosine Monophosphate Activated Protein Kinas (AMPK) is an energy sensor that monitors and responds to changes of AMP/ATP ratio in the intracellular (Asby et al., 2015). Sirtuin 1 (SIRT1), a downstream signaling molecule of AMPK, has been shown to trigger the formation of autophagosomes by inducing the expression of autophagy-related proteins (Lee et al., 2008; Mengqi Zhang et al., 2020). The activity of SIRT1 can be positively regulated by AMPK (Wang et al., 2020). Recent studies have found that abnormal AMPK/SIRT1 activity is linked to the development of OA (Mei et al., 2020; Jiang et al., 2021; Zheng et al., 2021). It has been demonstrated that AMPK serves as a potent activator of autophagy to protect chondrocytes from cellular stress. In the nutrient-poor context, active AMPK phosphorylates, an essential component for mTOR activation, and then directly inhibits mTOR, which induces autophagy (Holczer et al., 2019). Moreover, the AMPK/SIRT1/mTOR pathway is known to be associated with autophagy and may be a potential pharmacological target for OA.
In this study, we focused on 1) the anti-inflammatory and anti-ECM degradation effects of bilobalide in IL-1β-induced ADTC5 chondrocytes, and 2) its protective effects in an anterior cruciate ligament transection (ACLT)-induced rat model of post-traumatic OA (PTOA) and its underlying mechanism. This study aimed to provide new insights for the treatment of OA and lay the foundation for future clinical applications of bilobalide.
2 MATERIALS AND METHODS
2.1 Cell Culture and Treatment
ATDC5 cells were purchased from Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd. (Shanghai, China). The cells were cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12) medium (Gibco, Gaithersburg, MD, United States) containing 10% fetal bovine serum (FBS) (BI, Israel) and 1% penicillin-streptomycin (Beyotime, Nantong, China) at 37°C and 5% CO2. Insulin-transferrin-sodium selenite media supplement (ITS) (Sigma, St. Louis, MO, United States) was added to the culture medium for 14 days after cell attachment to induce differentiation into chondrogenic ATDC5 cells according to a previous method (Mengqi Zhang et al., 2020).
2.2 Cell Counting Kit-8 Assay
Bilobalide (purity ≥ 98%) was purchased from Chengdu Must Bio-technology Co., Ltd. (Chengdu, China). Requirements considered to be relevant in guidelines for best practice in natural products pharmacological research have been taken into account (Heinrich et al., 2020). Viable cell proliferation was determined using CCK-8 (APExBIO, Houston, TX, United States). Cells were seeded in 96-well plates and treated with 10 ng/ml IL-1β (Novoprotein, China) and bilobalide (0, 7.5, 15, 30, 60, and 120 μM) for 12 or 24 h. Different concentrations of bilobalide dissolved in dimethylsulfoxide (DMSO) were added to the medium, with the final concentration of DMSO not exceeding 0.05%. Following that, 10 μl of CCK-8 solution was added. After 30 min, a multi-function microplate reader (BioTEK, Winooski, VT, United States) was used to measure the absorbance at 450 nm.
2.3 Dansylcadaverine Staining
Dansylcadaverine (MDC) staining (Solarbio, China) was used to observe the formation of autophagosomes as a marker of autophagy. The MDC staining procedure was based on a previous study (Ma et al., 2021). Briefly, cells were cultured in a 6-well plate with 10 ng/ml IL-1β and 60 μM bilobalide for 24 h before being fixed with 4% paraformaldehyde for 15 min. After removing the fixative, the cells were washed with PBS and incubated with MDC dye for 60 min. Autophagosomes were observed using a fluorescence microscope (Leica, Germany).
2.4 Transmission Electron Microscopy
Autophagic vesicles were observed using transmission electron microscopy. Chondrocytes treated with 10 ng/ml IL-1β and 60 μM bilobalide were collected. The chondrocytes were fixed with 2.5% glutaraldehyde at 4°C for 24 h, then dehydrated step by step using ethanol. Following that, the samples were washed thoroughly with PBS and embedded in resin. The samples were then sectioned and stained with 2% uranyl acetate aqueous solution for 1 h in the dark. Images were captured using an H-7650 electron microscope (Hitachi, Japan).
