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ARTICLE INFO ABSTRACT
Keywords: Objective: Ischemic stroke (IS) is a significant health concern with high disability and fatality rates
Cuproptosis-related genes despite available treatments. Immune cells and cuproptosis are associated with the onset and

Ischemic stroke
Immune infiltration
Machine learning

progression of IS. Investigating the interaction between cuproptosis-related genes (CURGs) and
immune cells in IS can provide a theoretical basis for IS treatment.

Methods: We obtained IS datasets from the Gene Expression Omnibus (GEO) and employed ma-
chine learning to identify CURGs. The diagnostic efficiency of the CURGs was evaluated using
receiver operating characteristic (ROC) curves. KEGG and gene set enrichment analysis (GSEA)
were also conducted to identify biologically relevant pathways associated with CURGs in IS pa-
tients. Single-cell analysis was used to confirm the expression of 19 CURGs, and pathway activity
calculations were performed using the AUCell package. Additionally, a risk prediction model for
IS patients was developed, and core modules and hub genes related to IS were identified using
weighted gene coexpression network analysis (WGCNA). We classified IS patients using a method
of consensus clustering.

Results: We established a precise diagnostic model for IS. Enrichment analysis revealed major
pathways, including oxidative phosphorylation, the NF-kappa B signaling pathway, the apoptosis
pathway, and the Wnt signaling pathway. At the single-cell level, compared to those in non-IS
samples, 19 CURGs were primarily overexpressed in the immune cells of IS samples and
exhibited high activity in natural killer cell-mediated cytotoxicity, steroid hormone biosynthesis,
and oxidative phosphorylation. Two clusters were obtained through consensus clustering.
Notably, immune cell types including B cells, plasma cells, and resting NK cells, varied between
the two clusters. Furthermore, the red module and hub genes associated with IS were uncovered.
The expression patterns of CURGs varied over time.

Conclusion: This study developed a precise diagnostic model for IS by identifying CURGs and
evaluating their interaction with immune cells. Enrichment analyses revealed key pathways
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involved in IS, and single-cell analysis confirmed CURG overexpression in immune cells. A risk
prediction model and core modules associated with IS were also identified.

1. Introduction

Stroke is the top cause of death and disability worldwide and is the second most common cause of death. The impact of stroke on
individuals, families, and communities is substantial, with significant economic and social costs [1,2]. The most prevalent type of
stroke is ischemic stroke (IS), which comprises 87 % of cases [3]. The burden increased substantially (a 70.0 % increase in incident
strokes, a 43.0 % increase in deaths from stroke, a 102.0 % increase in prevalent strokes, and a 143.0 % increase in disability-adjusted
life years) globally [4]. The pooled annual prevalence was 1329.5 per 100,000, with an incidence of 442.1 per 100,000, a mortality
rate of 154.1 per 100,000, and a case fatality rate of 35.8 % in China [5]. IS is caused by cerebral vascular congestion and a lack of
blood supply to the brain, resulting in reduced oxygen delivery to brain tissue. This hypoxic environment triggers a series of patho-
physiological changes that eventually lead to brain cell death and neurological dysfunction [6]. Currently, the mainstay treatments for
IS involve intravenous thrombolysis and endovascular thrombectomy. Although endovascular reperfusion therapy holds the potential
for improving outcomes in specific cases, the overall prognosis for IS remains challenging due to factors like a narrow treatment
window, risks of hemorrhagic complications, and subsequent reperfusion-related injuries [7-9]. Furthermore, the rt-PA treatment
carries a significant risk of secondary hemorrhage [10]. Therefore, there is an urgent need to identify therapeutic targets and develop
effective interventions for IS patients.

