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Atherosclerosis is a common cardiovascular disease in which the arteries are thickened due to buildup of
plaque. This study aims to identify programmed cell death (PCD)-related biomarkers and explore the crucial
regulatory mechanisms of atherosclerosis. Gene expression profiles of atherosclerosis and control groups from
GSE20129 and GSE23746 were obtained. Necroptosis was elevated in atherosclerosis. Weighted gene co-
expression network analysis (WGCNA) was conducted in GSE23746 and GSE56045 to identify PCD-related
modules and to perform enrichment analysis. Two necroptosis-related genes (/RF'9 and STAT1) were identified
and considered as biomarkers. Enrichment analysis showed that these gene modules were mainly related to
immune response regulation. In addition, single-cell RNA sequencing data from GSE159677 were obtained
and the characteristic cell types of atherosclerosis were identified. A total of 11 immune cell types were
identified through UMAP dimension reduction. Most immune cells were mainly enriched in plaque samples,
and STATI and IRF9 were primarily expressed in T-cells and macrophages. Moreover, the roles of /RF9 and
STATI were assessed and found to be significantly upregulated in atherosclerosis, which was associated with
increased risk of atherosclerosis. This study provides a molecular feature of atherosclerosis, offering an
important basis for further research on its pathological mechanisms and the search for new therapeutic

updates

targets.
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1. Introduction

Atherosclerosis is a chronic immune-inflammatory,
progressive, and age-related disease characterized by
lipid-rich plaques in arterial walls (Xiang et al. 2022).
Despite advances in cardiology treatments, atheroscle-
rosis continues to be a leading cause of death world-
wide. Atherosclerotic plaques severely restrict oxygen-
rich blood flow to the heart, brain, and other organs,
leading to serious problems such as stroke, myocardial
infarction, peripheral vascular disease, or even death
(Chen et al. 2021). The pathogenesis of atherosclerosis
involves multiple factors, including genetics, lifestyle,
and endocrine disorders (Dabravolski et al. 2022). To
better understand the pathogenesis of atherosclerosis
and strategies for prevention and treatment, many
researchers have explored the biological features of the
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disease from various physiological and
molecular perspectives.

Programmed cell death (PCD) is a highly regulated
cellular response that controls cell fate in multicellular
organisms under various cellular stresses and/or
external stimuli. The most common forms of cell death
are apoptosis, necroptosis, pyroptosis, ferroptosis, and
cuproptosis (Kari et al. 2022; Xiong et al. 2023).
Recent research has confirmed the implications of PCD
in atherosclerotic lesions (Lin et al. 2021). Regulated
proteins produced during cell death processes lead to
late-stage plaque instability, ultimately resulting in
plaque rupture and other unpredictable clinical events
(Uyy et al. 2022). Given the relationship between PCD
and atherosclerosis, treating atherosclerosis from a
PCD perspective seems to be a more effective anti-
atherosclerotic therapy. However, PCD features, gene
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expression, potential mechanisms, and biomarkers of
the immune microenvironment in atherosclerosis
remain to be elucidated.

Recently, the dysregulation of immune cells in pla-
ques has been discovered through the use of single-cell
RNA sequencing (scRNA-seq) analysis (Fernandez
et al. 2019; de Winther et al. 2023). Patients’ plaques
exhibit unique CD4" T-cell subpopulations and
characteristics of T-cell activation and differentiation
(Kong et al. 2022). In chronic inflammation, CD4"
T-cells can secrete large amounts of Thl-cell
cytokines, TNF-a, and IFN-y, which are effective
atherogenic cytokines (Tay ef al. 2019). The number
of CD8" T-cells in advanced atherosclerotic plaque
increases and promotes atherosclerosis (Engelen
et al. 2022).

Therefore, identifying PCD-related biomarkers that
play a significant role in the process of atherosclerosis
may promote the development of promising thera-
peutic strategies. By comparing the gene expression
profiles of atherosclerosis patients and healthy con-
trols, we identified a set of necroptosis-related genes
and potential biomarkers among them. In addition, we
also evaluated the expression of markers at the single-
cell level. In summary, this study provides a PCD-
related molecular feature of atherosclerosis, offering
an important basis for further research on its patholog-
ical mechanisms and the search for new therapeutic
targets.

