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ARTICLE INFO ABSTRACT

Keywords: Background: Aortic dissection (AD) is a lethal aortic disease with limited effective therapeutic
Aortic dissection strategies. Aging increases the risk of AD, yet the underlying mechanisms remain unclear. This
Aging

study aims to analyze the association of aging-related genes (Args) and AD using bioinformatic
analysis. This helps provide novel insights into AD pathogenesis and contributes to developing
novel therapeutic strategies.

Methods: mRNA (GSE52093, GSE153434), miRNA (GSE98770) and single-cell RNA-sequencing
(scRNA-seq, GSE213740) datasets of AD were downloaded from GEO database. Args were
downloaded from Aging Atlas database. Differentially-expressed Args were determined by
intersecting Args and differentially-expressed mRNAs of two mRNA datasets. Cytoscape was used
to identify hub genes and construct hub gene regulatory networks related to miRNAs. Seurat and
clusterProfiler R package were used for investigating expression patterns of hub genes at single-
cell level, and functional analysis, respectively. To validate the cellular expression pattern of hub
genes, the same analysis was applied to our own scRNA-seq data. Drugs targeting hub Args were
determined using the DGIdb database.

Results: HGF, CXCL8, SERPINE1, HIF1A, TIMP1, ESR1 and PLAUR were identified as aging-related
hub genes in AD. miR-221-3p was predicted to interact with ESRI. A decreased ESRI expression
in smooth muscle cell subpopulation 4 (SMC4) was observed in AD versus normal aortic tissues,
which was validated by sequencing 197,605 aortic cells from 13 AD patients. Additionally,
upregulated genes of SMC4 in AD tissues were enriched in the “cellular senescence” pathway.
These data indicated that decreased ESRI might promote SMC4 aging during AD formation.
Eleven existing drugs targeting hub genes were identified, including ruxolitinib and filgrastim,
which are associated with AD.

Conclusions: By sequencing transcriptomic data, this study revealed aging-related hub genes and
regulatory network involved in AD formation. Additionally, this study proposed a noteworthy
hypothesis that downregulated ESR1 may exacerbate AD by promoting SMC aging, which re-
quires further investigation.

Bioinformatic analysis
miRNA-mRNA regulatory network

Abbreviations: AD, aortic dissection; scRNA-seq, single-cell RNA sequencing; SMCs, smooth muscle cells; SASP, senescence-associated secretory
phenotype; DEMs, differentially expressed mRNAs; Args, apoptosis-related genes; Gene Ontology, GO; Kyoto Encyclopedia of Genes and Genomes,
KEGG.
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1. Introduction

Aortic dissection (AD) is a common lethal aortic disease that needs timely treatment. However, the postoperative mortality of AD
remains high, though advances have been made in treatments, especially emergent surgery [1]. In addition, approximately 20 % of
patients with AD die before surgery [2]. Moreover, no effective target drugs are currently available for delaying, halting, and reversing
AD formation. A better understanding of AD pathogenesis is essential for developing novel effective therapeutic strategies for AD.

AD tends to occur at the mean age of 63 years [3]. The prevalence of AD is nearly 2.5-fold higher for individuals 65-75 years of age
relative to those 35-44 years of age [4,5]. Furthermore, several important features of AD are observed in the aging aorta, such as cystic
medial necrosis, elastin fragmentation and fibrosis deposition [6]. However, the precise mechanisms of aging in AD pathogenesis
remain unclear. The purpose of this study is to investigate the association of aging-related genes with AD at the cellular and molecular
levels based on public transcriptomic data using bioinformatic analysis. The hub genes and relative regulatory network identified in
this study could serve as a scientific basis for further research in AD pathogenesis and the development of novel therapies.