Previous research has indicated that different types of cell death, such as pyroptosis, ferroptosis, and the recently discovered
cuproptosis, are associated with brain damage and neuronal death in IS [11-13]. Heavy metal, excessive intake, or abnormal accu-
mulation of copper will lead to excess copper [14]. Cuproptosis occurs when cells accumulate excess copper, leading to programmed
cell death. Aggregation of lipidized proteins in mitochondria causes instability of FE-S cluster proteins, ultimately leading to cell death
[15]. Several studies have suggested that copper contributes to the development of cardiovascular and cerebrovascular diseases,
including stroke, ischemia-reperfusion injury, heart failure, and atherosclerosis [16-20]. Although copper concentrations are normally
low in cells, this metal is necessary as a cofactor for various essential metabolic enzymes across all cell types during normal physio-
logical processes [16,21]. Several studies have investigated the relationship between stroke incidence and copper levels. The National
Health and Nutrition Examination Survey revealed a negative correlation between copper consumption and the risk of stroke [22].
However, another study suggested that high serum copper levels may increase the risk of IS [23]. Cuproptosis is believed to contribute
significantly to the development of stroke [13]. Therefore, additional research is needed to fully comprehend the mechanisms linking
cuproptosis and IS.

Recent research has indicated that the immune system plays a crucial role in the pathophysiology of IS. When a stroke occurs,
immune cells are rapidly recruited to the affected area. Immune cells have been found to have protective effects in certain areas, such
as reducing inflammatory responses and secreting growth factors [24,25]. Despite this knowledge, the relationships between
cuproptosis and immune infiltration and between cuproptosis and the progression of IS remain unclear. Therefore, further studies must
be conducted to explore the mechanisms that regulate IS progression.

In this study, we compared the immune characteristics of IS patients based on cuproptosis-related genes (CURGs) expression. We
identified differentially expressed genes (DEGs) using limma and analyzed their functions and pathways. The time series analysis was
used to assess CURG expression changes. A prediction model for cuproptosis risk was developed using machine learning. Enrichment
analyses were employed to investigate the clusters’ roles in IS and immunity. The single-cell analysis identified distinct expression
patterns of 19 CURGs across various cell types in the brain tissues of mice with IS. This research aims to identify biomarkers for IS
diagnosis and treatment by analyzing gene expression and understanding the molecular pathways implicated in IS.

2. Materials and methods
2.1. Expression datasets of the IS

We obtained expression datasets of IS from the Gene Expression Omnibus (GEO) [26]. The inclusion criteria were as follows: (i)
control and case groups, (ii) microarray or bulk RNA-seq data of mRNA, (iii) samples obtained from peripheral blood samples, and (iv)
Homo sapiens. The exclusion criteria were as follows: (i) other types of strokes including hemorrhagic stroke and transient ischemic
attack (TIA); (ii) samples involving methylation profiling by array, rather than microarray or bulk RNA-seq data of mRNA,; (iii) other
species types, such as Mus musculus, etc; (iv) samples consisting of non-coding RNA such as IncRNA or miRNA. Based on the criteria
outlined above, we incorporated three datasets into our analysis. The GSE58294 dataset includes 69 IS samples and 23 non-IS samples
[27]. Additionally, we utilized the GSE16561 dataset, which comprises 39 IS samples and 24 non-IS samples [28]. Furthermore, our
analysis involved the GSE122709 dataset, consisting of 10 IS samples and 5 non-IS samples [29] (Supplementary Materials 1).

2.2. CURGs in IS

We obtained 58 CURGs from the FerrDb database [30] and the PubMed database [31,32].
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2.3. Data processing

To preprocess the GSE58294 dataset, we performed deduplication and log transformation of the expression matrix. Next, we
compared the expression levels of 58 CURGs between 69 individuals with IS and 23 control subjects using a Wilcoxon test. Our analysis
revealed that 30 CURGs exhibited differential expression between the two groups.

2.4. The least absolute shrinkage and selection operator (LASSO)

The LASSO regression method can improve the predictive accuracy of a statistical model [33]. We utilized LASSO regression to
assess the diagnostic potential of the 30 CURGs for IS. LASSO regression was performed with the R package “glmnet” [34]. We
conducted receiver operating characteristic (ROC) curves [35] to assess the model’s capacity to distinguish between IS patients and
non-IS patients.

