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Integrative analysis of HASMCs gene 
expression profile revealed the role of thrombin 
in the pathogenesis of atherosclerosis
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Abstract 

We explored the effect of thrombin on human aortic smooth muscle cells (HASMCs) and further analyzed its role in 
the pathogenesis of atherosclerosis (AS). Thrombin-induced differentially expressed genes (DEGs) in HASMCs were 
identified by analyzing expression profiles from the GEO. Subsequently, enrichment analysis, GSEA, PPI network, and 
gene-microRNAs networks were interrogated to identify hub genes and associated pathways. Enrichment analysis 
results indicated that thrombin causes HASMCs to secrete various pro-inflammatory cytokines and chemokines, 
exacerbating local inflammatory response in AS. Moreover, we identified 9 HUB genes in the PPI network, which are 
closely related to the inflammatory response and the promotion of the cell cycle. Additionally, we found that throm-
bin inhibits lipid metabolism and autophagy of HASMCs, potentially contributing to smooth muscle-derived foam cell 
formation. Our study deepens a mechanistic understanding of the effect of thrombin on HASMCs and provides new 
insight into treating AS.
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Introduction
Thrombin, a serine protease, is one of the key players 
in the coagulation cascade. In addition to its pro-coag-
ulation and anticoagulant activities, thrombin plays 
various physiological roles through protease-activated 
receptors (PARs), including vasomotor regulation. Also, 
thrombin establishes a strong link between coagulation 
and inflammation [1]. Besides platelets, PARs are also 
expressed in vivo by the endothelium of normal-appear-
ing human arteries. Furthermore, PARs are widely 
expressed in atherosclerotic arteries, including areas 

rich in smooth muscle cells(SMCs) [2]. Active thrombin 
was detected in the neointima of human atherosclerotic 
arteries, and its concentrations were determined to cor-
respond to a range of concentrations necessary for opti-
mal PAR-1 activation [3].

Atherosclerosis (AS) is a chronic inflammatory disease 
of the vessel wall primarily driven by an innate immune 
response through myeloid cells like monocytes and mac-
rophages [4]. The smooth muscle cell (SMC) plays a cru-
cial role in atherosclerosis development [5]. According to 
previous studies, thrombin mainly promotes SMC prolif-
eration and the expression of cytokines and chemokines 
in SMCs [6]. Pro-inflammatory cytokines promote path-
ological production of thrombin, and thrombin aggra-
vates the inflammatory response by activating PARs. The 
two amplify each other’s effects, leading to the develop-
ment and progression of AS [7]. New studies report that 
thrombin can promote the formation of smooth muscle-
derived foam cells [8, 9]. These findings suggest that the 
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effects of thrombin on SMC are complex and varied, and 
the role of thrombin in the pathogenesis of AS still needs 
to be further explored.

In this study, we confirmed that thrombin promotes 
inflammatory response and cell cycle progression in 
HASMCs. Additionally, we found that thrombin inhibits 
lipid metabolism and autophagy of HASMCs, potentially 
contributing to smooth muscle-derived foam cell forma-
tion. Our study provides many new insights into the role 
of thrombin in AS pathogenesis.

Material and methods
Analysis scheme
The present study was designed to identify thrombin-
induced differentially expressed genes (DEGs) in human 
aortic smooth muscle cells (HASMCs) through analy-
sis of mRNA expression profiles downloaded from the 
Gene Expression Omnibus (GEO) database. We used 
Gene Ontology (GO), Kyoto Encyclopedia of Genes and 
Genomes (KEGG), and Gene set Enrichment Analysis 
(GSEA) to study the molecular mechanism of thrombin’s 
effect on HASMCs. Using String [10], we constructed a 
protein–protein interaction (PPI) network and identified 
hub genes using Cytohubba [11] and MCODE [12], two 
Cytoscape [13] plug-ins. Utilizing the miRWalk website, 
we analyzed miRNAs that regulate target genes.

Microarray data collection and quality control
The mRNA microarray data were obtained from the GEO 
database (http://​www.​ncbi.​nlm.​nih.​gov/​geo) with acces-
sion number GSE104499. An Illumina HumanWG-6 
v3.0 expression beadchip platform was used. Quiescent 
HASMCs were treated with and without thrombin (0.5 
U/ml) for 8  h, and total cellular RNA was extracted by 
Trizol reagent. A total of three normal control samples 
and three thrombin intervention samples were obtained. 
We studied intra-group and intergroup differences using 
principal component analysis (PCA) and correlation 
matrix. The ggplot2 [14],corrplot [15], and factoextra 
[16] packages of the R programming language are used 
for data visualization.