2. Materials and methods
2.1. Data collection

A total of 503 aging-related genes (Args) were extracted from the Aging Atlas database (https://ngdc.cncb.ac.cn/aging/index).
Four transcriptomic sequencing datasets used in this study were downloaded from the Gene Expression Omnibus (https://www.ncbi.
nlm.nih.gov/geo/) database, and see Table 1 for a detailed message. GSE52093, a microarray gene expression dataset, includes 5
normal individuals and 7 AD patients. After the removal of female subjects, 11 male individuals were included in subsequent bio-
informatic analysis. The GSE153434 dataset consists of bulk mRNA-sequencing data of 10 male individuals and 10 male AD patients. A
miRNA expression dataset (GSE98770) is composed of 5 samples from transplant donors and 6 samples from AD patients, and 8 male
individuals were finally involved in this study after excluding female individuals. Single-cell RNA-sequencing (scRNA-seq) data of
aorta derived from 3 male AD patients and 3 male donors were extracted from the GSE213740 dataset. The workflow of this study is
presented in Fig. 1.

2.2. Identification of differentially-expressed aging-related genes in AD

Differentially-expressed mRNAs (DEMs) were identified via the online tool GEO2R (https://www.ncbi.nlm.nih.gov/geo/geo2r/).
The cutoff value for DEMs in the GSE52093 dataset was set to an adjusted P < 0.05 and |logFC|>1, while an adjusted P < 0.05 and |
logFC|>1 were the criteria for DEMs in the GSE153434 dataset. Then the DEMs of these two mRNA datasets and the Args were
uploaded into the online tool Venny (https://bioinfogp.cnb.csic.es/tools/venny/) to determine the differentially-expressed Args
(DEArgs).

2.3. Functional enrichment analysis of differentially-expressed aging-related genes

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis function in GeneCodis4
(https://genecodis.genyo.es/) database was applied to identify the biological function of differentially-expressed Args, and the items
with P < 0.01 were considered significant. In brief, genes involved in significantly enriched biological processes were retrieved for
KEGG pathway enrichment analysis. The genes involved in enriched pathways were then extracted for the following protein-protein
interaction network (PPI) construction.

2.4. Construction of protein-protein interaction network and identification of hub genes
STRING (https://cn.string-db.org/) database was used to construct a PPI network by analyzing protein interactions. The significant

gene modules of PPI were identified using the MCODE plug-in in Cytoscape (3.7.1) software. Hub genes were identified as the genes
that were involved in the significant gene module.

Table 1

The characteristics of the datasets used in this study.
GSE number Sequencing method Platform ID Sample type and number Data involved in the final analysis
GSE52093 microarray GPL10558 Tissues; 7 diseased, 5 normal 6 diseased in male, 5 normal in male
GSE153434 Bulk mRNA sequencing GPL20795 Tissues, 10 diseased, 10 normal 10 diseased in male, 10 normal in male
GSE98770 microarray GPL17660 Tissues, 6 diseased, 5 normal 5 diseased in male, 3 normal in male
GSE213740 Single-cell RNA sequencing GPL18573 Tissues, 6 diseased, 10 normal 3 diseased in male, 3 normal in male

The RNA-sequencing data of males in these datasets were finally involved in the analysis. Diseased tissues: aortic tissues derived from AD.
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Fig. 2. Identification of the differentially-expressed aging-related genes.
(A), (B) The volcano plot of DEMs in the GSE52093 and GSE153434 datasets, respectively. (C) Venn diagram of aging-related genes and DEMs.
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2.5. Functional enrichment analyses of hub genes

The biological function of hub genes was analyzed via the GO and KEGG pathway enriched analysis function in the Metascape
database (https://metascape.org/gp/index.html#/main/stepl). The items with P < 0.05 were considered significant.

2.6. Drug-gene interaction analysis

DGIdb (https://dgidb.org/) database was used to identify the potential existing drugs targeting hub genes by analyzing the in-
teractions between drugs and hub genes.

2.7. miRNA-mRNA regulatory network

miRNAs targeting hub genes were predicted by the miRWalk, TargetScan, miRDB and miRTarBase databases. Online tool GEO2R
was applied to identify differentially-expressed miRNAs (DEMis) with the criteria of an adjust P < 0.05 and |logFC|>1. The miRNA-
mRNA regulatory network was constructed by integrating DEMis and the predicted miRNAs of hub genes. Cytoscape software was used
to visualize the regulatory network.

