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Purpose: To investigate the potential role and underlying mechanisms of disulfidptosis, a novel form of regulated cell death, in the 
pathogenesis of degenerative osteoarthritis (OA), and to evaluate its association with M1-type macrophage infiltration and diagnostic 
biomarker potential.
Methods: Human articular cartilage samples from OA patients and non-OA controls were analyzed using high-throughput RNA 
sequencing to identify disulfidptosis-related gene expression patterns. Immunohistochemical assays were performed to validate key 
molecular signatures in chondrocytes. Differentially expressed genes (DEGs) were screened to identify candidates linking disulfidp
tosis to M1 macrophage biology. Functional correlation analyses were conducted to explore gene–immune cell interactions. Glucose 
starvation was applied to induce disulfidptosis in ATDC5 chondrocyte line; a co-culture system with RAW264.7 macrophage cell line 
was established to validate their functional roles and underlying mechanisms.
Results: OA chondrocytes exhibited a low-glucose metabolic state and elevated SLC7A11 (a cystine/glutamate transporter implicated 
in disulfidptosis) expression, consistent with a disulfidptosis signature, and showed increased immune infiltration of M1-type 
macrophages. Among the DEGs, Glycogen synthase 1 (GYS1) emerged as a key disulfidptosis-related gene directly regulating 
transcriptional programs in M1 macrophages. Functional analyses suggested that disulfidptosis in chondrocytes may indirectly 
promote M1 macrophage-mediated immune infiltration through cyclin D1 (CCND1) and nucleotide-binding oligomerization domain- 
containing protein 2 (NOD2), thereby contributing to OA progression.
Conclusion: Disulfidptosis in chondrocytes is associated with M1 macrophage immune infiltration and could drive OA progression. 
Mechanism genes like GYS1/CCND1/NOD2 have diagnostic potential and could be novel biomarkers and therapeutic targets for OA. 
These findings highlight the translational potential of targeting disulfidptosis-related pathways to improve OA management and patient 
outcomes.
Keywords: disulfidptosis, macrophages, osteoarthritis, GYS1, chondrocyte

Introduction
Degenerative Osteoarthritis (OA), an age-related joint disease characterized by progressive articular cartilage destruction, 
subchondral bone remodeling, and synovial inflammation, has become a major global public health challenge, affecting 
more than 300 million patients.1 The disease not only causes joint pain and dysfunction, but also causes significant 
socioeconomic stress through direct medical expenditures, loss of labor, and family care burden, especially in aging 
societies.2 Current treatment strategies (such as analgesics, nonsteroidal anti-inflammatory drugs, articular injections of 
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hyaluronic acid, and total joint replacement) are primarily targeted at symptom relief, do not interrupt disease progres
sion, and long-term efficacy is severely limited by drug toxicity, surgical complications, and a high recurrence rate.3 At 
present, disease-modifying drugs targeting the core pathological mechanisms of OA, including abnormal chondrocyte 
metabolism, inflammatory factor cascade and dysregulation of mechanical signaling, are still lacking, which highlights 
the urgent need to develop novel therapeutic strategies based on multi-target regulation.

Disulfidptosis is a novel type of regulated cell death driven by the toxic accumulation of disulfide bonds and 
subsequent cytoskeletal collapse under metabolic stress conditions. It was first discovered by the team of Prof. Boyi 
Gan and Junjie Chen at MD Anderson Cancer Center in 2023.4 This mode of cell death is due to the high expression of 
SLC7A11 (member 11 of the solute carrier family, also known as xCT) under the condition of glucose starvation, 
resulting in insufficient intracellular NADPH (reduced nicotinamide adenine dinucleotide phosphate) supply, abnormal 
accumulation of cystine and other disulfide, and destruction of the structure of cytoskeletal proteins (such as actin), which 
triggers cell death. Disulfidptosis contributes to the pathogenesis of diverse diseases, including cancer,4 neurodegenera
tive disorders,5–8 and liver conditions.9–11 Recent bioinformatics analyses have further implicated disulfidptosis-related 
genes in OA progression and diagnosis,12–15 suggesting its potential role as a core pathological mechanism.

OA is not only a mechanical degenerative disorder but also accompanied by significant immunological alterations. 
The infiltration and activation of immune cells, particularly macrophages, within the synovium and articular cartilage are 
pivotal drivers of chronic inflammation, matrix degradation, and pain, thereby accelerating OA progression.16 At the 
cellular level, pathogenic mechanisms such as oxidative stress, mitochondrial dysfunction, and impaired autophagy—all 
linked to redox imbalance—contribute directly to chondrocyte death and dysfunction.17 Emerging as a novel redox- 
related cell death modality, disulfidptosis has been implicated in the pathogenesis of various cancers,18–20 vascular,21 and 
neurological diseases,5 where it actively shapes the immune microenvironment.22 For instance, disulfidptosis can regulate 
the exhaustion of tumor-infiltrating CD8 T cells, demonstrating its intrinsic capacity to modulate immune cell fate and 
function.23 However, the precise functional mechanisms and regulatory networks by which disulfidptosis in chondrocytes 
contributes to OA pathogenesis through immune cell infiltration remain incompletely characterized, hindering its 
translational potential.

