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ARTICLE INFO ABSTRACT

Keywords: Background: Endothelial dysfunction is the early stage of carotid atherosclerosis (CAS) in patients
Endothelial dysfunction with hypertension. It is worth identifying the potential hub genes of endothelial dysfunction to
Carotid atherosclerosis elucidate pathological mechanism in the progression of the disease.

;}(; I;z;;:‘;;c:;s Method: We obtained gene expression profiles of GSE43292 from the Gene Expression Omnibus
Hub genes (GEO) database. Hub genes associated with CAS were identified through weighted gene corre-

lation network analysis (WGCNA) and least absolute shrinkage and selection operator (LASSO)
regression. Subsequently, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses were performed to explore potential biological mechanisms and
signaling pathways. Finally, in vitro experiments on human umbilical vein endothelial cells
(HUVECs) were conducted to validate these hub genes.

Results: The microarray dataset GSE43292 included 32 CAS plaques samples and corresponding
macroscopically intact tissues from patients with hypertension. A total of 161 differentially
expressed genes were discovered. Through WGCNA analysis, the gray60 module emerged as the
most significant module associated with clinical features. The GO and KEGG enrichment analyses
of genes in the gray60 module highlighted the substantial involvement of immune response-re-
lated signaling pathways. Two key hub genes (CCR1 and NCKAP1L) were pinpointed via LASSO
regression. We found a significant increase in the mRNA expression level of the hub genes in
oxidized low density lipoprotein (ox-LDL) treated HUVECs.

Conclusions: Our study indicated that the hub genes related to immune responses are involved in
the development of CAS. Two hub genes (CCR1 and NCKAPI1L) of endothelial dysfunction were
identified. These genes may provide a valuable therapeutic target of CAS in patients with
hypertension.

1. Introduction

Both hypertension and carotid atherosclerosis (CAS) are major risk factors for ischemic stroke, contributing to large part of stroke
cases [1,2]. A previous study has shown that hypertension is also a risk factor for CAS [3]. Elevation of vascular laminar shear stress
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caused by hypertension leads to an increase in oxidative stress and the occurrence of endothelial dysfunction [4,5]. Atherosclerosis can
impair the stretch of the baroreceptors, leading to reduced neural input to the autonomic control centers in the brain stem. The
reduction in autonomic output to the cardiovascular system results in more pronounced blood pressure fluctuations [6]. Vascular
endothelial cells become activated in response to injurious stimuli or local hemodynamic alterations. Consequently, chemokines are
released to specifically attract circulating monocytes from the bloodstream to the intima, where they progressively transform into foam
cells, initiating the formation of early atherosclerotic lesions on a macroscopic scale [7]. In the advanced stages of the lesion, endo-
thelial cell apoptosis disrupts the integrity of the endothelial monolayer, prompting endothelial denudation and the development of
atherothrombotic occlusions. Therefore, identifying the molecular biomarkers of endothelial dysfunction is of paramount importance
[8,9].

With the continuous application of gene technology in bioinformatics, new biomarkers of common diseases have been precisely
screened and can be used as an important target spot for clinical diagnosis or treatment [10]. In this study, we downloaded the
microarray data from the Gene Expression Omnibus (GEO) database, and preliminarily determined genes related to hypertension with
CAS through difference analysis and weighted correlation network analysis (WGCNA). Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analyses on the genes of key modules in the coexpression network were carried out to explore the
potential biological functions of these genes. After that, a protein—protein interaction network was created, and hub genes were mined
using Molecular Complex Detection (MCODE). The least absolute shrinkage and selection operator (LASSO) regression analysis was
also conducted to analyze the correlation between the hub genes and clinical characteristics. Finally, an atherosclerotic endothelial
dysfunction model was established, and quantitative real-time polymerase chain reaction (QRT-PCR) validation was used to evaluate
the selected biomarkers. In conclusion, our study identified novel biomarkers associated with the immune response in endothelial
dysfunction, presenting promising potential as effective therapeutic indicators for hypertension with CAS.