2.8. Analysis of single-cell RNA-sequencing data of AD

The quality criteria for online scRNA-seq data are: Cells with UMIs<500, nGene<250 or a percentage of mitochondrial genes (>10
%) were filtered out. Subsequently, data were normalized using the LogNormalize function in the Seurat R package. FindAllMarkers
function in Seurat R packages was used to identify differentially expressed genes of intra-cluster, with min. pct and logfc.threshold set
to 0.25. |log2FoldChange|>0.6 and adjusted P value < 0.05 were set as the cutoff values for differentially expressed genes of inter-
clusters, and of intra-clusters between dissected and normal aortic tissues. Cell clusters were annotated based on the canonical cell
markers. Seurat R package was applied to analyze the expression of hub genes at the single-cell level. ClusterProfiler and ggplot2 R
package were used for functional analysis and visualization respectively. To validate the results of online single-cell data, we also
analyzed our scRNA-seq data from 13 patients with AD undergoing aortic replacement surgery. Dissected tissues and nearby normal
aortic tissues were collected. Single-cell suspension of the aorta was prepared by the enzymolysis protocol and then processed to
construct the sequencing libraries using the 10 x Genomics Single Cell 3' v3 RNA-seq kit. The libraries were finally sequenced on the
[llumina NexSeq 6000 platform. Cells with a unique molecular identifier (UMI) <400, UMI>the mean value + 2-fold of standard
deviation, and the mitochondrial RNA percentage over 10 % were filtered out. Genes expressed in less than 1 % of cells would be
removed. The “LogNormalize” function was used to normalize data. Principal component analysis was performed to reduce the
dimensionality of data. Using a graph-based clustering algorithm, data were clustered into distinct cell clusters with distinct expression
characteristics. The same analysis was applied to our scRNA-seq data to access the expression level of ESRI1.

3. Results
3.1. Identification of differentially expressed aging-related genes

A total of 502 and 1794 DEMs were identified in GSE52093 and GSE153434 datasets respectively (Fig. 2A and 2B). As shown in
Fig. 2C, 11 differentially expressed Args were identified, including 9 upregulated and 2 downregulated Args (Table 2).

Table 2
The characterization of 11 differentially expressed
aging-related genes.

Genes State

AGTR1 Downregulated
ESR1 Downregulated
CXCL8 Upregulated
HGF Upregulated
HIF1A Upregulated
IL1R1 Upregulated
ITGA2 Upregulated
MTIE Upregulated
PLAUR Upregulated
SERPINE1 Upregulated
TIMP1 Upregulated

Note, that all the genes listed in this table with an
adjusted P < 0.05.
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Table 3
Significant biological processes of the differentially expressed Args.
Biological process Genes in query P- Genes
Set value
Positive regulation of angiogenesis 4 0.0005 HGF, SERPINEI1, HIF1A, CXCL8
Connective tissue replacement involved in inflammatory response wound 2 0.0005 HIF1A, TIMP1
healing
Regulation of inflammatory response 3 0.0021 ESR1, AGTR1, IL1R1
Positive regulation of inflammatory response 3 0.0021 AGTR1, SERPINE1, ITGA2
Signal transduction 7 0.0026 ESR1, AGTR1, HIF1A, PLAUR, CXCLS, IL1R1,
TIMP1
Response to muscle activity 2 0.0026 HIF1A, ITGA2
Negative regulation of growth 2 0.0026 MTIE, HIF1A
Positive regulation of nitric-oxide synthase activity 2 0.0040  ESRI, HIFIA
Negative regulation of extrinsic apoptotic signaling pathway via death domain =~ 2 0.0044  HGF, SERPINE1
receptors
Negative regulation of apoptotic process 4 0.0055 HGF, HIF1A, PLAUR, TIMP1
Positive regulation of DNA binding 2 0.0055  ITGA2, PLAUR
Positive regulation of epithelial cell migration 2 0.0055 HIF1A, ITGA2
Cellular response to estradiol stimulus 2 0.0063  ESRI, ITGA2
Epithelial to mesenchymal transition 2 0.0078  HGF, HIF1A
angiogenesis 3 0.0087 SERPINE1, HIF1A, CXCL8
Regulation of cell adhesion 2 0.0087  PLAUR, CXCL8
Positive regulation of interleukin-1-mediated signaling pathway 1 0.0087  ILIRI
Positive regulation of neuron projection regeneration 1 0.0087  HGF
Regulation of single stranded viral RNA replication via double stranded DNA 1 0.0087 CXCL8
intermediate
Positive regulation of odontoblast differentiation 1 0.0087  SERPINE1
Positive regulation of leukotriene production involved in inflammatory 1 0.0087 SERPINE1
response
Positive regulation of collagen binding 1 0.0087  ITGA2
Phospholipase C-activating G protein-coupled receptor signaling pathway 2 0.0094  ESRI1, AGTRI
Note: Biological processes are listed in descending order of significance.
Table 4
Significant pathways of the DEArgs involved in enriched biological processes.
Pathways Genes in the query set P-value Genes
Proteoglycans in cancer 5 0.0004 HGF, ESR1, HIF1A, ITGA2, PLAUR
Pathways in cancer 6 0.0015 HGF, ESR1, AGTR1, HIF1A, ITGA2, CXCL8
AGE-RAGE signaling pathway in diabetic complications 3 0.0091 AGTRI1, SERPINE1, CXCL8
HIF-1 signaling pathway 3 0.0091 SERPINE1, HIF1A, TIMP1