Therefore, the development of disease-modifying drugs targeting the core pathological mechanisms of OA remains an 
area requiring further exploration. In this study (Figure 1: analysis process), by integrating clinical cartilage samples with 
high-throughput sequencing data, we systematically characterized gene expression in articular chondrocytes from OA 
patients, aiming to uncover its potential relationship with disulfidptosis. Furthermore, we investigated the interaction 
between immune cell infiltration and disulfidptosis. This integrated multi-omics analytical approach will provide new 
perspectives for understanding the molecular mechanisms of OA. Critically, by defining the key genes (eg, GYS1, 
CCND1, NOD2) within this network, GYS1 downregulation has been associated with impaired glucose metabolism in 
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OA chondrocytes,24 while CCND1 overexpression promotes synovial inflammation25-suggesting potential crosstalk 
between these pathways. Our work not only elucidates a novel pathogenic mechanism but also pinpoints potential 
diagnostic biomarkers and therapeutic targets for developing novel disease-modifying strategies.

Materials and Methods
Reagents and Consumables
The ATDC5 (mouse chondrogenic cell line) and RAW264.7 (mouse monocytic macrophage cell line) were obtained from 
the European Collection of Authenticated Cell Cultures (ECACC) and the American Type Culture Collection (ATCC), 

Figure 1 Chart of Overall Project Analysis.
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respectively, and maintained in DMEM (Gibco, USA) supplemented with 10% FBS (Wisent, Canada) at 37 °C with 5% 
CO2. Glucose-free DMEM was purchased from Bio-channel (Nanjing, China), dithiothreitol (DTT) from 
MedChemExpress (NJ, USA), and the actin ring staining kit (YF 488-Phalloidin) from UElandy (Suzhou, China). 
Hematoxylin and eosin (HE) staining solution was purchased from Beyotime Biotechnology Co., LTD (Shanghai, 
China). Saffron-O/ Fast green cartilage staining and Masson staining kit were purchased from Beijing Solarbio 
Science & Technology Co., Ltd (Beijing, China). xCT antibody, GLUT1 antibody, CD86 antibody, CD206 antibody 
and HRP labeled Rabbit IgG (H+L) were purchased from Affinity Bioscience (OH, USA), immunohistochemical dilution 
ratios were 1:100, 1:100, 1:200, 1:200 and 1:500, respectively. DAB (diaminobenzidine) color developing kit is 
purchased from Beijing Zhong Shan-Golden Bridge Biological Technology CO., LTD (Beijing, China).

Data Download and Standardization
Gene Expression Omnibus (GEO) is a public repository hosting functional genomic datasets. We obtained the RNA 
sequencing dataset (accessed in December 2024) GSE114007, which contains sequencing data from 10 normal and 10 
OA human articular cartilage samples based on platform GPL18573. Additionally, dataset GSE169077 was downloaded 
as a validation set, comprising 5 normal and 6 OA cartilage samples. The use of these de-identified, publicly available 
datasets for secondary analysis was reviewed and approved by the Ethics Committee of Chongqing Medical University 
Affiliated Yongchuan Hospital (Approval No.: 2024EC0074), confirming compliance with ethical standards.

To ensure data quality and consistency, we preprocessed the datasets using R software (version 4.3.3) by applying 
a log2(x+1) transformation to reduce skewness and improve normality, followed by Z-score normalization. Data 
distribution and normalization effects were visualized using box plots, while inter-group structural differences were 
assessed through Principal Component Analysis (PCA).

Clinical Samples Collection
Articular cartilage specimens were collected from 20 knee OA patients (Kellgren-Lawrence Grade 4; age 64.9±6.2 years; 
4 males/16 females) undergoing total knee arthroplasty. Patients fulfilled clinical OA diagnostic criteria and were 
excluded for coexisting joint diseases or prior medication exposure. Using published protocols,26 samples were obtained 
from two anatomical regions of the same joint: the relatively preserved cartilage distal to the major wear regions (stage I), 
which was histologically confirmed to exhibit no signs of OA-like changes (eg, surface fibrillation or proteoglycan loss), 
served as the internal-control group; the erosion-adjacent cartilage with subchondral bone exposure (stage IV) served as 
the OA group. All specimens were snap-frozen in liquid nitrogen immediately after collection and subsequently 
transferred to −80°C freezers for cryopreservation to minimize degradation, with all samples processed uniformly at 
the same time using identical methods.

The sample size for this paired-sample study (n=20 pairs) was not based on conventional power calculation for group 
comparisons, but rather on the feasibility of obtaining matched, high-quality tissue specimens from the same patient. This 
matched-pairs design, where each OA specimen is compared to its own internal control from the same joint, dramatically 
reduces inter-individual biological variability (eg, genetic background, age, sex, comorbidities, and overall joint micro
environment). This control for confounding factors significantly increases the statistical sensitivity and power to detect 
true biological differences compared to unpaired designs, which often require much larger sample sizes to achieve 
equivalent confidence.

The study complies with the Declaration of Helsinki, and received ethical approval (Yongchuan Hospital Ethics 
Committee #2024EC0074; Chinese Clinical Trial Registry ChiCTR2500097743), with written informed consent obtained 
preoperatively.

