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Abstract

Cerebral ischemic stroke (CIS) and coronary artery disease (CAD) frequently co-occur, yet their shared
molecular basis remains unclear. Using multi-omics analysis of transcriptomic data, we identified 96
common differentially expressed genes enriched in immune-metabolic pathways. PPI network analysis
prioritized hub genes (ARG1, CLEC7A, PECAM1, TRIB1), which showed consistent dysregulation in
independent cohorts and clinical samples, strong diagnostic accuracy (AUC > 0.7), and correlation with
altered immune infiltration (MO macrophages/neutrophils). A regulatory network involving TFs (CREB1,
FOS) and miRNAs (hsa-miR-340-3p, hsa-miR-186-5p) was constructed. Our study reveals
immunometabolic crosstalk in CIS-CAD comorbidity, providing novel biomarkers and therapeutic targets
for vascular comorbidity management.

Introduction

Cerebral ischemic stroke (CIS) and coronary artery disease (CAD) collectively represent leading global
causes of mortality, accounting for over 15 million deaths annually[1]. Epidemiological studies reveal a
profound clinical synergy between these conditions: 20—40% of CIS patients exhibit concurrent CAD,
while 10-15% of CAD cases develop stroke within 5 years[2—4]. This interconnection is further
underscored by studies on transient ischemic attack (TIA), which shares etiological mechanisms with
CIS. For instance, the Oxfordshire Community Stroke Project (OCSP) reported that TIA patients face a
27.8% 10-year risk of developing CADI5], and individuals with TIA have a five-fold increased likelihood of
coronary plaque presence[6]. Multivariate Mendelian randomization analyses confirm that the genetic
predisposition to TIA is associated with a higher CAD risk, independent of conventional risk factors|[7]. In
the short term, CAD is a leading cause of 30-day readmission after acute stroke or TIA (prevalence
17.8%)[8], while long-term studies show that 32% of TIA patients develop CAD within 5 years[9]. The
REACH registry further highlights an elevated rate of recurrent cardiovascular events in patients with a
history of TIA or stroke (HR 1.52,95% Cl 1.40-1.65)[10]. These findings collectively emphasize that
cerebral ischemic events (both TIA and CIS) are potent markers of widespread vascular vulnerability and
significantly elevate the risk of CAD. Despite this substantial comorbidity burden, therapeutic strategies
remain siloed due to poorly defined shared pathomechanisms at the molecular level. Current guidelines
lack comorbidity-specific interventions, highlighting an urgent need to dissect the convergent molecular
drivers underlying this clinical synergy.

Extensive transcriptomic studies have delineated distinct pathogenic pathways for CIS and CAD in
isolation. In CIS, thrombotic inflammation driven by platelet-derived microvesicles and fibrinogen
deposition is amplified by SH2B3-mediated JAK-STAT signaling, exacerbating neuroinflammation[11-
12]. For CAD, lipid-driven atherosclerosis centers on PCSK9-dependent low-density lipoprotein(LDL)
receptor degradation and foam cell formation[13], while hyperglycemia-induced H3K4me3/H3K27ac
modifications in hematopoietic stem cells generate pro-inflammatory myeloid cells that promote plaque
rupture [14]. Concurrently, immunometabolic dysregulation via the CD27/CD70-TRAF2 -SHP1-Lck axis
impairs regulatory T cell(Treg) function, accelerating CAD progression [15].
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Critically, three gaps impede progress in understanding comorbidity mechanisms. First, comorbidity-
specific gene signatures are neglected. Existing gene expression profiles, such as GSE102558,
predominantly focus on acute phase responses, overlooking chronic adaptations, such as ALDH2
dysregulation in lipid-stroke comorbidity[12]. Second, Multidimensional mechanisms remain
unintegrated. No comprehensive framework that integrates differential gene expression—like the
neuroprotective role of BTN3A2—with immune dysregulation, such as CD11c + B-cell expansion in CD27-
deficient coronary artery disease, and transcriptional control mechanisms, such as FOS/MAX regulation
of TRIB1 [15, 16]. Finally, Validated pan-disease biomarkers/therapeutics are absent. As current
biomarkers like high-sensitivity C-Reactive protein (hsCRP) lack comorbidity specificity, while promising
candidates such as ARG1/CLEC7A and shared therapeutic targets, like CD36 palmitoylation, await
validation in comorbidity cohorts [17, 18].

To address the current gaps in understanding the molecular underpinnings of CIS-CAD comorbidity, we
propose a novel hypothesis that this comorbid relationship originates from dysregulated
immunometabolic hub genes governed by shared transcriptional networks. In pursuit of this hypothesis,
we employ an integrated multi-omics approach to systematically interrogate the transcriptomic
landscape associated with CIS-CAD comorbidity. Specifically, this study aims to: identify and map
comorbidity-associated transcriptomic signatures and enriched biological pathways; delineate core
regulatory hub genes through functional convergence analysis across multiple omics layers; characterize
the dynamic alterations in the immune microenvironment and elucidate upstream transcriptional
regulatory mechanisms; and assess the translational relevance of identified molecular features through
biomarker discovery and validation. This integrative strategy is expected to yield novel insights into the
shared pathophysiological mechanisms underlying CIS and CAD, potentially informing future targeted
therapeutic and diagnostic developments.

