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A B S T R A C T   

Background: Osteoarthritis (OA) is the most common form of joint diseases, with hallmark of 
cartilage degeneration. Recent studies have shown that the pathogenesis of OA is associated with 
chondrocyte necroptosis. 
Methods: In this study, we used single-cell RNA sequencing (scRNA-seq) and bulk RNA sequencing 
data to analyze necroptosis regulation in OA chondrocytes. We performed enrichment analysis, 
carried out experimental validation, constructed machine learning models, and docked drug 
molecules. 
Results: After least absolute shrinkage and selection operator (LASSO) algorithm screening, 4 hub 
genes (RIPK3, CYBB, HSP90AB1, and TRAF5) with diagnostic characteristics were obtained. 
Following the comparison of multiple models, the Bayesian model with an average area under 
curve (AUC) value of 0.944 was finally selected. We found that nimesulide exhibited strong 
binding affinity to CYBB and HSP90AB1, and experimentally verified that nimesulide reduced the 
expression of RIPK3 and CYBB, suggesting its potential as an inhibitor of chondrocyte necroptosis. 
Furthermore, scRNA-seq results showed that necroptosis in OA was significantly upregulated on 
regulatory chondrocytes (RegC) compared to other chondrocyte subtypes. 
Conclusions: The results indicate that nimesulide might be used to treat OA by inhibiting chon-
drocyte necroptosis through down-regulation of RIK3 and CYBB genes. This study reveals the role 
of chondrocyte necroptosis in OA, and suggests a potential therapeutic strategy by regulating 
necroptosis with nimesulide.   
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1. Introduction 

Osteoarthritis (OA), the most common form of joint diseases, is primarily characterized by disrupted articular cartilage homeostasis 
with following inflammation and degradation [1,2]. Articular cartilage is an avascular tissue containing almost only cell type, 
chondrocytes [3]. The death of chondrocytes, including autophagy [4,5], pyroptosis [6], apoptosis [7–9], and necroptosis [10,11], is 
involved in OA progression. 

Necroptosis is a programmed form of necrosis [12]. The core event in necroptosis is the formation of the detergent-insoluble 
“necrosome” complex of homologous Ser/Thr kinases receptor interacting kinase 1 (RIPK1) and receptor interacting kinase 3 
(RIPK3), which promotes phosphorylation of a key pro-death effector mixed lineage kinase domain-like (MLKL) by RIPK3. In OA, the 
activation of RIPK1- bone morphogenetic protein 7 (BMP7) functional axis has been shown to promote chondrocyte necroptosis [10]; 
similarly, perturbation of the TRIpartite motif-containing protein 24 (TRIM24) -RIPK3 axis also accelerates OA pathogenesis by 
activating RIPK3 and regulating the expression of catabolic factors [11]. These studies indicate that chondrocyte necroptosis is closely 
related to OA progression. Therefore, it is necessary to further study the intrinsic relationship between chondrocyte necroptosis and 
OA. At the same time, with the rapid advancement of sequencing technology, researchers have investigated the biochemical processes 
and pathogenesis of OA at the single-cell level. Ji et al. identified 7 chondrocyte subtypes within 1464 chondrocytes and explored the 
gene expression profiles of each subtype, elucidating their roles in the early treatment and diagnosis of OA [13]. Moreover, a study 
using single-cell RNA sequencing (scRNA-seq) identified a chondrocyte subtype characterized by the preferential expression of 
ferroptosis-related features and genes [14]. However, the use of scRNA-seq data in necroptosis-related research on OA remains limited. 

In this study, firstly we screened necroptosis-related differentially expressed genes (DEGs) based on bulk RNA-seq data. Secondly, 
we constructed an OA diagnostic model, identified drugs capable of regulating chondrocyte necroptosis, and verified the analysis 
results through cellular experiments. Finally, through scRNA-seq data analysis, we explored the specificity of necroptosis in chon-
drocyte subtypes and investigated the communication between different chondrocyte subtypes. In conclusion, our work provides a 
comprehensive understanding of the mechanisms of necroptosis in OA at both bulk RNA-seq and scRNA-seq levels, and identifies key 
genes regulating necroptosis in OA cartilage. 

2. Materials and methods 

2.1. Data source 

We downloaded datasets from Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo) and BioStudies (www.ebi.ac. 
uk/biostudies). The gene expression profiling dataset GSE114007 [15] included 18 controls and 20 OA cartilage tissues of the human 
knee joint. Datasets GSE98918 [16], GSE129147 [17], and ERP105501 [18] as validation sets included 12 OA and 12 controls, 10 OA 
and 9 controls, and 65 OA and 7 controls, respectively. We used scRNA-seq data from GSE169454 dataset [19], including 3 control 
samples and 4 OA samples. Additionally, necroptosis-related genes were searched in Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway database, and 159 genes were found. All data used in this study are available through previous publications or public 
domain. 