2. Materials and methods
2.1 Data collection

Gene expression profiling data were collected from the
GSE20129 (Huang et al 2011), GSE23746, and
GSE56045 (Reynolds et al. 2014) datasets. GSE20129
included whole blood samples of 48 carotid
atherosclerosis patients and 71 non-atherosclerosis
controls. GSE23746 included monocytes in the
peripheral blood of 76 carotid atherosclerosis patients
and 19 non-atherosclerosis controls. GSE56045
included monocytes in the peripheral blood of 1202
atherosclerosis patients. GSE159677 (Alsaigh et al
2022) included the scRNA-seq data of atherosclerotic
core (AC) plaques and patient-matched proximal
adjacent (PA) tissue from 3 atherosclerosis patients.
Genes in PCD were acquired from the Molecular Sig-
nature Database (MsigDB) database (https.//www.gsea-
msigdb.org).
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2.2 Differential expression and enrichment
analysis

Differentially expressed genes between atherosclerosis
patients and controls were analyzed in the GSE20129
and GSE23746 datasets using the R package limma
(Ritchie et al. 2015). Differentially expressed genes
(DEGs) were selected according to set significance
thresholds (p<0.05). The enriched scores of PCD were
calculated using gene set variation analysis (GSVA)
(Hanzelmann ef al. 2013).

2.3 Weighted gene co-expression network analysis

In the GSE20129 and GSE56045 datasets, a co-ex-
pression network was constructed using the R package
WGCNA (Langfelder and Horvath 2008). Pearson’s
correlation coefficients between gene expression data
were calculated, resulting in a gene correlation matrix.
The gene correlation matrix was transformed into a
weighted network. The optimum B-value was selected
by the scale-free topology criterion method to ensure
that the network was scale-free. A gene cluster tree was
generated by calculating the topological overlap
between genes using a weighted similarity matrix,
followed by hierarchical clustering analysis. Then,
gene modules were determined by setting the dendro-
gram cut height (0.25). Each module was a subset of
genes that had similar patterns in expression profiles.
Module eigengene (ME) was computed for each
module, calculating the association between ME and
traits. Then, enrichment analysis for modules was
performed using the R package clusterProfiler (Wu
et al. 2021), including the Gene Ontology (GO) or
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways.

2.4 scRNA-seq data analysis

scRNA-seq data analysis was used to remove low-
quality cells with gene expression numbers fewer than
500 from GSE159677. Gene expression data were
normalized using log normalization to reduce technical
bias. Highly variable genes (greater than 2000) were
then selected. Dimensionality reduction was further
performed to facilitate data visualization using the
uniform manifold approximation and projection
(UMAP). Each cell subpopulation was assigned a
corresponding cell type by known cell type-specific
marker genes.
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2.5 Evaluation of marker genes

Receiver operating characteristic (ROC) curves were
used to evaluate the ability of biomarkers to differentiate
between disease and control groups. The R package
pROC (Robin et al. 2011) was used to plot ROC curves
and to calculate the area under the ROC curve (AUC)
values. A nomogram was then constructed with
the R package rms (Zhang et al. 2019) using logistic
regression. The calibration curve was used to compare
the consistency between predicted and actual
probabilities.

2.6 Sample collection

Blood samples were obtained from 10 patients with
atherosclerosis and 10 healthy controls from the Xin-
jiang Production and Construction Corps Hospital
(table 1). All patients gave informed consent, and this
study was approved by the ethics committee of the
Xinjiang Production and Construction Corps Hospital
(No. 202201401).

2.7 Quantitative real-time polymerase chain
reaction (QRT-PCR)

Total RNA extraction was performed using the PAX-
gene Blood RNA Kit (QIAGEN, Hilden, Germany)
according to the manufacturer’s instructions. The con-
centration and purity of RNA were determined by
NanoDrop. Reverse transcription reactions were per-
formed using a superscript IV reverse transcriptase kit
(Invitrogen, CA, USA). The qRT-PCR experiments
were performed using SYBR Green qPCR Master Mix
(Invitrogen, CA, USA). Relative expression levels of
target genes were calculated using the 24" method

Table 1. Characteristics of participants

Control Atherosclerosis

(n=10) (n=10)
Age (years) 62.4 £ 78 65.7 £ 8.2
Male 5 (50.0%) 5 (50.0%)
Current smoker 6 (60.0%) 6 (60.0%)
Body mass index (kg/m?) 26.4 + 5.1 302 + 4.5
Blood pressure (mmHg)
Systolic 116.0 £ 6.9  134.1 £ 142
Diastolic 68.5 + 6.8 73.8 £ 9.1
LDL cholesterol (mg/dL) 114.9 £ 45.0 123.1 £ 33.6
HDL cholesterol (mg/dL) 51.6 + 17.5 48.3 £ 10.2
Triglycerides (mg/dL) 104.8 + 68.1 191.6 = 1134