Identification of differentially expressed genes
After standardizing the datasets by quantiles, We used 
the limma V3.46.0 (linear models for microarray data) 
package of the R software program (version 4.0.3) to 
screen DEGs [17]. Our selection criteria considered only 
genes with a log2 fold change (FC) > 2 and FDR < 0.01. 
Visualizing the DEGs was achieved by using volcano plot 
filtering. Each dataset’s heatmaps of DEGs were created 
using the R software package Pheatmap V1.0.12 [18].

Enrichment analysis of functions and pathways
GO enrichment analyses were performed with Metascape 
[19], and terms with P < 0.01 were considered significant. 
Thirty-one terms were enriched for up-regulated genes, 
while thirteen were enriched for down-regulated genes. 
The KEGG pathway enrichment analysis of DEGs was 
automated and visualized by ClueGo [20] and Cluepedia 
[21] plug-ins in Cytoscape software (version 3.8.2) with a 
kappa score ≥ 0.4. Only pathways with P < 0.05 were con-
sidered meaningful. Using ClusterProfiler V3.18 [22], an 
R-dependent Bioconductor software package, GSEA was 
performed on all genes that had been detected. Gene sets 
were considered to be significantly enriched with P < 0.01. 
According to GSEA results, 291 GO terms and 47 KEGG 
pathways were activated, whereas 69 GO terms and 12 
KEGG pathways were inhibited. Data visualization is per-
formed by the enrichplot [23] package of the R program-
ming language.

Construction of PPI network and the miRNA regulatory 
network
We built a network of PPI using String, after which hub 
genes were identified using Cytohubba and MCODE. 
Cytohubba determined the top 10 genes based on node 
degree in the network. A cluster of 10 nodes and 36 edges 
is found in the network by MCODE(MCODE score ≥ 8). 
The intersection of those two results was determined to 
be the hub genes. Using the network tool miRWalk [24], 
we established the miRNA regulatory network between 
thrombin(F2) and the target genes. Cytoscape was used 
to visualize the networks.

Reagents and chemicals
ox-LDL(YB-002) was purchased from Yiyuan Biotech-
nologies (Guangzhou, China); Thrombin (T6884), dime-
thyl sulfoxide (DMSO; D5879) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA); Fetal bovine serum 
(FBS; 10,099–141) from Gibco; PrimeScript™ RT reagent 
Kit and TB Green® Premix Ex Taq from Takara (Dalian, 
China). Oil Red O (G1262) was purchased from Solarbio 
(Beijing, China).

Cell lines, cell culture and drug treatment
Rat aorta vascular smooth muscle cells (RA-VSMCs) 
were purchased from the American Type Culture 
Collection (ATCC, Manassas, VA, USA). Cells were 
cultured in in Dulbecco’s modified Eagle’s medium 
(DMEM glucose 5.5  mmol/l) supplemented with 10% 
fetal bovine serum (FBS, Gibco), penicillinG (100 U/
mL), and streptomycin (100/mL) in a 5% CO2 incuba-
tor at 37° C. Cells of the 4–8 generation were employed 
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in all experiments. In experiments for thrombin stimu-
lation, cells at 60–70% confluence were treated with 
various doses of thrombin (1, 2, or 4U/ml) for 2 h.

RNA extraction and quantitative real‑time polymerase 
chain reaction
The total RNA was extracted from RA-VSMCs using 
Trizol RNA-RNAiso Plus. Reverse transcription was 
conducted to generate complementary DNA (cDNA) 
using the Prime Script RT reagent kit with gDNA 
Eraser according to the manufacturer’s protocol. The 
mRNA expression of IL-6, and ABCA1 was determined 
by quantitative real-time PCR using SYBR premix Ex 
Tap TM (TLiRNSEHPLUS). Predesigned primers were 
as follows: β-actin: 5’-CTC​TGT​GTG​GAT​TGG​TGG​
CT-3’ (forward primer), 5’-CGC​AGC​TCA​GTA​ACA​
GTC​CG-3’ (reverse primer); ABCA1: 5’-GCA​GCG​
ACC​ATG​AAA​GTG​AC-3’ (forward primer), 5’-GAG​
GCG​GTC​ATC​AAT​CTC​GT-3’ (reverse primer);IL6:5’-
TTT​CTC​TCC​GCA​AGA​GAC​TTCC-3’ (forward 
primer), 5’-TGT​GGG​TGG​TAT​CCT​CTG​TGA-3’ 
(reverse primer). β-Actin was used as the internal con-
trol. Finally, relative mRNA expressions of these genes 
were calculated using the 2(− ΔΔCt) method.

Oil red O staining
The RA-VSMCs were seeded into 6-well plates at 1 × 105 
cells per well. The serum-starved cells were treated with 
50 μg/ml ox-LDL for 24 h in the presence or absence of 
thrombin (2U/ml). After being washed with PBS, RA-
VSMCs were fixed with 4% paraformaldehyde for 30 min, 
stained with 0il red O working solutions, and then coun-
terstained with hematoxylin. The positive staining (red) 
foam cells were photographed under a microscope at 
40 × magnification.