Note: Pathways were listed in descending order of significance.

Fig. 3. Identification of hub genes.

(A) PPI network of differentially expressed aging-related genes. (B) Significant gene module obtained from the PPI network. Genes involved in this
gene module were considered hub genes. Color represents the MCODE score, nodes in yellow indicate a lower score and nodes in green indicate a

higher score.
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Fig. 4. Functional enrichment analysis of hub genes.
The color of the bars was proportional to the enrichment degrees.

3.2. Functional enrichment analysis of differentially-expressed aging-related genes

As shown in Table 3, 23 significantly enriched biological processes of 11 differentially expressed Args were identified. The top 5
biological processes were “positive regulation of angiogenesis”, “connective tissue replacement involved in inflammatory response
wound healing”, “regulation of inflammatory response”, “positive regulation of inflammatory response” and “signal transduction”.
KEGG pathway enrichment analysis identified 4 significant pathways with 11 differentially-expressed Args (Table 4), such as “AGE-
RAGE signaling pathway in diabetic complications” and “HIF-1 signaling pathway”.

3.3. PPI network construction and hub gene identification

With the minimum required interaction score set to 0.4, a PPI network with 10 nodes and 52 edges was constructed based on 11
differentially expressed Args (Fig. 3A). Only one significant gene model with 7 nodes and 40 edges was identified (Fig. 3B).
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Fig. 6. The expression pattern of ESR1 in SMC subpopulation in AD.

(A). Dot plot of the marker genes in distinct cell clusters of online scRNA-seq data. (B). Visualization of cell clusters that were identified in online
scRNA-seq data was mapped using a tSNE map. (C). Dot plot of ESR1 expression among distinct SMC subpopulations of online scRNA-seq data. (D).
The dot plot revealed the expression of ESRI in SMC4 of AD and normal aortic tissues based on online scRNA-seq data. (E). UAMP plot showing cell
clusters in our scRNA-seq data. (F). Dot plot showing the expression level of the ESRI gene in inter-SMC subclusters based on our scRNA-seq data.
(G). Dot plot showing the difference in the expression level of ESRI in SMC3 between AD and normal aortic tissues in our scRNA-seq data.
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Fig. 6. (continued).
3.4. Functional enrichment analysis of hub genes

Functional enrichment analysis showed that hub genes were significantly enriched in the following terms, including “HIF-1
signaling pathway”, “regulation of inflammation response” and “chemotaxis” (P < 0.05, Fig. 4).

3.5. miRNA-mRNA regulatory network construction

A total of 52 DEMis were identified in the GSE98770 dataset (Fig. 5A). Thirty-five miRNAs targeting hub genes were identified,
among them, miR-221-3p was the only one in the intersection between DEMis and the predicted miRNAs targeting hub Args (Fig. 5B).