Page 3 of 10 84

with B-actin as the internal reference gene. The primers
used for the experiment are as follows: STATI:
F,5-CAGCTTGACTCAAAATTCCTGGA-3, R,5-TG
AAGATTACGCTTGCTTTTCCT-3'; IRF9: FE5'-GCC
TACAAGGTGTATCAGTTG-3', R,5-TGCTGTCGCT
TTGATGGTACT-3; B-actin: F,5-ACGTGGACATCC
GCAAAG-3, R,5-TGGAAGGTGGACAGCGAGGC-
3.

2.8 Western blot

Total protein was extracted using a whole blood protein
extraction kit (Solarbio, Beijing, China) according to the
manufacturer’s instructions. Protein concentration was
measured using the BCA kit ‘Enhanced BCA Protein
Assay Kit’ (Beyotime, Shanghai, China). An equal
amount of protein sample (15 pL) was loaded and sepa-
rated in SDS-PAGE. The separated protein was then
transferred onto a PVDF membrane. The membranes
were incubated in 5% skimmed milk for 2 h at room
temperature. The membranes were then incubated with
the first antibodies targeting STATI, IRF9, and B-actin
(Proteintech, Wuhan, China) overnight at 4°C. After
washing, HRP-labeled antibodies (Proteintech, Wuhan,
China) and the membranes were incubated for 2 h at room
temperature. Electrogenerated chemiluminescent (ECL)
reagents (Beyotime) were added to capture the signals. -
actin was used as the internal reference protein, and
quantitative analysis was performed using ImagelJ soft-
ware (National Institutes of Health, Bethesda, USA).

2.9 Statistical analysis

GraphPad Prism 9.3.0 and R software version 3.6.0
were used for statistical analyses. Data are presented as
means=+standard deviation. Student’s #-test was used to
assess statistical significance. A p-value <0.05 was
considered statistically significant.

3. Results
3.1 Assessment of PCD in atherosclerosis

We analyzed the Database of Essential Genes (DEGs)
between atherosclerosis patients and controls in the
GSE20129 and GSE23746 datasets. We selected 1878
DEGs in GSE20129 (figure 1A) and 4675 DEGs in
GSE23746 (figure 1B) according to the significance
threshold (p<0.05). We calculated enrichment scores
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for PCD using GSVA and found that necroptosis was
elevated in atherosclerosis in both datasets (figure 1C
and D).

3.2 Co-expression network identifies necroptosis-
related modules

A co-expression network was constructed separately
using WGCNA in the GSE20129 and GSE56045 data-
sets. Eight co-expression modules were identified in
GSE20129 (figure 2A) and 16 co-expression modules
were identified in GSE56045 (figure 2B). The correla-
tion analysis revealed that the red module in GSE20129
had the highest positive correlation with necroptosis

A 6.5 3
6.0
5.5
5.0
4.5 +
4.0 +
3.5
3.0
2.5
2.0
1.5
1.0+
0.5
0.0

Regulated
. Up-regulated

. Down-regulated

-log10 (p value)

T T T T T T T T T
-0.6-0.5-0.4-0.3-0.2-0.10.0 0.1 0.2
log2(Flod change)

Group
@ atherosclerosis

* % * * %

0.6 1

@ control

0.2 1

0.0

Expression

Irﬂ‘ﬁ

1
—([

-0.2 1

-0.4 |

W. Xie et al

(figure 2C) and the black module in GSE56045 had the
highest positive correlation with necroptosis (figure 2D).
Therefore, we compared the genes in these two modules
and identified 35 overlapping module genes (figure 2E).
Interestingly, we found 2 necroptosis genes (/RF9 and
STATTI) in the overlapping module genes and considered
them as marker genes.