2.2. Necroptosis related DEGs identification 

Surrogate variable analysis (“sva” package in R) was used to correct batch effect arising from different platforms. The effectiveness 
of correction was assessed using Principal Component Analysis (PCA). We screened the DEGs between OA patients and control in-
dividuals in GSE114007 using “Deseq” package. The following criteria were statistically significant: adj.P.Val <0.05 and | log2FC | >
0.5. Finally, necroptosis-related DEGs were obtained by intersecting DEGs with the above necroptosis-related genes. 

2.3. Functional enrichment analysis and PPI network 

Using adjusted P < 0.05 as threshold, we performed Gene Ontology (GO) and KEGG enrichment analysis. The relevant protein 
association as a protein-protein interaction (PPI) network was next constructed using the Search Tool for the Retrieval of Interacting 
Genes (STRING) database (www.string-db.org) [20]. 

2.4. Weighted gene co-expression network analysis 

We used the weighted gene co-expression network analysis (WGCNA) to identify co-expressed genes in GSE114007 dataset. 
Pearson correlation coefficient was used to calculate the distance, and a weighted gene co-expression network was constructed by the 
“WGCNA” R package. The soft threshold was 6, and the module was then identified. After that, we set 50 as the minimum number for 
each gene module. |MM| (|Module membership|) > 0.3 and |GS| (|gene significance|) > 0.4 were defined as the screening criteria for 
filtering key genes in the candidate module. 

2.5. Immune infiltration of DEGs related to necroptosis 

We used single-sample gene set enrichment analysis (ssGSEA) to evaluate the scores of different immune cells and necroptosis using 
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“GSVA” package. The relationship between immune cells and necroptosis scores was analyzed by this function. The correlations 
between modules and immune cells were also calculated using “WGCNA” package. We utilized the “venn” package to identify overlaps 
among DEGs, key module genes, and necroptosis genes. 

2.6. Identification of hub genes and development of prediction model 

To choose linear models and keep the diagnostic hub genes, the “glmnet” package was used to perform the least absolute shrinkage 
and selection operator (LASSO) regression. The regularization parameter was determined through 10-fold cross-validation, and the 
final model selected the optimal lambda value that minimized the cross-validation error. Utilizing gene data refined through LASSO, 
we employed the “mlr3vers” R package for benchmark testing. We built 7 machine learning models using the lrn function from the 
“mlr3vers” package and identified the best model based on several model evaluation metrics. To ascertain the model’s predictive 
accuracy, we further subjected it to validation using external datasets GSE98918, GSE129147, and ERP105501. 

2.7. Molecular docking and molecular dynamics simulation 

We validated the potential disease-related compounds in Toxicogenomics Database (CTD) (http://ctdbase.org/) [21] and PubChem 
database (https://pubchem.ncbi.nlm.nih.gov/) [22]. AutoDock 4.2.6 and the MM/PBSA. py module were used to calculate the free 
binding energy. PyMOL 2.5.0 (https://pymol.org/2/) was used for visualization. A 100 ns Molecular Dynamics (MD) simulation of the 
complex was performed using Gromacs 2023. The protein was modeled with CHARMM 36 force field parameters, while the ligand 
topology was constructed using GAFF2 force field parameters [23]. Periodic boundary conditions were applied, placing the 
protein-ligand complex in a cubic box. The box was filled with water molecules using the TIP3P water model, and sodium and chloride 
ions were added to neutralize the system and maintain physiological ionic strength. Electrostatic interactions were handled using 
Particle Mesh Ewald (PME) and the Verlet algorithm. The heavy atoms of the protein were constrained, and energy minimization was 
performed for 50000 steps using the steepest descent method. The simulation system was equilibrated for 100 ps using the NVT and 
NPT ensembles. Van der Waals and Coulomb interactions were calculated with a cutoff of 1.0 nm. Finally, a 100 ns molecular dynamics 
simulation was conducted at constant temperature (300 K) and pressure (1 bar) with a time step of 2 fs, and trajectory data were saved 
every 10 ps. 

2.8. Real-time quantitative polymerase chain reaction (RT-qPCR) and Western blot 

To create an in vitro OA model, we treated ATDC5 cells (Fenghui Biology, Hunan, China) with 10 ng/mL of IL-1β (Abbkine, Wuhan, 
China) for 24 h. For the drug group, 3 μg/mL of nimesulide (MCE, Shanghai, China) was added for another 24 h. Then, we collected 
cells from control group, IL-1β group, and nimesulide treatment group. RT-qPCR was performed using SYBR Green Premix Pro Taq HS 
qPCR Kit (Accurate Biology, Hunan, China) with a reaction volume of 20 μL. Each sample was tested in triplicate. The primers were 
listed in Table 1. 

