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Reactivation of NR4A1 Restrains Chondrocyte Inflammation and Ameliorates Osteoarthritis in Rats
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Osteoarthritis (OA) is the most prevalent joint disease and uncontrolled inflammation is now recognized to play vital roles in OA development. Targeting the endogenous counterpart of inflammation may develop new therapeutic approaches in resolving inflammation persistence and treating inflammatory disease including OA. The orphan nuclear receptor 4A1 (NR4A1) is a key negative regulator of inflammatory responses but its role in osteoarthritis remains unclear. In the present study, we found that the NR4A1 expression was elevated in human osteoarthritis cartilage and in vitro OA model, which could be blocked by NF-κB signal inhibitor JSH23. The overexpression of NR4A1 inhibited, whereas knockdown of NR4A1 enhanced IL-1β induced COX-2, iNOS, MMP3, MMP9 and MMP13 expression, and luciferase reporter activity of NF-κB response element. Though NR4A1 was upregulated in inflammatory stimulation and creates a negative feedback loop, persistent inflammatory stimulation inhibited NR4A1 expression and activation. The expression of NR4A1 declined rapidly after an initial peak in conditions of chronic IL-1β stimulation, which could be partially restored by HDACs inhibitor SAHA. The phosphorylation of NR4A1 was increased in human osteoarthritis cartilage, and p38 inhibitor SB203580, JNK inhibitor SP600125 and ERK inhibitor FR180204 could significantly inhibited IL-1β induced NR4A1 phosphorylation. Reactivation of NR4A1 by its agonist cytosporone B could inhibit IL-1β induced chondrocyte inflammation and expression of COX-2, iNOS, MMP3, MMP9, and MMP13. In rat OA model, intra-articular injection of cytosporone B protected cartilage damage and ameliorated osteoarthritis. Thus, our study demonstrated that the NR4A1 is a key endogenous inhibitor of chondrocyte inflammation, which was relatively inactivated under chronic inflammatory stimulation through HDACs mediated transcriptional suppression and MAKP dependent phosphorylation in osteoarthritis. NR4A1 agonist cytosporone B could reactivate and restore the inhibitory regulatory ability of NR4A1, prevent excessive inflammation, and ameliorates osteoarthritis.
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INTRODUCTION

Osteoarthritis (OA) is the most prevalent joint disease and a leading cause of disability worldwide, affecting an estimated 10% of men and 18% of women over 60 years of age (Woolf and Pfleger, 2003). OA is characterized as progressive articular cartilage loss and remodeling of the underlying bone in the synovial joints (Goldring and Goldring, 2016). Currently, OA treatments mainly consist pain management, viscosupplementation and joint replacement, which all focus on the symptoms of advanced disease and no effective approaches available to inhibit the processes that drive OA pathology (Roos and Arden, 2015).

Osteoarthritis was once viewed as a typical non-inflammatory disease of purely mechanical cartilage degradation. Recent studies have evidenced that OA is a complex condition affecting the entire joint structure, in which prolonged inflammation and matrix proteases activation play a pivotal role (Liu-Bryan and Terkeltaub, 2015; Robinson et al., 2016; Scanzello, 2016; Berenbaum et al., 2017). A physiological inflammatory response, which is limited and localized, is beneficial in tissue repair and homeostasis restoration (Medzhitov, 2008). However, the uncontrolled chronic inflammation always results in tissue destruction and the development of inflammatory disease (Medzhitov, 2008; Afonina et al., 2017; Rathinam and Chan, 2018). Though the precise mechanism is not fully understood, the dysfunction of negative autoregulatory loops and the inactivation of the endogenous counterpart are thought to contribute significantly to onset of the runaway inflammation (Gilroy and De Maeyer, 2015; Sugimoto et al., 2016). Targeting the endogenous counterpart of inflammation may develop new therapeutic approaches in resolving inflammation persistence and treating inflammatory disease including OA (Alessandri et al., 2013).