Results

Analysis of Differentially Expressed Genes in Stroke and
Coronary Artery Disease

Analysis of transcriptomic profiles identified distinct sets of differentially expressed genes (DEGS) in
cerebral ischemic stroke (CIS) and coronary artery disease (CAD) patients compared to controls (Fig. 1).
Applying consistent filtering criteria (P < 0.05 and log,FC > 0.585, corresponding to FC > 1.5), the CIS
cohort (Fig. 1A) exhibited 1,280 significantly upregulated and 640 significantly downregulated genes.
Similarly, the CAD cohort (Fig. 1B) showed 608 upregulated and 471 downregulated genes. Hierarchical
clustering analysis further visualized these DEG expression patterns. Heatmaps contrasting control
(Control) versus stroke (Stroke) groups (Fig. 1C) and control versus CAD groups (Fig. 1D) demonstrated
clear separation of disease states, with genes (rows) color-coded from red (upregulation) to blue
(downregulation) across samples (columns). These results reveal significant transcriptomic alterations
underlying both CIS and CAD pathogenesis.
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Gene Set Enrichment Analysis (GSEA) of Differential Gene
Expression

Pathway enrichment analysis revealed distinct yet convergent biological mechanisms underlying CIS and
CAD pathogenesis (Fig. 2). For stroke-associated DEGs (Fig. 2A), GSEA identified significant enrichment
(P <0.05) in five core pathways: lipid and atherosclerosis (hsa05417), Fluid Shear Stress and
atherosclerosis(hsa05418), VEGF signaling pathway (hsa04370), Fc gamma R-mediated phagocytosis
(hsa04666), and lysosome (hsa04141). The characteristic enrichment plots collectively implicated
dysregulated lipid metabolism, platelet hyperactivity, angiogenesis modulation, and innate immune
responses in stroke pathophysiology. Conversely in CAD (Fig. 2B), DEGs showed prominent enrichment
in cholesterol metabolism (hsa04979), Type [l Diabetes Mellitus (hsa04930), VEGF signaling pathway
(hsa04370), non-alcoholic fatty liver disease (NAFLD; hsa04932), and IL-17 signaling pathway
(hsa04657), highlighting impaired cholesterol homeostasis, ectopic lipid accumulation, vascular
dysfunction, and IL-17-driven inflammation as central drivers of CAD progression. Critically, VEGF
signaling (hsa04370) emerged as a shared node of dysregulation in both diseases (P < 0.05), suggesting
aberrant angiogenesis regulation represents a common pathogenic mechanism in CIS-CAD comorbidity.

Intersection Analysis and Functional Enrichment of Comorbidity-
Associated Genes

Venn diagram analysis (Fig. 3A) identified 96 co-expressed genes within the stroke (1,824 DEGs) and
CAD (983 DEGSs) transcriptomes (3.3% intersection), suggesting their potential synergistic role in
comorbid pathogenesis. KEGG pathway analysis (Fig. 3B) demonstrated significant enrichment of these
shared genes in several key processes, most notably immune-related pathways such as neutrophil
extracellular trap (NET) formation and efferocytosis, as well as the VEGF signaling pathway (P < 0.05)
[19-21]. Enrichment was also observed in other processes including transcriptional misregulation in
cancer and adipocyte lipolysis regulation. Complementarily, functional enrichment analysis of biological
processes (Fig. 3C) revealed their significant participation in negative regulation of interleukin-12
production, cellular response to lipopolysaccharide, and monocyte migration (P < 0.05), highlighting
central roles in immune regulation, inflammatory response, and leukocyte trafficking. Quantitative bar
plots visualizing enriched gene counts and significance levels for both KEGG pathways and GO biological
processes systematically validated these findings, providing robust functional annotation for
comorbidity-associated hub genes.

Identification and Validation of Comorbidity Hub Genes

Protein-protein interaction (PPI) network analysis (Fig. 4A) systematically identified ten hub genes
central to CIS-CAD comorbidity. Cross-disease validation using independent external cohorts
demonstrated consistent dysregulation of these genes: In datasets (GSE58294, GSE16561), five hub
genes (ARG1, CAMP, CLEC7A, PECAM1, and TRIB1) exhibited significantly differential expression (P <
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0.05) with concordant directional changes between CIS patients versus controls (Fig. 4B). Similarly,
analysis of two CAD cohorts (GSE42148, GSE23561) confirmed robust dysregulation of these key
candidates in CAD patients compared to controls (Fig. 4C). To further strengthen these findings, we
performed experimental validation using gPCR on human blood samples. Consistent with the
bioinformatic predictions, the expression levels of ARG1, CAMP, CLEC7A, PECAMT1, and TRIB1 were
significantly upregulated in CIS patients compared to healthy controls (Fig. 4D, P < 0.05). Similarly, in
CAD patients, these five hub genes also showed marked overexpression relative to controls (Fig. 4E, P <
0.05). This multi-level validation, combining computational and experimental approaches, establishes
these hub genes as core regulatory elements consistently perturbed in both disease states, positioning
them as high-priority targets for elucidating shared molecular mechanisms and developing comorbidity-
specific therapeutic strategies.