2.5. Immune infiltration analysis

The analysis of immune infiltration is crucial for understanding disease progression and treatment efficacy. To this end, we used the
CIBERSORT algorithm [36] and LM22 matrix to determine the proportion of 22 immune cell types present in each sample based on
gene expression data. We deemed immune cell components with P < 0.05 accurate and considered only those samples for analysis. The
immune cell proportions in each sample were normalized to a sum of one.

2.6. Weighted gene coexpression network analysis (WGCNA)

WGCNA is a bioinformatics method that describes gene associations between different samples [37]. We constructed a coexpression
network using the R package “WGCNA” by clustering genes with similar expression patterns. Through this analysis, we studied the
correlation of these gene modules with specific traits or phenotypes. We included genes with an adjusted P value of less than 0.05 and
applied a suitable soft threshold () to construct a scale-free network. To obtain a topological overlap matrix (TOM), we transformed
the gene expression similarity matrix into an adjacency matrix using .

2.7. Time series analysis and consensus clustering

In this study, we employed the R package “Mfuzz” to examine the temporal expression patterns of several CURGs. As the expression
of these genes was measured at distinct time points, we utilized the “ConsensusClusterPlus” package for consensus clustering. By
applying this technique, we stratified the IS group into two clusters based on the differential expression of the CURGs.

2.8. Gene set variation analysis (GSVA) and enrichment analysis

GSVA was used to estimate the activity of gene sets across samples by calculating the enrichment score for each set [38]. GSVA is
useful for identifying active pathways or processes that are differentially active between groups of samples with biological relevance.
DEGs were identified with a |logoFC| > 1 and adj. P < 0.05. To investigate the biological functions of the genes, GO and KEGG
enrichment analyses were performed using the “clusterProfiler” package [39].

2.9. Gene set enrichment analysis (GSEA)

We conducted a gene set enrichment analysis (GSEA) using the "clusterProfiler" package. Initially, the gene expression data were
utilized to partition the samples into high and low-expression groups. Subsequently, the variance in gene expression between these
groups was computed. Next, a gene ranking list was generated by sorting all the genes based on their correlation with the target gene.
Finally, the cumulative enrichment score was calculated to assess the enrichment of the target gene within the entire ranked list.

2.10. Single-cell analysis

The GSE174574 single-cell dataset was used to validate gene expression [40]. We utilized the Seurat package for stringent quality
control and statistical analysis of the single-cell data. The CreateSeuratObject function was employed to instantiate Seurat objects,
facilitating the efficient analysis of individual cells. To ensure optimal data quality, a rigorous quality control step was conducted using
specific criteria, including nFeature RNA >500 and nFeature_ RNA <5000 and percent.mt < 15. The non-IS and IS datasets were
subsequently merged, and batch effect correction and data normalization steps were applied.

Principal component analysis (PCA) and uniform manifold approximation and projection (UMAP) were employed to reduce the
dimensionality of the integrated dataset, enabling visualization and interpretation of the cellular heterogeneity. Cell clustering was
performed using the FindNeighbors and FindClusters functions. Single-cell type annotation was conducted using the SingleR package
[41], with the resulting annotations used to rename the cluster labels, enhancing their interpretability. Various visualizations,
including powerful UMAP plots and informative dot plots, were generated to effectively illustrate the spatial distribution and gene
expression patterns among distinct cell types.
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Utilizing the AUCell R package, we conducted pathway scoring for individual cells through gene set enrichment analysis. Subse-
quently, we calculated the area under the curve (AUC) values for the 19 selected CURGs. Gene expression rankings were then
generated for each cell, allowing estimation of the proportions of highly expressed gene sets within each cell. Cells demonstrating
elevated expression levels of genes within the gene set exhibited correspondingly higher AUC values.