Hematoxylin and Eosin (HE) Staining
Cartilage tissues from distinct zones were excised en bloc with subchondral bone using rongeurs. Specimens were fixed 
in 4% paraformaldehyde for 24 hours followed by 14% EDTA decalcification for approximately two weeks. Subsequent 
processing included sequential dehydration through graded ethanol series (75%-80%-95%-100%-100%, 2 hours per 
concentration), paraffin infiltration, and oriented embedding with the cartilage-bone interface facing downward to ensure 
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simultaneous visualization of both tissues in sections. Serial 5-μm sections were prepared using a Leica microtome. HE 
staining was performed as previously described:27 Sections were baked at 62°C for 2 hours, dewaxed in xylene I/II 
(1 hour each), and rehydrated through graded ethanol (100%-95%-80%-70%, 3 minutes each) to ddH2O. Nuclear staining 
with hematoxylin (3 minutes) was followed by 1% acid-alcohol differentiation (1–2 seconds), bluing in saturated lithium 
carbonate (1–2 seconds), and cytoplasmic counterstaining with eosin (5 minutes). Dehydration through reverse ethanol 
gradients and neutral resin mounting completed the protocol.

Saffron-O/Fast Green Cartilage Staining
Following the same dewaxing and rehydration procedures as HE staining, tissue sections were processed according to the 
staining kit protocol: Sections were stained with Weigert’s solution for 5 minutes, differentiated in acid solution for 
15 seconds, counterstained with Fast Green for 5 minutes, briefly rinsed with weak acid solution (15 seconds), then 
immersed in saffron O solution for 5 minutes. Finally, sections were dehydrated through graded ethanol series and 
mounted with neutral resin.

Masson Staining
Following dewaxing and rehydration, tissue sections were processed per the staining kit protocol: Sections were stained 
with Weigert’s iron hematoxylin for 5 minutes, differentiated in acid-alcohol solution for 5 seconds, then blued in 
Masson bluing solution. Subsequent counterstaining included 5 minutes in Ponceau-fuchsin solution and 1 minute in 
aniline blue solution, with intermittent rinses using weak acid working solution. Finally, sections were dehydrated 
through a graded ethanol series and permanently mounted.

Immunohistochemistry
Immunohistochemical staining was performed as previously described.26 Briefly, dewaxed and rehydrated sections were 
treated with 3% H2O2 to block endogenous peroxidase activity. Antigen retrieval was achieved by 0.05% trypsin 
digestion at 37°C for 40 minutes, followed by 10% goat serum blocking. Sections were incubated with mouse polyclonal 
primary antibody overnight at 4°C, then with HRP-conjugated rabbit anti-mouse IgG (H+L) secondary antibody at room 
temperature for 40 minutes. DAB chromogen development was monitored microscopically, with brown-yellow granular 
deposits indicating positive staining. Sections were counterstained with hematoxylin, blued, and mounted for observa
tion. Non-immune IgG served as negative controls.

Considering the significant difference in chondrocyte density between stage I and stage IV articular cartilage, three 
representative fields per region per sample were evaluated in a blinded manner. The mean percentage of positive cells 
(positive cells / total cells) was used for statistical comparison. Data were presented using paired data plots with 
connecting lines. Statistical differences between paired groups were determined using a paired t-test.

Screening and Visualization of Differentially Expressed Genes (DEGs)
For identification of DEGs between groups, we employed t-test using the limma package in R to calculate p-values and 
log2 fold changes (log2FC). DEGs were screened at a significance threshold of p < 0.05 and |log2FC| > 0.585 (equivalent 
to fold change >1.5). Venn diagrams and volcano plots were generated using the ggplot2 package to visualize the DEGs.

Screening and Visualization of Phenotypic Related Differential Genes
Through Genecards (https://www.genecards.org/) download phenotypic correlation gene set a public database, by Wayne 
figure analysis dataset difference gene related to phenotype of overlap, and through the ggplot2 package map genetic 
variations of Heatmaps and expression of cellular.

Construction of Protein-Protein Interaction (PPI) Networks
Based on differentially expressed genes, a PPI network was constructed using the STRING database with the minimum 
required interaction score of 0.7 (highest confidence level). The network was visualized using the igraph package, and 
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hub proteins were screened based on degree centrality metric. This PPI network analysis elucidated functional interac
tions among these critical differentially expressed genes.

Immune Infiltration and Correlation Analysis
The ssGSEA (single sample Gene Set Enrichment Analysis) algorithm from the R package “GSVA” was employed to 
quantify immune cell infiltration levels. This method calculates enrichment scores for each immune cell type in samples 
based on cell-specific marker gene sets.28 Pearson correlation analysis was performed to assess statistical relationships 
between key DEGs and immune cell infiltration scores. Results were visualized through Heatmaps and correlation scatter 
plots to illustrate associations between candidate genes and distinct immune cell subtypes.

LASSO Regression Analysis
LASSO regression is a regularization method that can effectively reduce the complexity of a model and select variables 
of importance. Through the “glmnet” package of R software, LASSO regression model was applied to calculate the 
LASSO coefficients of differential genes, and the best regularization parameters were determined by cross-validation. 
A variable with a non-zero coefficient is considered to have a significant association with the target variable. At the same 
time, the trajectory diagram of LASSO variables was drawn to observe the selection of variables under different λ values. 
Variables with small correlation whose coefficients quickly become zero during the increase of λ were excluded, and 
genes with high correlation were screened.

Cell Culture and Treatments
ATDC5 cells were seeded in 24-well plates at a density of 1×104 cells per well. After attachment, the culture medium 
was replaced with one of the following: complete DMEM, glucose-free DMEM, or glucose-free DMEM supplemented 
with 0.5 mM DTT.29 Cells were cultured for 12 hours and then either fixed with 4% paraformaldehyde for actin ring 
staining,30 lysed with TRIzol reagent (Thermo Fisher Scientific, Massachusetts, USA) for RNA extraction, or co-cultured 
with RAW264.7 cells at a 1:4 ratio27,30 for an additional 12 hours prior to RNA extraction. RT-qPCR was performed as 
previously described.30 Gene-specific primers are listed in Table S1.