2. Material and methods
2.1. Data source

The thorough study design is illustrated in Fig. 1. The gene expression profile dataset, GSE43292, was sourced from the GEO
database (https://www.ncbi.nlm.nih.gov/geo). The GSE43292 dataset included 32 carotid atheromatous plaques (stage IV and over of

the Stary classification) and corresponding macroscopically intact tissues from patients with hypertension. The samples belonged to a
heterogeneous population of cells contained in the media and neo-intima without adventitia.

2.2. Screening of differentially expressed genes (DEGS)

First, raw data of GSE43292 were processed utilizing the robust multi-array average (RMA) expression measure function in the
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Fig. 1. The flowchart of the entire study.
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“affy” R package [11]. After removing the batch effects with the “sva” R package, a principal component analysis (PCA) plot was
created. Finally, the “limma” R package was utilized to investigate DEGs between atheroma plaques and corresponding macroscop-
ically intact tissues under the threshold of “|log2 (fold change)| > 1 and P < 0.05” [12]. Volcano plot and heat map were depicted to
show the significant genes. All analyses of data were processed in R (v4.1.3).

2.3. Coexpression network construction by WGCNA

The genes with the top 5000 variance were filtered and clustered to identify the coexpression network using the “WGCNA” package
[13]. After the scale-free network was established, a cluster tree dendrogram was built with the minimal gene module size of 30 and the
threshold of 0.25. The module membership (MM) and gene significance (GS) were calculated to evaluate the relevance between the
key modules and clinical features.

2.4. Functional and pathway enrichment analysis

GO and KEGG analyses were employed using “cluster Profiler” and “GO plot” package for genes in the gray60 module [14]. The top
20 significant terms with the p-value cutoff<0.05 and count >10 were determined. The difference in coexpression patterns between
atheroma plaques and their corresponding macroscopically intact tissues from patients with hypertension were analyzed based on
these results.

2.5. Construction of protein—protein interactions network and screening of hub genes

The STRING database version 11.5 (https://version-11-5.string-db.org/) was used to construct the protein—protein interactions
(PPI) network with the medium confidence (interaction >0.4) of sig genes [15]. Then, the PPI network was downloaded from STRING
and visualized using Cytoscape version 3.10.0 [16]. The MCODE algorithm, a plugin in Cytoscape to detect densely connected sub-
network, was used to identify the MCODE genes [17], which were intersected with DEGs to obtain the hub genes.

2.6. LASSO regression analysis

LASSO algorithm was performed to streamline the clinical characteristic variables to identify the hub genes by R package “glmnet”
[18]. The optimal lambda was calculated with a minimum value of 10-fold cross-validation in the training set. The GSE43292 dataset
was randomly split into training and validation groups at a proportion of 1:1.

2.7. Cell culture and transwell experiments

Human umbilical vein endothelial cells (HUVECs) were obtained from the Cell Resource Center, Peking Union Medical College
(PCRC) on October 13th, 2022. Based on previous research methods [19], HUVECs were cultured in high-glucose DMEM
(C11995500BT, Gibco, Shanghai, China) supplemented with 10 % FBS (11011-8611, Tianhang, Zhejiang, China) at 37 °C in 5 % CO».
HUVECs were seeded in chambers (#14321, Labselect, Anhui, China) and grown with 100 pg/mL low density lipoprotein (ox-LDL)
(YB-002, Yiyuan Biotech. Co. Ltd, Guangdong, China) for 24 h. HUVECs were incubated with 4 % paraformaldehyde at 23 °C for 15
min. Then, the chamber was immersed in PUS for washing three times. Subsequently, HUVECs were permeated with anhydrous
methanol at 23 °C for 20 min. Next, 0.5 % crystal violet was added to stain the bottom of the chamber for 10 min, and the chamber was
thoroughly washed three times with PBS. Images were obtained under a microscope (Olympus, Tokyo, Japan) and analyzed using
ImageJ software, version 1.53t (NIH, Bethesda, MD, USA).