2.11. Statistical analysis

The data from the two groups were compared using either the Wilcoxon signed-rank test or the t-test, and correlation coefficients
were determined through Spearman analysis. All statistical analyses were performed using R, with statistical significance assessed at a

threshold of P < 0.05.
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Fig. 1. Boxplots depicting the expression levels of 58 CURGs in IS and non-IS patients. (A) Boxplots of the expression levels of 20 distinct CURGs. (B)
Boxplots of the expression levels of another 20 distinct CURGs. (C) Boxplots of the expression levels of 18 CURGs (*P < 0.05, **P < 0.01, ***P <

0.001, ****P < 0.0001; ns, not significant).
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3. Results
3.1. The expression of CURGs in IS

Our analysis revealed that 58 CURGs showed differential expression between the IS group and the non-IS group. Specifically, the
genes DLD, MTF1, CISD1, ELP3, HSPA1A, ATP7A, MT1F, MT2A, ATOX1, and PRNP were found to be significant in both the IS and non-
IS groups (Fig. 1A). Similarly, SCO2, ARF1, COX19, DLST, DAXX, MT1H, APP, BECN1, SLC31A1, DNA2, POLE, and POLD1 were
identified as significant (Fig. 1B). Additionally, ATP7B, MT1G, MT1E, MAP1LC3A, ANKRD9, GCSH, HSF1, and NFE2L2 were deter-
mined to be significant (Fig. 1C).

3.2. Lasso model construction and validation

In this study, LASSO analysis identified 19 CURGs associated with IS among the 30 CURGs analyzed (Fig. 2A-B). Heatmaps were
generated to compare the expression of these 19 CURGs between the two groups (Fig. 2C-D). An AUC value of 1 suggested that these 19
CURGsS have high predictability for identifying IS. ROC curves for each of the 19 CURGs were plotted, and MTF1, POLD1, and HSPA1A
had AUC values of 0.914, 0.922, and 0.900, respectively (Fig. 2E-F). The cuproptosis-related risk scores were computed by utilizing
gene expression data and their corresponding coefficients from 19 CURGs. In the Wilcoxon test, we observed that the actual median for
the IS group was 1.482, while for the non-IS group, it was 0.7356, with a P-value of <0.0001. This indicates that the risk of cuproptosis
in the IS group is significantly higher compared to the non-IS group. (Fig. 2G). The cuproptosis-related risk score was used to categorize
IS patients into high and low-risk groups (Fig. 2H).

3.3. Protein-protein interaction (PPI) analysis

We analyzed the PPI network among 19 CURGs. The PPI network was constructed using STRING v12 and visualized with Cyto-
scape. Based on the centrality score from Cytoscape, we identified key nodes in the PPI network, which led to the identification of
SLC31A1, ATP7A, and ATP7B (Supplemental Fig. 1).

3.4. Validation of the expression of 19 CURGsS in external datasets

To rigorously assess the accuracy of the diagnostic model comprising 19 CURGs, we performed external validation using two
datasets (GSE16561 and GSE122709) sourced from the GEO database. Within the GSE16561 dataset, the MTF1, HSPA1A, SCO2, ARF1,
APP, MT1G, and NFE2L2 genes exhibited significantly elevated expression in the IS group (Fig. 3A). Similarly, in the GSE122709
dataset, the genes DLD, ELP3, SCO2, ARF1, APP, SLC31A1, ANKRD9, HSF1, and NFE2L2 demonstrated increased expression levels in
the IS group (Fig. 3B).

To assess the ability of the expression levels of 19 CURGs to distinguish between IS patients and non-IS patients, we conducted an
ROC analysis. Notably, within the GSE16561 dataset, the AUC values for MTF1, ELP3, HSPA1A, APP, and NFE2L2 exceeded 0.7,
indicating robust discriminatory ability (Fig. 3C). Similarly, in the GSE122709 dataset, the AUC values for DLD, CISD1, MTF1, ELP3,
SCO2, ARF1, APP, SLC31A1, POLD1, ANKRD9, HSF1, and NFE2L2 > 0.7 (Fig. 3D), indicating the efficacy of these genes in dis-
tinguishing between IS and non-IS. These findings underscore the potential clinical utility of the 19 CURGs diagnostic model in
predicting the likelihood of IS.