The orphan nuclear receptor 4A1 (NR4A1, also known as NUR77, TR3, NGFI-B, or NAK-1), a member of the NR4A subfamily of nuclear receptors, is increasingly recognized as a key regulator of inflammatory responses and its downstream nuclear factor κB(NF-κB) pathway (Rodriguez-Calvo et al., 2017). The expression of NR4A1 can be rapidly induced by a variety of inflammatory stimuli through nuclear NF-κB pathway activation in monocytes and macrophages (Pei et al., 2005). The activated NR4A1 can in turn inhibit NF-κB activation via impairing p65 binding to DNA (Li et al., 2015) and directly inducing other NF-κB inhibitors expression like IκB (You et al., 2009). Although NR4A1 acts as a natural counterpart of inflammatory response in physiological conditions, it’s always down-regulated and inactivated in inflammatory and chronic diseases like neuroinflammation and fibrosis (Palumbo-Zerr et al., 2015; Shaked et al., 2015). Correcting the dysfunction of NR4A1 provided promising results in restraining uncontrolled inflammation and improving inflammatory disease outcomes.

In the present study, we demonstrated the NR4A1 as a key negative regulator for controlling NF-κB pathway in chondrocytes and osteoarthritis. Though the inflammatory stimulation induced NR4A1 expression, long-time stimulation, however, inactivated NR4A1 through HDACs dependent epigenetic slicing and mitogen-activated protein kinase (MAPK) dependent phosphorylation, resulting in the prolonged inflammatory response in chondrocytes. Reactivation of NR4A1 by its specific agonist Cytosporone B can rebalance chondrocyte inflammatory response in vitro and ameliorate osteoarthritis in vivo. Our study partially explained the mechanism of chronic chondrocyte inflammation in osteoarthritis and demonstrated NR4A1 as a potential therapeutic target for OA treatment.



MATERIALS AND METHODS


Human Sample

This study was in accordance with the Helsinki Declaration of 1975, as revised in 2000 and approved by the Ethics Committee of The Second Affiliated Hospital, School of Medicine, Zhejiang University, Hangzhou, China. Femoral head cartilage from ten osteoarthritis patients and ten femoral neck fracture patients (as normal control) who received total hip arthroplasty (THA) were collected.



Chondrocyte Isolation, Culture and Treatment

Knee cartilage harvested from 4-week-old Sprague Dawley rats was cut into 1-mm3 particles and immediately digested with 0.25% pancreatic enzymes for 30 min followed by 0.2% collagenase II on a horizontal shaker at 37°C for 4 h. The isolated chondrocytes were then filtered, centrifuged, resuspended and seeded in 25cm2 flasks. The chondrocytes were grown in low-glucose DMEM (Dulbecco’s modified Eagle’s medium):F12 1:1 with 10% FBS (fetal bovine serum), 100U/mL penicillin, and 100mg/mL streptomycin (all purchased from Gibco) at 37°C with 5% CO2. Chondrocytes were passaged when grew to approximately 90% confluence, and less than passage 3 were used in our study.

Before stimulation, chondrocytes were treated with serum free medium containing 2 mM L-glutamine (both purchased from Lonza) for 16 h. Where indicated, cells were then incubated for an additional hour in the presence of different reagents before stimulation with 10 ng/ml recombinational interleukin 1 beta (IL-1β) (R&D Systems). For protein phosphorylation level detections, IL-1β treating time was half an hour before harvesting. For lone time stimulation experiments, IL-1β treating time points were 15 min, 30 min, 1, 2, 4, 8, 24, 48, and 72 h. For nuclear protein detection, IL-1β treating time was 3 h. Otherwise, IL-1β treating time was 16–24 h. The treated cells were then lysed with either RIPA Lysis Buffer (BeyondTime) or RNAiso Plus (TAKARA) according to product instructions for western-blot analysis or real time polymerase chain reaction (RT-PCT), respectively. NF-κB inhibitor JSH23, pan-HDACs inhibitor suberoylanilide hydroxamic acid (SAHA), p38 inhibitor SB203580, JNK inhibitor SP600125 and ERK inhibitor FR180204 were obtained from selleck and the concentrations were all 10 μM except for SAHA (5 μM) in our study. NR4A1 agonist Cytosporone B was obtained from Santa cruz.



RNA Extraction and RT-PCR

Total RNA was isolated by a one-step phenol chloroformeisoamyl alcohol extraction as described by the manufacturer’s protocol. Real-time PCR analysis of genes was performed using Brilliant SYBR Green QPCR Master Mix (TakaRa) with a Light Cycler apparatus (ABI STEPONE PLUS), as described previously (Yin et al., 2010). The primer sequences used in this study are listed in Supplementary Table S1. Each real-time PCR run was performed with at least three experimental replicates, and the results are presented as target gene expression normalized to 18S.