To further confirm the expression of the above genes at protein level, we performed Western blot. The following antibodies were 
used: ACAN (Affintiy, Jiangsu, China), MMP13 (Abcam, Boston, USA), RIPK3 (ZEN-BIOSCIENCE, Chengdu, China), CYBB (ZEN- 
BIOSCIENCE, Chengdu, China), HSP90AB1 (ZEN-BIOSCIENCE, Chengdu, China), TRAF5 (Boster, Wuhan, China), and β-actin (ZEN- 
BIOSCIENCE, Chengdu, China). After washing three times with TBST, the membranes were then incubated with HRP-conjugated 
secondary antibodies (Affintiy, Jiangsu, China) for 1 h at room temperature. Protein bands were visualized using the ECL Western 
Blotting Detection System (Vilber, Paris, France), and quantified using Image Lab 3.0 software (Bio-Rad, CA, USA). All experiments 
were performed in triplicate. 

2.9. Immunofluorescence 

The ADTC5 cells were washed with PBS and then fixed with 4 % paraformaldehyde. After fixation, the cells were blocked with 
Quick Blocking Buffer. Next, the cells were incubated with primary antibodies against CYBB (ZEN-BIOSCIENCE), HSP90AB1 (ZEN- 
BIOSCIENCE), TRAF5 (Boster), and RIPK3 (ZEN-BIOSCIENCE), each at a working concentration of 1:100. This was followed by in-
cubation with a secondary antibody, Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488), at a working concentration of 1:200. Nuclei were 
stained with DAPI. Fluorescence images were observed using a laser scanning confocal microscope, and the relative fluorescence 

Table 1 
The primers used for RT-qPCR in this study.  

Gene Symbol Forward Reverse 

β-actin AGATCAAGATCATTGCTCCTCCT ACGCAGCTCAGTAACAGTCC 
ACAN AAGAGATGGAGGGTGAGGTCTTT CGTGCAGATAGACAGTCCTTACA 
MMP13 GCTATTCTGGCCACCTTCTTCTT GCCAGYCACAYCYAAGCCAAAGA 
RIPK3 GACCTCAAGCCCTCTAACATTCT AGCTGTAGACATCACTCGCTTTA 
HSP90AB1 TCGGATTCTACTCGGCCTATCTA TGCGAATGTTTCTTCACCACTTC 
CYBB TGCCAACTTCCTCAGCTACAATA GTGTTCACTTGCAATGGTCTTGA 
TRAF5 GCTGAGCAAGACTGTCCCTTTAA GATCCGCTGTTCTAGTTGGTAGT  
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Fig. 1. Functional enrichment of necroptosis-related DEGs and immune infiltration. A Heatmap displaying the expressions of the 30 DEGs related to 
necroptosis. B PPI network of DEGs related to necroptosis based on STRING. C GO analysis of DEGs related to necroptosis. D KEGG analysis of DEGs 
related to necroptosis. E Immunocyte infiltration (*p < 0.05, **p < 0.01, ***p < 0.001). 
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intensity was analyzed with ImageJ (version 1.52p). 

2.10. Visualization of OA sample cell types 

We processed the scRNA-seq matrix by Seurat function. nFeature_RNA >500 & nFeature_RNA <4000, percent_mt < 5, nCount_RNA 
<20000 set as filtration threshold. Uniform Manifold Approximation and Projection (UMAP) and T-Stochastic Neighbor Embedding (t- 
SNE) function were used for visualizing cell populations. Referring to previous reports, we did the cell annotation. The marker genes 
were shown as following. Homeostatic chondrocytes (HomC): JUN, MMP3, and FOSB; prehypertrophic chondrocytes (preHTC): 
COL10A1, IBSP, COL2A1, and TGFBI; hypertrophic chondrocytes (HTC): COL10A1, IBSP, and JUN; regulatory chondrocytes (RegC): 
CHI3L1 and CHI3L2; fibrochondrocytes (FC): COL1A1, COL1A2, S100A4, PRG4, and TMSB4X; reparative chondrocytes (RepC): 
COL2A1, CILP, COL3A1, and COMP; prefibrocartilage chondrocytes (preFC): IL11, COL2A1, CILP, and OGN; effector chondrocytes 
(EC): TF, CHRDL2, and KIF9 [13,24,25]. 

2.11. Phenotype scoring of necroptosis 

The phenotype scores of necroptosis were determined using the AddModuleScore algorithm of R package “Seurat”. Then, based on 
the median phenotype scores, the OA and control samples were divided into high- and low-necroptosis groups, followed by GSEA and 
KEGG analysis. 

2.12. Cell-cell communication analysis 

To explore the interactions among various cell types, we used “CellChat” package for cell communication analysis. Adhering to the 
official workflow, we examined the communication between cells in control and OA groups. We imported normalized counts from 
“Seurat” into “CellChat” and executed standard preprocessing procedures. The identification of ligand-receptor pairs involved eval-
uating the likelihood of interaction and conducting perturbation tests. We then constructed cell-cell communication networks by 
merging the significant ligand-receptor pairs and their associated degrees. To ascertain changes in signaling pathways due to cartilage 
injury, we compared the information flow within these pathways between control and OA cartilage tissues. Additionally, we computed 
the Euclidean distance between each pair of shared signaling pathways. 

2.13. Statistical analysis 

The Student’s t-test or the Wilcoxon rank-sum test was used to detect significant differences between two independent groups. The 
Kruskal-Wallis test was employed to explore differences among more than two independent groups. Unless otherwise stated, a p value 
less than 0.05 was considered statistically significant. 