3.6. Cell expression pattern of ESR1 in SMCs in AD

Based on the online scRNA-seq data, a total of 5 smooth muscle cell (SMC) clusters were identified (Fig. 6A and 6B), including
SMC1, SMC2, SMC3, SMC4 and SMC5. Differential gene expression analysis revealed that ESR1 was primarily expressed by SMC4
(Fig. 6C). Further analysis showed that the expression of ESR1 was lower in SMC4 in AD tissues compared to normal aortic tissues
(Fig. 6D). Consistent with the results of online scRNA-seq data, our data also identified the presence of a special SMC cluster by
sequencing 197,605 aortic cells, which manifested as reduced ESR1 expression in AD tissues versus normal aortic dissection
(Fig. 6E-6G). The upregulated genes of SMC4 were mainly related to “cellular senescence” and “cell cycle” (Fig. 7A and 7B), whereas
the downregulated genes were mainly enriched in the “Apoptosis” pathway (Fig. 7C and 7D).
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Table 5
The characteristics of 11 candidate drugs targeting hub genes.
Drug Genes Interaction Score Drug Class
Imatinib mesylate =~ HGF N/A 1.03 Antineoplastic agents, antineoplastic and immunomodulating agents, myelosuppressive
agents
Talc CXCL8 N/A 2.21 Not available
Cidofovir CXCL8 N/A 1.1 Anti-infective agents, antiviral agents, nephrotoxic agents
Urokinase SERPINE1  Substrate, inducer 3.09 Thrombolytic agents
Cetrorelix SERPINE1  N/A 2.06 Fertility agents
Quinapril SERPINE1 N/A 1.03 Antihypertensive agents
Clomiphene ESR1 Antagonist, agonist ~ 1.27 Fertility agents
Levonorgestrel ESR1 Other 1.06 Contraceptive agents
Urokinase PLAUR Inducer, 24.04  Thrombolytic agents
modulator
Filgrastim PLAUR N/A 4.12 Antineoplastic agents, immunomodulating agents
Ruxolitinib PLAUR N/A 2.29 Kinase inhibitors

Note: All drugs listed in the table have been approved by the US Food and Drug Administration.

3.7. Prediction of potential drugs of hub genes

A total of 11 existing drugs targeting 5 hub genes (HGF, CXCL8, SERPINE1, ESR1, PLAUR) were identified, among them, urokinase
and quinapril have been reported to be associated with AD (Table 5).

4. Discussion

Several important findings were identified in this study, including 1) HGF, CXCL8, SERPINE1, HIF1A, TIMP1, ESR1 and PLAUR
were aging-related hub genes, which were enriched in terms of “HIF1-signaling”, “regulation of inflammatory response” and
“chemotaxis”. 2) miR-221-3p was predicted to regulate ESRI expression. 3) A decreased ESR1 expression was observed in SMC4 in AD
tissues than that in normal aortic tissues, which was validated using our data. Furthermore, the “cellular senescence” pathway was
significantly upregulated in SMC4 in AD versus normal aortic tissues. 4) Eleven existing drugs targeting hub Args were identified.