2.8. Quantitative real-time PCR

Total RNA was extracted using Trizol (R0016, Beyotime Biotechnology, Shanghai, China) in accordance with the manufacturer’s
instructions and precipitated with isopropanol. After converting RNA into cDNA using the Evo M-MLV RT Premix kit (AG11706,
Accurate Biotechnology, Hunan, China), qRT-PCR analysis was performed using the SYBR Green Premix Pro Taq HS qPCR Kit
(AG11701, Accurate Biotechnology) in the Roche LightCycler 96 system (Roche, Basel, Switzerland). Table 1 lists all primer sequences
used in this study, CCR1 and NCKAPIL (Sangon Biotech, Shanghai, China). The relative expression of each gene was evaluated by

comparing its expression with that of ACTB using the 2724 method.
Table 1
Primer sequences.
Primer Forward (5-3) Reverse (5-3)
CCR1 ATCCTGTTGACGATTGACAGAT TGATGCCAAAAGTAACAGTTCG

NCKAP1L CGTGGAAGTGATGGAGCGATGG CTTCTGGCACTGGCTGTTGGAG
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2.9. Statistical analysis

All data are represented as mean + SEM unless otherwise noted. Independent-sample t-test and analysis of variance were used to
establish statistical significance. The GraphPad Prism software version 8.0.2 was used to perform all statistical analyses (GraphPad,
San Diego, CA, USA). All experiments were conducted independently in triplicate.

3. Results
3.1. Identification of DEGs

The profiles of GSE43292 were processed and standardized (Fig. 2A). As demonstrated in the volcano plots, 161 DEGs were
eventually identified in GSE43292 under the threshold of “|log2 (fold change)| > 1 and p < 0.05,” including 82 upregulated genes and
79 downregulated genes (Fig. 2B). Heat map of the top 50 DEGs by p value are displayed in Fig. 2C. PCA revealed distinct segregation
into two groups between carotid atheromatous plaques and macroscopically intact tissues of patients with hypertension (Fig. 2D).

3.2. Identification of CAS-related gene modules

Two outliers, GSM1060123 and GSM1060169, were detected (Fig. 3A). Then, the soft-threshold power p = 16 and cutoff R? = 0.8
were selected to reach the requirements of scale-free topology (Fig. 3B). Eleven modules were identified by creating TOM matrices and
merging similar dynamic dendrogram tree (Fig. 3C). Then, the correlation between each module and clinical traits was evaluated by
Pearson’s correlation analysis. As shown in Fig. 3D, the gray60 module exhibited strong positive connection with CAS in patients with
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Fig. 2. Identification of DEGs. (A) Box plot of GSE43292 gene expression data after standardization. Red bars represent CAS plaques samples, and
blue bars represent their corresponding macroscopically intact tissues. (B) Volcano plot of DEGs in CAS plaques from patients with hypertension
compared with controls. (C) Heat map of top 50 DEGs (upregulated and downregulated). (D) PCA plot of gene expression data.
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Fig. 3. Construction of the coexpression network for GSE43292. (A) Two outliers (GSM1060123 and GSM1060169) were detected using clustering,
and other samples were included in the further study. (B) Soft-thresholding power for scale-free topology was 16, and the best cutoff R2 was 0.8. (C)
Eleven gene modules were detected in GSE43292. (D) Significance values of the relationships between the 11 modules and CAS in the patients with
hypertension. (E) Scatter plot between MM and GS in the gray60 module.

hypertension (P = 1e-06). Next, 249 out of 1366 genes were filtered as |GS| > 0.4 and [MM| > 0.9 in the gray60 module, which were
identified as significant genes. Fig. 3E shows the correlation between CAS in the patients with hypertension and the genes in the gray60
module (cor = 0.8, P < 1e-200).