Protein Extraction and Western Blot

Cultured cells or grinded cartilage tissue were lysed for whole protein extraction by RIPA Lysis Buffer containing protease and phosphatase inhibitors (Boster, China). For cytoplasmic and nuclear protein extraction, the Subcellular Nucleus and Cytoplasmic Protein Extraction Kit (Boster, China) was used according to the manufacture’s protocol. The samples were then separated by 10% or 12% sodium dodecyl sulfate (SDS)-polyacrylamide gels and then transferred onto nitrocellulose membranes. After blocked with 5% BSA for 1 h at room temperature, the membranes were incubated with primary antibodies at 4°C overnight and then with secondary antibodies at room temperature for 2 h. The protein bands were luminesced using PierceTM ECL Western Blotting Substrate, detected and analyzed with Bio-Rad ChemiDoc sytem. GAPDH or β-actin were used as endogenous control, and TATA box binding protein (TBP) was used as the endogenous control of nuclear protein. Antibodies used in this study were as followed: NR4A1 (abcam, 1:500), p65 (Cell Signaling Technology, 1:1000); GAPDH (Cell Signaling Technology, 1:2000), β-actin (Cell Signaling Technology, 1:2000), Cox-2 (abcam, 1:1000), iNOS (R&D, 1:1000), MMP3 (Cell Signaling Technology, 1:1000), MMP9 (abcam, 1:1000), MMP13 (Cell Signaling Technology, 1:1000), p-NR4A1 (Cell Signaling Technology, 1:1000), acetyl H4 lys8 (Cell Signaling Technology, 1:600), acetyl H3 lys27 (Cell Signaling Technology, 1:600), p-p65 (Cell Signaling Technology, 1:1000), IKBa (Cell Signaling Technology, 1:1000), p38 (Cell Signaling Technology, 1:1000), p-p38 (Cell Signaling Technology, 1:1000), ERK (Cell Signaling Technology, 1:1000), p-ERK (Cell Signaling Technology, 1:1000), JNK (Cell Signaling Technology, 1:1000), p-JNK (Cell Signaling Technology, 1:1000), TBP (Cell Signaling Technology, 1:1000). Second antibodies were purchased from Beyotime Biotechnology (China) and incubated with a concentration of 1:2000.



NR4A1 Overexpression and siRNA

Rat NR4A1 overexpression plasmid and control plasmid were purchased from Haogene Company (Hangzhou, China). NR4A1 siRNA were purchased from Genepharma Technology Co., Ltd. (Shanghai, China). The transfection of plasmid and siRNA were conducted by Lipofectamine 3000 (Thermo Fisher Scientific) according to the manufacturer’s protocol. 24 h after transfection, the medium was changed with serum free medium and IL-1β were co-incubated for another 24 h before further testing.



Luciferase Reporter Gene Assay

The pGL4.32 [luc2P/NF-κB-RE/Hygro] Vector, control vector pGL4.75[hRluc/CMV] Vector and Dual-Luciferase® Reporter Assay System were purchased from Promega Biotech Co., Ltd., Rat chondrocytes were plated in 96-well plates and allowed to grow to approximately 75% confluency. Then the luciferase reporter vectors were co-transfected with NR4A1 overexpression vector or siRNA with Lipofectamine 3000. 24 h after transfection, the medium was changed as serum free medium, and IL-1β with a final concentration of 10 ng/ml or equal volume of PBS was added. After 5 h incubation, the luciferase activities were detected with Dual-Luciferase® Reporter Assay System according to the manufacturer’s protocol. The relative luciferase activity was calculated as firefly luciferase activity/renilla luciferase activity and was normalized to negative control group.



Animal Experiments and Histological Analysis

Five sham surgeries and ten OA models were developed by simply opening joint cavity or surgical resection of the medial meniscus in SD rat (Male, 6 weeks old, specific pathogen free [SPF])knee joints as described previously (Ran et al., 2018). All the OA model animals were randomized into two groups: the experimental group (n = 5) and the control group (n = 5). One week after surgery, 50 μl of 1 μM cytosporone B (Experimental group) or equal volume of vehicle (Control group) were injected intra-articularly every week. Six weeks post operation, the animals were sacrificed and the knee samples were collected for safranin O (SO) staining. OARSI scores (Pritzker et al., 2006), which is commonly used in assessing cartilage destruction histology and the higher grades indicate more severe cartilage damage, were graded by two independent researchers to evaluate the OA severity. The animal experiments were conducted in accordance with NIH guidelines (NIH Pub. No. 85-23, revised 1996), and the protocol was approved by the Ethics Committee of The Second Affiliated Hospital, School of Medicine, Zhejiang University, Hangzhou, China.