2.5 Immunofluorescence Staining
Cells were seeded in a confocal Petri dish (35 mm), then chondrocytes were cultured with or without 10 ng/ml IL-1β and 60 μM bilobalide for 24 h. The cells were then fixed with 4% paraformaldehyde for 15 min, washed with PBS, and permeabilized with .5% Triton X-100 for 15 min. Following that, the chondrocytes were blocked with 3% BSA for 30 min before being incubated with the SIRT1 antibody (ABclonal, Wuhan, China) (1:200) at 4°C overnight. Next, the cells were incubated with the Alexa 488 Goat Anti-Rabbit IgG (H+L) antibody (APExBIO) at room temperature for 1 h. The cell nuclei were counter-stained with DAPI (Beyotime) for 10 min. Images were captured using a fluorescence microscope (Leica).
2.6 Western Blotting
Total protein was extracted from rat cartilage and ATDC5 chondrocytes using Radio Immunoprecipitation Assay (RIPA) (Beyotime) containing protease and phosphatase inhibitors (MedChemExpress, New Jersey, United States). Protein concentrations were determined using a Bicinchoninic acid (BCA) protein assay kit (Beyotime). Equal quantities of total proteins were separated by Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride membrane. After blocking with 5% bovine serum albumin (BSA) for 1 h, the membrane was incubated with the following primary antibodies overnight at 4°C: iNOS (1:1,500, ABclonal), COX-2 (1:2,000, ABclonal), MMP13 (1:2,000, ABclonal), GAPDH (1:2,000, ABclonal), p-mTOR (1:500, Wanleibio, China), mTOR (1:2,000, ABclonal), LC3 (1:2,000, Proteintech, China), p62 (1:2,000, ABclonal), p-AMPK (1:2,000, ABclonal), AMPK (1:2,000, ABclonal), and SIRT1 (1:1,000, ABclonal). Following that, the membrane was incubated with secondary antibodies (1:3,000, ZSGB-BIO, China) for 1 h. The ECL buffer (Vazyme, China) was added onto the membrane, and protein bands were visualized using the Tannon automatic gel image analysis system (China). The relative expression level of the protein was analyzed using the ImageJ software. The inhibitors, autophagy inhibitor chloroquine (CQ), AMPK inhibitor compound C, and SIRT inhibitor Selisistat (EX-527), were all purchased from MedChemExpress (United States).
2.7 Quantitative Real-Time Polymerase Chain Reaction Analysis
Total RNA was extracted using the RNA simple total RNA kit (Tiangen, China) according to the manufacturer’s instructions. Reverse transcription was performed using the ReverTra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO, Japan). Complementary DNA (cDNA) was amplified using the ChamQ Universal SYBR qPCR Master Mix (Vazyme). The expression levels of the target genes were evaluated using a relative quantification approach (2−ΔΔCT method) against β-actin levels. The forward and reverse primer sequences of all genes are listed in Table 1.
TABLE 1 | The primer sequences used in qPCR assay.
[image: Table 1]2.8 ACLT-Induced Rat Model of Post-Traumatic OA
Forty male Sprague-Dawley rats (12-weeks-old, 300–350 g) were purchased from Changchun Yisi Experimental Animal Technology Co., Ltd. (License number: SCXK-2018-007) (Changchun, China) and kept in a controlled environment (light/dark, 12/12 h; temperature 23 ± 1°C). The rats were acclimated for 1 week before experiments were carried out. The rats were randomly divided into five groups: control (sham operation and treated with a salt solution), OA (ACLT surgery to induce OA), celecoxib (2.86 mg/kg/day celecoxib [Pfizer Pharmaceutical, New York, United States] (Panahifar et al., 2014) was administered as a positive control), 5 mg/kg + Bilobalide (the OA rats treated with 5 mg/kg/day of bilobalide), and 10 mg/kg + Bilobalide (the OA rats treated with 10 mg/kg/day of bilobalide), with eight rats in each group. The ACLT-induced PTOA models for rats and animal postoperative care were established according to previous studies (Ma et al., 2020). Rats in the 5 mg/kg + Bilobalide and 10 mg/kg + Bilobalide groups received oral bilobalide daily for 6 weeks. The bilobalide dosage was based on previous studies (Heng Zhang et al., 2020; Zhao et al., 2021). After 6 weeks of treatment, the rats in each group were euthanized by intraperitoneal injection of a lethal dose of ether, and their knee joints and blood samples were taken. The blood was centrifuged at 1,000 g for 20 min at room temperature. The supernatant was collected and stored at −80°C for further analysis. The animal surgery procedure and treatments used in this study were approved by The Laboratory Animal Welfare and Ethics Committee of Northeast Agricultural University (#NEAU-2021-03-1157-6). Every effort was made to minimize animal suffering and reduce the number of animals used.
