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Atherosclerosis (AS), the leading cause of cardiovascular diseases, is a chronic inflammatory disorder 
involving lipid metabolism, immune dysregulation, and cell death. Pyroptosis, a form of inflammatory 
programmed cell death, is implicated in AS progression, yet its molecular mechanisms and therapeutic 
potential remain incompletely understood. A multi-omics framework integrating transcriptomics, 
single-cell RNA sequencing, and machine learning to identify and prioritize pyroptosis-related genes 
(PRGs) in AS. Functional enrichment, immune infiltration profiling, and protein–protein interaction 
network analyses were conducted. Experimental validation was conducted using in vitro and in 
vivo models. Thirty-six PRGs were identified, with TREM2, TNF, MMP9, IL1B, and CASP1 emerging 
as key regulators of pyroptosis and inflammation. These PRGs demonstrated robust diagnostic 
potential in internal and external datasets. Immune infiltration analysis stratified AS patients into 
subtypes, with Cluster 2 characterized by elevated macrophage pyroptosis and a pro-inflammatory 
immune microenvironment. Single-cell analysis confirmed TREM2 upregulation in macrophages and 
monocytes, linking it to immune activation and plaque instability. Experimental validation revealed 
TREM2’s dual role in promoting macrophage lipid accumulation and pyroptosis. This study establishes 
PRGs, particularly TREM2, as critical modulators of AS progression. These findings enhance our 
understanding of pyroptosis in AS and provide a framework for developing PRG-based diagnostic and 
therapeutic strategies.
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Atherosclerosis (AS) is a persistent and progressive vascular disease characterized by the thickening of arterial 
walls, plaque development, and lumen stenosis, making it the leading cause of cardiovascular mortality 
worldwide1,2. The severe clinical outcomes of AS, including myocardial infarction and stroke, result from 
the disease’s disruption of normal organ function3,4. Despite advances in diagnostic approaches, such as lipid 
profiling and imaging technologies, these conventional methods often fail to detect AS at early stages or capture 
the dynamic and multifaceted pathological changes occurring in atherosclerotic lesions5,6. This highlights the 
urgent need for reliable molecular biomarkers that can improve early diagnosis and therapeutic strategies for 
AS7,8.
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Pyroptosis, a regulated form of inflammatory programmed cell death, has emerged as a key factor in AS 
progression. Unlike apoptosis or necrosis, pyroptosis is mediated by the activation of inflammatory caspases, 
such as caspase-1, and is characterized by rapid plasma membrane rupture and the release of pro-inflammatory 
cytokines, including IL-1β and IL-189,10. This process exacerbates local inflammation, recruits immune cells, 
and destabilizes plaques, thereby increasing the risk of cardiovascular events11–13. Recent studies suggest that 
targeting pyroptosis-related pathways may not only mitigate disease progression but also stabilize plaques, 
providing a promising avenue for refining both diagnostic and therapeutic strategies for AS12–14.

To address these challenges, it is essential to understand the molecular mechanisms of pyroptosis in AS and 
identify key pyroptosis-related genes (PRGs) that drive the disease. Advances in high-throughput technologies, 
such as transcriptomics, single-cell RNA sequencing (scRNA-seq), and artificial intelligence, now enable the 
integrative analysis of complex datasets, offering a more comprehensive understanding of disease processes15,16. 
Machine learning algorithms, in particular, can prioritize candidate biomarkers by leveraging their predictive 
importance across multiple datasets15,16. These approaches hold great promise in unraveling the intricate 
interactions between PRGs and AS progression, paving the way for the discovery of novel molecular subtypes 
and therapeutic targets.

In this study, we employed a multi-omics framework to systematically investigate the role of PRGs in AS. 
By integrating bulk transcriptomic data, scRNA-seq, and machine learning techniques, we aimed to explore the 
diagnostic and therapeutic potential of PRGs. Our analysis identifies novel molecular subtypes of AS defined by 
distinct PRG expression patterns and immune infiltration profiles, providing new insights into the inflammatory 
microenvironment of atherosclerotic plaques. These findings lay the foundation for incorporating pyroptosis 
biomarkers into clinical practice, ultimately advancing personalized approaches for AS diagnosis and treatment.

Results
Identification of PRGs in AS
Using the GSE100927 dataset, which includes samples from 69 atherosclerotic arteries and 35 healthy arteries, we 
identified 554 Differential expressed genes (DEGs), comprising 408 upregulated genes and 146 downregulated 
genes (Fig.  1A-B). To identify PRGs associated with AS, we integrated these DEGs with a predefined set of 
PRGs, resulting in 36 overlapping genes (Fig. 1C). Functional enrichment analysis revealed that these PRGs were 
significantly associated with several biological processes, including the regulation of inflammatory response 
and IL-1β production (Fig. 1D). In the cellular components, PRGs were primarily enriched in inflammasome 
complex and tertiary granule (Fig. 1E). In terms of molecular functions, key terms included lipopolysaccharide 
binding, cytokine activity and protease binding (Fig. 1F). Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway analysis highlighted the involvement of these PRGs in several inflammation-related pathways, including 
the NOD-like receptor signaling pathway, lipid metabolism, and Toll-like receptor signaling (Fig. 1G). These 
findings underscore the pivotal role of PRGs in modulating inflammatory and immune responses in AS.