3.3. Functional enrichment of the gene modules

We found that 249 sig genes were mainly enriched in immune response-regulating signaling pathway, phagocytosis, myeloid cell
activation involved in immune response, and immune response-activating signaling pathway. Subsequently, the pathway analysis
showed that lysosome, B-cell receptor signaling pathway, chemokine signaling pathway, Fc epsilon RI signaling pathway, and platelet
activation were enriched in the KEGG terms. The GO and KEGG pathway analyses with top 10 sig genes by P value are shown in Fig. 4A
and B, and Table 2. There was a significant overlap of genes between signaling pathways of immune response (Fig. 4C), suggesting that
the immune response signaling pathway may be involved in CAS in patients with hypertension. Moreover, the analyses showed that sig
genes with high significance and network centrality correlated with immune response and phagocytosis, revealing the potential as-
sociation of both pathways with the pathogenesis of CAS in patients with hypertension.
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3.4. Construction of the PPI network and screening of hub genes

The sig genes’ PPI network with 248 nodes and 1656 edges was generated by STRING (Fig. 5A). Subsequently, genes interaction
data were downloaded and uploaded to Cytoscape, where 29 MCODE genes with the highest scores in interconnected cluster network

were identified using the MCODE plugin (Fig. 5B). They were overlapped with the DEGs to obtain a total of six hub genes (NCKAP1L,
ITGB2, CCR1, ITGAX, ITGAM, PLEK) (Fig. 5C-Table 3).
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Table 2

GO and KEGG pathway analyses with top 10 sig genes by P value for the gray60 module of CAS in patients with

hypertension.
Terms P value Count
GO
immune response-regulating signaling pathway 4.89E-17 38
phagocytosis 4.89E-17 29
myeloid cell activation involved in immune response 4.89E-17 21
immune response-activating signaling pathway 1.53E-16 36
myeloid leukocyte activation 4.21E-16 28
leukocyte migration 6.76E-16 34
leukocyte-mediated immunity 1.09E-15 34
activation of immune response 1.76E-15 37
leukocyte activation involved in immune response 6.58E-15 29
cell activation involved in immune response 8.52E-15 29
KEGG
lysosome 5.72E-14 23
B-cell receptor signaling pathway 3.45E-08 14
chemokine signaling pathway 3.45E-08 20
Fc epsilon RI signaling pathway 2.39E-07 12
platelet activation 4.66E-07 15
osteoclast differentiation 1.25E-06 15
natural killer cell-mediated cytotoxicity 5.70E-06 14
Rapl signaling pathway 6.00E-05 16
tuberculosis 0.00019 14
leukocyte transendothelial migration 0.000244 11
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Fig. 5. Identification of six hub genes: (A) The PPI network of 249 genes screened from the gray60 module was obtained from the STRING database;
(B) 29 genes were identified by MCODE; (C) intersection of MCODE genes and DEGs.

deg

3.5. Identification of CCR1 and NCKAPIL

To further identify potential prognostic markers in the progression of CAS in patients with hypertension, the six hub genes were
input into the LASSO regression analysis based on lambda.1se (0.1704954). Two hub genes were identified (CCR1, NCKAP1L) as the
most representative of the genes involved in CAS in patients with hypertension (Fig. 6A and B). Box plots showed the expression levels
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Table 3
The summary of six hub genes.
Gene symbol Official full name logFC P value
NCKAP1L NCK-associated protein 1 like 1.06 8.05e-10
ITGB2 integrin subunit beta 2 1.06 2.80e-09
CCR1 C-C motif chemokine receptor 1 1.30 4.73e-10
ITGAX integrin subunit alpha X 1.19 4.13e-09
ITGAM integrin subunit alpha M 1.08 2.23e-09
PLEK pleckstrin 1.20 1.01e-09
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Fig. 6. Identification of CCR1 and NCKAP1L. (A) LASSO coefficient profiles of 500 genes. (B) Two genes were taken for selecting A based on 1-SE
criteria for recurrence. (C) Box plot of the two hub genes expression values. (D) The expression levels of the two hub genes in ox-LDL-induced
HUVECs. An asterisk (*) denotes P < 0.05 by independent-sample t-test (n = 3).