Immunofluorescence and Immunohistochemistry

For paraffin embedded tissue samples, histological sections were prepared, deparaffinized and hydrated gradiently. For immunohistochemistry, the hydrated sections were firstly undergone heat antigen retrieval and then blocked with hydrogen peroxide for 20 min at room temperature. Thereafter, the sections were blocked with 5% BSA for 1 h at room temperature and incubated with primary antibody (NR4A1, Cell Signaling Technology, 1:100) or IgG control (Cell Signaling Technology, 1:100) over night at 4°C. Then the sections were incubated with HRP-linked secondary antibodies (Beyotime Biotechnology, 1:500) for 1 h at room temperature and 3,30-diaminobenzidine was used as a chromogenic agent. For immunofluorescence, the hydrogen peroxide blocking procedure was not conducted. After primary antibodies (NR4A1, Cell Signaling Technology, 1:100; p65, Cell Signaling Technology, 1:100) or IgG control (Cell Signaling Technology, 1:100) incubation, the sections were incubated with FITC or Cy3 linked second antibodies (Beyotime Biotechnology, 1:500) for 1 h and then stained with DAPI for 5 min before observation under the fluorescence microscope.



Statistical Analysis

All quantitative data sets are presented as mean ± SD. Student’s t-test was performed to assess statistically significant differences when comparing two groups, and 1-way ANOVA followed by Bonferroni’s post hoc test was used when comparing more than two groups. Statistical differences were performed with SPSS 20.0 version and values of p < 0.05 were considered to be significantly different.



RESULTS


NR4A1 Was Up-Regulated in Osteoarthritis Tissue Through NF-κB Signal Pathway Activation

To investigate the function and mechanism of NR4A1 in osteoarthritis, we firstly detected the expression of NR4A1 and p65 in normal and OA cartilage by western blot and RT-PCR. The results showed that NR4A1 expression was up-regulated and correlated with p65 expression in human OA cartilage (Figures 1A,B and Supplementary Figure S1). This indicated that the up-regulation of NR4A1 may associate with NF-κB signal pathway activation. IL-1β treatment was demonstrated to increase the expression of NR4A1 significantly within 24 h in rat chondrocytes in vitro, which could be reversed by NF-κB pathway antagonist JSH-23 with a concentration dependent manner (Figures 1C,D). These data revealed that the expression of NR4A1 was up-regulated through the activation of NF-κB signal pathway in osteoarthritis.
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FIGURE 1. The expression of NR4A1 is induced in osteoarthritis. (A,B) The detection of NR4A1 and p65 expression in human osteoarthritis cartilage and normal cartilage through western-blot (A) and RT-PCR analysis (B). (C,D) The effect of NF-κB signal inhibitor JSH23 on IL-1β induced NR4A1 expression in rat chondrocytes: (C) RT-PCR analysis; (D) Western-blot analysis. #p < 0.05, compared with the negative control group. *p < 0.05, compared with the IL-1β group.




NR4A1 Inhibited Chondrocytes Inflammation and Matrix Metalloproteinases (MMPs) Expression via Suppression of NF-κB Signal Pathway

Overexpression of NR4A1 could effectively inhibit IL-1β induced up-regulation of COX-2, MMP3, MMP9 and MMP13 in both protein and mRNA level in rat chondrocytes (Figures 2A–C). The luciferase reporter gene assay was then used to confirm the suppressive effect of NR4A1 on NF-κB pathway. The result showed that the relative luciferase activity driven by NF-κB response element in NR4A1 overexpression group was significantly lower than the IL-1β stimulated group (Figure 2D).
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FIGURE 2. NR4A1 could inhibit NF-κB signal and chondrocyte inflammation associated gene expression. (A–D) The overexpression experiment: The RT-PCR analysis (A) and western-blot analysis (B) of the effect of NR4A1 overexpression on IL-1β induced COX-2, iNOS, MMP3, MMP9, MMP13 expression in rat chondrocytes. (C) Quantity analysis of the protein bands in panel (B). (D) Luciferase reporter gene analysis to detect the transcriptional activity of NF-κB pathway. (E–H) The siRNA experiment: The RT-PCR analysis (E) and western-blot analysis (F) of the effect of NR4A1 knockdown on IL-1β induced COX-2, iNOS, MMP3, MMP9, MMP13 expression in rat chondrocytes. (G) Quantity analysis of the protein bands in panel (F). (H) Luciferase reporter gene analysis to detect the transcriptional activity of NF-κB pathway. *p < 0.05.