3. Results 

3.1. Identification of necroptosis in OA 

After batch effect removal (Figs. S1a and b), we normalized the data (Fig. S1c). We first recognized 4448 DEGs in GSE114007 
dataset, of which 2412 genes were highly expressed, and 2036 genes were lowly expressed in OA. 159 necroptosis-related genes were 
obtained, and they were crossed with DEGs. Finally, a total of 30 DEGs related to necroptosis (17 up-regulated and 13 down-regulated) 
were identified. Hierarchical clustering heatmaps were used to display the expression patterns of these genes, alongside relevant 
clinical data (Fig. 1A). The PPI network showed that RIPK1 and FADD were with higher numbers of interacted proteins (Fig. 1B). 

3.2. Enrichment analysis and WGCNA analysis 

The GO analysis results revealed that these genes were mostly enriched in positive regulation of necrotic cell death, regulation of 
necroptotic process, and regulation of programmed necrotic cell death for biology process (BP); endocytic vesicle membrane, endo-
cytic vesicle, and ficolin-1-rich granule lumen for cellular components (CC); cytokine receptor binding, protein serine/threonine ki-
nase activity, and type I interferon receptor binding for molecular function (MF) (Fig. 1C). The KEGG analysis (Fig. 1D) results showed 
that the top 5 terms were Necroptosis, Cytosolic DNA-sensing pathway, NOD-like receptor signaling pathway, Apoptosis-multiple 
species, and Apoptosis. The WGCNA results showed the scale-free topological model fitting index (R2) reached 0.81 (Fig. S1d). 
After that, a total of 21 modules were identified in the dataset (Fig. S1e). Each module contained different gene clusters, and the 
correlation between modules was shown in Fig. S2a. 

3.3. Immune characteristics in OA 

Our results showed that Type 2 T helper cell, Natural killer T cell, and Macrophage had higher infiltration in OA samples than in 
control samples, and necroptosis scores also showed the similar trend (Fig. 1E). Next, we calculated the correlation among modules, 
OA traits, immune cells, and necroptosis. The results showed that the green module had the strongest positive correlation with OA 
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Fig. 2. Screening and identifying hub genes associated with necroptosis. A Module-trait relationships between WGCNA modules and immune cells. 
B Venn diagrams of the DEGs, genes of key modules, and necroptosis genes. C, D Feature selection by LASSO regression model in train dataset of 
GSE114007. E AUC comparison of multiple machine learning models. F ROC curves for the external data validation set GSE129147, GSE98918. 
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traits (0.76) and the red module exhibited the strongest negative correlation (− 0.88). Moreover, the green module also had a positive 
correlation with macrophages (0.81), while the red module had a negative correlation with macrophages (− 0.53) in Fig. 2A. Gene- 
module and gene-trait correlations were determined, and hub genes were identified using thresholds of |GS| > 0.4 and |MM| >
0.3. The colored parts in the upper right corners of Fig. S2b, c were the hub genes of the two modules. Finally, we identified 6 DEGs 
related to necroptosis and immunity (CHMP1B, HSP90AB1, TRAF5, BAX, CYBB, and RIPK3), as shown in Fig. 2B. 

3.4. Genetic diagnostic model construction and validation 

We conducted LASSO logistic regression analysis using 6 DEGs related to necroptosis and immunity. Fig. 2C presented the 
calculated regression coefficient, and Fig. 2D showed the tenfold cross-validation for tuning parameter selection in the LASSO 
regression. Eventually, we obtained 4 hub genes (RIPK3, CYBB, HSP90AB1, and TRAF5). Subsequently, based on the 4 hub genes, we 
did receiver operating characteristic (ROC) curves and boxplots in GSE114007 dataset for further validation (Figs. S2d and e). 
GSE129147 dataset also showed the similar results (Figs. S2f and g). Similarly, depending on 4 hub genes, we constructed 7 machine 
learning models on the GSE114007 dataset and obtained the corresponding area under curve (AUC) values, which represent the 
predictive accuracy of the models (Fig. 2E). Finally, we found that the Bayesian model showed the better false positive rate and 
specificity. Based on this model, we calculated the risk scores. As shown in Fig. 2F and Fig. S2h, the risk scores had a favorable 
diagnostic ability for OA discrimination. The AUC of the external validation datasets GSE129147, GSE98918, and ERP105501 was 
0.944, 0.938, and 0.878, respectively. 

3.5. Correlation of immune infiltration to hub genes 

The CYBB and RIPK3 showed a strong correlation with the infiltration of 28 types of immune cells, a more pronounced correlation 
than observed with HSP90AB1 and TRAF5 (Fig. 3A). Among immune cells, regulatory T cells, macrophages, and T follicle helper cells 
exhibited a strong correlation with the RIPK3, CYBB, and HSP90AB1 genes. Notably, macrophages demonstrated a correlation and 
high reliability with these 3 hub genes (RIPK3, CYBB, and HSP90AB1). Among them, CYBB has the highest correlation, reaching 0.83, 
compared to RIPK3 and HSP90AB1, as illustrated in Fig. 3B. To assess the validity of our correlation analysis, we utilized the 
ERP105501 dataset for verification and drew congruent conclusions (Fig. 3C). 

