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            Abstract
Osteoarthritis—the most common form of age-related degenerative whole-joint disease1—is primarily characterized by cartilage destruction, as well as by synovial inflammation, osteophyte formation and subchondral bone remodelling2,3. However, the molecular mechanisms that underlie the pathogenesis of osteoarthritis are largely unknown. Although osteoarthritis is currently considered to be associated with metabolic disorders, direct evidence for this is lacking, and the role of cholesterol metabolism in the pathogenesis of osteoarthritis has not been fully investigated4,5,6. Various types of cholesterol hydroxylases contribute to cholesterol metabolism in extrahepatic tissues by converting cellular cholesterol to circulating oxysterols, which regulate diverse biological processes7,8. Here we show that the CH25H–CYP7B1–RORα axis of cholesterol metabolism in chondrocytes is a crucial catabolic regulator of the pathogenesis of osteoarthritis. Osteoarthritic chondrocytes had increased levels of cholesterol because of enhanced uptake, upregulation of cholesterol hydroxylases (CH25H and CYP7B1) and increased production of oxysterol metabolites. Adenoviral overexpression of CH25H or CYP7B1 in mouse joint tissues caused experimental osteoarthritis, whereas knockout or knockdown of these hydroxylases abrogated the pathogenesis of osteoarthritis. Moreover, retinoic acid-related orphan receptor alpha (RORα) was found to mediate the induction of osteoarthritis by alterations in cholesterol metabolism. These results indicate that osteoarthritis is a disease associated with metabolic disorders and suggest that targeting the CH25H–CYP7B1–RORα axis of cholesterol metabolism may provide a therapeutic avenue for treating osteoarthritis.
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                    Fig. 1: OA chondrocytes show increased cholesterol levels via enhanced uptake.


Fig. 2: Upregulation of the cholesterol hydroxylases CH25H and CYP7B1 and production of their oxysterol metabolites in OA chondrocytes.


Fig. 3: CH25H and CYP7B1 regulate pathogenesis of OA in mice.


Fig. 4: RORα mediates pathogenesis of cholesterol metabolism-induced OA.



                


                
                    
                
            

            
                Data availability

              
              Microarray data have been deposited in the Gene Expression Omnibus under accession codes GSE104793 (for IL-1β), GSE104794 (for HIF-2α), and GSE104795 (for ZIP8). Source Data for the Figures and Extended Data Figures are provided in the online version of the paper. Uncropped images of western blots and gels are available in the Supplementary Information.
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Extended data figures and tables

Extended Data Fig. 1 OA-associated catabolic signalling increases cholesterol uptake in chondrocytes.
a, Mice fed a regular diet (RD) or HCD were subjected to sham operation or DMM surgery. Left to right, safranin-O staining, scoring of cartilage destruction (OARSI grade), osteophyte maturity, subchondral bone plate (SBP) thickness (n = 10) and serum cholesterol levels (n = 5). b, c, Cholesterol levels in chondrocytes treated with IL-1β or TNFα for 36 h or infected for 36 h with Ad-C (800 MOI), Ad-HIF-2α or Ad-ZIP8 (b). Levels of Hif2a (also known as Epas1) and Zip8 (also known as Slc39a8) mRNA in adenovirus-infected chondrocytes (c). n = 8 each. d, Cholesterol levels in chondrocytes treated with IL-1β (5 ng ml−1) and the cholesterol synthesis inhibitors triparanol (TP) or atorvastatin (AV) for 36 h (n = 9). e, mRNA levels of proteins involved in cholesterol synthesis and efflux in chondrocytes treated with IL-1β or TNFα (n = 5) or in damaged regions of human OA (versus undamaged regions, n = 4) and DMM-operated cartilage (versus sham operation, n = 5). f, Characteristics of individuals with OA from whom cartilage samples were taken. g, Representative images (n = 5) of LOX1 expression, NBD-cholesterol uptake, and DIO-oxLDL uptake in chondrocytes treated with control or Lox1 siRNA with or without IL-1β or TNFα, or infected with 800 MOI of Ad-C, Ad-HIF-2α or Ad-ZIP8. Means ± 95% CI with Mann–Whitney U test for OARSI grade and osteophyte maturity; means ± s.e.m. with two-tailed t-test for SBP thickness and cholesterol levels (a). Means ± s.e.m. with one-way ANOVA and Bonferroni test (b, c, d) and means ± s.e.m. with two-tailed t-test (e). n indicates the number of biologically independent samples or mice per group. Exact P values (for P < 0.001) can be found in the accompanying Source Data. Scale bar, 25 μm.