On the contrary, the knockdown of NR4A1 by siRNA transfection before IL-1β treatment resulted in higher expression of COX-2, iNOS, MMP3, MMP9, and MMP13 genes than IL-1β treatment alone in rat chondrocytes (Figures 2E–G). The relative luciferase activity driven by NF-κB response element was significantly elevated in the NR4A1 knockdown group (Figure 2H).

These results demonstrated NR4A1 as a natural negative feedback regulator of NF-κB signal pathway and could suppress chondrocyte inflammation associated genes expression.



NR4A1 Was Relatively Inactivated in Osteoarthritis Through HDACs Mediated Transcriptional Suppression and MAPK Dependent Phosphorylation

The intensity and distribution of the expression of NR4A1 in rat OA model and human OA cartilage samples were further investigated. The immunohistochemistry revealed that the NR4A1 positive rate was increased in human OA cartilage and it’s interesting that the positive rate in the central area of erosion was lower than that in the peripheral area where the cartilage structure remained relatively normal (Figure 3A). Similar results were observed in rat OA model samples by the immunofluorescence analysis. In the central area of rat OA cartilage, the expression of p65 was highly elevated and the expression of NR4A1 was moderately increased. However, in the peripheral area of rat OA cartilage, where normal cartilage structure remained, the expression of p65 was moderately elevated whereas the expression of NR4A1 was highly increased (Figure 3B). These results supposed that NR4A1 signaling might be impaired in osteoarthritis and persistently inflammatory stimulation could result in the inactivation of NR4A1 response.
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FIGURE 3. The NR4A1 is relatively inhibited in the central area of OA. (A) Human normal and OA samples. The upper row: SO staining, scale bar = 1 mm. The Lower row: Immunohistochemistry (IHC) against NR4A1, scale bar = 50 μm. (B) Rat OA models. Yellow dotted box: relatively normal area in OA joint. Purple dotted box: the central area of OA joint. Scale bar = 100 μm.


Thus, we exposed rat chondrocytes to chronic IL-1β for prolonged periods in vitro and the results showed that the mRNA and protein level of NR4A1 declined rapidly after an initial peak (Figures 4A,B). Since histone acetylation may participate in regulation NR4A1 expression (Palumbo-Zerr et al., 2015), we detected the acetylated level at histone 4 (H4) lys8 and histone 3 (H3) lys27 in rat chondrocytes under chronic IL-1β stimulation by western-blot. The results showed that the acetylated level in both H4 lys8 and H3 lys27 increased dramatically after IL-1β treatment and dropped rapidly ever since (Figure 4B). We further investigated the dynamic mRNA expression of representative histone deacetylases (HDACs) and found that HDAC 1,2,3,4,5,6,10 were upregulated under long-term IL-1β treatment (Figure 4C). The pan-HDAC inhibitor SAHA could prevent the lower degree of NR4A1 expression under chronic stimulation of IL-1β (Figure 4D).
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FIGURE 4. NR4A1 was relatively inactivated in osteoarthritis through HDACs mediated transcriptional suppression and MAKP dependent phosphorylation. (A,B) The expression of NR4A1 in conditions of chronic NF-κB signal activation. (A) The mRNA level. (B) The protein level of NR4A1, phosphorylated NR4A1, acetyl H4 lys8 and acetyl H3 lys27. Chondrocytes treated with 10 ng/ml IL-1β for different time were collected for the detection. nc, negative control. (C) The dynamic expression of HDACs under chronic NF-κB signal activation; *p < 0.05 compared with negative control at the same time point. (D) The effect of HDAC inhibitor SAHA (5 μM) on the NR4A1 expression, acetyl H4 lys8 and acetyl H3 lys27 after 72 h IL-1β treatment. (E) The effect of p38 inhibitor SB203580, JNK inhibitor SP600125 and ERK inhibitor FR180204 on NR4A1 phosphorylation. (F) The NR4A1 and phosphorylated NR4A1 level in human osteoarthritis and normal cartilage tissues. (G) The effect of p38 inhibitor SB203580, JNK inhibitor SP600125 and ERK inhibitor FR180204 on NR4A1 subcellular location.