2.9 Animal Behavior Tests
2.9.1 Mechanical Sensitivity
After ACLT surgery, rats were subjected to weekly behavioral tests. Mechanical sensitivity was assessed by measuring the withdrawal thresholds of both hind paws in response to the application of von Frey filaments using the up-down method, as previously described (Katri et al., 2019).
2.9.2 Vocalizations Evoked by Extension of the Knee
The knee extension test was performed for the right leg by starting with the knee in the resting position (slightly flexed). The knee was extended while the thigh was held. The number of vocalizations that occurred during the five extensions was recorded (Im et al., 2010; Piel et al., 2014). After the habituation procedure, mechanical sensitivity and vocalizations evoked by extension of the knee were assessed before surgery and up to 6 weeks post-surgery. The behavioral tests were evaluated by two independent researchers (LL and YY). Any disagreements between the researchers were resolved by a third researcher (LG.).
2.10 Histological Assessments
All rats were killed 6 weeks after ACLT. Knee joint samples were collected, fixed in 4% paraformaldehyde for 24 h, decalcified in 10% EDTA at 4°C for several days, embedded in paraffin then sectioned into 4-lm-thick sections. For further histological analyses, hematoxylin-eosin (HE) and toluidine blue (TB) staining were performed on the sections. Histopathological features were semi-quantitatively scored according to the Osteoarthritis Research Society International (OARSI) grading system (Pritzker et al., 2006).
2.11 ELISA Detection of Rat Osteoarthritis Biomarkers
The levels of C-telopeptides of type II collagen (CTX-II), Cartilage oligomeric matrix protein (COMP), and Collagenase cleavage neopeptide (C2C) in rat serum were determined with ELISA. The ELISA kit was purchased from Shanghai Enzyme-linked Biotechnology Co., Ltd. (Mlbio, China). ELISA was performed according to the manufacturer’s instructions. Three replicate wells were used for each set of samples and the average OD value was obtained. The OD values at 450 nm were measured using a multi-function microplate reader (BioTEK). All experiments were conducted in the Heilongjiang Key Laboratory of Animals Disease Pathogenesis and Comparative Medicine.
2.12 Statistical Analysis
All statistical analyses were performed using the SPSS software (version 19.0 for Windows, Chicago, IL, United States). Results were presented as mean ± standard (SD) deviation. The data were evaluated for Gaussian distribution using the Kolmogorov–Smirnov test. All data had normal distribution and were analyzed with parametric statistics (one-way ANOVA, two-way ANOVA, paired two-tailed Student’s t-test, and unpaired two-tailed Student’s t-test). p < .05 was considered statistically significant.
3 RESULTS
3.1 Effect of Bilobalide on ATDC5 Chondrocyte Viability
The molecular structure of bilobalide is shown in Figure 1A. Bilobalide intervention for 12 h had limited cytotoxicity on ATDC5 chondrocytes (Figure 1B). However, after 24 h of intervention, bilobalide at a concentration of 120 mΜ significantly reduced ATDC5 chondrocytes viability (Figure 1C). When cells were stimulated with bilobalide for 24 h, the activity of the cells increased at a concentration of 7.5–60 μM. Therefore, bilobalide was used at 15, 30, and 60 μM in subsequent experiments, with a treatment time of 24 h.
[image: Figure 1]FIGURE 1 | The effect of bilobalide on the viability of ATDC5 chondrocytes. (A) Chemical structure of bilobalide. (B,C) Bilobalide cytotoxicity on chondrocytes at 12 and 24 h. All data were presented as mean ± SD (n = 5). *p < .05 indicates significant differences between different groups compared to the control group (Statistical analysis using one-way ANOVA and paired two-tailed Student’s t-test).
3.2 Bilobalide Inhibited IL-1β-Induced Pro-inflammatory Cytokines and MMP13 Production in ATDC5 Chondrocytes
Chondrocytes were treated with 10 ng/ml IL-1β in the presence or absence of bilobalide for 24 h. In chondrocytes, 10 ng/ml IL-1β stimulation caused an abnormal increase in inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) inflammatory factors (Figures 2A,B). However, bilobalide could antagonize those effects. In addition, bilobalide significantly inhibited the expression of the MMP13 protein (p < .05). In ATDC5 chondrocytes induced by IL-1β, 60 μM bilobalide intervention had the greatest inhibitory effect on iNOS and COX-2. The above results indicated that bilobalide could protect ATDC5 chondrocytes from IL-1β-induced inflammation by down-regulating the expression of iNOS, COX-2, and MMP13.