3.6. Molecular drug-docking and MD simulation 

To explore prospective small molecule drugs for the treatment of OA, we utilized the CTD databases for chemical interactions and 
diseases data related to CYBB, RIPK3, HSP90AB1, and TRAF5 (Supplementary Tables 1, 2, 3, and 4). Although no suitable drugs were 
found in the results for RIPK3 and TRAF5, nimesulide was identified as effectively regulating both HSP90AB1 and CYBB in drug 
screening results. To further illustrate the effects of nimesulide on HSP90AB1 and CYBB, we conducted molecular docking experi-
ments. Interactions between compounds and targets exhibited the highest free binding energy scores along with their binding modes in 
Fig. 3D and E. The results calculated using Autodock indicate that the binding energies of CYBB (3A1F) and HSP90AB1 (5UC4) are 
− 5.92 kcal/mol and − 4.92 kcal/mol, respectively. To quantitatively assess the binding energies further, we used the MM/PBSA 
method to compute the binding free energies of the complexes. The binding energies for HSP90AB1 (5UC4) and CYBB (3A1F) were 
found to be − 44.390 kJ/mol and − 49.215 kJ/mol, respectively. Negative values indicate binding affinity between the molecules and 
the target proteins, with lower values representing stronger binding forces. Therefore, this suggests that both CYBB and HSP90AB1 
have good binding affinities with nimesulide. 

To ensure thorough sampling of the conformational space, we performed 100 ns MD simulations for each protein-ligand complex. 
The results showed that CYBB (3A1F) with the nimesulide exhibited a smaller RMSD and better conformational stability compared to 
HSP90AB1 (5UC4) (Fig. 3F). Additionally, the Rg values for CYBB (3A1F) with the nimesulide showed more stable fluctuations, 
indicating that the CYBB (3A1F) protein remained stably compact throughout the simulation (Fig. 3G). The solvent accessible surface 
area (SASA) also indicated that there was no significant expansion or contraction of CYBB (3A1F) and HSP90AB1 (5UC4) proteins upon 
binding with the ligand nimesulide (Fig. S2i). Finally, by comparing the Root-mean-square-fuctuation (RMSF) results, we found that 
most amino acid residues in CYBB (3A1F) exhibited lower RMSF values, suggesting that the ligand can inhibit protein flexibility, 
thereby affecting protein function (Fig. S2j). In contrast, HSP90AB1 (5UC4) showed higher overall RMSF fluctuations when bound to 
the ligand, indicating greater flexibility (Fig. S2k). 

3.7. Validation of hub genes expression and interaction with nimesulide 

To validate our findings, we first conducted immunofluorescent staining on ADTC5 cells. The results showed that after IL-1β 
stimulation, the fluorescent intensities of the 4 hub genes (CYBB, HSP90AB1, RIPK3, and TRAF5) were all increased, with CYBB and 
RIPK3 aligning with our analysis trends (Fig. 4A). Additionally, to verify the molecular docking results, we further conducted qRT-PCR 
and WB experiments. In the qRT-PCR results, MMP13, RIPK3, CYBB, TRAF5, and HSP90AB1 had a significant rise in IL-1β group 
compared to control group, but these genes showed down-regulation after adding nimesulide (Fig. 4B). This implied that nimesulide 
might alleviate OA progression by affecting necroptosis-related genes. In the WB results, compared with control group, we found that 
the expression of RIPK3 and CYBB in IL-1β group was significantly increased. After nimesulide treatment, a decrease in RIPK3 and 
CYBB levels was observed (Fig. 4C and D). Meanwhile, with the addition of IL-1β, the expression of MMP13 was increased and the 
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expression of ACAN was decreased. However, nimesulide was capable of reversing these changes, leading the OA-like ADTC5 cells to 
trend towards normality. 

3.8. Necroptosis landscape in OA scRNA 

To delve deeper into the diverse roles of necroptosis in chondrocytes, we utilized the GSE169454 dataset, comprising 3 control and 
4 OA samples. Following thorough data cleaning, quality control, and batch effect removal, we obtained 58,540 cells (Fig. S3a). Using 
“Seurat” package for unsupervised clustering and dimensionality reduction, we identified 24 cell subpopulations (Fig. S3b). Referring 
to previously reported cellular marker genes [13,24,25], we finally annotated 7 major clusters including preFC, FC, RegC, HTC, EC, 
RepC, and HomC (Fig. 5A and B). OA group showed a significant increase in preFC, RegC, and HTC, and a decrease in HomC (Fig. 5C). 