The phosphorylation of NR4A1 is another important regulatory mechanism that reduces the transcriptional activity and inhibitory ability against NF-κB signal (Li et al., 2015). We detected that NR4A1 was highly phosphorylated in human OA cartilage tissue (Figure 4F). NR4A1 phosphorylation could be induced by IL-1β treatment in vitro (Figures 4B,E), which was significantly inhibited by p38 inhibitor SB203580, JNK inhibitor SP600125 and ERK inhibitor FR180204 (Figure 4E). Moreover, the cytoplasmic NR4A1 increased under IL-1β stimulation, whereas JNK inhibitor SP600125 and ERK inhibitor FR180204 decreased the cytoplasmic NR4A1 and increased nuclear NR4A1 (Figure 4G).

These results suggested that chronic IL-1β stimulation in osteoarthritis inactivates the physiologic NR4A1 negative feed-back loop by HDAC-mediated epigenetic silencing and MAPK- dependent phosphorylation.



Reactivation of NR4A1 by Cytosporone B Attenuates Chondrocyte Inflammation and OA Development in vitro and in vivo

At last, we accessed the effect and mechanism of NR4A1 agonist cytosporone B on chondrocytes inflammation and OA development. The results showed that cytosporone B could significantly inhibit IL-1β induced COX-2, iNOS, MMP3, MMP9 and MMP13 expression in a concentration dependent manner (Figures 5A,B). Further investigation revealed that cytosporone B significantly reduced the IL-1β induced phosphorylation of NR4A1 through the inhibition of p38, JNK and ERK phosphorylation. The phosphorylation of p65 and degradation of IKBa were also partially restrained by cytosporone B (Figure 5C). We also found that 1 μM cytosporone B could significantly decrease the cytoplasmic NR4A1 and increase the nuclear NR4A1 (Figure 5E). In the rat OA model, the SO staining demonstrated that the articular injection of cytosporone B exhibited decreased cartilage destruction, attenuated OA severity and significantly lower OARSI score (p < 0.05) (Figures 5D,F).
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FIGURE 5. Cytosporone B reactivated NR4A1 and attenuated chondrocyte inflammation and OA development in vitro and in vivo. (A,B) The effect of cytosporone B on IL-1β induced COX2, iNOS, MMP3, MMP9 and MMP13 expression. (A) Protein level. (B) mRNA level. (C) The effect of cytosporone B on NR4A1 phosphorylation, NF-κB signal activation and MAPK pathway activation. (D) SO staining of sham surgery and rat knee joint OA model treated with 1 μM cytosporone B or vehicle. Scale bar = 500 μm (upper), 250 μm (lower). (E) The effect of 1 μM cytosporone B on NR4A1 subcellular location. (F) OARSI scores of each group. *p < 0.05.




DISCUSSION

In the present study, we demonstrated that NR4A1 was a key checkpoint for inflammatory response and the failure of its negative regulatory ability existed in advanced osteoarthritis. NF-κB signaling, a central pathway of inflammatory response, plays vital roles in immune defense and tissue injury repair (Chen and Nunez, 2010; Rathinam and Chan, 2018). However, the persistent activation of inflammatory response and NF-κB signaling always results in tissue dysfunction and destruction (Afonina et al., 2017; Zhang et al., 2017). Our results demonstrated that transit NF-κB signal activation induced NR4A1 expression, which in turn blocks the uncontrolled and prolonged activation of NF-κB signal and prevent chondrocyte inflammation. However, persistent NF-κB activation relatively inhibited NR4A1 expression through HDAC mediated epigenetic silencing. On the other hand, the activation of NF-κB phosphorylated NR4A1 in a MAPK dependent mechanism and weakened the inhibitory effect of NR41. Thus, NR4A1 was relatively inactivated in osteoarthritis and thereby the NF-κB signal got out of the physiological negative regulation by NR4A1. The reactivation of NR4A1 by its agonist cytosporone B could prevent chondrocyte inflammation and ameliorate osteoarthritis in vitro and in vivo (Figure 6).
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FIGURE 6. The schematic diagram of the regulatory role of NR4A1 in chondrocyte inflammation and osteoarthritis. NR4A1 acts as an endogenous inhibitor of p65 and suppresses chondrocyte inflammation. However, NR4A1 was relatively inactivated in osteoarthritis through HDACs mediated transcriptional suppression and MAPK dependent phosphorylation. Cytosporone B can reactivate NR4A1 and attenuate chondrocyte inflammation.