3.5. Gene set enrichment analysis (GSEA) and KEGG enrichment analysis of 19 CURGs

The GSEA results revealed significant enrichment patterns among various genes associated with different biological processes in IS.
Notably, DLD was enriched in the NF—kappa B signaling pathway (Fig. 4A). CISD1 was enriched in antigen processing and presen-
tation, as well as Th1 and Th2 cell differentiation (Fig. 4B). MTF1 was enriched in vascular smooth muscle contraction (Fig. 4C). ELP3
was enriched in nitrogen metabolism (Fig. 4D). HSPA1A was enriched in neutrophil extracellular trap formation (Fig. 4E). ATP7A was
enriched in oxidative phosphorylation (Fig. 4F), PRNP was enriched in protein export (Fig. 5A), SCO2 and ARF1 were both enriched in
nitrogen metabolism (Fig. 5B-C), COX19 was enriched in nitrogen metabolism and protein export (Fig. 5D), APP was enriched in axon
guidance (Fig. 5E), BECN1 was enriched in fatty acid biosynthesis (Fig. 5F), SLC31A1 was enriched in phenylalanine metabolism
(Fig. 6A), POLD1 was enriched in the TNF signaling pathway (Fig. 6B), ATP7B was enriched in apoptosis and the Wnt signaling
pathway (Fig. 6C), MT1G was enriched in protein export (Fig. 6D), ANKRD9 was enriched in antigen processing and presentation
(Fig. 6E), HSF1 was enriched in protein export (Fig. 6F), and NFE2L2 was enriched in protein transport and TNF signaling pathway
(Fig. 7A). The results of GSEA offer fresh perspectives on how these genes contribute to IS pathophysiology and reveal their potential as
treatment targets.

We utilized KEGG analysis to explore the biological functions of the 19 CURGs in IS. Our analysis revealed that these 19 CURGs
have a significant impact on several crucial physiological and pathological processes involved in the occurrence and progression of IS.
Specifically, our results highlighted the key roles played by these genes in the regulation of intracellular copper ion homeostasis,
response to copper ion, response to metal ions, and copper ion transport (Fig. 7B).
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Fig. 2. Differential expression of 19 CURGs in the non-IS and IS groups; identification of the cuproptosis signature using the LASSO model. (A)
LASSO coefficient profiles of variables. The vertical axis represents the estimated coefficients, while the horizontal axis is divided into two parts: the
bottom axis represents the values of the regularization parameter log(A), and the top axis represents the number of non-zero coefficients in the model
given a specific log()) value. As the regularization parameter log A increases, the regression coefficients (values on the vertical axis) gradually
stabilize and eventually tend towards zero. (B) The cross-validation results. (C) The heatmap shows the expression levels of the 19 CURGs in the non-
IS group, where yellow indicates high gene expression levels and green indicates low gene expression levels. (D) The heatmap illustrates the
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expression levels of the 19 CURGs in the IS group, with yellow representing high gene expression levels and green representing low gene expression
levels. (E-F) ROC curves were plotted for the 19 CURGS, evaluating their diagnostic accuracy. (G) Violin plot showing the cuproptosis-related risk
score in the non-IS and IS groups. (H) The ROC curve illustrates the application of cuproptosis-related risk score in stratifying IS samples into high
eind low-risk groups. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.6. Single-cell analysis

In this study, we employed a single-cell analysis approach to investigate the expression patterns of 19 CURGs in mouse brain tissues.
Specifically, one sample from an IS and one sample from a non-IS were selected for analysis. Through the integration and annotation of
these samples using the SingleR software package and PanglaoDB database, we successfully identified and characterized 12 major cell
types within the brain tissues (Fig. 8A).

To assess the differential expression of the 19 CURGs between the IS and non-IS groups, a bubble plot was generated, providing a
visual representation of their expression patterns. Compared with those in the non-IS, the expression levels of DId, Cisd1, Prnp, Arfl,
and Mt1 were significantly greater in the NK cells of the IS group. Granulocytes in the IS group presented higher expression levels of
Prnp and Mt1. In the IS group, Prnp, Arfl, App, Slc31al, and Mt1 were expressed at higher levels in macrophages. Monocytes in the IS
group displayed increased expression levels of DId, Cisd1, Prnp, Arfl, App, Becnl, Slc31al, and Mt1. Furthermore, microglia in the IS
group presented increased expression levels of DId, Cisd1, Hspala, Atp7a, Prnp, Sco2, Arfl, Cox19, App, Becnl, Slc31al, and Mtl
(Fig. 8B).