[image: Figure 2]FIGURE 2 | Influence of bilobalide on the IL-1β-induced inflammatory reaction in ATDC5 chondrocytes. (A,B) Western blot analysis of iNOS, COX-2, and MMP13 protein levels in chondrocytes. All data were presented as mean ± SD (n = 3). *p < .05 and **p < .01 compared to the control group; #p < .05 and ##p < .01 compared to the IL-1β group (Statistical analysis using one-way ANOVA and paired two-tailed Student’s t-test).
3.3 Bilobalide Initiates Autophagy in IL-1β-Induced ATDC5 Chondrocytes
In order to exclude autophagy induced by serum starvation (Rong et al., 2021), the DMEM/F12 medium containing 10% fetal bovine serum was consistently used in this study. Because IL-1β induction may also affect autophagy (Ge et al., 2018), the expression of the autophagy marker protein LC3II was examined at different 10 ng/ml IL-1β induction times. The results showed that after chondrocytes were exposed to 10 ng/ml IL-1β for 24 h, the expression of LC3Ⅱ protein was significantly reduced (p < .05) and there was a decrease in chondrocyte autophagy (Figures 3A,B). Therefore, based on the above experimental results and combined with the previous CCK-8 results, 10 ng/ml IL-1β was selected to treat cells for 24 h in subsequent experiments.
[image: Figure 3]FIGURE 3 | Bilobalide induces autophagy in IL-1β-induced ATDC5 chondrocytes. (A,B) Western blot analysis of LC3II protein expression after IL-1β induced cartilage for different periods. (C,D) The number of autophagosomes was observed using MDC dye under a fluorescence microscope. Magnification ×10. (E) Autophagic vesicles were observed using transmission electron microscopy. Magnification ×3000. All data were presented as mean ± SD (n = 3). ** p < 0.01 compared to the control group; #p < 0.05 and ##p < 0.01 compared to the IL-1β group (Statistical analysis using one-way ANOVA and paired two-tailed Student’s t-test).
The results of MDC staining showed that the number of autophagosomes in the IL-1β + bilobalide group increased in a dose-dependent manner compared to the control group (p < .05) (Figures 3C,D). In order to verify the initiation of autophagy, transmission electron microscopy was used to observe autophagic vesicles (Figure 3E). When IL-1β and bilobalide were both added, autophagic vesicles were abundant, including autophagosome with double-layer membranes and autophagolysosome with single-layer membranes, compared to treatment with 10 ng/ml IL-1β alone.
3.4 Bilobalide Inhibited IL-1β-Induced ATDC5 Chondrocyte Inflammation by Restoring Autophagy
Next, the expression of p-mTOR, mTOR, LC3II, and p62 in ATDC5 chondrocytes was evaluated (Figure 4A). Compared to the control group, the expression of p-mTOR and p62 increased after IL-1β stimulation (p < .05), while the expression of LC3II significantly decreased (p < .05). However, after the addition of bilobalide, the expression of p-mTOR and p62 decreased in a dose-dependent manner, while LC3II expression displayed a dose-dependent increase. These findings demonstrated that bilobalide promoted autophagy in a dose-dependent manner.
[image: Figure 4]FIGURE 4 | The effect of bilobalide on autophagy in ATDC5 chondrocytes induced by IL-1β. (A) Western blot analysis of mTOR, p-mTOR, LC3II, and p62 protein expression after treatment with 10 ng/ml IL-1β and different concentrations bilobalide for 24 h. (B) The effect of 60 μM bilobalide with different incubation periods in the presence of 10 ng/ml IL-1β on autophagy was determined through the LC3II protein using western blot. (C) The expression levels of certain autophagy-related genes (Atg genes) were evaluated using qPCR. (D,E) Chondrocytes were pretreated with 30 μM CQ. The protein levels of LC3II, p62, COX-2, and MMP13 were examined by Western blot. All data were presented as mean ± SD (n = 3). *p < .05 and **p < .01 compared to the control group; #p < .05 and ##p < .01 compared to the IL-1β group (Statistical analysis using one-way ANOVA, two-way ANOVA, paired two-tailed Student’s t-test, and unpaired two-tailed Student’s t-test).
Following that, a kinetic experiment was performed (Figure 4B). Chondrocytes were treated with 10 ng/ml IL-1β and 60 μM bilobalide at the same time for 6–48 h to determine the expression of LC3II. The expression of LC3II significantly increased after 24 h of treatment (p < .05). Autophagy induced by IL-1β in the presence of bilobalide was most prominent within 24 h. In addition, qPCR results showed that the relative level of the Atg genes significantly increased compared to the IL-1β group after treatment with 10 ng/ml IL-1β and 60 μM bilobalide for 24 h (p < .05) (Figure 4C).