Diagnostic Potential of Hub Genes Across CIS and CAD

The dual diagnostic utility of prioritized hub genes (ARG1, CAMP, CLEC7A, PECAMT1, TRIB1) was
systematically evaluated through receiver operating characteristic (ROC) curve analysis in independent
validation cohorts (Fig. 5). For stroke (Fig. 5A-5B), analysis across two datasets (GSE58294, GSE16561)
revealed that ARG1, CLEC7A, PECAM1, and TRIB1 consistently achieved area under the curve (AUC)
values > 0.7, demonstrating robust discriminative capacity for distinguishing stroke patients from
controls. Similarly in CAD (Fig. 5C-5D), evaluation using two independent cohorts (GSE42148,
GSE23561) confirmed clinically significant diagnostic performance (AUC > 0.7) for the same four genes.
Notably, a logistic regression model combining these four genes into a multi-gene panel demonstrated
enhanced diagnostic accuracy across both stroke and CAD cohorts, consistently outperforming the
individual markers in their respective validation sets. The fifth candidate, CAMP, which did not meet the
consistency threshold (AUC < 0.7 in one dataset), is presented in Supplementary Fig. 1. This multi-cohort
validation establishes ARG1, CLEC7A, PECAMT, and TRIB1 as pan-comorbidity biomarkers with clinically
actionable diagnostic potential for both CIS and CAD, supporting their dual utility as diagnostic
indicators and therapeutic targets.

Comprehensive Profiling of the Comorbid Immune
Microenvironment

The immune landscape and core gene-immunocyte relationships in CIS and CAD comorbidity were
systematically delineated (Fig. 6). Compositional analysis of immune infiltration (Fig. 6A, stacked bar
plots) revealed disease-specific alterations. CIS samples exhibited distinct shifts in macrophage
subpopulations versus controls, while CAD showed unique distribution patterns across immune subsets,
indicating pathological remodeling of the immune microenvironment. Quantitative assessment (Fig. 6B)
confirmed significant infiltration differences (P < 0.05; P <0.01) for key subsets—including elevated M0
macrophages and neutrophils in CIS, and altered gamma delta T cells and macrophage subsets in CAD.
Correlation heatmaps (Fig. 6C, Supplementary Tables) further uncovered complex immunocyte
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interaction networks, with significant positive/negative associations (P < 0.05) between T cell subsets
and macrophages reflecting disease-state-specific crosstalk. Critically, hub gene-immunocyte correlation
analysis (Fig. 6D) demonstrated: ARG1 expression positively correlated with MO macrophages and
neutrophil infiltration (P < 0.05); CLEC7A, PECAM1, and TRIB1 showed significant associations with
specific macrophage and T cell subsets (P < 0.05), mechanistically linking these genes to immunocyte
recruitment and polarization. Collectively, this multi-dimensional profiling establishes aberrant immune
dynamics as a hallmark of CIS-CAD comorbidity and identifies actionable targets for immune-focused
therapeutic strategies.

Transcriptomic Regulatory Architecture of Comorbidity Hub Genes

The integrated transcriptional regulatory network orchestrating CIS-CAD comorbidity pathogenesis,
constructed through systematic integration of hub genes, transcription factors (TFs), and microRNAs
(miRNAs), is delineated (Fig. 7). Within this interactome, core comorbidity-associated genes (ARG,
TRIB1, CLEC7A, PECAM1) are coordinately regulated by key TFs including NFIC, CREB1, and FOS, while
simultaneously being targeted by disease-relevant miRNAs such as hsa-miR-340 and hsa-miR-186. The
edge mappings explicitly capture: TF-mediated gene regulation (e.g., ARG1 control by NFIC and CREB1),
and miRNA-directed post-transcriptional silencing (e.g., ARG1 targeting by hsa-miR-340/hsa-miR-186;
TRIB1 repression by hsa-miR-7/hsa-miR-23a alongside FOS/MAX regulation). This comprehensive
regulatory blueprint resolves the upstream molecular circuitry governing comorbidity pathogenesis,
identifying master regulators (CREB1, FOS) and non-coding RNA mediators (hsa-miR-340, hsa-miR-7) as
priority targets for therapeutic intervention in CIS-CAD comorbidity.