In addition, we employed the AUCell score to further explore the expression of gene sets associated with natural killer cell-mediated
cytotoxicity, steroid hormone biosynthesis, and oxidative phosphorylation in the IS. These findings provide novel insights into the
potential involvement of these gene sets in the pathophysiology of IS (Fig. 8C-E).
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3.7. Immune infiltration analysis

We also conducted an immune infiltration analysis to evaluate the differences in the proportions of 22 immune cell types between
the IS and non-IS groups. Notably, there were significant differences observed between the two groups, particularly in plasma cells,
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Fig. 8. Integrated analysis of 10x scRNA-seq data from IS and non-IS samples (A) Cell type identification using UMAP revealed distinct colors

R. Qin et al.
representing different cell types. (B) Bubble plot showing the differences in the expression of 19 CURGs across various cell types in IS and non-IS
samples. (C) Natural killer cell-mediated cytotoxicity pathway activity. (D) Steroid hormone biosynthesis pathway activity. (E) Oxidative phos-

phorylation pathway activity. scRNA-seq: single-cell RNA sequencing; UMAP: unified flowform approximation and projection. (For interpretation of

the references to color in this figure legend, the reader is referred to the Web version of this article.)

naive CD4" T cells, activated dendritic cells, and neutrophils (Fig. 9A). We analyzed the correlations between four immune cell types
and 19 CURGs. Our findings indicated that most of the 19 CURGs were significantly correlated with the four immune cell types

(Fig. 9B).
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3.8. WGCNA network construction of IS and non-IS patients

In this study, a WGCNA network was used to identify module genes associated with IS. Further investigation was conducted using a
scale-free R of 0.9 and a f value of 14 (Fig. 10A). The data were divided into several modules, with the red module being particularly
relevant to the IS (Fig. 10B). The red module genes were selected for KEGG pathway enrichment, revealing their prevalence in
neurological disorders, including Parkinson’s, Huntington’s, and Alzheimer’s disease (Fig. 10C).
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3.9. Time series analysis of IS

The IS expression matrix from GSE58294 was separated into three groups (3 h, 5 h, and 24 h) for time series analysis. The data were
then organized into eight clusters (Fig. 11A, Supplementary Materials 2), with different gene sets showing changes over time. The
changes in the expression of the 19 CURGs were also examined at these time points. MTF1, CISD1, RRNP, SCO2, ARF1, APP, SLC31A1,
and NFE2L2 were found in cluster 1; ATP7B, MT1G, ANKRD9, and HSF1 were found in cluster 2; and HSPA1A, ATP7A, and BECN1 were
found in cluster 3. Finally, DLD, ELP3, COX19, and POLD1 were included in cluster 4 (Fig. 11B).

3.10. Clusters of CURGs identified in IS

Using the consensus clustering method, 19 CURGs were categorized into two clusters with high expression in cluster 2 (Fig. 12A-B),
excluding CISD1, SCO2, ARF1, SLC31A1, POLD1, and ANKRD?9 (Fig. 12C). The 69 IS samples were divided into low (n = 39) and high
(n = 30) expression clusters, which represented different immune microenvironments. There were significant differences in the types
of immune cells present, such as naive B cells, plasma cells, resting NK cells, resting mast cells, and eosinophils, between the two
clusters (Fig. 12D).

3.11. GSVA and functional analysis

Differential pathways related to IS were identified through GSVA. Cluster 2 exhibited increased activity in the NFKB, TGF-p, and
Notch signaling pathways (Fig. 13A), while Cluster 1 exhibited activity in the coagulation and Kras signaling pathways (Fig. 13B). We
further conducted a differential expression analysis, identifying 123 DEGs (48 upregulated and 75 downregulated) in the two clusters,
and performing GO and KEGG analyses. GO analysis revealed that the DEGs were predominantly enriched in myeloid cell differen-
tiation, myeloid cell homeostasis, and oxygen transport, whereas no enrichment was observed in the KEGG analysis (Fig. 13C).