4.1. Aging-related hub genes and crucial pathway in AD

Among these 7 hub genes, HGF, TIMP1, PLAUR, CXCL8, SERPINEI and HIF1A were found to be upregulated in AD, while ESR1 was
downregulated. HGF encodes hepatocyte growth factor protein and plays an important role in regulating various biological processes,
including alleviating inflammation, and tissue repair. A previous bioinformatic study identifies HGF as the hub gene of AD and further
refers to HGF as a crucial immune-related gene [7]. In this study, HGF was identified as a crucial aging-related gene, which supports its
pathogenic role in the development of AD. HGF is a hallmark of senescent fibroblasts, and the accumulation of senescent fibroblasts
increases the risk of aging-related cardiac diseases by promoting fibrosis [8-10]. Furthermore, prior study reports that fibroblasts can
contribute to AD formation by promoting excessive fibrosis [11]. These data indicates that HGF may promote fibroblast senescence to
trigger fibrosis, which in turn leads to AD. Further studies are required to confirm this hypothesis. CXCL8, also known as IL8, is a
common inflammatory cytokine and is positively associated with aging [12]. Consistent with previous studies [13], our study also
identified increased CXCL8 expression in AD. Overactivation of immune system inflammation is an important pathogenic charac-
teristic of AD. Aging-induced inflammation contributes to aging diseases, indicating that CXCL8 may serve as an important inflam-
matory factor related to aging-induced inflammation in the pathogenesis of AD. SERPINE1, which encodes the PAI-1 protein, is a
hallmark of aging and cellular senescence [14,15]. In line with our study, a previous study reportes an increased SERPINE1 in AD
tissues [16], indicating that upregulated SERPINEI may be involved in AD formation as a crucial molecule for aging. The Urokinase
plasminogen activator receptor, encoded by PLAUR, is a marker of chronic inflammation and can exacerbate aging [17]. Elevated
PLAUR promotes vascular remodeling to promote chronic obstructive pulmonary disease development by promoting inflammation
and extracellular matrix remodeling, which are important mechanisms for AD formation [18].TIMP1 encodes tumor-derived protein
tissue inhibitor of metalloproteinases-1 and serves as a regulator of the extracellular matrix. Compared to wild mice, a higher level of
TIMP1 is observed in the aortic tissues of the AD mouse model [19], supporting that TIMPI may be involved in the development of AD
and further studies are required to investigate the role of TIMP1 in the correlation between aging and AD. The pathogenic role of
increased HIFIA in AD formation has been reported in several previous studies, including promoting inflammation, regulating SMC
phenotype switch, and affecting SMC death [20,21]. Estrogen receptor-alpha (ERa), encoded by ESR1, mainly mediates the effects of
estrogen, especially the main circulating estrogen 17p-estradiol [22]. ESR1 is downregulated in aging arteries including the aorta, and
deletion of ESR1 reduces endothelium-dependent relaxation in the aorta [23-25], supporting the hypothesis that estrogen can prevent
vascular aging. Nuclear activation of ERa alleviates arterial alternations in aging and hypertension mice [24], and early inactivation of
membrane ERa contributes to endothelial dysfunction in aging mouse arteries [26]. These data indicates that activation of Era may
protect from vascular aging. Aging aorta undergoes remodeling, with collagen accumulation, reduced elastin fibres, advanced
proinflammatory cytokines, and increased intimal thickening, resulting in elevated systolic blood pressure that increases the risk of
aortic aneurysm and AD [27,28]. A previous study reportes a decreased ESR1 level in aortic dilatation and AD compared to healthy
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individuals [29]. Therefore, decreased ESR1 may be involved in AD formation by promoting aorta aging. Consistent with this study,
our data also identified a decreased ESR1 in AD tissues, which further supports the potential pathogenic role of decreased ESR1 in the
development of AD KEGG enrichment analysis revealed that these hub genes were significantly enriched in the HIF-1 signaling
pathway. HIF-1 signaling pathway, a crucial pathway for aging and aging-related diseases, cross-talks with various aging-related
proteins, including sirtuins, AMPK and NF-xB [30,31]. In addition to the upregulated HIF-1 signaling pathway, sirtuins, AMPK, and
NF-kB are also associated with AD formation [32], indicating that the HIF-1 signaling pathway may be the key pathway regulating
aging in the pathogenesis of AD.