3.5 Autophagy is Required for Bilobalide’s Anti-Inflammation Activity
In order to better understand the mechanism of autophagy and inflammation induced by bilobalide in ATDC5 chondrocytes, we analyzed the expression of LC3II, p62, iNOS, COX-2, and MMP13 of the 60 μM bilobalide treated group after intervention with 30 μM CQ (Figures 4D,E). The chondrocytes were divided into five groups: (I) control, (II) IL-1β, (III) Bilobalide + IL-1β, (IV) CQ, and (V) Bilobalide + IL-1β + CQ. Groups IV and V were pretreated with CQ for 1 h, then incubated with bilobalide for 24 h. The combined action of IL-1β and bilobalide resulted in significantly increased expression of the LC3II protein (p < .05), while the expression of the p62 protein was significantly inhibited (p < .05). After adding the CQ inhibitor alone, the expression of the LC3II protein was significantly reduced (p < .05), while the expression of the p62 protein was significantly increased (p < 0.05). Interestingly, the expression of LC3II and p62 in the bilobalide + IL-1β + CQ group increased compared to the bilobalide + IL-1β group. We hypothesized that CQ blocked the fusion of autophagic vesicles and lysosomes, thereby inhibiting the degradation of the LC3II and the p62 protein. In addition, bilobalide significantly inhibited the up-regulation of iNOS, COX-2, and MMP3 expression in chondrocytes induced by IL-1β, while the addition of CQ reversed the decrease in iNOS, COX-2, and MMP3 proteins caused by bilobalide.
3.6 Bilobalide Promotes Chondrocyte Autophagy by Regulating AMPK/SIRT1/mTOR Pathway
The expression of the SIRT1 protein was detected by immunofluorescence. Compared to the control group, SIRT1 expression was significantly increased after 10 ng/ml IL-1β and 60 μM bilobalide treatment (p < .05) (Figures 5A,B). Western blot analysis revealed that the expression of p-AMPK and SIRT1 increased in a dose-dependent manner compared to the control group (p < .05) (Figures 5C,D). Chondrocytes were pretreated with compound C and EX-527 to verify the activation of AMPK and SIRT1 (Figures 5E,F). In the presence of 60 μM bilobalide and 10 ng/ml IL-1β, pretreatment with compound C significantly reduced phosphorylation of AMPK (p < .05), while EX-527 significantly inhibited the expression of SIRT1 (p < .05). After 60 µM bilobalide was added, the expression of p-AMPK and SIRT1 in chondrocytes significantly increased (p < .05), but the degree of increase was decreased by the addition of compound C or EX-527, respectively. This suggested that bilobalide activated the AMPK/SIRT1 signaling pathway. In order to further explore the role of AMPK/SIRT1 in autophagy signaling, compound C or EX-527 were used to determine the protein levels of mTOR, p-mTOR, iNOS, COX-2, and MMP13 (Figures 5G,H). The results revealed that in the presence of bilobalide and IL-1β, the expression of p-mTOR, iNOS, COX-2, and MMP13 were significantly reduced (p < .05). However, the addition of compound C or EX-527 improved the reduction of p-mTOR, iNOS, COX-2, and MMP13 (p < .05). These results suggested that the AMPK/SIRT1 pathway regulates the level of phosphorylation of mTOR, thereby modulating downstream cascades related to autophagy.
[image: Figure 5]FIGURE 5 | The effect of bilobalide on the AMPK/SIRT1/mTOR signaling pathway in ATDC5 chondrocytes induced by IL-1β. (A,B) The fluorescence intensity of the Sitr1 protein was detected by immunofluorescence. (C,D) Western blot analysis of AMPK, p-AMPK, and SIRT1 protein expression after treating the cells with IL-1β and different concentrations bilobalide for 24 h (E,F) Western blot analysis of AMPK, p-AMPK, and SIRT1 protein expression after chondrocytes were pretreated with the AMPK inhibitor compound C and the SIRT1 inhibitor EX-527. (G,H) Western blot analysis of mTOR, p-mTOR,iNOS, COX-2, and MMP13 protein expression after the addition of compound C or EX-527. All data were presented as mean ± SD (n = 3). *p < .05 and **p < .01 compared to the control group; #p < .05 and ##p < .01 compared to the IL-1β group (Statistical analysis using one-way ANOVA, two-way ANOVA, paired two-tailed Student’s t-test, and unpaired two-tailed Student’s t-test).