Receiver Operating Characteristics (ROC) Analysis
The ROC curve analysis is a well-established method to evaluate the capability of biomarkers in discriminating 
individuals with disease progression from unaffected controls. This approach was applied to assess the predictive 
power of screened key DEGs in distinguishing sample groups. Using the pROC package in R, the area under the 
curve (AUC) values were calculated to validate model reliability and sensitivity, where AUC values approaching 1 
indicate superior discriminative performance. ROC curves were graphically visualized to evaluate the diagnostic 
potential of candidate genes under disulfidptosis-related conditions.

Statistical Analysis
Data were analyzed using GraphPad Prism 8.3. Pairwise comparisons were conducted using Student’s t-test, while 
comparisons among three groups with a single independent variable were assessed by one-way ANOVA. A (p)-value < 
0.05 was considered statistically significant.

Results
Transcriptomic Profiling Identifies Disulfidptosis-Associated Genes in Osteoarthritic 
Cartilage
Processed RNA-seq data (GSE114007) from degenerative arthritis cartilage samples underwent quality control and 
normalization. Box plots confirmed data standardization efficacy (Figure 2A). PCA revealed significant transcriptomic 
divergence between OA (n=10) and control (n=10) cohorts (Figure 2B). Differential expression analysis identified 5341 
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Figure 2 Transcriptomic Profiling Identifies Disulfidptosis-Associated Genes in Osteoarthritic Cartilage. (A) Comparison of data quality box drawing before and after 
standardization. (B) Principal component analysis of differential genes in OA sample and control group. (C) Volcano plot showed significantly expressed genes. (D) Venn 
diagram screened the differential genes. (E) Venn diagram showed the differential genes associated with disulfidptosis. (F) Heatmap showed 17 DEGs associated with 
disulfidptosis.
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DEGs (including 2699 up-regulated genes and 2642 down-regulated genes), visualized by volcano and Venn plots 
(Figure 2C and D).

Intersection analysis of DEGs with 33 disulfidptosis-related genes (from Genecards) yielded 17 disulfidptosis-linked 
DEGs, 11 of which were up-regulated and 6 of which were down-regulated (Figure 2E and F). Among them, the proteins 
encoded by SLC2A1, SLC2A3, OXSM, GYS1, SLC3A2, RPN1, G6PD and RAC1 are key proteins in glucose metabolism 
and transport, while CAPZB, MYH9, MYL6, ACTB and FLNA are key genes in cytoskeleton formation and regulation. 
These are important regulatory factors leading to the occurrence of disulfidptosis, which is characterized by disulfide 
stress caused by excessive intracellular cystine accumulation in the absence of glucose, leading to abnormal remodeling 
of the actin cytoskeleton and cell death. These gene changes indicate that there are glucose metabolism changes and 
cytoskeletal remodeling abnormalities in articular cartilage tissue of OA patients, and there may be disulfidptosis.

Histopathological and Immunohistochemical Validation of Disulfidptosis in Human OA 
Cartilage
Histopathological examination of osteoarthritic cartilage revealed progressive structural and compositional deterioration. 
Sectional samples from knee replacement patients (Figure 3A) demonstrated marked differences between stage I and 
stage IV regions. Stage I displayed intact cartilage architecture with a smooth surface, tightly organized extracellular 
matrix, and evenly distributed chondrocytes exhibiting typical rounded morphology with prominent nuclei (Figure 3B). 
In contrast, stage IV showed substantial surface erosion with fissures and focal detachment, accompanied by significant 
hypocellularity and cellular abnormalities including chondrocyte hypertrophy, nuclear enlargement, and disorganized 
arrangement.

Special staining techniques confirmed progressive matrix degradation in diseased cartilage. Saffron-O/ Fast Green 
staining revealed abundant glycosaminoglycan content (intense red) and well-organized superficial collagen (green) in 
stage I. stage IV exhibited markedly diminished Saffron O staining indicating proteoglycan loss, alongside expanded and 
disorganized Fast green staining suggesting collagen fiber disarray (Figure 3C). Masson’s trichrome staining further 
demonstrated intact, uniformly blue-stained type II collagen networks in stage I, while stage IV showed attenuated blue 
staining with appearance of red-stained type I collagen in eroded areas, indicating collagen matrix degeneration 
(Figure 3D).

Immunohistochemical analysis identified molecular evidence of disulfidptosis in advanced OA. xCT protein expres
sion, encoded by SLC7A11 and responsible for cystine/glutamate transport, was significantly elevated in stage IV 
chondrocytes compared to stage I in 75% of patients (Figure 3E and S1). This overexpression of the cystine transporter 
under conditions of nutrient stress supports the potential activation of disulfidptosis pathways in severely damaged OA 
cartilage.