Screening of key PRGs in AS
To identify key regulators of pyroptosis and inflammation in AS, we used network-based and machine learning 
approaches. A protein-protein interaction (PPI) network was conducted for the 36 PRGs, revealing a dense 
network of 30 genes by STRING and Cytoscape (Fig. 2A). Using the cytoHubba plugin, we calculated node 
centrality with four distinct algorithms (Degree, MNC, BottleNeck, and Stress) (Supplementary Fig.  1). The 
overlap of the top 10 genes identified by each algorithm yielded 9 hub genes: TNF, IL1B, TLR2, MMP9, CASP1, 
APOE, CCL5, TREM2 and CYBB (Fig. 2B). These genes represent critical of pyroptosis and inflammation in AS.

To further refine the selection of key genes, the predictive importance of PRGs was evaluated using 96 
machine learning models, which demonstrated good predictive ability (Supplementary Fig.  2). Additionally, 
in 23 of these models, the average ranking of genes across models identified the most significant predictors 
(Fig.  2C, Supplementary Fig.  3). Additionally, LASSO (Least Absolute Shrinkage and Selection Operator) 
regression analysis was applied to the 9 hub genes, resulting in the retention of 8 genes (APOE, MMP9, TLR2, 
CASP1, IL1B, CCL5, TREM2 and TNF, Fig. 2D). Finally, the intersection of the LASSO-selected genes with 
the top 5 genes from machine learning rankings yield 5 core genes: TREM2, TNF, MMP9, IL1B and CASP1 
(Fig. 2E). These genes likely serve as key regulators of pyroptosis and inflammation, making them potential 
diagnostic and therapeutic targets for AS.

Diagnostic evaluation of key PRGs in AS
To further validate the diagnostic potential of the five core genes (TREM2, TNF, MMP9, IL1B, and CASP1), we 
conducted internal and external validation using the GSE100927 and GSE120521 datasets. We first performed 
an internal validation using the GSE100927 dataset to evaluate the diagnostic performance of the five key genes. 
Receiver operating characteristic (ROC) curve analysis showed that all five genes achieved high Area Under the 
Curve (AUC) values, indicating their robust diagnostic capability for distinguishing AS samples from normal 
controls (Fig. 3A). In the external dataset (GSE120521), violin plots revealed significant expression differences 
of TREM2, MMP9, and CASP1 between stable and unstable regions of human atherosclerotic plaques (Fig. 3B). 
ROC curve analysis in this external dataset confirmed that these genes also exhibited high AUC values, 
supporting their potential as diagnostic biomarkers (Fig. 3C). These findings highlight the potential of these 
genes not only in distinguishing AS from normal samples but also in differentiating stable from unstable plaque 
regions.

Immune infiltration analysis identifies distinct immune profiles in AS subtypes
To investigate the immune landscape in AS, we performed immune infiltration analysis using CIBERSORT and 
IPS, comparing AS patients with healthy controls in the GSE100927 dataset. Significant differences in immune 
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cell distributions were observed, with AS patients exhibiting higher IPS and Major Histocompatibility Complex 
(MHC) scores, suggesting enhanced immune response and antigen presentation (Fig. 4A-B). The co-inhibition 
of the Immune Checkpoint (CP) score was lower in AS patients, indicating a possible reduction in immune 
tolerance (Fig. 4B).

We then performed unsupervised hierarchical clustering based on their expression of the five key PRGs, 
dividing AS samples into two clusters, Cluster 1 and Cluster 2 (Supplementary Fig. 4A-B). Principal component 
analysis (PCA) confirmed distinct separation between the two clusters (Fig.  4C). All five key PRGs were 
significantly upregulated in Cluster 2 compared to Cluster 1 (P < 0.001) (Fig.  4D). Immune cell infiltration 
analysis showed increased levels of CD8+ T cells, Tfh cells, γδ T cells, M0 macrophages, and activated mast cells 
in Cluster 2 (Fig. 4E, Supplementary Fig. 4C). The correlation between these PRGs and M0 macrophages further 
emphasizes the critical role of macrophages in regulating the immune microenvironment in AS (Fig. 4F).