4. Discussion

Stroke is a debilitating disease with limited treatment options and is currently restricted by the need for intravenous thrombolysis
or mechanical thrombectomy. However, strict eligibility criteria limit the applicability of these time-sensitive therapies to only a small
number of patients, highlighting the pressing need for new treatments that can benefit a wider range of stroke patients [42].
Cuproptosis is a recently discovered cell death process in which copper binds to lipoxygenase in the tricarboxylic acid cycle. This
mechanism has been shown to have an important impact on the progression and severity of stroke [18]. Previous research has sug-
gested that serum copper concentration is a potential risk factor for IS [23]. Additionally, the study of immune infiltration in IS may
provide a promising and novel approach for exploring treatment options given the immune system’s role in repair following stroke
[43]. Elevated levels of the small molecules of copper and total copper were observed in the serum of patients with IS [44].

The GEO database was used to obtain IS samples, which were subsequently divided into two clusters: cluster 1 and cluster 2.
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R. Qin et al.
Fig. 12. Consensus clustering analysis revealed two distinct clusters within the IS sample. (A) The consensus matrix heatmap (k = 2) revealed the
correlation region of these two clusters. (B) The region with a relative change in the expression below the cumulative distribution function curve
also confirms this division. (C). The expression of 19 CURGs was distinctly different between the two clusters. (D). There was variation in the

cluster2

immune cell expression profiles between these two clusters (*, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P < 0.0001; ns, not significant).
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Fig. 13. GSVA and GO analysis of the two clusters. (A) Comparative results of GSVA depicting 12 key pathway activities between the two clusters
(*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.001; ns, not significant). (B) Comparative results of GSVA depicting another 12 key pathway

activities between the two clusters (*, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P < 0.001; ns, not significant). (C) Functional enrichment results

from GO analysis illustrate the DEGs in the two clusters.
Notably, the identified clusters exhibited differential immune infiltration and functions, as did the various CURG compositions.
Through further GSVA, we observed differences between the two clusters. Specifically, cluster 1 exhibited activity in coagulation
signaling pathways, while cluster 2 exhibited enhancement of the NF-kB, TGF-B, p53, and Notch signaling pathways. All these
pathways are closely associated with stroke. A hypercoagulable state may lead to a potentially high risk of stroke [45]. The NF-kB
signaling pathway controls immune system genes and is involved in poststroke repair processes [46]. The TGF-f signaling pathway
promotes angiogenesis and inhibits apoptosis, while the Notch signaling pathway enhances neuronal stem cell survival following

The study highlighted the correlation between IS and heightened levels of neutrophils, which is supported by previous research.
Specifically, neutrophils are recruited because of an inflammatory reaction following IS. Additionally, the ratio of neutrophils to

stroke [47,48].
lymphocytes can be utilized to predict both hemorrhagic transformation and clinical outcomes of stroke [49,50]. In the present study,
unsupervised clustering analysis was employed to classify patients afflicted with IS into two discernible clusters. This classification was
based on the expression of 19 CURGs. Notably, a differential distribution of immune cells was observed between the clusters, with
cluster 1 displaying higher levels of resting NK cells, while cluster 2 exhibiting elevated amounts of naive B cells, plasma cells, and
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resting mast cells. These findings underscore the potential significance of the immune microenvironment in the pathogenesis of IS,
highlighting the need for further exploration of the underlying mechanisms involved.

Machine learning models are increasingly being used to predict the prevalence of IS. We analyzed 19 CURG features via ROC
curves, which demonstrated high diagnostic ability (AUC = 1) for predicting IS. The increased relative risk of cuproptosis in the IS
group compared to the non-IS group suggested that CURGs have a significant impact on the development and advancement of IS.
Research indicates that metal responsive transcription factor 1 (MTF-1) triggers the NCX1 brain promoter, which assists in preventing
neurodegeneration after stroke [51]. During ischemia, cerebral blood flow interruption leads to mitochondrial oxidative phosphor-
ylation dysfunction and bioenergetic stress. CISD1 is involved primarily in regulating mitochondrial iron uptake and respiratory ca-
pacity [52]. DLD plays a crucial role as an enzyme in various complexes such as dehydrogenase and glycine decarboxylase, which are
responsible for regulating cellular and mitochondrial homeostasis [53].