Disulfidptosis-Associated Genes Are Linked to Dysregulated Glucose Transport and 
Metabolism
Analysis of the independent validation dataset GSE169077 confirmed the involvement of disulfidptosis-related pathways 
in osteoarthritis. Standardized processing and quality control were performed (Figure S2A), with PCA demonstrating 
clear separation between OA and control samples (Figure S2B). Differential expression analysis identified 765 DEGs, 
314 upregulated and 451 downregulated (Figure S2C and 4A). Intersection with 33 disulfidptosis-related genes revealed 
6 significant overlaps (Figure 4B and C), all of which were consistently dysregulated in the primary GSE114007 dataset 
(Figure 4D). Specifically, ACTB and TM9SF2 were upregulated, while GYS1, SLC2A1, SLC2A3 and SLC3A2 were 
downregulated (Figure 4E and F).

PPI analysis demonstrated strong functional connectivity among five of these proteins (excluding TM9SF2) 
(Figure 4G). GO and KEGG enrichment analyses of these core genes revealed significant enrichment in glucose- 
related processes and pathways (Figure 5). Analysis of the top 10 significantly enriched terms revealed that GO 
Biological Processes (BP) included glucose import, while Molecular Functions (MF) encompassed glucose binding, 
D-glucose transmembrane transporter activity, organic anion transmembrane transporter activity, glucose transmembrane 
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Figure 3 Histopathological and Immunohistochemical Validation of Disulfidptosis in Human OA Cartilage. (A) Zonal classification of knee joint tissue samples (stage I vs IV). 
The red and blue ovals indicate the sampling sites for stage I and stage IV, respectively. (B) HE staining. (C) saffron O/ Fast green staining. (D) Masson staining. 
(E) Immunohistochemical staining for xCT (SLC7A11-Encoded Protein). The yellow arrows highlight the subchondral bone. The higher-magnification images with black 
and green borders on the right correspond to the areas enclosed by the black and green rectangles in the lower-magnification image on the left.
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Figure 4 Disulfidptosis-associated differential genes are functionally linked to glucose transport. (A) Volcano plot of DEGs (OA vs controls). (B) Venn diagram identifying six 
disulfidptosis-associated genes. (C) Heatmap of differentially expressed genes. (D) Venn diagram of DEGs in GSE114007 and GSE169077 datasets. (E and F) Scatter plots 
showing expression trends of DEGs in (E) GSE114007 and (F) GSE169077 datasets. (G) PPI network of DEGs.
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Figure 5 Disulfidptosis-Associated Genes Are Linked to Dysregulated Glucose Transport and Metabolism. (A) Bubble plot of GO and KEGG functional enrichment analysis. 
(B) Chord diagram integrating GO/KEGG terms with log2FC values in the GSE169077 dataset.
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transporter activity, hexose transmembrane transporter activity, monosaccharide transmembrane transporter activity, 
sugar transmembrane transporter activity, vitamin transmembrane transporter activity, carbohydrate transmembrane 
transporter activity, and anion transmembrane transporter activity. KEGG pathways included Glucagon signaling path
way, Insulin resistance, Thyroid hormone signaling pathway, and Diabetic cardiomyopathy, all of which are closely 
associated with glucose metabolism. Notably, 85% of enriched BP and MF terms related to energy transport, with 35.3% 
specifically involving sugar transport mechanisms. These results strongly suggest that disulfidptosis in OA chondrocytes 
may be mediated through dysregulation of glucose transport processes.

Disulfidptosis-Related Genes Modulate Overall Immune Infiltration Landscapes in OA
Studies have shown that OA is not just a mechanical disease, but that changes in the immune system may also play an 
important role in its pathogenesis. Immune cell infiltration analysis of the GSE114007 dataset using established gene 
signatures28 revealed significantly altered infiltration levels in osteoarthritic cartilage for the following cell types: CD8 
T cells, cytotoxic cells, dendritic cells (DC), eosinophils, macrophages, mast cells, Th17 cells, Th2 cells, and regulatory 
T cells (Treg) (Figure 6A and B). GSE169077 dataset demonstrated markedly elevated infiltration of CD8 T cells, 
macrophages, NK cells (Figure 6C and D). This multi-dataset analysis establishes CD8 T cells and macrophages as 
predominant immune populations mechanistically linked to osteoarthritis pathogenesis.

Furthermore, we analyzed the correlation between 6 disulfidptosis-related DEGs and two types of immune cells 
across two datasets. The correlation Heatmap (Figure S3) and scatter plots (Figure 6E and S4) revealed that ACTB and 
TM9SF2 expression levels showed significant negative correlations with CD8 T cell infiltration but positive correlations 
with macrophage infiltration. Conversely, CYS1, SLC2A1, and SLC2A3 expression demonstrated significant positive 
correlations with CD8 T cell infiltration and negative correlations with macrophage infiltration. Integrated analysis 
indicated that the co-expression pattern of these disulfidptosis-related DEGs—characterized by elevated ACTB and 
TM9SF2 alongside reduced CYS1, SLC2A1, and SLC2A3—was associated with an immune microenvironment skewed 
toward increased macrophage infiltration and decreased CD8 T cell infiltration.

GYS1-Mediated Disulfidptosis Drives M1 Macrophage Polarization in the 
Osteoarthritic Niche
Macrophage-mediated immune infiltration, particularly M1 polarization, significantly contributes to degenerative arthritis 
pathogenesis. Enzymes secreted by M1 macrophages, such as matrix metalloproteinases (MMPs), break down the 
cartilage matrix, thereby degrading the cartilage and promoting the occurrence of degenerative changes.31 

Immunohistochemical analysis of human articular cartilage demonstrated elevated CD86 (M1 marker) expression and 
diminished CD206 (M2 marker) expression in severely damaged stage IV compared to intact stage I (Figure 7A), 
indicating M1 macrophage accumulation in diseased regions. Integration of M1 macrophage phenotype-related genes 
from Genecards with GSE114007 DEGs yielded 18 candidates (Figure 7B and C). Subsequent random forest (Figure 7D) 
and LASSO regression analyses (Figure 7E and F) identified eight core regulators: NOD2, EXPH5, IGF2BP2, 
MIR155HG, CCND1, FN1, DEPDC1, and ITGB2.