Single-cell transcriptomic analysis reveals cell-type-specific expression patterns of PRGs
To further investigate the expression of five key genes in different immune cell types in AS, we analyzed the 
scRNA-seq dataset (GSE159677). Distinct cell populations, including T cells, B cells, NKT cells, endothelial 

Fig. 1.  Identification of PRGs in AS. (A) Volcano plot showing the distribution of DEGs in GSE100927, with 
a threshold of adjusted p-value < 0.05 and |log2 fold change| > 1. Red and blue dots represent upregulated and 
downregulated genes, respectively. (B) Heatmap of hierarchical clustering for DEGs in AS and control samples 
from GSE100927, with red and blue indicating higher and lower expression levels, respectively. (C) Venn 
diagram illustrating the intersection of DEGs identified in GSE100927 and a predefined PRG set, resulting 
in 36 overlapping genes. (D–F) GO enrichment analysis of the 36 PRGs in AS, highlighting key biological 
processes, cellular components, and molecular functions. (G) KEGG pathway analysis of PRGs in AS.
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cells, macrophages, monocytes, vascular smooth muscle cells (VSMC) and mast cells, were identified (Fig. 5A). 
In the atherosclerotic core (AC), macrophages and monocytes showed increased proportions, compared to 
patient-matched normal arterial tissue (PA), while endothelial cells and VSMCs were reduced (Fig. 5B). GO 
and Kyoto KEGG pathway analysis of DEGs confirmed enrichment in immune response and inflammation-
related processes (Fig. 5C–D). Further, we compared the overall expression levels of the five key genes between 
AC and PA samples. We found that TREM2, MMP9, IL1B, and CASP1 were significantly upregulated in AC 
samples, while, TNF was higher in PA samples (Fig. 5E, Supplementary Fig. 5). Specifically, TREM2 expression 
was markedly higher in macrophages and monocytes from AC samples, further supporting its central role in 
immune activation in AS plaques (Fig. 5F–G).

In vivo and in vitro validation of TREM2 in atherosclerosis
Given the compelling evidence from previous analyses, we conducted experimental validation to assess the role 
of TREM2 in AS. In Apoe−/− mice fed a high-fat diet for 16 weeks, Trem2 mRNA and protein expression were 
significantly elevated in the aorta compared to WT controls (P < 0.05) (Fig. 6A–C). In vitro, ox-LDL treatment 
significantly upregulated TREM2 mRNA expression in THP-1 cells (P < 0.01) (Fig. 6D). To further investigate 
the role of TREM2, siRNA-mediated knockdown of TREM2 (siTREM2) was performed in ox-LDL-treated 
THP-1 cells. Western blot analysis confirmed the effective knockdown of TREM2 protein expression (Fig. 6E–

Fig. 3.  Diagnostic evaluation of key PRGs in AS. (A) ROC curve analysis showing the diagnostic performance 
of key PRGs in distinguishing AS from normal samples in the GSE100927 dataset. (B) Violin plots depicting 
the expression levels of the key genes in the GSE120521 dataset, comparing stable and unstable regions. (C) 
ROC curve analysis of the diagnostic performance of key PRGs in the GSE120521 dataset.

 

Fig. 2.  Screening of key PRGs in AS. (A) PPI network of differentially expressed PRGs. (B) Venn diagram 
indicating the overlap of key genes identified by 4 distinct algorithms (MNC, Degree, BottleNeck and Stress) 
in the PPI network. (C) Average ranking of genes based on their performance across 23 machine learning 
models. (D) LASSO regression analysis for 9 hub genes. The left panel displays the minimum criteria for model 
selection, while the right panel shows the coefficient profiles of the retained genes. A total of 8 genes were 
retained based on the optimal lambda value. (E) Venn diagram indicating the overlap of 8 genes identified by 
LASSO regression and the top 5 ranked genes from machine learning models, resulting in 5 core genes.
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F). Oil Red O staining revealed a significant reduction in lipid droplet accumulation in the siTREM2 group 
compared to control siRNA-transfected cells (si-NC) (P < 0.01) (Fig. 6G–H), indicating that TREM2 knockdown 
attenuated foam cell formation.

To explore the mechanism underlying TREM2-mediated pyroptosis, we examined NLRP3 inflammasome 
pathway activation. Western blot analysis showed that knockdown of TREM2 markedly suppressed the expression 
of GSDMD-N, Caspase-1 p20, NLRP3 and IL-1β (P < 0.05, Fig.  6I–K), indicating attenuated inflammasome 
activation and pyroptotic signaling. This was further supported by ELISA measurements, where the secretion 