Discussion

The present study provides a comprehensive multi-omics characterization of the shared molecular
architecture underlying cerebral ischemic stroke (CIS) and coronary artery disease (CAD) comorbidity.
We identified 96 common differentially expressed genes (DEGs) between CIS and CAD, enriched in
immune-metabolic pathways such as neutrophil extracellular trap formation, VEGF signaling, and
adipocyte lipolysis regulation. Through integrative bioinformatics and experimental validation, we further
pinpointed five hub genes—ARG1, CAMP, CLEC7A, PECAMT1, and TRIB1—that exhibited consistent
dysregulation across independent CIS and CAD cohorts. Notably, the differential expression of these hub
genes was further confirmed through gPCR analysis in clinical blood samples from both CIS and CAD
patients, strengthening the reliability of our findings. These genes (ARG1, CLEC7A, PECAM1, and TRIB1)
also demonstrated strong diagnostic potential (AUC > 0.7) and are embedded within a broader regulatory
network involving key transcription factors (e.g., CREB1, FOS) and miRNAs (e.g., hsa-miR-340-3p, hsa-
miR-186-5p). Furthermore, they correlated significantly associations with altered immune cell infiltration
profiles, notably enriched MO macrophages and neutrophils.
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Our findings reinforce and extend current understanding of the immunometabolic axis in cardiovascular-
cerebrovascular disease crosstalk. The sustained activation of VEGF signaling in both pathological
contexts aligns with its well-established roles in vascular remodeling and inflammation. This pathway
potentially modulates post-ischemic tissue repair and plaque stability, further validating its therapeutic
potential for patients with comorbid cardiovascular conditions[22, 23]. Similarly, the preponderance of
innate immune pathways—particularly neutrophil extracellular trap formation(NETosis) and FcyR-
mediated phagocytosis[24, 25]—highlights the underappreciated role of neutrophil- and macrophage-
driven inflammation in mediating end-organ damage in both vascular beds. The significant enrichment in
neutrophil extracellular trap (NET) formation underscores a key role for dysregulated neutrophil activity,
which can drive thromboinflammation—a process central to both ischemic stroke and coronary events.
Concurrent enrichment in efferocytosis (the clearance of apoptotic cells) points to a potential
impairment in the resolution of inflammation and tissue repair; defective efferocytosis is a known
contributor to atherosclerotic plaque progression[26]. Notably, the hub gene ARG1, a marker of
alternative macrophage activation[27], was consistently upregulated and showed a significant
association with pro-inflammatory immune phenotypes. This correlation is consistent with the
hypothesis that maladaptive immunometabolic responses could contribute to a shared mechanism, a
possibility that requires functional validation.

The identified hub genes associated with CIS-CAD comorbidity—including ARG1, CLEC7A, TRIB1, CAMP,
and PECAM1—have each been previously implicated in distinct biological processes relevant to
cardiovascular and cerebrovascular diseases, such as lipid metabolism, immune regulation, and
endothelial function. However, their collective role in the comorbidity of CIS and CAD has not been
established. For example, TRIB1 is known to regulate lipoprotein metabolism and has been genetically
associated with CAD through genome-wide association studies[28, 29], while CLEC7A acts as a pattern
recognition receptor that modulates inflammatory responses[30, 31]. In addition, CAMP, which encodes
the antimicrobial peptide LL-37, may contribute to plaque destabilization by regulating neutrophil activity
and apoptosis[32, 33]. Meanwhile, PECAM1 (CD31), a key component of endothelial junctions, is critical
for maintaining vascular integrity and facilitating leukocyte transendothelial migration[34]. Its
dysregulation suggests widespread endothelial dysfunction in comorbid patients. The concurrent
dysregulation of these genes, now validated at both transcriptional and clinical levels, suggests that they
may operate within shared pathways—potentially related to innate immunity, leukocyte recruitment, and
endothelial damage—that may collectively promote inflammatory and thrombotic processes in both
cerebral and coronary vasculature. Thus, these hub genes represent promising targets for dual-purpose
therapeutic strategies aimed at mitigating the shared mechanisms of stroke-CAD comorbidity.

Building on their observed co-dysregulation, we propose a synergistic immunometabolic model as a

framework to hypothesize their potential joint contribution to CIS-CAD pathophysiology. These hub

genes are predicted to function as interconnected nodes within a dysregulated network. In this model,

PECAM1 dysregulation may be associated with altered endothelial integrity and leukocyte trafficking.

Within the resultant inflammatory milieu, infiltrating myeloid cells could be influenced by pattern

recognition via CLEC7A, with ARG1 potentially modulating local immune responses. Concurrently, TRIB1-
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associated lipid metabolic dysregulation might provide a permissive metabolic environment. This
potential reinforcing circuit—linking metabolic disturbance (TRIB1), endothelial alterations (PECAM1),
and innate immune signaling (CLEC7A/ARG1)—presents a testable hypothesis for how these
associations may collectively contribute to vascular inflammation and dysfunction across both vascular
beds.