Regrouping GSE114007 based on disulfidptosis gene expression (SLC2A1/SLC2A3/GYS1/ACTB) revealed distinct 
DEGs profiles (Figure S5A). Cross-analysis of these groups with M1-associated genes identified 23 common targets 
(Figure 8A). Further intersection with the LASSO-derived eight-gene set pinpointed three key mediators: CCND1, 
ITGB2, and NOD2 (Figure 8B and C). Expression validation in GSE114007 demonstrated that while ITGB2 expression 
was negatively correlated with SLC2A1 expression (Figure 8D), inconsistent with the grouping results (Figure 8C, right), 
CCND1 and NOD2 expressions showed significant negative and positive correlations with GYS1, respectively 
(Figure 8D), consistent with grouping analyses (Figure 8C, left). This establishes GYS1 as a central regulator of M1 
macrophage infiltration genes, potentially exacerbating OA progression via CCND1 and NOD2 signaling.
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Figure 6 Osteoarthritic articular cartilage exhibits immune cell infiltration. (A) Comparative box plots of immune cell infiltration in the GSE114007 dataset. (B) Heatmap of 
immune-related gene expression in GSE114007 dataset. (C) Comparative box plots of immune cell infiltration in the GSE169077 dataset. (D) Heatmap of immune-related 
gene expression in GSE169077 dataset. (E) Correlation scatter plots of disulfidptosis-associated DEGs and immune cells in GSE114007 datasets. *p < 0.05 vs normal by 
t-test for panels (A and C).
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Figure 7 Machine learning-based identification of key genes mediating M1 macrophage infiltration in osteoarthritic cartilage. (A) Immunohistochemical staining of M1/M2 
macrophage polarization markers. The higher-magnification images with black and green borders on the right correspond to the areas enclosed by the black and green 
rectangles in the lower-magnification image on the left. (B) Venn diagram screening M1 macrophage-associated genes in the GSE114007 dataset. (C) Heatmap of M1 
macrophage-associated differentially expressed genes. (D) Bubble plot of importance scores for M1 macrophage-associated DEGs. (E and F) LASSO regression-based 
screening of M1 macrophage-associated DEGs.
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Figure 8 GYS1-Mediated Disulfidptosis Drives M1 Macrophage Polarization in the Osteoarthritic Niche. (A) Volcano plot of DEGs in GSE114007 re-stratified by four 
disulfidptosis-associated genes. (B) Venn diagram intersecting DEGs from four subgroups with M1 macrophage-associated genes, yielding 23 overlapping DEGs. 
(C) Intersection of 23 DEGs with M1 macrophage hub genes identifies 3 core DEGs. (D) Expression patterns of core DEGs across re-stratified subgroups. 
(E) Immunohistochemical staining of GYS1 protein. The higher-magnification images with black and green borders on the right correspond to the areas enclosed by the 
black and green rectangles in the lower-magnification image on the left. (F) Phalloidin staining of ATDC5 cells. (G) RT-qPCR assay for disulfidptosis-related gene expression in 
ATDC5 cells. (H) RT-qPCR assay for macrophage polarization and target gene expression in the ATDC5 and RAW264.7 co-culture system. (I) ROC analysis of GYS1. 
(J) ROC analysis of CCND1 and NOD2. Data were expressed as the mean ± standard deviation (SD). *p < 0.05 vs High group by t-test for panels (C). *p < 0.05 vs normal 
by t-test for panels (D). *p < 0.05 vs Glu-, #p < 0.05 vs Glu+ by One-Way ANOVA for panels (G and H).
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ROC Analysis Validates the Diagnostic Potential of Disulfidptosis and M1-Related 
Gene Signatures
GYS1 is a key rate-limiting enzyme in glycogen synthesis. It is responsible for making a protein called glycogen 
synthase, which binds glucose molecules into strings to form the familiar glycogen.32,33 It is the body’s way of storing 
glucose. SLC2A1 is a member of the SLC2A family and is primarily responsible for the transmembrane transport of 
glucose, which is independent of insulin and therefore essential in maintaining basal glucose metabolism levels.34 The 
expression of SLC2A1 and GYS1 is reduced in the severely damaged area of articular cartilage in OA patients, thus 
creating glucose starvation conditions, which is a prerequisite for inducing disulfidptosis of chondrocytes with high 
expression of SLC7A11 in the severely damaged area. We detected the expression of these two genes in different grades 
of articular cartilage tissues by immunohistochemistry, and found that GLUT1 protein encoded by SLC2A1 showed no 
statistically significant overall change (Figure S5B), a trend which may be attributed to underlying metabolic disorders 
and also reflects the severity of OA progression. However, the expression of Glycogen Synthase protein encoded by 
GYS1 is reduced at the injury site in region IV, which is consistent with gene expression changes (Figure 8E and S5B).