The top 20 genes of 7 clusters were shown in Fig. 5D. These genes clearly separated these cell types, and showed different GO 
enrichment results. FC subtype was mainly engaged in extracellular matrix (ECM) organization, RegC subtype was in positively 
regulating leukocyte migration, and HTC subtype in osteoblast differentiation. Fig. 5E and Fig. S3c revealed significant variations in 
necroptosis scores across chondrocyte subpopulations. Additionally, our findings indicated that necroptosis scores were elevated in FC 
and RegC compared to other subtypes (Fig. 5F). Moreover, we observed the expression of necrotic coregulated genes, including RIPK1, 
RIPK3, and MLKL, in all subtypes (Fig. S4a), and found that MLKL and RIPK1 were expressed in FC, RegC, and preFC subtypes. 

3.9. Differences of necroptosis phenotypes in chondrocyte subpopulations 

We divided the data into high and low scoring groups based on the median necroptosis score. Exploring the relationship between 
disease phenotypes and necroptosis scores, we performed KEGG enrichment analysis based on marker genes in different subgroups, 

Fig. 3. Immune cell correlation analysis, molecular docking, and MD simulations of 4 hub genes. A Heatmaps showing the associations among 4 hub 
genes and immune cells in GSE114007. B Macrophage correlation analysis with RIPK3, HSP90AB1, and CYBB. C The associations among 4 hub 
genes and immune cells in ERP105501. D Nimesulide molecularly docked with CYBB (PDB: 3A1F). E Nimesulide molecularly docked with 
HSP90AB1 (PDB: 5UC4). F The Root-mean-square deviation (RMSD) graph for the CYBB (PDB: 3A1F) and the HSP90AB1 (PDB: 5UC4) with the 
ligand nimesulide. G The Radius of Gyration (Rg) graph for CYBB (PDB: 3A1F) and HSP90AB1 (PDB: 5UC4) with the ligand nimesulide. 

Fig. 4. Experimental validation of 4 hub genes expression. A Immunofluorescence images of the CYBB, HSP90AB1, CYBB and TRAF5 in the primary 
ADTC5 cells. Scale bar = 20 μm. B Differential expression of ACAN, MMP13 and 4 hub genes in control, OA, and nimesulide groups was verified by 
qRT-PCR (n = 3). C, D Western blotting and quantitative analysis of ACAN, MMP13, and 4 hub genes in control, OA, and nimesulide groups. 
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Fig. 5. Necroptosis microlandscape in OA single cell atlas. A, B Cells were clustered into 7 types via tSNE and UMAP dimensionality reduction 
algorithm, each color represented the annotated phenotype of each cluster. C Cell composition of control and OA groups. D Heatmap depicted the 
expression and GO enrichment analysis of the top 20 marker genes in the 7 cell clusters detected. E Violin plot showed the comprehensive score of 
159 necroptosis-associated genes in all celltypes. F FeaturePlot_scCustom displayed the necroptosis composite score. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. Necroptosis landscape of different chondrocyte subtypes. A KEGG enrichment analysis of necroptosis scores. B GSEA analysis of KEGG 
pathways for necroptosis scores. C GSEA analysis of HALLMARK pathways for necroptosis scores. D Violin plot demonstrating the difference in 
necroptosis between RegC and FC. E KEGG enrichment analysis of necrosis score in RegC subtype. F GSEA analysis of HALLMARK pathways for 
necrosis score in RegC subtype. G gseaplot2 demonstrates TNF-α signaling via NF-κB pathways in RegC subtype. 
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and found that necroptosis pathway was focused in OA group, and the necroptosis pathway had a higher level of enrichment than the 
apoptotic pathway (Fig. 6A). GSEA analysis on the necroptosis phenotype revealed inhibition in both apoptotic and metabolism- 
related pathways. Notably, TNF-α signaling via NF-κB, essential for necroptosis initiation, was also inhibited (Fig. 6B and C). 

Based on the expression of necroptosis in chondrocyte subtypes, we performed further functional enrichment analysis on RegC and 
FC subtypes. Initially, necroptosis phenotype was observed in RegC and FC subtypes (Fig. 6D). In RegC subtype, we observed a 

Fig. 7. CellChat analysis in scRNA-seq. A Circular plots of the number of cellular interactions between each chondrocyte subtype in control and OA 
groups. B Circular plots of the number of cellular interactions between RegC and other chondrocyte subpopulations in control and OA groups. C, D 
Heatmaps of the incoming (C) and outgoing (D) signaling pattern in each cell subtype mediated by individual signaling axes between control and OA 
groups. E, F Significant changes in cellular communication between RegC and other chondrocyte subpopulations in OA group compared to control 
samples. The circle plots showed the obvious changes in cell communication mediated by TGF-β (E) and FN1 (F) signaling pathways. G, H Heatmap 
showing the importance of four centrality indicators of the TGF-β signaling pathway (G) and the FN1 signaling pathway (H) in various cell sub-
populations of OA group. 
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predominant enrichment of necroptosis, NOD-like receptor signaling, and ECM-receptor interaction pathways in OA group (Fig. 6E). 
GSEA analysis indicated activation of Toll-like receptor signaling, apoptosis, and TNF-α signaling via NF-κB pathways, alongside in-
hibition of the ECM-receptor interaction pathway (Fig. 6F, G, S4b). Conversely, GSEA analysis of FC subtype demonstrated activation 
of apoptosis, spliceosome, and MYC Targets V1 pathways (Figs. S4c, d, e). This suggested that while both RegC and FC subtypes 
underwent apoptosis, necroptosis also occurred in RegC subtype and might even dominate. 