Fig. 4.  Immune infiltration and cluster analysis in AS patients. (A) Heatmap illustrating the differences in 
immune cell infiltration profiles between AS patients and healthy controls based on CIBERSORT analysis. 
Red represents higher relative infiltration levels, while blue represents lower relative infiltration levels. (B) 
Violin plots showing the IPS of selected immune cells, demonstrating significant differences between the AS 
and control groups. (C) PCA plot illustrating the separation between Cluster1 and Cluster2 based on gene 
expression profiles. (D) Expression of five key PRGs between Cluster1 and Cluster2 (P < 0.001). (E) Box 
plots depicting significant differences in the relative abundance of various immune cell types between the 
two subtypes. The y-axis represents the relative cell proportion, and each box plot displays the median and 
interquartile range for each cell type. (F) Heatmap showing the correlation between five key PRGs and immune 
cell infiltration levels. The color scale represents the correlation coefficient, with red indicating a positive 
correlation and blue indicating a negative correlation.
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Fig. 5.  Single-cell transcriptomic analysis of PRGs expression across different cell types in AS. (A) UMAP 
plot illustrating the distribution of different cell types in AC and PA samples. (B) Comparison of the relative 
proportions of different immune cell types between AC and PA samples. (C–D) GO and KEGG pathway 
enrichment analysis of differentially expressed genes between AC and PA samples. (E) Expression levels of 
the five key PRGs in AC and PA samples. (F) Expression levels of the five key PRGs in macrophages. (G) 
Expression levels of the five key PRGs in monocytes.
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of IL-1β and IL-18 in the culture supernatant was significantly reduced in the si-TREM2 group (P < 0.0001, 
Fig. 6L).

Consistently, LDH release, an indicator of membrane rupture during pyroptosis, was significantly reduced in 
si-TREM2-transfected cells (P < 0.001), suggesting improved membrane integrity (Fig. 6M). Moreover, CCK-8 
assays showed that knockdown of TREM2 significantly restored cell viability in ox-LDL-treated macrophages, 
indicating that TREM2 promotes ox-LDL-induced cytotoxicity (P < 0.0001, Fig. 6N).

Finally, immunofluorescence staining of aortic sections confirmed the co-localization of Trem2 with CD68+ 
macrophages in the atherosclerotic plaques in Apoe−/− mice, supporting its functional role in plaque-resident 
macrophages (Fig.  6O). Collectively, these findings demonstrate that TREM2 promotes lipid accumulation, 
activates the NLRP3 inflammasome pathway, and induces pyroptosis in macrophages, thereby contributing to 
the development of atherosclerosis. These results highlight TREM2 as a potential diagnostic and therapeutic 
target in AS.

Discussion
AS is a chronic inflammatory disease characterized by lipid accumulation in the intima leading to complications 
such as myocardial infarction and stroke17. In the past decades, putative therapeutic strategies targeting chronic 
inflammation in AS have been proposed, offering potential avenues for preventing or treating the disease18. 
Pyroptosis, a form of regulated cell death that is inherently inflammatory, involves rapid plasma-membrane 
rupture and proinflammatory cytokines release19. Recent studies indicate that pyroptosis affects the entire 
progression of atherosclerosis11,20,21. Thus, targeting the molecules involved in pyroptosis could offer promising 
strategies for AS diagnosis and treatment.

In this study, we systematically explored the role of PRGs in AS progression through a multi-omic framework 
that included transcriptomic analysis, scRNA-seq, and experimental validation. Our analysis identified 36 
PRGs associated with AS, which were significantly enriched in pathways regulating inflammation and immune 
responses, such as the NOD-like receptor and Toll-like receptor signaling pathways. These pathways have long 
been implicated in AS progression due to their ability to amplify local inflammation and destabilize plaques, 
leading to adverse cardiovascular outcomes22–27.

Using rigorous network-based approaches and machine learning algorithms, we further prioritized five 
key PRGs—TREM2, TNF, MMP9, IL1B, and CASP1—as pivotal regulators of pyroptosis and inflammation. 
We demonstrated the robust diagnostic potential of these five PRGs, as evidenced by their high diagnostic 
performance in both internal and external datasets. These findings provide a foundation for developing PRG-
based diagnostic tools to predict AS progression and plaque instability. Macrophage-derived foam cells are 
the major cells involved in AS lesions and a key factor in plaque instability28. The death of macrophages in 
advanced lesions leads to the release of growth factors, cytokines, proteases and intracellular lipids, which fuel 
the inflammatory response and promote necrotic core formation, increasing plaque vulnerability and the risk of 
thrombosis20,29,30. As a form of regulated necrosis that secretes pro-inflammatory factors, pyroptosis accounts 
for a significant portion of macrophage death in AS plaques31. Our immune infiltration analysis further supports 
the critical role of macrophage pyroptosis in AS progression.

Atherosclerotic lesions exhibit significant cellular heterogeneity and complexity. High-resolution 
technologies, including scRNA-seq, allow for detailed analysis of the immune cells and molecular alterations. In 
our study, we observed significant changes in the cellular landscape between AC and PA regions, with increased 
macrophage and monocyte infiltration in AC areas. In contrast, the observed reduction in endothelial cells and 
VSMCs in AC regions reflects a breakdown in vascular integrity and homeostasis, further exacerbating plaque 
vulnerability. At the molecular level, elevated expression of TREM2, MMP9, IL1B, and CASP1 in AC samples 
emphasizes their role in immune activation and pyroptosis regulation. Notably, the significant upregulation of 
TREM2 in macrophages and monocytes highlights its contribution to inflammation and plaque progression32.