3.7 Bilobalide Attenuates ACLT-Induced Post-Traumatic OA in Rats via AMPK/SIRT1/mTOR Pathway
Compared to the control group, the mechanical sensitivity of the rats was significantly reduced within 6 weeks of establishing the model, as seen in Figure 6A. In comparison to the OA group, the mechanical sensitivity of rats was significantly increased after the administration of 5 mg/kg and 10 mg/kg bilobalide. In the knee extension test, the number of vocalizations was also significantly reduced in rats after 6 weeks of bilobalide administration (Figure 6B).
[image: Figure 6]FIGURE 6 | Bilobalide attenuates ACLT-induced PTOA in rats via AMPK/SIRT1/mTOR pathway. (A) Mechanical sensitivity. (B) Vocalizations evoked by extension of the knee. (C) Representative images of the knee joint stained with hematoxylin-eosin (HE) and toluidine blue (TB) and OARSI scores after 6 weeks of treatment. Magnification ×10. (D–F) Western blot analysis of AMPK/SIRT1/mTOR pathway related proteins expression in rat cartilage. (G) The levels of ECM degradation biomarkers CTX-II, COMP, and C2C in the serum of rats after bilobalide intervention were determined using ELISA. All data were presented as mean ± SD (n = 3). *p < .05 and **p < .01 compared to the control group; #p < .05 and ##p < .01 compared to the IL-1β group (Statistical analysis using one-way ANOVA and paired two-tailed Student’s t-test).
The representative HE and TB images and OARSI scores of the knee joints of each group are shown in Figure 6C. The cartilage structure and layers of the control group were clear and complete, the chondrocytes were arranged neatly, and TB was evenly stained. The articular cartilage in the OA group was severely damaged, with obvious cracks appearing in the tibia and femur. Furthermore, the chondrocytes were vacuolated and arranged in clusters, and the intensity of TB staining was reduced. In the celecoxib group, the cartilage surface was rough, the surface of the femur was slightly rough, the surface chondrocytes were destroyed, the surface of the tibia was severely damaged, the inflammatory cells infiltrated to the middle layer, and the cell arrangement was disordered. Compared to the OA group, the OARSI score of the celecoxib group was significantly lower (p < .05). After treatment with bilobalide, the cartilage of the knee joint of rats was protected; the surface roughness of the femur was significantly reduced and the cell arrangement was relatively in order. In the 5 mg/kg + Bilobalide group a part of the tibia was still infiltrated by inflammation; the chondrocytes were disordered; however, the intensity of TB staining was stronger than the OA group. In the 10 mg/kg + Bilobalide group, chondrocyte hypertrophy and vacuolization were observed in the femoral area, and there was no obvious loss of chondrocytes; compared to the OA group, the OARSI score of rats after bilobalide administration was significantly reduced (p < .05).
As shown in Figures 6D,E, 6 weeks after ACLT surgery, the expression of inflammatory factors iNOS and COX-2 in the OA group was significantly increased (p < .05), while bilobalide inhibited the expression of iNOS and COX-2. Notably, 10 mg/kg bilobalide had the most significant therapeutic effect. We observed that compared with the OA group, the expression of p-AMPK and SIRT1 was significantly increased (p < .05) after bilobalide administration, while the expression of p-mTOR was inhibited by bilobalide (Figures 6D,F). This indicates that Bilobalide attenuates cartilage iNOS and COX-2 levels in PTOA rats through the AMPK/SIRT1/mTOR pathway.
The type II collagen degradation products CTX-II and C2C, and non-collagen COMP in ECM are OA biomarkers for evaluating cartilage damage. As shown in Figure 6G, the levels of CTX-II, COMP, and C2C in the serum of rats in the OA group were significantly increased compared to the control group (p < .05). The celecoxib group, as a positive control, effectively reduced the expression of three biomarkers in the serum compared to the OA group (p < .05). After 6 weeks of bilobalide intervention, the levels of CTX-II, C2C, and COMP in the serum of rats were significantly reduced (p < .05). Furthermore, 10 mg/kg bilobalide had a better effect than other groups. These findings demonstrated that bilobalide could effectively reduce the degradation of ECM in rats, thereby protecting the joints.