As a rapid response regulator, the NR4A1 has a low baseline expression level and can be rapidly and highly induced by a variety of stimulations including inflammation. NR4A3, another member of the NR4A subfamilies, has been proved to plays a pro-inflammatory role in the development of OA via the NF-κB pathway (Ma et al., 2020). However, the role and mechanism of NR4A1 in chondrocyte inflammation and OA progress was not fully investigated. Through a genome-wide survey, Diatchenko L et al. demonstrated that NR4A1 is one of the most effective endogenous inhibitor of NF-κB signal in monocytes (Diatchenko et al., 2005). In inflammation-associated diseases like coronary atherosclerosis (You et al., 2009; Bonta et al., 2010), tumor (Lee et al., 2011; To et al., 2012) and neurodegenerative disease (Montarolo et al., 2016; Wei et al., 2016), NR4A1 was proved to be up-regulated and approaches targeting NR4A1 could partially ameliorate disease progression. In the present study, our data revealed that the expression of NR4A1 was also elevated in osteoarthritis cartilage tissue through the activation of NF-κB signal pathway. In vitro overexpression and knockdown experiments demonstrated that NR4A1 could inhibit the p65 transcriptional ability and prevent the IL-1β induced MMPs expression in chondrocytes, thus indicating a protective role of NR4A1 in osteoarthritis. Interestingly, the upregulation of NR4A1 expression in situ was out of expectation that the NR4A1 was relatively suppressed in the central area of OA cartilage where the tissue damage was more severe. This phenomenon enlightened that the regulation of NR4A1 expression and activation was complex in OA.

Unlike other nuclear receptors, whose structure typically consists a C-terminal ligand-binding domain (LBD), a central DNA binding domain, and an N-terminal activation function 1 domain (Mangelsdorf et al., 1995), the LBD of NR4A1 is atypical and thought to be unable to directly mediate cofactor recruitment (Wansa et al., 2002). Therefore, the regulation of NR4A1 mainly includes transcriptional regulation and phosphorylation regulation. Katrin Palumbo-Zerr et al. firstly reported the distinct effects of transit and persistent TGF-β signal stimulation on NR4A1 where transit stimulation promoted NR4A1 expression and long-term stimulation inhibited NR4A1 expression and activation (Palumbo-Zerr et al., 2015). Our result confirmed a similar regulation pattern that transit inflammatory stimulation significantly induce NR4A1 expression through the activation of NF-κB signal whereas the long-term stimulation also promoted HDACs expression and thus inhibited the NR4A1 expression. Our results were consistent with previous studies that HDAC inhibitors could restore the expression of silenced NR4A1 in pathological condition (Zhou et al., 2013; Palumbo-Zerr et al., 2015). The phosphorylation of NR4A1, which leads to the inactivation and cytoplasmic translocation of NR4A1, is another important regulation mechanism. The MAPK kinase p38, ERK and JNK were demonstrated to phosphorylate NR4A1 in other cell lines (Liu et al., 2007; Wang et al., 2009; Li et al., 2015). Our previous study has revealed that the inflammatory stimulation phosphorylated and activated MAPK p38, ERK and JNK in chondrocytes (Ran et al., 2018). In the present study, we observed that NR4A1 was phosphorylated in osteoarthritis tissue or through in vitro inflammatory stimulation, which was significantly blocked by p38, ERK and JNK inhibitors. Thus inflammation could phosphorylate and inactivate NR4A1 in osteoarthritis through the activation of MAPK pathway.