3.10. Communication differences between RegC and other chondrocyte subtypes 

The summarized cell-cell communication network was shown in Fig. 7A, suggesting a significant change in the number of in-
teractions between control and OA group. Our pathway enrichment results showed that RegC might be the main cell type for nec-
roptosis in OA. Further, increased communication was also observed among RegC, HTC, and EC in OA group (Fig. 7B). To determine 
the signaling flow patterns in each chondrocyte subtype, changes in incoming and outgoing signaling patterns were compared in 
control and OA chondrocytes. CD99 signaling exhibited upregulation in both the incoming and outgoing groups. Whereas for RegC 
subtype, which is our concern, TGF-β signaling would be more afferent to RegC subtype in the OA group, but THBS signaling was less 
delivered to RegC subtype (Fig. 7C). In outgoing signaling within OA group, RegC subtype exhibited increased FN1 signaling, con-
trasted by a reduction in MIF signaling (Fig. 7D). 

To further identify the changes of the above four signaling pathways, we demonstrated that the trend of signaling changes was 
consistent for RegC subtype, and we also found that preFC subtype in OA group had greater changes in TGF-β signaling (Fig. 7E, F, 
Figs. S5a and b) by means of network diagrams. Analysis of RegC subtype in OA group indicated that in TGF-β signaling, they were 
predominantly receivers and influencers (Fig. 7G). In FN1 signaling, RegC subtype was primarily senders, indicating that RegC affected 
other cells through FN1 signal exportation (Fig. 7H). In THBS signaling, RegC subtype primarily received signals from RegC subtype 
(Fig. S5c). In MIF signaling, RegC mainly acted as influencers and receivers, with predominant signals from FC subtype (Fig. S5d). This 
suggested that other chondrocyte subtypes influenced the onset of necroptosis in RegC subtype mainly through these 4 signaling 
pathways. 

4. Discussion 

Necroptosis has been shown to be involved in pathological cell death related to degenerative diseases, myocardial infarction, and 
autoimmune diseases [26–28]. In some of these diseases, necroptosis is often stimulated by TNF-α and the pan-aspartase inhibitor 
z-VAD-FMK [29]. However, in OA, studies have shown that inhibiting the key upstream molecule of TNF-α signaling, 
TNFR1-associated death domain protein (TRADD), can prevent the activation of RIPK1-TAK1-NF-κB signaling, thereby reducing 
necrosis in OA chondrocytes [30]. Simultaneously, it has been shown that DCC-2036 can directly inhibit RIPK1 and RIPK3 kinase 
activity, block chondrocyte necroptosis, and suppress inflammatory responses, thus protecting chondrocytes [31]. Although current 
research suggests a close association between necroptosis and the occurrence and progression of OA [32,33], the current efforts to 
alleviate OA necroptosis mainly focus on inhibiting RIPK1 and RIPK3 activity. Fortunately, advances in high-throughput sequencing 
technology and bioinformatics have enabled a deeper exploration of the molecular mechanisms of diseases, and the development of 
machine learning models has also aided in disease diagnosis [34,35]. Therefore, we performed a comprehensive analysis combining 
bulk RNA-seq and scRNA-seq data to construct a disease diagnostic model, searched for potential therapeutic agents for chondrocyte 
necroptosis, and targeted necroptosis-associated chondrocyte subtypes. 

This study aimed to elucidate the mechanism of chondrocyte necroptosis by identifying necroptosis-related genes as diagnostic 
factors and therapeutic targets for OA. 4 key genes (RIPK3, CYBB, TRAF5, and HSP90AB1) were screened by differential gene analysis, 
WGCNA analysis and immune infiltration studies, and LASSO algorithm. RIPK3, as a key component of necrosomes, plays a crucial role 
in mediating inflammatory factors like TNFα, and orchestrating infection-induced necroptosis [36]. It has been shown that admin-
istration of necroptin-1 (Nec-1) significantly reduces the expression levels of RIPK1 and RIPK3 and inhibits programmed necrosis of 
osteoblasts, thereby reversing bone loss [37]. In our study, we found that RIPK3 was not only associated with other necroptosis-related 
genes, but also present in many of the enriched pathways. CYBB is the terminal component of a respiratory chain that transfers single 
electrons from cytoplasmic NADPH across the plasma membrane to molecular oxygen on the exterior. It encodes the β-chain of fla-
vocytochrome b245 (also called as gp91phox or NOX2) and is a necessary component of the NADPH oxidase complex in phagocytes, 
such as granulocytes, monocytes, and macrophages [38]. Interestingly, CYBB and RIPK3 were both found in our study and seemed to 
exert special function in OA. In immune infiltration analysis, CYBB and RIPK3 were found to strongly correlate with macrophages, T 
cells and B cells. This might indicate that necrotic chondrocytes might accelerate the development of OA by activating immune cell 
infiltration and immune responses. TRAF5 is an adaptor protein that transduces intracellular signals from various TNF receptors, such 
as CD27 and CD40 [39]. TRAF5 has been screened as a diagnostic gene in colon adenocarcinoma, breast invasive carcinoma, and 
necroptosis studies in atherosclerosis [40–42]. HSP90AB1, also called HSP90beta, is a member of the heat shock protein 90 family 
which function as molecular chaperones [43]. The inhibition of HSP90beta has been shown to modulate NO and MMP-13 production 
in human OA chondrocytes [44]. 