4 DISCUSSION
Ginkgo biloba L. extract has anti-inflammatory properties (Ilieva et al., 2004; Ye et al., 2019) and its sesquiterpene lactone compound bilobalide may have significant pharmacological effects (Goldie and Dolan, 2013). A large number of studies have confirmed that IL-1β is a pro-inflammatory factor that plays a key role in the pathological process of OA (Wang and He, 2018; Jenei-Lanzl et al., 2019). IL-1β induced increased OA-related protein expressions in a time and concentration dependent manner (Tu et al., 2019). The stimulation of IL-1β (10 ng/ml) for 24 h could induce inflammation in chondrocytes (Wang et al., 2019; Pei et al., 2021). IL-1β has been shown to induce the overproduction of iNOS and COX-2, which is directly relevant to the secretion of nitric oxide (NO) and prostaglandin E2 (PGE2) (Sheu et al., 2015). In our study, the expression of iNOS, COX-2 and MMP13 increased after 10 ng/ml IL-1β induced chondrocytes, which proved that 10 ng/ml IL-1β successfully induced chondrocyte inflammation model in vitro. In addition, bilobalide inhibited the expression of the iNOS, COX-2, and MMP13 proteins. In the rat PTOA model established by ACLT, bilobalide induced and inhibited the expression of iNOS and COX-2 in rat cartilage tissue. These results indicated that bilobalide inhibited inflammation and slowed down the degradation of chondrocyte ECM.
Pro-inflammatory cytokines and autophagy play a key role in the pathophysiology of diseases, and there is evidence to prove the cross-talk effect between autophagy and pro-inflammatory cytokines (Ge et al., 2018). IL-1β was demonstrated to trigger autophagosome formation, and they may induce autophagy as part of a negative feedback loop to limit the inflammatory response, and promote cytokine-mediated anti-microbial defense (Zhang et al., 2015). Autophagic processes can orchestrate the transcription, processing, and production of proinflammatory cytokines, serving as a negative feedback loop for the modulation of inflammatory as well as immune responses. Therefore, in order to clarify the optimal conditions under which IL-1β-induced chondrocyte autophagy cannot be detected, we set different IL-1β induction time under the premise of determining the concentration of 10 ng/ml IL-1β, and observe the influence of IL-1β time gradient on autophagy. Similarly, Rong et al. used LPS (0.5 μg/ml) to induce the RAW264.7 cell inflammation model, and detected the autophagy induced by LPS at different times (0–48 h) by Western blot, and found that the expression of LC3/p62 protein was reduced after 24 h of induction (Rong et al., 2021). It has been reported that compared with normal chondrocytes, rat chondrocytes treated with 10 ng/ml IL-1β for 24 h have observed a reduction in autophagy levels (Yan et al., 2021). Interestingly, we found that IL-1β (10 ng/ml) induced ATDC5 chondrocytes for 24 h, and the autophagy level was significantly reduced, which is consistent with previous studies (Zhou et al., 2021). We determined that 10 ng/ml IL-1β induced a significant decrease in the autophagy intensity of chondrocytes for 24 h.
Recent studies believe that autophagy is a key regulator of OA and a potential therapeutic target (Valenti et al., 2021; Tian et al., 2021). The production of LC3II is a common sign of autophagy maturation, and the scaffold protein p62 is the substrate protein of autophagy, which mainly accumulates substances that need to be degraded in the cell, reflecting the degree of autophagy degradation (Tanida, 2011). We found that the autophagosomes after the co-treatment of IL-1β and bilobalide increased significantly, indicating that chondrocyte autophagy was initiated. LC3II protein expression was significantly increased after bilobalide treatment, and phosphorylated mTOR and p62 proteins were significantly reduced, indicating that bilobalide induced chondrocyte autophagy by inhibiting the mTOR pathway, and the substances in autophagy were successfully degraded. Our results showed that the co-treatment of bilobalide and IL-1β significantly up-regulated the expression of autophagy-related genes (Atg genes). These results indicate that after mTOR phosphorylation is inhibited by upstream signals, the activated ULK1-Atg13-FIP200 complex participates in the formation of autophagic vesicles by activating Atg6, class III phosphatidylinositol 3-kinase and Atg14 complex (Yang and Klionsky, 2010). After autophagy is induced, LC3-I is bound to the highly lipophilic phosphatidylethanolamine (PE) by Atg7, Atg3, and Atg12-Atg5-Atg16L complex to produce LC3-II. Finally, PE promotes the integration of LC3-II into the lipid membrane to form autophagosomes. Among them, Atg9 played a key role in promoting the lipidation of Atg8 (Sawa-Makarska et al., 2020). Interestingly, We found that CQ effectively inhibited bilobalide-induced chondrocyte autophagy by inhibiting the degradation of LC3II and P62 protein. After CQ inhibited autophagy, the down-regulation of iNOS, COX-2 and MMP3 proteins induced by bilobalide was weakened. These findings indicated that autophagy is required for the protective effect of bilobalide in ATDC5 chondrocytes. This study discovered that the co-treatment with bilobalide and IL-1β increased the expression of p-AMPK and Srit1. However, the addition of compound C or EX-527 resulted in a lower increase in p-AMPK and Srit1. In the presence of bilobalide and IL-1β, the expression of p-mTOR, iNOS, COX-2, and MMP13 were significantly reduced, and the reduction of p-mTOR, iNOS, COX-2, and MMP13 were attenuated after the addition of compound C or EX-527. Previous studies have revealed that metformin has been shown to increase the phosphorylation level of AMPK and up-regulate SIRT1 protein expression, leading to increased chondrocyte autophagy and decreased catabolism (Wang et al., 2020), which is consistent with our findings. Furthermore, we validated that bilobalide regulates the AMPK/SIRT1 signaling pathway and reduces the expression of mTOR to activate autophagy and protect chondrocytes from damages.