Enrichment analysis showed that the overlapping
module genes were mainly related to the GO term
‘response to interferon-gamma’ (figure 2F). In the
KEGG enrichment results, we found that the overlap-
ping module genes were significantly enriched in
Herpes simplex virus 1 infection, NOD-like receptor
signaling pathway, and Kaposi sarcoma-associated
herpesvirus infection (figure 2G).
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Figure 1. Differentially expressed genes and PCD in atherosclerosis. (A) Volcano plot of differentially expressed genes
between atherosclerosis and controls in GSE20129. Red represents upregulation (p<0.05) and green represents
downregulation (p<0.05). (B) Volcano plot of differentially expressed genes between atherosclerosis and controls in
GSE23746. Red represents upregulation (p <0.05) and green represents downregulation (p<0.05). (C) Enrich scores of PCD
in atherosclerosis and controls were calculated by GSVA in GSE20129. * p<0.05, ** p<0.01. (D) Enrich scores of PCD in
atherosclerosis and controls were calculated by GSVA in GSE23746. * p<0.05, ** p<0.01.
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Figure 2. Biological roles in which necroptosis-related module genes participate. Clustering dendrogram of modules in the
GSE20129 (A) and GSE56045 (B). Different colors represent different modules. Correlation analysis between module
eigengene and traits in GSE20129 (C) and GSE56045 (D). Red represents positive correlation and green represents negative
correlation. (E) Intersection of red module genes in GSE20129 and black module genes GSE56045. (F) GO functions of
overlapping module genes enrichment. BP, biological progression; CC, cellular composition; MF, molecular function.
(G) KEGG pathways of overlapping module genes enrichment.

3.3  Major cell types in atherosclerosis

After dimension reduction by UMAP, we identified 29
cell clusters in GSE159677 (figure 3A). To determine the
specific type of these cell clusters, we utilized known cell
type-specific marker genes to assign corresponding cell

types to each cell subset (figure 3B). Eleven cell types
were finally identified (figure 3C). By comparing with
different sample types, we found that most immune cells
were mainly enriched in plaque samples (figure 3D).
Additionally, STAT! was mainly expressed in CD4"
T-cells, CD8" T-cells, and macrophages, and IRF9 was
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mainly expressed in CD4" T-cells and CD8" T-cells
(figure 3E).

3.4 Evaluation of biomarkers

We evaluated the roles of [RF9 and STATI! in
atherosclerosis. We found that compared with the
control group, both [/RF9 and STATI were signifi-
cantly upregulated in atherosclerosis (figure 4A). ROC
curve results showed that the AUC for IRF9 was 0.67
and for STATI it was 0.70, indicating the ability to
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distinguish between the disease and control groups
(figure 4B). Nomogram results revealed that high
expressions of /RF9 and STATI were associated with
increased risk of atherosclerosis (figure 4C). Calibra-
tion curve results indicated high accuracy of model
predictions (figure 4D). Importantly, by qRT-PCR
experiments, we confirmed the high expression of
mRNA levels of IRF9 and STAT! in atherosclerotic
patients compared with controls (figure 4E). The
protein expressions of /RF9 and STAT! were also
higher in atherosclerotic patients compared with con-
trols (figure 4F).
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Figure 3. Single-cell atlas of atherosclerosis. (A) UMAP plot of cell clusters from 6 samples. (B) Violin plots showing
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in cells.
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4. Discussion

Emerging research indicates the significant role of PCD
in atherosclerosis (Li et al. 2022a, b). Therefore, in this
study, we explored PCD associated with pathogenesis
of atherosclerosis. Based on comprehensive analysis of
atherosclerosis gene expression data from four public
datasets, necroptosis was found to be significantly
upregulated in atherosclerosis. IRF9 and STATI serve
as marker genes for risk prediction in atherosclerosis.
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characteristics of marker genes in the atherosclerotic
microenvironment, further verifying their critical roles
in the pathogenesis of atherosclerosis.

Regulatory mechanisms related to necroptosis may be
present during the development of atherosclerosis.
Necroptosis is characterized by a typical inflammatory
response (Chaouhan et al. 2022). In the pathological
process of atherosclerosis, inflammation continuously
occurs within the arterial wall, further exacerbating arte-
rial injury and promoting lesion development (Zhe-Wei
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Figure 4. Diagnostic role of marker genes for atherosclerosis. (A) Expression of /RF9 and STAT! in atherosclerosis and
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persistently exist, releasing danger-associated molecular
patterns and leading to continuous inflammation and the
development of a necrotic core in atherosclerotic plaques
at all stages of plaque expansion (Zhang et al. 2022). In
late-stage atherosclerotic plaques, necroptosis is activated,
and targeting the necroptosis pathway effectively reduces
plaque vulnerability and lesion progression (Tang et al.
2011). Thus, studying the role of necroptosis in
atherosclerosis is of great significance for understanding
the mechanisms of disease onset.