Earlier studies have suggested that TREM2 acts as a molecular switch in AS progression, regulating 
macrophage-mediated inflammation, lipid metabolism, and pyroptosis. TREM2 enhances lipid uptake and foam 
cell formation by upregulating CD36 and activating downstream pathways such as PPARγ, contributing to early 
plaque development33. Moreover, TREM2 supports macrophage survival by activating AKT/mTOR signaling 
pathway, preventing excessive apoptosis and promoting efferocytosis, which is critical for plaque stability in 
later stages34,35. This dual role of TREM2 is consistent with its function in neurodegenerative diseases, such as 
Alzheimer’s disease, where it regulates lipid metabolism, microglial activation, and inflammation36. However, 
the analysis of one of the datasets used in this study suggests significant TREM2 upregulation in unstable 
plaques. At first glance, this upregulation may appear to contradict the previously reported role of TREM2 in 
macrophage survival, efferocytosis, and plaque stabilization. Nevertheless, we believe this apparent discrepancy 
reflects the context-dependent, stage-specific, and microenvironment-sensitive nature of TREM2’s function in 
atherosclerosis. We hypothesize that the elevated expression of TREM2 in unstable plaques may not indicate a 
purely protective role but rather reflect a heightened immune response and macrophage burden, both of which 
are common features of vulnerable plaque microenvironments. In this context, TREM2 may function as an 
adaptive, or even maladaptive, responder to persistent oxidative and inflammatory stimuli in unstable plaques. 
Moreover, considering the differences between mechanistic gene perturbation studies (e.g., overexpression or 
knockdown) and observational transcriptomic data from human lesions, the elevated TREM2 expression in 
unstable plaques may not be purely protective. Instead, it may reflect a more complex adaptive response to the 
dynamic microenvironment in atherosclerotic lesions.

Our experimental validation further underscores the involvement of TREM2 in lipid metabolism and 
inflammatory activation, demonstrating its role in promoting macrophage lipid storage, which drives early 
plaque development. These findings integrate well with previous transcriptomic analyses, confirming TREM2 
as a central regulator of both immune activation and pyroptosis in AS pathophysiology. In conclusion, the role 
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of TREM2 in atherosclerosis is multifaceted and context-dependent, with its effects varying across different 
stages of plaque development. Future studies integrating experimental models with clinical data are essential to 
fully understand the dynamic functions of TREM2 in the progression of atherosclerosis and its potential as a 
therapeutic target.

Building on these findings, inhibition of pyroptosis and inflammation presents a promising therapeutic 
strategy for atherosclerosis, complementing conventional treatments. Recent clinical trials, such as CANTOS 
(Canakinumab Antiinflammatory Thrombosis Outcomes Study) and LoDoCo (Low-Dose Colchicine for 
Secondary Prevention of Cardiovascular Disease), have validated the efficacy of anti-inflammation therapy in 
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AS. Moreover, emerging evidence suggests that pyroptosis plays a pivotal role in the molecular mechanisms 
underlying these therapeutic effects of these treatment37–42. Given the complicated pathways involved in 
pyroptosis, various molecular targets have been proposed for therapeutic intervention in AS. These include 
strategies such as regulating inflammasome components expression43,44, inhibiting inflammasome activation45,46, 
preventing inflammasome assembly47,48, suppressing caspase-1 or GSDMD activation49,50, and inactivating 
pyroptosis-related inflammatory cytokines42,51. Several candidate drugs targeting these pathways are currently 
under investigation for their efficacy in treating AS. Furthermore, the diagnostic potential of TREM2 and other 
key PRGs could be utilized for early detection and risk assessment in AS patients.

Despite these promising findings, several limitations need to be considered. A primary limitation is the 
small sample size in the validation datasets, particularly GSE120521 and GSE159677, which consist of only 
four and three patients, respectively. This small cohort size limits the statistical power of the analyses and the 
generalizability of our findings. Larger, more diverse datasets are necessary to confirm and expand on the 
pyroptosis-related gene signatures identified here. Additionally, the reliance on publicly available datasets may 
introduce selection bias, potentially limiting the generalizability of our results. Furthermore, the anatomical and 
clinical heterogeneity within the datasets poses additional challenges. Future studies focusing on specific arterial 
regions may provide more precise insights. More detailed clinical data in future studies will be essential to further 
investigate the role of pyroptosis in different patient subgroups. Additionally, while TREM2 was experimentally 
validated, the functional roles of other key PRGs remain to be fully elucidated. Future studies should focus on in-
depth mechanistic investigations using in vitro and in vivo models. Furthermore, the clinical relevance of these 
findings needs validation in larger, independent patient cohorts to assess their utility in personalized therapy.