                          Source data
                        


Extended Data Fig. 2 Upregulation of CH25H and CYP7B1 in OA chondrocytes.
a–c, Microarray analysis of cholesterol metabolism-related genes in chondrocytes treated with IL-1β, Ad-C (control), Ad-HIF-2α or Ad-ZIP8. a, Fold changes in mRNA levels versus those in vehicle or Ad-C-infected cells (n = 4). b, Heat maps (left, IL-1β; centre, Ad-HIF-2α; right, Ad-ZIP8) of genes involved in cholesterol metabolism and metabolic pathways of bile acid synthesis in the liver. c, PPI network based on CH25H and CYP7B1. Nodes and links represent protein-encoding genes and their interactions, respectively. Genes shown in red and blue indicate those annotated as upregulated and downregulated, respectively, in the PPI network. d, e, mRNA levels (d) and representative RT–PCR gel images (e) in chondrocytes treated with IL-1β or TNFα, or infected with Ad-C (800 MOI; left), Ad-HIF-2α (middle) or Ad-ZIP8 (right; n = 5). f, Safranin-O staining and immunostaining of the indicated proteins in mice that underwent intra-articular injection of Ad-HIF-2α or Ad-ZIP8 (n = 7). Means ± s.e.m. with one-way ANOVA and Bonferroni test. n indicates the number of biologically independent samples or mice per group. Exact P values (for P < 0.001) can be found in the accompanying Source Data. For gel source data, see Supplementary Fig. 1. Scale bars, 25 μm.

                          Source data
                        


Extended Data Fig. 3 Production of oxysterols in chondrocytes stimulated with OA-associated catabolic signalling.
a, b, Chondrocytes were treated with IL-1β or TNFα, or infected with 800 MOI of Ad-C, Ad-CH25H, Ad-CYP7B1, Ad-HIF-2α or Ad-ZIP8. The amounts of 25-HC (a) and 7α,25-HC (b) were measured using HPLC–MS/MS (n = 4 biologically independent samples). Representative peak areas of endogenous oxysterols and corresponding internal standards are shown.


Extended Data Fig. 4 CH25H regulates OA pathogenesis in mice.
a, b, Representative images of CH25H immunostaining (a) and safranin-O staining (b) in mice that underwent intra-articular injection of Ad-C or Ad-CH25H once weekly for 3 weeks (n = 12 mice per group). c, Representative immunostaining of CH25H in cartilage sections of 20-week-old wild-type and Ch25h−/− (KO) mice (n = 12 per group). d, Staining of whole skeleton, hindlimbs and forelimbs, and the length of the indicated bones, in wild-type (n = 6) and Ch25h−/− (n = 12) mice. e, Staining of growth plates in metatarsal bones, along with the lengths of the indicated zones, from Ch25h−/− mice and wild-type littermates (n = 20 mice per group). f, Representative immunostaining images of CH25H, DIPEN and NITEGE in Ch25h−/− and wild-type littermates subjected to sham or DMM surgery (n = 8 mice per group). g, OA parameters quantified 8 and 12 weeks after Ch25h−/− and wild-type littermates were subjected to sham operation (n = 8 mice) or DMM surgery (n = 12 mice). h, Wild-type and Ch25h−/− mice fed regular diet or HCD were subjected to sham or DMM operations, with OA parameters quantified at 4 (n = 8 mice for sham and 6 mice for DMM) and 6 weeks (n = 9 mice for sham and 9 mice for DMM). i, von Frey (n = 10 mice per group) and hot-plate (n = 15 mice per group) pain assays in DMM-operated Ch25h−/− and wild-type mice at the indicated times after operation. Means ± s.e.m. with two-tailed t-test (d, e). Means ± 95% CI with Mann–Whitney U test for OARSI grade, osteophyte maturity and von Frey assay; means ± s.e.m. with two-tailed t-test for SBP thickness and hot-plate assay (g−i). Exact P values (for P < 0.001) can be found in the accompanying Source Data. Scale bars, 25 μm.