Therefore, we conducted in vitro cell experiments for validation. Phalloidin staining revealed that chondrocyte 
ATDC5 cells under glucose starvation underwent significant morphological changes, characterized by cell shrinkage 
and F-actin contraction, along with decreased expression of the marker gene Gys1 and increased expression of Slc7a11 
(Figure 8F and G). Treatment with 0.5 mM of the strong reducing agent DTT (which effectively inhibits disulfidptosis)29 

impeded the morphological alterations in ATDC5 cells under glucose starvation, substantially restoring the cytoskeleton 
and reversing the expression of Gys1 and Slc7a11 genes (Figure 8F and G).

Following 12 hours of glucose starvation, ATDC5 cells were switched to normal culture medium and co-cultured with 
RAW264.7 macrophages. RT-qPCR analysis showed a significant increase in the expression of the M1 macrophage 
polarization marker gene Cd86 and a decrease in the M2 polarization marker gene Cd206 (Figure 8H), demonstrating that 
disulfidptosis in ATDC5 cells may induce macrophage polarization toward the M1 phenotype. Furthermore, the expres
sion of the target gene Ccnd1 increased, consistent with the phenotype observed in clinical OA cartilage tissues. 
Combined DTT treatment reversed the glucose starvation-induced increase in Cd86 and showed a trend toward reversing 
the change in Ccnd1 expression, suggesting that the decrease in Gys1 in ATDC5 cells under glucose starvation, which 
promotes M1 macrophage polarization, may be associated with alterations in the Ccnd1 gene. Although the expression of 
Nod2 was opposite to the bioinformatics analysis results, this discrepancy may be attributed to the relatively short 12- 
hour in vitro treatment, which may not fully replicate the chronic processes occurring in vivo in OA. Subsequent research 
should consider the differences between acute stress models in vitro and chronic disease states in vivo, and explore 
glucose starvation treatment methods that better simulate the chronic in vivo process.

In addition, we analyzed the accuracy of GYS1 genes in predicting OA outcome through diagnostic ROC, GYS1 
exhibited an AUC of 0.96 in the GSE114007 dataset (Figure 8I), indicating outstanding discriminative capacity for OA. 
The M1 macrophage-related genes CCND1 and NOD2—regulated by GYS1—also showed high diagnostic accuracy, 
with AUCs of 0.99 and 0.867, respectively (Figure 8J), supporting their potential as biomarkers for OA progression.

Discussion
Degenerative Osteoarthritis (OA) is an age-related disease of progressive articular cartilage destruction that affects more 
than 300 million patients. Current treatments still have limitations in alleviating symptoms and improving patients’ 
quality of life. In this study, we investigated the relationship between disulfidptosis, glucose metabolism and immune 
infiltration in the pathological mechanism of OA, and analyzed its potential therapeutic targets. Disulfidptosis is caused 
by increased cysteine transport and glutathione synthesis in SLC7A11 hyper expressing cells, which leads to abnormal 
accumulation of protein disulfide bonds and ultimately disulfidptosis in glucose deficient conditions. Analysis of 
sequencing data showed that the expression of genes related to glucose metabolic transport process was decreased in 
the knee cartilage tissue of OA patients. Immunohistochemistry of knee cartilage also showed that SLC7A11 was highly 
expressed in chondrocytes in the severely injured area of 75% of OA patients, indicating potential disulfidptosis in local 
chondrocytes. Additionally, integrated bioinformatics and immunohistochemical analyses revealed significant M1 
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macrophage infiltration in OA patients. Critically, the disulfidptosis-associated DEG GSY1 was found to modulate the 
expression of M1 phenotype-defining genes CCND1 and NOD2, thereby regulating macrophage immune infiltration. 
This mechanistic insight provides a novel diagnostic and therapeutic angle for early-stage osteoarthritis management.

SLC7A11 is known for its ability to inhibit iron deposition by promoting cysteine uptake and synthesizing 
glutathione, thereby combating lipid peroxidation.35 However, new evidence reveals the dual role of SLC7A11 in cell 
fate. It is crucial that its role in disulfide induced ptosis is different in mechanism, even opposite to its role in iron induced 
ptosis.4 The high expression level of SLC7A11 is the triggering event in bipedal ptosis. In the absence of glucose, 
overexpression of SLC7A11 can lead to excessive cysteine input, which cannot be fully reduced due to insufficient 
NADPH. This leads to catastrophic accumulation of intracellular disulfides and subsequent collapse of the actin 
cytoskeleton, a pathway completely independent of iron dependent lipid peroxidation.4 In our study of OA, we observed 
a significant upregulation of SLC7A11, which is consistent with the prerequisite for the onset of disulfide ptosis, rather 
than the inhibitory feature of iron ptosis. In addition, its expression is more strongly correlated with other disulfide 
dependent genes such as RPN1 and CAPZB than with established iron dependent markers such as PTGS2 and ACSL4.36 

Therefore, while we acknowledge the well-known role of SLC7A11 in iron deposition, we propose that in the specific 
pathological context of OA - marked by metabolic stress and our identified gene expression patterns - SLC7A11 can 
serve as a more relevant biomarker for indicating susceptibility to disulfide deposition.