Conclusion
This study underscores the critical role of PRGs, particularly TREM2, in the pathogenesis of AS. By combining 
multi-omic and single-cell analyses with experimental validation, we provide a comprehensive framework for 
understanding the molecular and cellular mechanisms underlying AS. These findings not only advance our 
knowledge of AS pathophysiology but also offer a foundation for the developing PRG-based diagnostic and 
therapeutic strategies for more effective AS management.

Methods
Data sources and preprocessing
The raw gene expression data, clinical information, and single-cell RNA-seq datasets used in this study were 
obtained from publicly accessible databases. Microarray data and corresponding clinical information related to 
AS were retrieved from Gene Expression Omnibus (GEO) database under the accession number GSE100927. 
This dataset consists of microarray data from atherosclerotic and non-atherosclerotic tissues derived from 
carotid, femoral, and infra-popliteal arteries. We used all available samples from this dataset to capture a 
comprehensive transcriptional landscape related to pyroptosis in atherosclerosis. GSE120521 contains RNA-
seq data from carotid artery plaques of four patients, which were used for independent validation of candidate 
genes identified in the GSE100927 discovery phase. GSE159677 provides single-cell RNA-seq data from calcified 
plaques of both atherosclerotic and healthy carotid arteries from three asymptomatic patients, enabling analysis 
of cell-type-specific pyroptosis-related gene expression.

Data related to pyroptosis were curated from GeneCards (https://www.genecards.org/), and a total of 886 
PRGs were identified. These genes were then cross-referenced with the AS dataset to identify relevant candidates 
for further analysis.

All datasets were preprocessed to remove batch effects using the “sva” R package. Gene expression profiles 
were normalized using the “limma” R package. For scRNA-seq data, quality control, filtering, and normalization 
were performed using the “Seurat” R package.

Analyzing genes linked to pyroptosis
Differential expression analysis was performed to identify key PRGs involved in AS. The “limma” R package was 
used to determine differentially expressed genes (DEGs), with thresholds set at |log2 fold change| > 1 and an 

Fig. 6.  High expression of PRGs is associated with the development of AS. (A) Relative mRNA expression 
level of Trem2 in aortas of WT and high-fat diet-fed Apoe−/− mice (n = 5). (B–C) Relative protein expression 
levels of Trem2 in aortas of WT and high-fat diet-fed Apoe−/− mice (n = 3). (D) Relative mRNA expression 
levels of TREM2 in THP-1 cells and ox-LDL induced THP-1 cells (n = 5). (E–F) TREM2 protein expression 
levels in THP-1 cells, ox-LDL-induced THP-1 cells, and ox-LDL-induced THP-1 cells with or without TREM2 
knockdown (n = 6). (G–H) Oil Red O staining of lipid accumulation in ox-LDL-stimulated THP-1 cells with 
or without TREM2 knockdown (n = 4, Scale bar = 100 μm). (I–K) Western blot analysis showing protein 
expression of cleaved Caspase-1 p20, GSDMD-N, NLRP3 and IL-1β in THP-1 cells under different treatments 
(n = 3). (L) ELISA quantification of IL-1β and IL-18 levels in the culture supernatants of ox-LDL-treated THP-1 
cells (n = 4). (M) LDH specific activity levels in macrophages were measured using a commercial assay kit 
(n = 6), indicating cell membrane damage and pyroptosis activity. (N) Cell viability assessed by CCK-8 assay in 
THP-1 cells with or without TREM2 knockdown under ox-LDL stimulation (n = 5). (O) Immunofluorescence 
images of aortic root sections WT and high-fat diet-fed Apoe−/− mice showing Trem2 (green) expression, CD68 
(red) as a macrophage marker, and DAPI (blue) for nuclear staining, Scale bar = 50 μm. Data are presented as 
mean ± SD.

◂

Scientific Reports |        (2025) 15:22360 9| https://doi.org/10.1038/s41598-025-04398-2

www.nature.com/scientificreports/

https://www.genecards.org/
http://www.nature.com/scientificreports


adjusted p-value < 0.05. Volcano plots were generated to visualize DEGs, and a Venn diagram was constructed 
to intersect DEGs with the curated PRGs list, thereby highlighting potential candidates for further investigation.

Functional and pathway enrichment analysis and Protein–protein interaction (PPI) network 
construction
To explore the biological significance of the identified DEGs, Gene Ontology (GO) and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway enrichment analyses were conducted using the “clusterProfiler” R 
package. Enriched pathways related to pyroptosis were prioritized, and the results were visualized using dot 
plots. The interactions between the identified proteins were analyzed via the STRING online tool ​(​​​h​t​t​p​:​/​/​s​t​r​i​n​g​-​d​
b​.​o​r​g​/​​​​​)​, with a confidence score threshold of > 0.7 to filter interactions. To evaluate the centrality and importance 
of each gene in the network, four algorithms (MNC, Degree, BottleNeck, Stress) were used to rank the genes 
based on connectivity and network properties.