From a translational perspective, the diagnostic performance of the identified biomarkers (AUC > 0.7 in
independent datasets) supports their potential utility in risk stratification and early detection of
comorbidity. Importantly, a combined diagnostic model integrating these four hub genes showed
superior accuracy compared to any single gene, underscoring the additive value of a multi-marker
approach for comorbidity risk assessment. However, their clinical significance must be considered in the
context of established biomarkers. Current clinical practice for cardiovascular risk stratification often
relies on measures of systemic inflammation, such as high-sensitivity C-reactive protein (hs-CRP) or
interleukin-6 (IL-6). The present discovery-phase study was not designed as a direct, head-to-head
comparative diagnostic trial against these canonical markers. Instead, we propose ARG1, CLEC7A,
PECAMT1, and TRIB1 as novel, comorbidity-derived candidates that may capture distinct aspects of the
shared immunometabolic dysregulation in CIS-CAD, potentially offering mechanistic specificity beyond
general inflammation. Future studies in larger, prospective cohorts that concurrently measure these hub
genes alongside established biomarkers are warranted to determine their independent, additive, or
superior diagnostic and prognostic value for managing patients with vascular comorbidity. Moreover, the
regulatory network constructed here—incorporating TFs, miRNAs, and hub genes—generates a testable
hypothesis framework for future mechanistic validation and could inform therapeutic intervention
strategies. For example, miRNAs such as hsa-miR-340-3p, which targets ARG1, could be explored for
their modulating effects in experimental models of combined neurovascular and cardiovascular injury.

Limitations of the study

Several limitations should be acknowledged. Although we integrated multiple public datasets and
performed external validation(including gPCR in clinical samples), the sample sizes of some cohorts
were modest, and prospective clinical validation is required to establish generalizability. The integration
of data from independent cohorts, while powerful for discovery, introduces inherent challenges related to
dataset heterogeneity and potential batch effects, which may influence cross-study comparability
despite our use of standardized analytical pipelines. The functional roles of the proposed hub genes and
regulatory elements remain largely inferred from bioinformatics; future studies using animal models or
cellular assays are necessary to establish causal relationships. Furthermore, while our integrative
analysis identifies strong associations among hub genes, immune infiltration, and regulatory elements,
the causal relationships implied within these networks remain to be established through functional gain-
or loss-of-function experiments. Additionally, the interplay between specific immune subtypes and gene
expression deserves deeper single-cell resolution.

Conclusion
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In conclusion, our study elucidates a core set of hub genes and regulatory networks that underlie the
comorbidity between cerebral ischemic stroke and coronary artery disease, highlighting convergent
immunometabolic pathways as key mechanistic drivers. The robust validation of key hub genes through
gPCR in human clinical samples enhances the translational relevance of our findings. These results
provide a foundational resource for future research aimed at co-diagnosis and co-therapy in patients
with overlapping cerebrovascular and cardiovascular diseases. Further functional studies and clinical
validation efforts will be essential to translate these insights into precise diagnostic tools and targeted
therapies for high-comorbidity populations.

STAR Methods

Experimental model and study participant details
Study Population and Clinical Sample Collection

For the subsequent gPCR validation, an independent set of clinical blood samples were collected.
Peripheral blood samples were obtained from three distinct groups: patients with cerebral ischemic
stroke (CIS), patients with coronary artery disease (CAD), and age- and sex-matched healthy controls. All
participants were recruited at Xuchang Central Hospital between January 2023 and August 2023. The
study protocol was approved by the Institutional Review Board of Xuchang Central Hospital (Approval
No. 2022-11-001), and written informed consent was obtained from all participants. For the CIS group (n
= 5): Diagnosis was confirmed based on the World Health Organization (WHO) criteria and neuroimaging
findings (computed tomography or magnetic resonance imaging). Inclusion criteria comprised: (1) first-
ever acute ischemic stroke within 24 hours of symptom onset; (2) age between 18 and 80 years.
Exclusion criteria included: (1) history of other neurological diseases; (2) presence of malignant tumors;
(3) severe hepatic or renal dysfunction. For the CAD group (n = 9): Diagnosis was confirmed by coronary
angiography showing >50% stenosis in at least one major coronary artery. Inclusion criteria were: (1)
stable CAD or acute coronary syndrome; (2) age between 18 and 80 years. Patients were excluded if they
had: (1) a prior history of stroke; (2) concomitant severe inflammatory or autoimmune diseases. For the
healthy control group (n = 5): Participants were recruited from individuals undergoing routine health
check-ups. They had no history of cardiovascular disease, stroke, or other serious chronic illnesses, and
were matched for age and sex with the patient groups.

This validation cohort consisted of: 5 patients with CIS (4 males, 1 female; mean age 60.6 years, range
30-84), 9 patients with CAD (7 males, 2 females; mean age 63.6 years, range 36-80), and 5 healthy
controls (3 males, 2 females; mean age 63.2 years, range 52-79). These samples were independent of
the public datasets used for bioinformatic discovery and analysis.