The primary innovation of this study lies in the integrated validation of disulfidptosis occurrence within OA articular 
cartilage, combining clinical specimen analysis with systematic bioinformatics exploration. While emerging studies have 
begun to associate disulfidptosis with OA through bioinformatics predictions,13,15 direct evidence from patient-derived 
cartilage samples and mechanistic dissection within the chondrocyte-immune microenvironment remained limited. Our 
high-throughput sequencing analysis of clinical OA cartilage not only confirmed significant differential expression of 
disulfidptosis-related genes but also, through subsequent experimental validation, demonstrated the functional occurrence 
of disulfidptosis in OA chondrocytes. Sequencing data analysis showed that genes including SLC2A1, SLC2A3, OXSM, 
GYS1, and SLC3A2—all critically involved in glucose metabolism—were downregulated, indicating an impaired glucose 
transport state in OA chondrocytes. Additionally, differentially expressed genes such as CAPZB, MYH9 and ACTB, 
which are associated with cytoskeletal reorganization, directly correlate with core features of disulfidptosis (actin 
disulfide crosslinking and cytoskeletal collapse), further supporting the occurrence of disulfidptosis in chondrocytes. 
Moreover, we detected elevated SLC7A11 expression in severely damaged areas of 75% of OA patients, a prerequisite 
for disulfidptosis. These finding challenges traditional understanding of OA pathogenesis and provides a crucial founda
tion for exploring novel therapeutic targets.

Macrophage immune infiltration plays a critical role in OA progression by modulating local inflammatory 
responses.37,38 Our data analysis revealed significantly altered macrophage infiltration in OA patients, suggesting its 
pivotal involvement in disease advancement. While M1 macrophages secrete pro-inflammatory cytokines that accelerate 
OA pathogenesis, M2 macrophages exert beneficial effects through tissue repair and anti-inflammatory functions.39 

Notably, M1 macrophages extensively infiltrate the OA synovium, releasing TNF-α, IL-1β and other pro-inflammatory 
mediators that directly degrade cartilage matrix while simultaneously inducing synovial fibroblasts to produce additional 
inflammatory factors.40 Our key finding establishes a robust association between M1 macrophage infiltration and 
disulfidptosis-related gene expression, with reduced GYS1 expression effectively mediating the expression of macro
phage-related key genes CCND1 and NOD2. Specifically: Elevated CCND1 (Cyclin D1) correlates with enhanced 
inflammation via M1-driven cytokine release and stimulation of neighboring cell proliferation. Decreased NOD2 
expression (a crucial pattern recognition receptor) compromises cellular recognition of endogenous stimuli, triggering 
localized inflammatory imbalance. This constitutes our second major research innovation: the discovery of molecular 
crosstalk between disulfidptosis and the OA immune microenvironment through the GYS1-CCND1/NOD2 regulatory 
axis.

Our transcriptomic data revealed downregulation of multiple genes involved in glucose metabolism and transport in 
osteoarthritic cartilage. KEGG pathway analysis further demonstrated significant enrichment of disulfidptosis-related 
DEGs in glucose metabolism and insulin signaling pathways. These findings collectively indicate a hypoglycemic 
microenvironment conducive to disulfidptosis. Immunohistochemical validation at the protein level confirmed reduced 
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GYS1 expression in the severely damaged stage IV of OA cartilage. Although the expression of the glucose transporter 
GLUT1 (encoded by SLC2A1) showed no statistically significant difference, this overall dysregulation of metabolic gene 
expression likely reflects a state of glucose metabolic imbalance, which may disrupt redox homeostasis and facilitate 
disulfidptosis.

While this study provides novel insights into the interrelationship among disulfidptosis, immune infiltration, and 
glucose metabolism in OA pathogenesis, several limitations warrant consideration. Specifically, although our in vitro co- 
culture system provides initial functional validation, the mutual regulatory mechanisms between disulfidptotic chondro
cytes and macrophages remain incompletely characterized. To comprehensively elucidate the causal relationships and 
translational relevance, future work should incorporate: 1) Advanced mechanistic studies to dissect the reciprocal 
signaling pathways between disulfidptotic chondrocytes and macrophages, including potential feedback loops; 2) 
Genetic perturbation models (eg, chondrocyte-specific GYS1-KO mice) to assess the in vivo role of disulfidptosis in 
OA progression and immune infiltration; 3) Metabolic flux analysis to quantify how glucose starvation triggers the 
disulfidptosis-immunity axis within the joint microenvironment, such as by monitoring changes in NADPH levels, 
cystine accumulation, or redox balance. Therapeutically, our findings on the disulfidptosis-immunity axis suggest novel 
strategies for OA treatment. For example, redox-modulating compounds like carboxymethyl-chitosan (CM-C)—known 
for its antioxidant and anti-inflammatory effects in joints—could be explored as potential therapies targeting this axis.41 

Future studies should test whether such interventions mitigate disulfidptosis-driven immune dysregulation and OA 
progression.

In summary, this study demonstrates that altered expression of disulfidptosis-related genes in osteoarthritic cartilage is 
closely associated with immune cell infiltration, providing new insights into the pathogenesis of osteoarthritis. Our 
findings highlight the functional significance of these genes in modulating chondrocyte-immune crosstalk, suggesting 
that targeting disulfidptosis may represent a promising therapeutic strategy for osteoarthritis. These results establish 
a foundation for further mechanistic investigation and potential clinical translation, underscoring the importance of 
disulfidptosis in OA progression.

Conclusion
Disulfidptosis in chondrocytes is closely linked to M1 macrophage immune infiltration and may serve as a mechanistic 
driver of OA progression. Mechanism genes such as GYS1/CCND1/NOD2 show strong diagnostic potential and may 
represent novel biomarkers and therapeutic targets for OA prevention and treatment.
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