In two independent datasets, co-expression modules
related to necroptosis showed a certain degree of con-
sistency. This provided strong evidence for our further
exploration of the role of necroptosis in atherosclerosis.
Notably, IRF9 and STATI, two necroptosis-related
genes, were identified in these overlapping modules,
indicating that they may play a key role in the develop-
ment and progression of atherosclerosis.

Enrichment analysis results revealed the functions of
overlapping module genes in various biological processes
and signaling pathways. Thl-cells producing IFN-y,
CDS8™ T-cells, and macrophages promote atherosclerosis
(Li et al. 2017). Viral infection in KEGG enrichment
results may exacerbate the progression of atherosclerosis
by activating immune cells and inflammatory responses
(Gopal et al. 2020). In addition to its association with
viral effects, IFN-y, as a proinflammatory cytokine, also
promotes atherosclerosis mediated by CD4" T-cells and
CD8" Twcells (Kyaw et al 2017; Li et al 2017).
Nucleotide-binding oligomerization domain (NOD)-like
receptor signaling pathways play an essential role in
immune response and inflammation regulation (Ebersole
et al. 2016). NOD-like receptors are a class of pattern
recognition receptors within the immune system capable
of recognizing pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns
(DAMPs) (Almeida-da-Silva et al. 2023). In atheroscle-
rosis, NOD-like receptor signaling pathways may be
involved in regulating the activation and migration of
inflammatory cells, and promoting local inflammatory
responses (Qiao et al. 2021; Li et al. 2022b).

On the other hand, single-cell data analysis results
revealed the distribution and relationships of immune cell
types in atherosclerotic plaques. Immune cells play a
critical role in the development of atherosclerosis, exert-
ing significant effects on plaque stability and rupture risk
by regulating inflammatory responses and the local
immune environment (Nie ef al. 2022; Razeghian-Jah-
romi et al. 2022). This study showed that a large number
of immune cells are enriched in plaque samples, indi-
cating that local inflammation and immune cell infiltra-
tion play crucial roles in the development of
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atherosclerosis. These immune cells can produce various
inflammatory factors, chemokines, and cytokines, pro-
moting atherosclerotic plaque formation and progression
through the regulation of endothelial cell function,
smooth muscle cell migration, and extracellular matrix
degradation (Gencer et al. 2021).

IRF9 and STATI are upregulated in atherosclerosis
patients and have diagnostic value. This may imply that
therapeutic strategies or drugs targeting /RF9 and
STATI could have a positive impact on the treatment of
atherosclerosis. IRF'9 and STAT! are essential regula-
tory factors in the immune system, involved in inter-
feron signaling and the JAK-STAT signaling pathway
(Al-Ahmadi et al. 2021; Markin et al. 2023). The
complex formed by /RF9 and STATI controls IFN-y
responsiveness and is closely related to immune regu-
lation and inflammatory responses (Piaszyk-Bor-
ychowska et al. 2019; Lu et al. 2021). The primary
expression of STATI and IRF9 in immune cells such as
CD4" T-cells, CD8" T-cells, and macrophages sug-
gests that they may play a key role in regulating the
function and activity of these cells. CD4" T-cells and
CD8" T-cells participate in cell-mediated immune
responses, while macrophages contribute to plaque
inflammation through their phagocytic function and
production of inflammatory factors (Herrero-Fernandez
et al. 2019; Schafer and Zernecke 2020). Therefore, the
role of IRF9 and STATI in atherosclerosis (Zhang et al.
2014; Cai et al. 2021) may be closely related to their
functions in regulating inflammatory responses and cell
death in biological processes.

However, the limitations of this study lie in the
relatively small sample size, necessitating further
research with larger sample sizes to verify these find-
ings. Additionally, future studies should employ
experimental models to further investigate the specific
roles of IRF9 and STAT! in the pathogenesis of
atherosclerosis and their potential as therapeutic
targets.

5. Conclusion

Using necroptosis-related [RF9 and STATI as
biomarkers suggests that they may have diagnostic or
prognostic value. By further validating the expression
differences of these genes in atherosclerosis patients
and control groups, we may be able to determine their
application value in atherosclerosis diagnosis, disease
monitoring, and risk assessment. At the same time, in-
depth research into the roles of these two genes in the
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pathogenesis of atherosclerosis may help discover new
therapeutic targets and provide new insights for
improving disease treatment.
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