Ethics approval and consent to participate

All procedures involving human participants in this study were performed in compliance with the ethical
standards of the Institutional Review Board of Xuchang Central Hospital (Approval No. 2022-11-001) and
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adhered to the principles outlined in the Declaration of Helsinki. Written informed consent was obtained
from all participants prior to their enrollment in the study. The consent process included a detailed
explanation of the research objectives, procedures, potential risks and benefits, and the right to withdraw
at any time without penalty.

Blood samples collected from patients with cerebral ischemic stroke (CIS) and coronary artery disease
(CAD) were procured in strict accordance with the above-mentioned ethical guidelines. All samples and
associated data were anonymized and handled with strict confidentiality to ensure the protection of
participants' privacy.

Method details
Data Collection and Processing

Raw gene expression datasets for CIS (GSE58294 and GSE16561) and CAD (GSE42148 and GSE23561)
were downloaded from GEO. To ensure a valid comparison of systemic molecular profiles, we exclusively
selected datasets derived from human peripheral blood samples. The datasets and their sample sizes
were as follows: for CIS, the discovery set GSE58294 comprised 69 patients and 23 controls (total n=92),
and the validation set GSE16561 comprised 39 patients and 24 controls (total n=63); for CAD, the
discovery set GSE42148 comprised 13 patients and 11 controls (total n=24), and the validation set
GSE23561 comprised 6 patients and 9 controls (total n=15).

All datasets were independently subjected to a standardized preprocessing pipeline using R. First, quality
control (QC) was performed to filter out low-quality samples and probes. This included assessing
sample clustering, inter-array correlation, and the presence of outlier samples using principal component
analysis (PCA). Probe-level data were then normalized using the robust multi-array average (RMA)
method (for microarray platforms) / the regularized-log transformation (for RNA-seq data) to ensure
comparability across samples. The resulting harmonized and normalized expression matrices were used
for all downstream analyses.

GSE58294 and GSE42148 were used as discovery sets to identify differentially expressed genes (DEGs)
common to CIS and CAD. GSE16561 and GSE23561 served as external validation sets to confirm the
expression patterns and diagnostic utility of overlapping genes. Protein—protein interaction (PPI)
networks were employed to screen candidate biomarkers. Additionally, blood samples from patients with
CIS and CAD were collected, and the expression levels of key hub genes were validated using
quantitative polymerase chain reaction (qPCR).

Identification and Functional Enrichment Analysis of Differentially Expressed Genes (DEGs)

Visualization of DEGs was performed using volcano plots and heatmaps generated with the ‘ggplot2’

and ‘pheatmap’ packages. Gene Set Enrichment Analysis (GSEA) was conducted to explore enriched

biological functions and signaling pathways in CIS and CAD. The analysis was performed using the

‘clusterProfiler’ package with the Kyoto Encyclopedia of Genes and Genomes (KEGG) database as the
Page 11/26



reference gene set. A pre-ranked analysis strategy was employed, using the log2 fold change values of
all genes for ranking. Gene sets with a size smaller than 10 or larger than 500 genes were excluded from
the analysis. Shared DEGs between the two diseases were illustrated using the ‘ggvenn’ package.
Functional annotation of DEGs was further performed through Gene Ontology (GO) and KEGG analyses
using ‘clusterProfiler’, with results visualized via ‘ggplot2’.

Screening of Hub Genes Using PPI Interaction Networks

Protein—protein interaction (PPI) networks for shared DEGs were constructed using the STRING
database and visualized in Cytoscape. The top 10 hub genes were identified using the CytoHubba plugin
based on degree of connectivity, and these were selected as candidate diagnostic biomarkers.

Expression Analysis and Diagnostic Evaluation of Candidate Biomarkers

The expression levels of core genes were compared between disease and control groups in the
validation datasets (GSE16561 and GSE23561) using the ‘ggplot2’ package. Group differences were
assessed with the Wilcoxon test (p<0.05). The diagnostic performance of candidate biomarkers was
evaluated by constructing receiver operating characteristic (ROC) curves and calculating the area under
the curve (AUC) along with its 95% confidence interval (Cl) using the ‘pROC’ package. The 95% Cls were
computed using the DeLong test. An AUC value > 0.7 was considered indicative of good diagnostic
accuracy. Additionally, logistic regression analysis was used to develop a multi-gene diagnostic model,
and ROC curves were plotted to compare the performance of single-gene and multi-gene diagnostic
models.