Accuracy of diagnosis
Key PRGs were selected through an extensive machine learning analysis using 96 models in R to assess their 
diagnostic accuracy in AS. The optimal machine learning model was used to construct a diagnostic framework 
and identify the most significant diagnostic genes.

Immune profiling
Immune cell infiltration was estimated utilizing the “CIBERSORT” and “Immune Phenotype Scoring (IPS)” 
algorithms based on gene expression profiles. The association in between PRGs expression and immune cell 
infiltration levels was evaluated to comprehend the immune landscape in AS.

Subtype classification
Agreement clustering was performed using the “ConsensusClusterPlus” package to categorize patients into 
unique molecular subtypes. The optimal number of clusters was determined based on cumulative distribution 
function (CDF) plots and agreement matrices. Differences in immune infiltration were also compared amongst 
the subtypes to identify subtype-specific immune features.

Single-cell transcriptomic analysis and copy number variation profiling
Single-cell RNA-seq data were analyzed utilizing the “Seurat” R plan to explore cellular heterogeneity in AS. 
Cell clusters were annotated based upon canonical markers, and t-distributed stochastic neighbor embedding 
(tSNE) and Uniform Manifold Approximation and Projection (UMAP) methods were used for dimensionality 
reduction and visualization of cell clusters. The expression patterns of PRGs across different cell types were 
analyzed to reveal their cell-type-specific roles.

Animals
Apoe−/− mice (6–8 weeks old, 18–22 g) were purchased from GemPharmatech Co., Ltd., (Jiangsu, China). The 
mice were housed in specific pathogen-free (SPF) conditions with a 12-hour light/dark cycle at a controlled 
temperature of 25 ± 1℃ and had ad libitum access to food and water. To establish the AS model, Apoe−/− mice 
were fed a high-fat diet (HFD; Junke Biological Co., Ltd., Nanjing, China) for 16 weeks. Wild-type C57BL/6 mice 
on a normal diet served as the control group. All experimental protocols were approved by the Animal Ethics 
Committee of Sun Yat-sen University (Number: SYSU-IACUC-2024-B1050). All experiments and methods 
were performed in accordance with relevant guidelines and regulations. The manuscript adheres to the ARRIVE 
guidelines for reporting of animal research.

Real-Time quantitative polymerase chain reaction (RT-qPCR)
Total RNA was extracted using the Tissue RNA Purification Kit PLUS (EZB-RN001-plus, EZBioscience, China) 
or the EZ-press RNA Purification Kit (B0004D, EZBioscience) according to the manufacturer’s instructions. 
Complementary DNA (cDNA) was synthesized using the Color Reverse Transcription Kit (A0010CGQ, 
EZBioscience). Gene expression was quantified using the Color SYBR Green qPCR Master Mix (A0012-R2, 
EZBioscience). Primer sequences for gene amplification are listed in Table  1, with GAPDH serving as the 
housekeeping gene.

Immunofluorescence staining of tissues
Vascular tissues were fixed in cold acetone for 10 min and washed three times with phosphate-buffered saline 
(PBS). The tissues were then incubated in 5% bovine serum albumin (BSA) and 0.3% Triton X-100 at room 
temperature for 1 h. After blocking, primary antibodies were applied according to the manufacturer’s instructions, 

Gene Forward (5′-3′) Reverse (5′-3′)
TREM2 ​A​T​G​A​T​G​C​G​G​G​T​C​T​C​T​A​C​C​A​G​T​G ​G​C​A​T​C​C​T​C​G​A​A​G​C​T​C​T​C​A​G​A​C​T

Trem2 ​C​T​A​C​C​A​G​T​G​T​C​A​G​A​G​T​C​T​C​C​G​A ​C​C​T​C​G​A​A​A​C​T​C​G​A​T​G​A​C​T​C​C​T​C

GAPDH ​G​T​C​T​C​C​T​C​T​G​A​C​T​T​C​A​A​C​A​G​C​G ​A​C​C​A​C​C​C​T​G​T​T​G​C​T​G​T​A​G​C​C​A​A

Gapdh ​C​A​T​C​A​C​T​G​C​C​A​C​C​C​A​G​A​A​G​A​C​T​G ​A​T​G​C​C​A​G​T​G​A​G​C​T​T​C​C​C​G​T​T​C​A​G

Table 1.  Primer sequences of RT-PCR.
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and tissues were incubated overnight at 4℃. The tissues were then washed three times with PBS and incubated 
with fluorescently labeled secondary antibodies for 2 h at room temperature. After staining with DAPI solution 
for 5 min and washing three times with PBS, the aortic root tissues were imaged using a fluorescence microscope 
(Nikon ECLIPSE Ni-U, Japan).