The use of NSAIDs places a greater physical and financial burden on patients (Cooper et al., 2019). Therefore, it is particularly important to study natural compounds that have significant efficacy, few side effects, and can treat OA. Previous studies have shown that L-theanine can reduce the level of C2C in the serum of rats with OA induced by ACLT (Bai et al., 2020). Isorhamnetin inhibits the expression of COMP and CTX-II in MIA-induced OA rats and prevents cartilage damage (Tsai et al., 2019). In this study, we discovered that bilobalide had obvious health effects on OA. In the rat model of PTOA induced by ACLT, the pathological changes of cartilage were weakened after 6 weeks of oral administration of bilobalide, especially the protective effect on the femur. The serum levels of CTX-II, COMP, and C2C in the model group were significantly higher than the control group, indicating that degradation of type II collagen and proteoglycan in the cartilage ECM of PTOA rats led to the aggravation of OA. After bilobalide was administered, the levels of CTX-II, COMP, and C2C in the rat serum were significantly reduced, indicating that bilobalide inhibited ECM degradation and exerted chondroprotective effects. Furthermore, it was able to reduce joint pain in PTOA rats, reducing the symptoms of OA; this discovery is critical for future clinical studies.
The long-term safety of Ginkgo biloba L. extract is unclear, which limits its clinical application (Mahadevan and Park, 2008). In addition, excessive consumption of Ginkgo leaf extracts has been reported to cause occasional adverse effects, including gastrointestinal disturbances, dizziness, allergic skin reactions, headaches, excessive bleeding, and anaphylaxis-like reactions (only with intravenous administration) (Vale, 1998; Benjamin et al., 2001; De Smet, 2002; Mahadevan and Park, 2008). We discovered that bilobalide, a unique constituent of Ginkgo biloba L., up-regulates chondrocyte autophagy flux and autophagy-related genes via the AMPK/SIRT1/mTOR signaling pathway. Furthermore, it reduces the levels of iNOS, COX-2, and MMP13, and has a protective effect on ATDC5 chondrocytes (Figure 7).
[image: Figure 7]FIGURE 7 | Bilobalide reduces IL-1β-induced ATDC5 chondrocyte inflammation by activating the AMPK/SIRT/mTOR pathway, leading to chondrocyte autophagy.
This study revealed that bilobalide has significant anti-inflammatory and anti-ECM degradation effects in ACLT-induced rat PTOA, suggesting that it could delay the progression of OA caused by cartilage pathology and damage. However, the study only focused on cartilage degeneration. More studies are therefore needed to clarify the effects of bilobalide on synovial inflammation and subchondral bone remodeling. Moreover, further in vivo research is required to establish the effectiveness bilobalide in the treatment of OA. Importantly, extensive pharmacological and toxicity studies are required for the treatment of OA with bilobalide before investigating the possibility of its clinical application. Nonetheless, Our results could provide new insights regarding the protective mechanism of bilobalide on articular cartilage.
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5'-TGTGCTTCGAGATGTGTGGTT-3"
5'-ATGGAGGGGTCTAAGGCGTC-3"
5'-TCTGGGAAGCCATAAAGTCAGG-3"
5'-CCGAGGGGAGCAAATCACC-3'
5'-TGAATCAGTCCTTTGCCCCT-3"
5'-CCAGGCTCGACTTGGAGAAAA-3'
5'-GCCCAGTTGAGGATCAAACAC-3'

Reverse primer (5'-3')

5'-GCCGGACTCATCGTACTCC-3'
5'-TGGTGGACTAAGTGATCTCCAG-3'
5'-TGGGTTGTTCTTTTTGTCTCTCC-3"
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