Quantitative Real-Time PCR (qPCR) Validation

Blood samples were collected from patients with CIS, CAD, and healthy controls. For each subject,
approximately 2 ml of peripheral whole blood was collected. Total RNA was extracted from whole-blood-
derived leukocytes. Briefly, red blood cells were lysed with ammonium chloride (NH,CI) solution for 3
minutes, followed by neutralization with phosphate-buffered saline (PBS) and centrifugation at 1,500
rpm for 5 minutes. The resulting leukocyte pellet was washed once with PBS. Total RNA was then
extracted using TRIzol reagent (Invitrogen, USA) and reverse transcribed into cDNA using HiScript lll RT
SuperMix (Vazyme, China). qPCR was performed on a gTOWER3/G Real-Time PCR System (Jena
Analytics, Germany) with Taq Pro Universal SYBR gPCR Master Mix (Vazyme, China). The 2724 method
was applied to quantify relative gene expression, with -actin serving as the internal control. The primer
sequences used were as follows: ARG1 (forward: CCCTTTGCTGACATCC; reverse:
TTCCGTTCTTCTTGACTT); CAMP (forward: CTCGGATGCTAACCTCT; reverse: CATACACCGCTTCACC);
CLEC7A (forward: TCTTTCCAGCCCTTGT; reverse: TGCCAGCATTGTCTTT); PECAM1 (forward:
GATAGCCTCAAAGTCG; reverse: TGGGCATCATAAGAAA); TRIB1 (forward: CATTACTGGCATTGTGGAA;
reverse: ACGATGGCTGACTGGTG); B-actin (forward: ACACTGTGCCCATCTACG,; reverse:
TGTCACGCACGATTTCC).
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Immune Cell Infiltration Analysis

The CIBERSORT algorithm with the LM22 signature matrix was used to estimate immune cell infiltration
levels in CIS and CAD samples. Differences in immune cell abundances between disease and control
groups were assessed using the Wilcoxon test. Spearman correlation analysis was applied to examine
relationships between immune cell subtypes and core immune-related DEGs.

Construction of miRNA-mRNA-Transcription Factor (TF) Regulatory Networks

Experimentally supported miRNA-mRNA interactions were retrieved from the starBase database, while
TF—mRNA interactions were obtained from JASPAR using the NetworkAnalyst 3.0 platform. Integrated
regulatory networks comprising miRNAs, TFs, and hub genes were constructed and visualized using
Cytoscape.

Quantification and statistical analysis
Statistical Analysis

All statistical analyses were performed using R software (version 4.4.1). Differential gene expression
between disease and control groups was identified using the limma R package, with a significance
threshold set at adjusted P-value (False Discovery Rate, FDR) < 0.05 and an absolute log, fold change
[log2FC| > 0.585. Comparisons of hub gene expression and immune cell infiltration levels between two
groups were conducted using the non-parametric Wilcoxon rank-sum test. Spearman’s correlation
analysis was applied to assess the relationships between hub gene expression and immune cell
abundances. The diagnostic performance of candidate biomarkers was evaluated by generating receiver
operating characteristic (ROC) curves and calculating the area under the curve (AUC) using the pROC
package. A two-tailed p-value of less than 0.05 was considered statistically significant for all analyses,
unless otherwise specified.
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Figure 1

Transcriptomic profiling identifies differentially expressed genes in cerebral ischemic stroke and
coronary artery disease.

(A) Volcano plot displaying differentially expressed genes (DEGSs) in the cerebral ischemic stroke (CIS)
cohort. Red points represent significantly upregulated genes (1,280), blue points indicate downregulated
genes (640), and grey points denote non-significant genes(left). Volcano plot of DEGs in the coronary
artery disease (CAD) cohort, with 608 upregulated (red) and 471 downregulated (blue) genes(right).(filter
criteria: P<0.05 and |log,FC| >0.585).

(B) Heatmap of DEG expression in CIS compared to control samples. Rows represent genes, columns
represent samples. Red indicates upregulation and blue indicates downregulation(left). Heatmap of DEG
expression in CAD compared to control samples, showing clear separation between disease and control
groups.
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Hierarchical clustering was performed to visualize distinct transcriptomic profiles between disease
states and controls(right).
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Figure 2

Gene set enrichment analysis reveals shared and distinct pathways in cerebral ischemic stroke and
coronary artery disease.

(A) GSEA enrichment plots for cerebral ischemic stroke (CIS) showing significantly enriched pathways
(FDR < 0.25): lipid and atherosclerosis (hsa05417), fluid shear stress and atherosclerosis (hsa05418),
VEGF signaling pathway (hsa04370), Fc gamma R-mediated phagocytosis (hsa04666), and lysosome
(hsa04142).

(B) GSEA enrichment plots for coronary artery disease (CAD) indicating significantly enriched pathways:
cholesterol metabolism (hsa04979), type Il diabetes mellitus (hsa04930), VEGF signaling pathway
(hsa04370), non-alcoholic fatty liver disease (NAFLD, hsa04932), and IL-17 signaling pathway
(hsa04657).

The VEGF signaling pathway (hsa04370) was significantly enriched in both diseases, suggesting a
common angiogenic regulatory mechanism in CIS-CAD comorbidity.
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Figure 3

Intersection analysis and functional enrichment of comorbidity-associated genes in cerebral ischemic
stroke and coronary artery disease.

(A) Venn diagram illustrating the overlap of differentially expressed genes between cerebral ischemic
stroke (1,824 DEGs) and coronary artery disease (983 DEGs), identifying 96 common genes (3.3%
overlap).