Reducing the phosphorylation of BECN1 after cerebral infarction can alleviate vascular lysosomal degradation dysfunction in IS
and promote thalamic angiogenesis and secondary nerve repair [54]. SLC31A1 and SCO2 play crucial roles in maintaining cellular
copper homeostasis [55,56]. NFE2L2 is a potential therapeutic target that can alleviate harmful oxidative events in the ischemic
cascade by regulating the expression of several antioxidant and defense proteins [57]. Copper imbalance is a significant contributor to
various neurodegenerative diseases. Studies suggest that MT1G, ATP7A, APP, and ATP7B may contribute to neurodegenerative disease
[58-61]. ELP3 is associated with neurodevelopmental disorders [62]. HSPAIA plays a vital role in regulating neuroinflammatory
responses after IS [63]. Our study revealed that SLC31A1, ATP7A, and ATP7B are hub genes involved in IS. These findings align with
those of a previous study that demonstrated that SLC31A1 mediates copper uptake while ATP7A/B exports copper, indicating that an
imbalance in copper homeostasis can lead to cell death and potentially cause stroke [64]. Our findings suggest that CURGs could
function as predictive biomarkers for IS. In the future, immunotherapy could be combined with CURGs to develop a novel therapy for
improving clinical outcomes in IS patients. Through GSEA and AUCell analyses, we found that these cuproptosis-related genes were
enriched in the NF-xB signaling pathway, oxidative phosphorylation pathway, and TNF signaling pathway, suggesting that they are
closely associated with microglial function. Additionally, research has demonstrated that the NF-kB signaling pathway can attenuate
the inflammatory response of microglia [65], and modulation of this pathway can improve post-IS motor function by regulating
microglial polarization [66]. Furthermore, microglia are involved in regulating oxidative phosphorylation processes [67] and can
participate in IS pathogenesis by modulating TNF expression [68]. These findings highlight the strong correlation between the
expression of CURGs and microglial function, as well as the role of CURG expression in the pathophysiology of IS.

In our study, we employed GSEA to detect enriched gene sets associated with specific biological processes, revealing coordinated
changes in gene expression. Additionally, we utilized the KEGG database for in-depth pathway analysis, elucidating the molecular
functions and interactions among genes within biological pathways. The use of the AUCell package allowed us to identify cells with
active gene sets within single-cell datasets. Through single-cell analysis, we dissected the heterogeneity of cell populations, uncovering
new cell subtypes and states. We also applied consensus clustering, a statistical analysis method based on multiple clustering results, to
enhance the stability and reliability of the clustering outcomes. The combined application of these methods represents the novelty of
our research, providing a comprehensive and multidimensional analytical perspective on the role of CURGs in IS.

To strengthen the validity of our analysis, additional investigations beyond bioinformatics are essential. Conducting in vivo and in
vitro experiments is critical for validating the expression levels of these genes and confirming our findings. Furthermore, developing a
more comprehensive prediction model that integrates detailed clinical features can enhance its precision. A larger sample size of IS
samples is needed to accurately determine the clusters associated with cuproptosis. It is also imperative to explore the relationship
between CURGs and the immune response to gain insights into their role in the progression of IS. While our study identified the
expression of CURGs in microglia and suggested their potential association with the pathophysiology of IS, we have yet to fully validate
the precise mechanisms of action of these genes in microglial function and their correlation with pathological markers of IS. Future
studies may involve large-scale prospective cohort designs coupled with biomarker measurements, providing deeper insights into the
metabolic dynamics of copper in the body and aiming to comprehensively understand the relationship between copper intake and
susceptibility to stroke.

5. Conclusion

Our study highlights the role of CURGs in IS by connecting them to immune cell infiltration and identifying distinct subtypes with a
19 CURGS signature. This research is crucial for advancing future scientific investigations and the development of targeted treatments
for IS.
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