of CCR1 and NCKAPIL in GSE43292. CCR1 and NCKAP1L expression levels were higher in the atheroma plaques than in the
macroscopically intact tissues from the patients with hypertension (Fig. 6C). We measured the migration of HUVECs. The migration of
HUVECs in the ox-LDL group was 1.58-fold higher than that in the control group. These data indicated that ox-LDL was capable of
promoting endothelial cell migration (Fig. 6D and E). We also assessed the mRNA expression of CCR1 and NCKAP1L in ox-LDL-in-
duced HUVECs through an qRT-PCR experiment. As shown in Fig. 6F, the expression of CCR1 and NCKAP1L mRNA was substantially
increased compared with the control group. The results of the in vitro cell experiments were consistent with the above results.

4. Discussion

Atherosclerosis is an autoimmune, dysfunctional inflammatory disease of the vessel wall [20,21]. Endothelial dysfunction is
believed to play a crucial role in the pathogenesis of atherosclerosis. Activated endothelial cells secrete chemokines and inflammatory
mediators, leading to the recruitment of monocytes and various types of T lymphocytes. This establishes a complex immuno-regulatory
network within the atherosclerotic lesion, contributing to lesion progression. Despite significant advancements in the clinical treat-
ment of atherosclerosis, elucidating the precise pathogenesis of atherosclerosis remains a critical challenge. Therefore, it is imperative
to understand the underlying molecular mechanisms of endothelial dysfunction.

In the present study, we identified 161 DEGs, with 82 genes showing upregulation and 79 genes showing downregulation in the
sample of CAS in patients with hypertension. Subsequently, we developed a WGCNA for atheroma plaques compared with macro-
scopically intact tissues. The analysis revealed the presence of 11 distinct gene modules within the coexpression network. Among the
11 modules, the gray60 module was most significantly associated with CAS in patients with hypertension. The genes in the gray60
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module were subjected to GO and KEGG pathway enrichment analysis. The MM and GS values were set to screen the genes that were
most closely related to CAS in the patients with hypertension in the gray60 module. Following this, a set of 249 genes was employed to
construct a PPI network through Cytoscape. Subsequently, 11 genes exhibiting the highest interconnected cluster scores, as determined
by MCODE, were intersected with the DEGs to identify six hub genes (NCKAP1L, ITGB2, CCR1, ITGAX, ITGAM, PLEK). Among these,
the pivotal biomarker CCR1 was ultimately selected through the LASSO algorithm and verified using qRT-PCR.

Pathways related to immune response were clustered in the gray60 module. In recent decades, there has been significant research
on the immune mechanisms of atherosclerosis. The research has emphasized the strong correlation between the innate immune system
and atherosclerosis, along with plaque instability [22]. Ahrathy et al. [23] demonstrated that treating ApoE /™ mice with NK-cell
depletion significantly reduced atherosclerosis progression.

CCR1, known as C-C motif chemokine receptor-one, belongs to the beta chemokine receptor family. Signal transduction through
CCR1 and its ligand CCL5 plays a crucial role in recruiting effector immune cells, particularly monocytes, to atherosclerosis plaques.
Alma et al. [24] demonstrated that in the APOE /™ mouse model with left carotid artery injury, deficiency in CCR1 heightened
proinflammatory interferon-gamma levels in the neointima, indicating a decrease in macrophage recruitment. Another study revealed
that activation of the CCL5/CCR1 axis significantly increased macrophage infiltration in the atherosclerotic vascular wall, thereby
exacerbating plaque burden [25]. Moreover, CCR1 is involved in recruiting neutrophils to early atherosclerotic lesions in major ar-
teries [26]. Conversely, some studies have noted that the absence of CCR1 in the APOE~/~ mouse model promotes aortic root
atherosclerosis development and worsens the local accumulation of Th1l cells and IFN-gamma expression [27].