                          Source data
                        


Extended Data Fig. 5 CYP7B1 regulates OA pathogenesis in mice.
a, b, Wild-type mice underwent intra-articular injection of Ad-C or Ad-CYP7B1 and were killed three weeks later. Representative images of CYP7B1 immunostaining (a) and safranin-O staining (b). n = 9 mice per group. c, d, Sham- or DMM-operated mice underwent intra-articular injection of Ad-shControl or Ad-shCyp7b1, and were killed 8 or 12 weeks later. Representative immunostaining images of CYP7B1 in cartilage sections (c) and quantification of OA parameters (d). n = 10 mice for sham and 13 mice for DMM. e, Sham- or DMM-operated mice fed regular diet or HCD underwent intra-articular injection of Ad-shControl or Ad-shCyp7b1. The mice were killed four or six weeks after the operation, and OA parameters were quantified (n = 10 mice for sham and 11 mice for DMM). f, g, Pain assays. Sham- or DMM-operated mice underwent intra-articular injection of Ad-shControl or Ad-shCyp7b1 (n = 9 mice per group) and were subjected to von Frey (f) and hot-plate (g) assays. Means ± 95% CI with Mann–Whitney U test for OARSI grade, osteophyte maturity and von Frey assay; means ± s.e.m. with two-tailed t-test for SBP thickness and hot-plate assay (d–g). Exact P values (for P < 0.001) can be found in the accompanying Source Data. Scale bars, 25 μm.

                          Source data
                        


Extended Data Fig. 6 Cholesterol metabolism regulates the expression of matrix-degrading enzymes in chondrocytes.
a, b, Mouse articular chondrocytes in primary culture were treated for 36 h with MβCD-cholesterol, 25-HC or 7α,25-HC. Alternatively, chondrocytes were infected with 800 MOI of Ad-C, Ad-CH25H or Ad-CYP7B1. a, Relative mRNA levels (fold change against control) of the indicated molecules were quantified by qRT–PCR analysis (n = 6 biologically independent samples). b, Western blots of secreted MMP3 and MMP13 in the culture supernatants of chondrocytes (n = 5 biologically independent samples). c, Representative immunostaining of MMP3 and MMP13 in cartilage from sham- or DMM-operated wild-type and Ch25h−/− mice (left) and DMM-operated wild-type mice that received intra-articular injection of Ad-shControl or Ad-shCyp7b1 (right; n = 8 mice per group). d, e, Detection of aggrecan neoepitopes in the cartilage of mice that received intra-articular injection of Ad-C, Ad-CH25H or Ad-CYP7B1 (d; n = 8 mice per group) and sham- or DMM-operated mice fed regular diet or HCD (e, n = 10 mice per group). Means ± s.e.m. with two-tailed t-test. Exact P values (for P < 0.001) can be found in the accompanying Source Data. Scale bars, 25 μm.

                          Source data
                        


Extended Data Fig. 7 RORα is a downstream mediator of cholesterol metabolism in chondrocytes.
a, mRNA levels of putative oxysterol-binding nuclear receptors in chondrocytes treated with IL-1β, TNFα, cholesterol, 25-HC or 7α,25-HC for 36 h (n = 5), in damaged regions of cartilage from humans with OA (versus undamaged regions; n = 4), and in cartilage from DMM-operated mice (versus sham-operated mice; n = 5). b, RT–PCR and qRT–PCR (n = 5) analyses of ROR isoforms in chondrocytes treated with IL-1β or TNFα for 36 h. c, d, Representative immunostaining images of RORα and RORγ in damaged and undamaged regions of cartilage from the same patient (c; n = 10) and sham- or DMM-operated mice (d; n = 7). e, Left, saturation fluorescent polarization assays assessing the binding of 22-NBD cholesterol (200 nM) to increasing amounts of full-length recombinant RORα protein. Right, competition fluorescent polarization assays to determine the competition of the indicated concentrations of cholesterol, 25-HC, and 7α,25-HC with 22-NBD cholesterol (200 nM) for binding to full-length recombinant RORα protein (5 nM; n = 4). f, qRT–PCR analysis of the indicated molecules in chondrocytes infected with Ad-RORα (n = 5). g, ChIP assays for RORα binding to the promoter of each target gene in chondrocytes infected with 800 MOI of Ad-C (C) or Ad-RORα (R) (n = 5). Means ± s.e.m. with two-tailed t-test (a) and with one-way ANOVA and Bonferroni test (b, f). n indicates the number of biologically independent samples, mice per group, or human specimens. Exact P values (for P < 0.001) can be found in the accompanying Source Data. For gel source data, see Supplementary Fig. 1. Scale bars, 25 μm.