Despite the anti-inflammatory function, NR4A1 was also recognized to be able to bind to mitochondria and promote apoptosis and death (Wenzl et al., 2015; Herring et al., 2019). The opposite effects on cell inflammation and survival reminded us that NR4A1 was subtly regulated and may play different roles in different cell types or the same cell type but under different circumstance. Shi et al. (2017) found that the upregulated NR4A1 in OA was mostly located in mitochondria and knockdown of NR4A1 could decrease the cleaved PARP1 expression and avoid apoptosis of OA chondrocytes. Zheng et al. (2020) also revealed that NR4A1 promotes TNF-α-induced chondrocyte death via activating mitochondrial fission. These reports seemed to indicate that NR4A1 acted as a harmful factor in OA. However, previous studies demonstrated that the phosphorylation state is a crucial factor that regulating NR4A1 location and function (Wang et al., 2009; Li et al., 2015). Phosphorylation of NR4A1 will lead to its translocation from the nuclear to the mitochondria and promoting apoptosis (Wang et al., 2009; Hedrick and Safe, 2017; Hedrick et al., 2018), and also abolish the suppressive function on NF-κB pathway activation (Li et al., 2015). Our study demonstrated that NR4A1 was highly phosphorylated in OA chondrocytes, which could explain the mitochondria translocation observed in Xinge’s research (Shi et al., 2017). Thus, it’s the phosphorylation and inactivating of NR4A1, rather than the protein expression, that lead to chondrocyte apoptosis and death. Our study also demonstrated that dephosphorylation and reactivation of NR4A1 could inhibit its cytoplasmic accumulation and restore the anti-inflammation ability without incensement of apoptosis.

Up to now, the endogenous ligand of NR4A1 was still not identified. Several small molecules have been proved to directly regulate NR4A1 activity. Cytosporone B (Zhan et al., 2008) and ethyl [2,3,4-trimethoxy-6-(i-octanoyl) phenyl] acetate (TMPA) (Zhan et al., 2012) could activate whereas 1-(3,4,5-trihydroxyphenyl) nonan-1-one (THPN) (Wang et al., 2014) and bis-indole derived compounds (Hedrick et al., 2019; Karki et al., 2020) could inhibit NR4A1. In our study, we confirmed that cytosporone B could reactivate NR4A1 under inflammatory stimulation through the inhibition of NR4A1 phosphorylation, which enhanced the endogenous inhibitory regulatory loop of NF-κB signal and reduce the MMPs expression and chondrocytes inflammation. The mechanism that cytosporone B regulates NR4A1 depends on a direct contact to the ligand binding domain, which was close to the phosphorylation residues in the crystal structure (Zhan et al., 2008), thus may also influence its phosphorylation. Besides, MAPKs showed abilities to phosphorylate NR4A1 (Figure 4E) and cytosporone B could also decreased p38 phosphorylation without apparent influences on JNK and ERK phosphorylation (Figure 5C), so cytosporone B may also inhibit NR4A1 phosphorylation thorough a p38 dependent manner. Though the NR4A1 agonist showed therapeutic effects of OA in vivo and in vitro, the potential side effects should be considered. High dose cytosporone B (over 10 μM) induced mitochondria translocation and subsequent apoptosis and exhibited anti-tumor effects in tumor cells (Cho et al., 2007; Zhan et al., 2008), however, clinically relevant concentration of cytosporone B did not increase apoptosis in non-tumor cells (Palumbo-Zerr et al., 2015). In our study, 1 μM cytosporone B treatment didn’t promote NR4A1 cytoplasmic translocation but inhibited the IL-1β induced phosphorylation and cytoplasmic accumulation in chondrocytes. The different effects on NR4A1 subcellular locations may because of the different concentrations of cytosporone B and the different cell types, however, the exact mechanism remains unclear. The therapeutic concentration of cytosporone B (0.1–1 μM) in our study was over 10 fold lower than the anti-tumor concentration and chondrocytes apoptosis was not obviously observed under 1 μM cytosporone B treatment.

Though our study gave promising results, there’re some limitations. Because of the lack of human heathy chondrocytes, the cells used in our study are mainly rat chondrocytes, which may not to fully mimic the characteristics of human cartilage. Since there’s currently no consensus model for OA, we developed the OA model by surgical resection of medial meniscus in rats, which was the most commonly used in OA researches. However, this OA model may not naturally reflect human disease. Further studies in large animal model regarding the effectiveness and safety of NR4A1 activation in treating OA are needed, which may help to promote the potential clinic translation.

In conclusion, we demonstrated that the NR4A1 is a key endogenous inhibitor of chondrocyte inflammation, which was relatively inactivated under chronic inflammatory stimulation through HDACs mediated transcriptional suppression and MAKP dependent phosphorylation in osteoarthritis. NR4A1 agonist cytosporone B could reactivate and restore the inhibitory regulatory ability of NR4A1, prevent excessive inflammation, and ameliorates osteoarthritis.
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