(B) KEGG pathway enrichment analysis of the shared genes. Significantly enriched pathways include
neutrophil extracellular trap (NET) formation, transcriptional misregulation in cancer, efferocytosis,
adipocyte lipolysis regulation, and VEGF signaling (P < 0.05).

(C) Gene Ontology (GO) biological process enrichment analysis of the common genes, showing
significant terms including negative regulation of interleukin-12 production, cellular response to
lipopolysaccharide, and monocyte migration (P < 0.05). Bar plots represent the number of enriched
genes and the corresponding -log,,(P-value) for each term.
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Figure 4

Identification and multi-level validation of hub genes in cerebral ischemic stroke and coronary artery
disease comorbidity.

(A) Protein-protein interaction (PPI) network of shared differentially expressed genes. The top 10 hub
genes were identified using the CytoHubba plugin in Cytoscape.
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(B) Expression of five key hub genes (ARG1, CAMP, CLEC7A, PECAM1, and TRIB1) in two independent
cerebral ischemic stroke (CIS) datasets (GSE58294 and GSE16561). Box plots show significant
differential expression in CIS patients compared to controls (P < 0.05).

(C) Expression of the same five hub genes in two independent coronary artery disease (CAD) datasets
(GSE42148 and GSE23561), confirming significant dysregulation in CAD patients (P < 0.05).

(D) Experimental validation by qPCR showing upregulated expression of the five hub genes in blood
samples from CIS patients compared to healthy controls (P < 0.05).

(E) gPCR validation confirming significant overexpression of the five hub genes in blood samples from
CAD patients compared to healthy controls (P < 0.05).
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Figure 5

Diagnostic evaluation of individual hub genes and a combined multi-gene model for cerebral ischemic
stroke and coronary artery disease.

(A) Receiver operating characteristic (ROC) curves demonstrating the diagnostic performance of hub
genes (ARG1, CLEC7A, PECAMT1, and TRIB1) and a combined multi-gene model in two independent
cerebral ischemic stroke (CIS) datasets (GSE58294). The four hub genes (ARG1, CLEC7A, PECAM1,
TRIB1) and the model exhibited AUC values > 0.7.

(B)ROC curves demonstrating the diagnostic performance of hub genes and a combined multi-gene
model in two independent cerebral ischemic stroke (CIS) datasets (GSE16561). The four hub genes
(ARG1, CLEC7A, PECAM1, TRIB1) and the model exhibited AUC values > 0.7.

(C)ROC curves validating the diagnostic utility of the same four hub genes and the combined model in
two independent coronary artery disease (CAD) cohorts (GSE42148), with AUC values > 0.7, confirming
their discriminative capacity for CAD detection.

(D)ROC curves validating the diagnostic utility of the same four hub genes and the combined model in
two independent coronary artery disease (CAD) cohorts (GSE23561), with AUC values > 0.7, confirming
their discriminative capacity for CAD detection.
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Figure 6

Comprehensive characterization of the immune microenvironment in cerebral ischemic stroke and
coronary artery disease comorbidity.

(A) Stacked bar plots showing the composition of immune cell infiltration in cerebral ischemic stroke
(CIS), coronary artery disease (CAD), and control samples.
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(B) Box plots quantifying significant differences in infiltration levels of key immune cell subsets between
disease and control groups (P < 0.05, P < 0.01). CIS samples showed elevated MO macrophages and
neutrophils, while CAD samples exhibited altered gamma delta T cells and macrophage subpopulations.

(C) Correlation heatmap illustrating significant positive and negative interactions (P < 0.05) among
immune cell types in the comorbid microenvironment.

(D) Scatter plots or heatmap demonstrating positive or negative correlations between hub gene
expression (ARG1, CLEC7A, PECAMT1, TRIB1) and infiltration levels of specific immune cells (P < 0.05),
revealing mechanistic links between gene dysregulation and immune recruitment. Significant
correlations are annotated with the Spearman correlation coefficient (r) and P-value (P).
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Figure 7

Transcriptional regulatory network of hub genes in cerebral ischemic stroke and coronary artery

disease comorbidity.

The integrated miRNA-TF—mRNA regulatory network was constructed using Cytoscape. Red nodes
represent core comorbidity-associated hub genes (ARG1, TRIB1, CLEC7A, PECAM1); yellow nodes
denote transcription factors (e.g., NFIC, CREB1, FOS); cyan nodes indicate miRNAs (e.g., hsa-miR-340,
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hsa-miR-186). Edges represent regulatory interactions: solid lines for TF-mediated gene regulation (e.g.,
NFIC and CREB1 regulating ARG1) and dashed lines for miRNA-directed post-transcriptional silencing
(e.g., hsa-miR-340 and hsa-miR-186 targeting ARG1; hsa-miR-7 and hsa-miR-23a repressing TRIB1). The
network identifies master regulators (CREB1, FOS) and non-coding RNA mediators as potential
therapeutic targets for comorbidity intervention.
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