                          Source data
                        


Extended Data Fig. 8 RORα overexpression enhances experimental OA in mice.
a, Representative immunostaining images of RORα and the aggrecan neoepitopes DIPEN and NITEGE in cartilage of mice that received intra-articular injection of Ad-C or Ad-RORα (n = 5 mice per group). b, Representative immunostaining images of RORα in knee joint sections of transgenic and wild-type mice (n = 4 mice each). c, Transgenic and wild-type mice were subjected to sham operation or DMM surgery. Representative safranin-O staining images of joint sections (left) and quantification of OARSI grade, osteophyte maturity and SBP thickness (right; n = 6 mice per group), 6 weeks after sham operation or DMM surgery. Means ± 95% CI with Mann–Whitney U test for OARSI grade and osteophyte maturity; means ± s.e.m. with two-tailed t-test for SBP thickness. Exact P values (for P < 0.001) can be found in the accompanying Source Data. Scale bars, 25 μm.

                          Source data
                        


Extended Data Fig. 9 Regulation of OA pathogenesis by RORα.
a–c, Whole-skeleton staining (a), staining of hindlimbs and forelimbs and lengths of the indicated bones on postnatal day 1 in RoraSg/+ and wild-type mice (b; n = 6 each), and representative microCT images of the tibia and the length of the indicated region in 4-month-old RoraSg/+ and wild-type mice (c; n = 8 each). d, Representative immunostaining images of RORα in cartilage sections from DMM-operated RoraSg/+ and wild-type mice (n = 5 each). e, Quantification of OA manifestations 8 (n = 6 mice for sham and 7 mice for DMM) or 12 (n = 5 each) weeks after sham or DMM surgery in RoraSg/+ and wild-type mice. f, RoraSg/+ and wild-type mice fed regular diet or HCD were subjected to sham or DMM surgery, and OA parameters were quantified after 4 (n = 6 each) or 6 (n = 5 each) weeks. g, h, Safranin-O staining and scoring of OARSI grade in mice that underwent intra-articular injection of Ad-RORα with vehicle or SR3335, or sham- or DMM-operated mice that underwent intra-articular injection of vehicle or SR3335 (n = 5 mice each). i, mRNA levels of indicated molecules in chondrocytes treated with cholesterol for 36 h or infected with Ad-C, Ad-CH25H or Ad-CYP7B1 for 36 h in the presence of the indicated concentrations of SR3335 (n = 6 mice per group). Means ± s.e.m. with two-tailed t-test (b, c). Means ± 95% CI with Mann–Whitney U test for OARSI grade and osteophyte maturity; means ± s.e.m. with two-tailed t-test for SBP thickness (e–h). Means ± s.e.m. with one-way ANOVA and Bonferroni test (i). Exact P values (for P < 0.001) can be found in the accompanying Source Data. Scale bars, 25 μm.

                          Source data
                        


Extended Data Fig. 10 Regulation of cholesterol metabolism by OA-associated catabolic signalling in FLSs and Raw264.7 cells.
a, Total cholesterol levels in FLSs treated with IL-1β (1 ng ml−1, 36 h) or TNFα (50 ng ml−1, 36 h) or infected with 800 MOI of Ad-C, Ad-HIF-2α or Ad-ZIP8 for 36 h (n = 6). b, mRNA levels in FLSs treated with IL-1β or TNFα or infected with Ad-HIF-2α or Ad-ZIP8 (n = 6). c, mRNA levels of the indicated molecules in FLSs treated with cholesterol or infected with Ad-CH25H, Ad-CYP7B1 or Ad-RORα (n = 6). d, Total cholesterol levels in Raw264.7 cells treated as in a (n = 7). e, mRNA levels of the indicated molecules in Raw264.7 cells treated with IL-1β or TNFα or infected with Ad-C, Ad-HIF-2α or Ad-ZIP8 (n = 7). f, RT–PCR analysis of the indicated molecules in Raw264.7 cells treated with IL-1β or TNFα or infected with Ad-HIF-2α or Ad-ZIP8 (n = 7). g, mRNA levels in Raw264.7 cells treated with cholesterol or infected with Ad-CH25H (n = 6). h, Total cholesterol levels and mRNA levels (n = 6) of the indicated molecules in human normal chondrocytes treated with IL-1β (2.5 ng ml−1, 36 h) or TNFα (50 ng ml−1, 36 h). i, Representative immunostaining images of CH25H, CYP7B1 and RORα in synovial tissue from humans with OA or rheumatoid arthritis (n = 4). Means ± s.e.m. with two-tailed t-test (a, d, h) or with one-way ANOVA and Bonferroni test (b, c, e, g). n indicates the number of biologically independent samples or human specimens. Exact P values (for P < 0.001) can be found in the accompanying Source Data. For gel source data, see Supplementary Fig. 1. Scale bars, 25 μm.
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Extended Data Table 1 Sequences of primers, shRNA and siRNAFull size table
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