NCKAP1L encodes NCK-associated protein 1 one-like, part of the HEM family of tissue-specific transmembrane proteins. Carla et al.
[28] demonstrated that the absence of NCKAP1L resulted in the reversal of the CD4/CD8 ratio in two patients with immune deficiency.
Other studies have indicated that NCKAP1L deficiency leads to the inactivation of the Akt/mTOR signaling pathway in human patients
with immunodeficiency and immune overactivation [29]. Therefore, NCKAP1L was associated with immune disorders and may play a
role in the pathological progression of atherosclerosis.

Pathways related to immune response, such as the immune response-regulating signaling pathway, were clustered in the gray60
module. A previous study has shown a close association of the immune system (involving natural killer cells, macrophages, and DCs)
with atherosclerosis, as well as with plaque instability [22]. Ahrathy et al. [23] demonstrated that perforin and granzyme B produced
by NK cells promoted lesion growth in atherosclerotic mice, and the depletion of NK cells greatly attenuated atherosclerosis of ApoE ™/~
mice. Marit et al. [30] suggested that dendritic cells with dysregulation of lipid uptake and efflux pathways can modulate inflammatory
cytokine secretion and atherogenesis through enhancing T-cell activation and Th1- and Th17-cell polarization. Plaque macrophages
predominantly originate from circulating monocytes and display both proinflammatory and anti-inflammatory phenotypes that do not
conform strictly to the traditional M1 or M2 classification schemes [31]. Single-cell sequencing has revealed at least five different
macrophage subpopulations through identification of biomarkers, which are the main population involved in the formation of
atherosclerosis [32,33]. Our enrichment analysis results indicated that the immune-related gene set and signaling pathways were
upregulated, which is consistent with recent studies.

Both our study and the study by Sheng et al. [34] utilized the dataset GSE43292 to identify DEGs, build a PPI network, and employ
the MCODE algorithm to identify hub genes. However, WGCNA and LASSO were used to further assist in pinpointing the central genes
in our study. An endothelial dysfunction cell model was also established using ox-LDL intervention on HUVECs, based on a report from
another established model [35]. Furthermore, gene validation was performed through qRT-PCR.

Our study had certain limitations. The lack of detailed clinical information such as the Stary classification in the GEO dataset
hindered the association of hub genes with clinical features, potentially compromising the precision of our evaluation of key bio-
markers. Carotid plaques are complex structures, and include endothelial cells, fibroblasts, and inflammatory cells [36]. Although we
utilized an endothelial dysfunction cell model to pinpoint these hub genes, our reliance on a single cell type for experimental validation
may not provide a comprehensive explanation for the biological insights derived from CAS tissue samples in the GSE43292 dataset.
Further cellular functional experiments focused on atherosclerotic endothelial dysfunction, incorporating knockdown or over-
expression studies, should be employed to elucidate the roles of CCR1 and NCKAP1L more thoroughly. Furthermore, the functions of
these genes may not be limited to endothelial dysfunction; they could also be related to changes in smooth muscle cells. Nonetheless,
given the pivotal role of endothelial dysfunction in the early stages of atherosclerosis, the identification of genes at the cellular level
holds significant reference value for understanding the pathological mechanisms underlying endothelial dysfunction.

5. Conclusion

In this study, we used the WGCNA method and LASSO algorithm to identify the key modules and hub genes of CAS in patients with
hypertension, and identified two hub genes in the atherosclerotic endothelial dysfunction cell model, providing guidance for the
molecular mechanism of CAS plaque lesions. Our study did not directly demonstrate the correlation between the findings of the
bioinformatics analysis on CAS in patients with hypertension and endothelial dysfunction; thus, further research is needed to elucidate
the intricate molecular mechanisms and biological functions of CAS.
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