Western blot analysis
Total proteins from macrophages and arterial tissues were extracted using RIPA lysis buffer (Beyotime 
Biotechnology, Shanghai, China) supplemented with 1 mM PMSF (Beyotime Biotechnology, Shanghai, China). 
Protein concentrations were determined using a BCA Protein Assay Kit (Beyotime Biotechnology, Shanghai, 
China). Equal amounts of protein were separated by 10% SDS-PAGE gels and transferred to PVDF membranes. 
The membranes were blocked with 5% skim milk for 1 h and incubated overnight at 4℃ with the following 
primary antibodies: Rabbit Anti-Mouse/Human Trem2 (Cusabio, China). After washing three times with TBST, 
the membranes were incubated with appropriate secondary antibodies (1:10,000, Abcam, UK) for 2 h at room 
temperature. Protein bands were visualized using an ECL reagent (Millipore, USA) and a gel imaging system 
(Tanon, Shanghai, China). Relative expression levels were analyzed using Image J software.

Cell culture
Human THP-1 monocytes were (Immocell, Xiamen, China, catalog number: IM-H260) cultured in RPMI-1640 
medium supplemented with 10% fetal bovine serum (FBS; Gibco, USA), 100 U/mL penicillin, and 100 U/mL 
streptomycin. Cells were maintained at 37℃ in a humidified atmosphere with 5% CO2. Cells between passages 
5–14 were used for experiments. To differentiate THP-1 cells into macrophages, cells were seeded at a density 
of 5 × 10⁵ cells/mL in six-well culture plates and stimulated with 100 ng/mL phorbol 12-myristate 13-acetate 
(PMA; Sigma-Aldrich, Germany) for 48 h. Macrophages were then treated with 100 µg/mL oxidized low-density 
lipoprotein (ox-LDL; Guangzhou Yiyuan Biotech Co., Ltd., Guangzhou, China) for 24 h to induce foam cell 
formation. Untreated macrophages served as controls.

 SiRNA interference
siRNA targeting TREM2 (si-TREM2) was used to knock down TREM2 expression. Scramble siRNA (si-NC) 
and si-TREM2 were synthesized by Tianyi Huiyuan (Beijing, China). Macrophages were transfected with 50 nM 
of si-NC or si-TREM2 using Lipofectamine 8000 (Beyotime Biotechnology, Shanghai, China) for 24 hours. The 
sequence of TREM2 siRNA was 5’-​G​G​A​A​G​A​U​G​A​U​G​G​G​A​G​G​A​A​A-3’.

Foam cell formation by oil red O (ORO) staining
Macrophages were rinsed with PBS, fixed in 10% phosphate-buffered formalin for 10 min, and washed with 
PBS. Fixed cells were stained with 0.5% ORO solution (Solarbio, Beijing, China) at 37 °C for 15 min in darkness, 
followed by destaining with 60% isopropanol for 15 s and washed three times with PBS. ORO-stained lipid-laden 
macrophages were observed under a light microscope (Leica DMI8, Germany).

 CCK-8 assay
THP-1 were seeded in 96-well plates in culture medium. After stimulating with 100 ng/ml PMA (phorbol-12-
myristate-13-acetate) (Sigma-Aldrich) for 48 h, the cells were stimulated with ox-LDL (100 µg/mL, Solarbio, 
Beijing, China) for 24 h. 10 µL of CCK-8 solution (Servicebio, Wuhan, China) with fresh RPMI 1640 medium 
was added to each well and further incubated for 2 h at 37℃ with 5% CO2. The absorbance at 450 nm was 
measured using a microplate reader (BioTek).

Elisa
Concentrations of IL-1β and IL-18 in the cell culture supernatants were determined using human ELISA kits 
following the manufacturer’s instructions (IL-1β: Elabscience E-EL-H0149; IL-18: Elabscience E-EL-H0253).

LDH release measurement
Lactate dehydrogenase (LDH) release was measured to assess cell membrane damage due to pyroptosis. 
Supernatants were collected, and LDH levels were quantified using an LDH assay kit (E-BC-K046-M, 
Elabscience) according to the manufacturer’s protocol. Absorbance was measured at 450 nm using a microplate 
reader (Tecan Sunrise™, Austria).

Statistical analysis
Statistical analyses were performed using GraphPad Prism 9 software (GraphPad, CA). Data are presented as 
mean ± standard deviation (SD). For comparisons between two groups, the Mann-Whitney U test was used for 
n ≤ 5 or abnormally distributed data, while the two-tailed unpaired Student’s t-test was used for n > 5 data points 
with a normal distribution. For comparisons among multiple groups, the Kruskal-Wallis test followed by Dunn’s 
test was applied. A p-value of < 0.05 was considered statistically significant.

Data availability
All data supporting the findings of this study are available within the paper and its Supplementary Information.
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