4.2. ESRI of SMCs in AD

In this study, both online and our single-cell RNA sequencing data showed a reduction in ESRI in AD tissues compared to normal
aortic tissues. In addition, the upregulated genes in SMC4 in AD tissues were mainly enriched in “cellular senescence”. In line with our
results, previous studies find that the mRNA and protein expression levels of ESR1 are decreased in senescent SMCs compared to young
SMCs [33,34]. Estrogen protects against SMC premature senescence, and inhibition of Era significantly suppressed the
senescent-inhibiting effects of estrogen [35], indicating that decreased ESR1 may promote SMC senescence. A previous study reports
that senescent SMCs contribute to inflammation and degradation of the extracellular matrix, and inhibition of SMC senescence has
been found to reduce the information of experimental AD [36]. Therefore, we supposed that ESR1 may be involved in AD formation,
and SMC senescence was the underlying mechanism. Replicative senescence is the first subtype of senescent cell to be described, and it
is characterized by telomere shorting and dysfunctional telomeres [37]. Telomere maintenance and telomere attrition-associated
senescence of endothelial and SMCs have been indicated to be part of the pathogenesis of degenerative vascular diseases [38].
Shorten telomere length is associated with an increased risk of AD [39]. However, genes involved in the negative regulation of cell
proliferation were upregulated in SMC4 in AD tissues versus normal aortic tissues, indicating that ESRI may not regulate SMC4 aging
via regulating replicative senescence. cGAS-STING (a DNA damage-related signaling) activation occurs in late senescence [40]. Acti-
vation of the cGAS-STING axis promotes AD formation by promoting SMC apoptosis and macrophage recruitments by STING-IRF3
activation [41], indicating that the cGAS-STING axis may play an important role in SMC4 senescence in the development of AD, which
should be confirmed by further study. In addition, senescence-associated secretory phenotype (SASP) is a common feature of senescent
cells, characterized by increased secretion of pro-inflammatory cytokines and matrix-remodeling enzymes [42,43], while both
inflammation and extracellular matrix remodeling are the crucial mechanisms for AD [44,45], indicating that SPAP may be another
potential mechanism for aging SMC contributes to AD. In summary, the cGAS-STING-IRF3 axis and SPAP may be the potential
mechanisms for SMC4 aging increasing the risk of AD, which needs to be confirmed in a future study.

4.3. miRNA-mRNA regulatory network

miR-221-3p was predicted to regulate the expression of ESR1 in this study. miR-221-3p plays an important role in pro-fibrosis, anti-
inflammation and anti-angiogenesis [46,47]. Compared to young spontaneously hypertensive rats, rno-miR-221-3p was significantly
upregulated in aging spontaneously hypertensive rats [48]. Additionally, inhibition of miR-221-3p protects against
doxorubicin-induced cardiac senescence [49]. Therefore, we hypothesized that miR-221-3p may be a crucial miRNA involved in
cardiovascular aging, and more study is required to confirm our hypothesis.

4.4. Potential drugs targeting hub genes

Among 11 predicted drugs, ruxolitinib and filgrastim have been reported to be associated with AD. Ruxolitinib, a kinase inhibitor,
reduces the prevalence of AD by inhibiting JAK2 expression [50]. Our results identified ruxolitinib as the potential target drug for
PLAUR, indicating that administration of ruxolitinib may alleviate AD formation by inhibiting aortic aging. Filgrastim is a recombinant
human granulocyte-colony stimulating factor. Interestingly, filgrastim increases rather than decreases the risk of AD [51-53]. In this
study, PLAUR was also identified as the targeted gene of filgrastim, supporting a crucial role for PLAUR in AD formation. Further study
is required to explore the function of PLAUR in the processes that filgrastim contributes to AD. Currently, filgrastim is widely applied in
tumor treatment and organ transplant [54]. Therefore, we supposed that patients with tumors should use filgrastim with caution, and
the best optional therapeutic dose for filgrastim is needed to be determined in further studies. Urokinase also known as uPA, plays an
important role in vascular remodeling. Overexpression of uPA contributes to experimental AAA by promoting ECM degradation via
activating MMPs [55]. Administration of uPA may also be a trigger of AD, for the similarity of pathological mechanism between AD
and AAA. The associations between the remaining predictive drugs (imatinib mesylate, talc, cidofovir, cetrorelix, quinapril, clomi-
phene, levonorgestrel) and AD remain elusive.

5. Limitations

The main limitation of our study is the lack of validation in vitro experiments. Unavoidable biases, such as differences in gender and
age are another notable limitation. Thus, the next step of our study is to analyze the expression of ESR1 protein and aging-canonical
markers in SMCs present in aortic dissection tissues, if the results are consistent with our findings, we will further investigate how ESR1

contribute to SMC aging to induce AD using ESRI knockout and overexpression SMCs and mice.
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6. Conclusion

This study identified several important findings of the aging mechanisms underlying AD: HGF, CXCL8, SERPINE1, HIF1A, TIMP1,
ESR1 and PLAUR were the aging-related hub genes involved in AD development, and the HIF-1 singling pathway was the key pathway
regulating aging. miR-221-3p was predicted to regulate the expression of ESR1. In addition, this study proposed a hypothesis that the
downregulation of ESR1 drives SMC aging in the pathogenesis of AD, which requires further experiments to confirm.
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