Results
After standardizing the data sets (Fig. 1A), we used PCA 
to reduce the dimension of gene expression levels in each 
sample and performed correlation matrix analysis on the 
samples (Fig. 1B and C). The results showed a significant 
difference between the control and thrombin treatment 
groups but no significant difference within each group. 
We identified 91 DEGs in HASMCs that changed their 
expression more than fourfold in response to thrombin 
with P < 0.01, including 49 up-regulated and 42 down-
regulated genes. The DEGs are shown in a volcano plot 
(Fig. 1D), and the top 30 DEGs, as determined by P-value, 
are shown in a heatmap whose clustering is based on 
Euclidean distance (Fig. 1E).

Fig. 1  A Box plot of normalized gene expression data. Samples are labeled on the x-axis, and gene expression values are labeled on the y-axis. B 
The expression level for all genes in each sample has been reduced to 2 principal components. C Correlation matrix between samples. D Volcano 
plot of differentially expressed genes. Label 10 genes that are characterized by the smallest P values. E Heatmap of top 30 differentially expressed 
genes identified by P-value
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Thrombin promotes the proinflammatory phenotype 
in HASMCs
Thrombin induced an inflammatory response in 
HASMCs according to the enrichment analysis results. 
The up-regulated genes were enriched to the GO terms 
such as regulation of cell adhesion (GO:0030155)and reg-
ulation of leukocyte migration (GO:0002685) (Fig.  2A). 
In addition to affecting the hemostasis and coagulation 
process, GSEA results suggested that thrombin promoted 
the activation trend of biological process GO terms 
such as monocyte chemotaxis (GO:0002548), mononu-
clear cell migration (GO:0071674), positive regulation 
of acute inflammatory response(GO:0002675), positive 
regulation of leukocyte chemotaxis (GO:0002690), and 
leukocyte migration (GO:0050900) (Fig.  3A). Previous 
studies have shown that thrombin mediates the expres-
sion of Interleukin (IL) IL-6, CCL2/MCP-1, CXCL8/IL8, 
and IL33 in HASMCs via PI3K-Akt, MAPK, and other 
signaling pathways [1, 25, 26]. In our study, the genes of 
these cytokines are all significantly up-regulated in the 
thrombin group, especially IL6 (Fig.  4A1 and A2). At 
the same time, KEGG enrichment analysis and GSEA 
results showed that multiple signaling pathways such as 
PI3K-Akt, IL17, TNF, NF-KappaB, and MAPK were acti-
vated (Fig. 3B). Moreover, we found that the expression 

of IL11 and PTGS2 genes were also significantly up-reg-
ulated  (Fig. 4A1 and A2). IL6, IL8/CXCL8, CCl2/MCP-
1, and PTGS2 were included in the hub genes identified 
by PPI analysis (Fig.  5D). To further validate the proin-
flammatory roles of thrombin in the VSMCs, IL6 mRNA 
was examined by RT-qPCR.After exposure to thrombin 
(1, 2 or 4 U/ml), levels of IL-6 mRNA (Fig.  6A) in RA-
VSMCs were increased in a dose-dependent manner. 
These results indicate that thrombin induces HASMCs to 
synthesize pro-inflammatory cytokines and chemokines, 
which induces leukocyte migration and adhesion to 
inflammatory sites such as atherosclerotic plaques.

Thrombin promotes cell proliferation and angiogenesis 
by up‑regulating the expression of cyclin D1 and CCN1
According to GSEA results, G1/S transition of mitotic 
cell cycle (GO:0000082), positive regulation of DNA 
biosynthesis (GO:2000573), and DNA replication 
(hsa03030) were activated (Fig.  3). Multiple studies 
have shown that thrombin can promote the prolifera-
tion and migration of HASMCs via NF-kappa B, PI3K-
Akt, and MAPK signaling pathways [1, 6, 7], consistent 
with our GSEA results (Fig.  3B). Recent studies have 
shown that LMCD1, one of our study’s top 5 up-regu-
lated genes (Fig. 1D), is required for thrombin-induced 

Fig. 2  Gene Ontology (GO) enrichment analysis of differentially expressed genes (DEGs). Bubble chart shows the top 5 GO terms enriched by 
up-regulated (A) or down-regulated (C) DEGs according to the P-value, with bubble size representing the number of genes involved in the terms. 
Chord plot shows the distribution of DEGs in the top 5 GO terms enriched by up-regulated (B) or down-regulated (D) DEGs. Symbols of DEG are 
presented on the left side of the graph in order of fold change. Colored connecting lines determine gene involvement in the GO terms
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Fig. 3  GSEA was performed to investigate thrombin’s potential effect on HASMCs.After eliminating the gene sets associated with the hemostasis 
and coagulation process as well as RNA and ribosomal biological processes, the representative GO terms (A) and KEGG pathways (B) are shown in 
the GSEA plots