The presence of necrosis in human and mouse cartilage degeneration was demonstrated by immunohistochemical analysis of the 
expression of necrosis markers RIP3, MLKL and p-MLKL [45]. However, the mechanism of necroptosis-related genes in the devel-
opment of OA is not clear. To gain deeper insight at the cellular level, scRNA-seq analysis was performed. The results showed that the 
necroptosis score was significantly elevated in OA group, and focused on RegC, FC and preFC with performance differences. Nec-
roptosis is triggered by death domain receptors and Toll-like receptor [46]. Meanwhile, in the pathway enrichment analysis combined 
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with bulk RNA seq and scRNA-seq, we found that necroptosis, TNF signaling pathway, NOD-like receptor signaling pathway, and 
Toll-like receptor signaling pathway were significantly enriched. 

TNF-α is a pleiotropic inflammatory cytokine capable of inciting a survival, apoptotic, or necroptotic response based on the as-
sembly of sequential but mutually exclusive cell death complexes [47,48], and current understanding of necroptosis revolves around 
the TNF-α receptor system. Some studies showed that the TNF signaling pathway was involved in the biological functions of DEGs 
related to necroptosis in lung adenocarcinoma, Stanford type A aortic dissection, and rheumatoid arthritis [49–51]. In addition, these 
cytokines mediate the activation of the NF-κB, a pathway that is known to disrupt chondrocyte homeostasis. More importantly, NF-κB 
signaling activation and TNF-α expression are positively correlated in necroptosis [52]. Increasing evidence proves that the innate 
immune system, specifically the Toll-like receptor (TLR), plays a key role in driving joint damage in OA and apoptosis is one of the key 
events in the TLR-induced innate immune response [53]. Meanwhile, activated NOD receptors stimulate the MAPK and NF-κB 
pathways via receptor interacting protein kinase 2 (RIPK2), predominantly eliciting inflammatory responses [54]. It has been shown 
that RegC subtype regulates multiple signaling pathways and interact with immune cells [55]. In addition, in the pathway enrichment 
analysis of RegC, we found that the Toll-like receptor, TNF-α signaling via NF-κB pathways, and NOD-like receptor pathways, which 
are closely related to necroptosis, were also activated. Interestingly, Dysregulated Toll-like receptor and NOD-like receptor pathways 
were identified in necroptosis studies in pulmonary hypertension, and RIPK3-mediated necroptosis may be associated with DAMP 
exposure and subsequent activation of TLR and NLR pathways [56]. Therefore, we hypothesized that necrosis-related genes might 
regulate necroptosis in RegC subtype by affecting these pathways. 

In the molecular docking section, we targeted nimesulide through small molecule drug screening in the CTD database. Nimesulide 
is a relatively COX-2 selective, non-steroidal anti-inflammatory drug (NSAID) with analgesic and antipyretic properties [57]. 
Compared with celecoxib or rofecoxib, nimesulide shows better efficacy and faster onset of analgesia with a single dose in short-term 
trial [58]. However, research is still lacking on the modulation of OA progression by nimesulide through the regulation of chondrocyte 
necroptosis. We utilized an in vitro OA cell model and examined the effects of nimesulide on chondrocyte phenotype and necroptosis 
through RT-qPCR and Western blot. Our results confirmed that nimesulide might alleviate OA by reducing necroptosis in 
chondrocytes. 

There are some limitations in the study, we utilized ATDC5 cells for nimesulide against the hub genes, and ATDC5 is a mouse- 
derived cell line, and further validation in human chondrocytes is needed. Whether interventions on necroptosis genes in animals 
or even humans can also ameliorate the occurrence of OA warrants further investigation. 

5. Conclusions 

In summary, we identified 4 significant necroptosis genes RIPK3, CYBB, TRAF5, and HSP90AB1 through a comprehensive multi- 
omics approach, and revealed the physiological functions of genes related to necroptosis in a specific chondrocyte subpopulation RegC. 
In addition, we found that the small molecule drug nimesulide could effectively decrease the expression of RIPK3 and CYBB. The 
results indicate that nimesulide could be used to treat OA by inhibiting chondrocyte necroptosis through down-regulation of RIK3 and 
CYBB genes. 
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