Fig. 4  Bar graphs and Volcano plots of certain normalized gene expression data associated with inflammation (A1&2), lipid metabolism (B1&2), and 
apoptosis (C1&2)
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smooth muscle cell proliferation [27, 28]. Addition-
ally, GESA showed that the VEGF (vascular endothe-
lial growth factor) signaling pathway was activated 
(Fig.  3B), suggesting that thrombin was involved in 
angiogenesis. Previous studies have shown that throm-
bin promotes angiogenesis both in  vitro and in  vivo 
[1]. Among the hub genes in the PPI network, except 
genes that encode cytokines, some genes are related 
to cell proliferation and angiogenesis, such as CCND1 
and CCN1/CYR61 (Fig.  5D). The protein encoded by 
CCND1 is cyclin D1, which belongs to the highly con-
served cyclin family [29]. The communication network 
factor 1(CCN1), also known as CYR61 (cysteine-rich 
protein 61), is the first identified member of the CCN 
family and the first member described to be an angio-
genic factor [30]. It indicates that Cyclin D1 and CCN1 
may play a key role in thrombin-induced smooth mus-
cle cell proliferation and angiogenesis.

Thrombin promotes foam cell formation by inhibiting lipid 
hydrolysis and autophagy
ATP binding cassette transporter (ABCA1) plays a vital 
role in cellular cholesterol homeostasis by transferring 
phospholipids and cholesterol from cell membranes to 

apolipoprotein A-I and high-density lipoprotein (HDL) 
particles [31]. Transcription factors control the expres-
sion of the ABCA1 gene, the most important of which 
is liver X-receptor (LXR), including LXRα and LXRβ 
(NR1H3 and NR1H2, respectively) [32]. In addition to 
the intracellular accumulation of cholesterol ester caused 
by ABCA1 and LXRs deficiency, mechanisms of foam 
cell formation include the excessive influx of modified 
low-density lipoprotein (LDL) due to the overexpres-
sion of scavenging receptors (SRs), such as SR-A1, CD36, 
and LOX1 [33]. According to our results, ABCA1 and 
LXRα genes were slightly down-regulated by thrombin. 
In contrast, LXRβ and SRs genes were not affected as a 
result (Fig. 4B1 and B2). To further validate our results, 
ABCA1 mRNA was examined by RT-qPCR.After expo-
sure to thrombin (1, 2 or 4 U/ml), levels of ABCA1 
mRNA (Fig.  6B) in RA-VSMCs were suppressed  in a 
dose-dependent manner.To verify the effect of thrombin 
on foam cell formation, the RA-VSMCs were induced 
by ox-LDL (50 μg/ml). The oil red O-positive droplets in 
cells were increased after ox-LDL induction for 24 h. As 
shown by light microscopic photographs, the red stain 

Fig. 5  A The network generated by ClueGo and Cluepedia shows the pathways of KEGG enrichment and the genes shared between them. B 
The PPI network of DEGs, which was based on String, consisted of 46 nodes and 123 edges. Different node colors represent up-regulated and 
down-regulated DEGs, while the edge color mapping represents the combined score. A sub-cluster of 10 genes, which is shown in the center of 
the network, is detected by MCODE(MCODE score ≥ 8). C Cytohubba identified the top 10 genes in the PPI network, ranked by node degree. D 
Based on the intersection of Cytohubba and MCODE, we identified 9 up-regulated genes as hub genes
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droplets were more prominent in oxLDL groups, whereas 
thrombin treatment (2U/ml) significantly increased posi-
tive staining compared with ox-LDL group (Fig. 6C).

A recent report suggests that inhibiting the use of 
fatty acids as substrates by macrophages may be another 
mechanism by which thrombin induces smooth mus-
cle-derived foam cell formation [34]. In our study, the 
down-regulated genes of DEGs were enriched to the GO 
terms such as positive regulation of hydrolase activity 
(GO:0051345)and regulation of lipid metabolic process 
(GO:0019216) (Fig. 2C). The GSEA indicated lipid cata-
bolic process (GO:0016042), fatty acid catabolic process 
(GO:0009062), lipid oxidation (GO:0034440), fatty acid 
oxidation (GO:0019395) and Fatty acid degradation 
(hsa00071) were suppressed (Fig. 3).

Excess intracellular cholesterol will be esterified and 
stored in lipid droplets (LDs) as non-cytotoxic choles-
terol esters (CEs). Enhancing lipid droplet-associated 
cholesteryl ester hydrolysis increases cholesterol efflux. 
Neutral hydrolases are responsible for the hydrolysis 
of cholesterol esters in the cytoplasm, while autophagy, 
induced explicitly by lipid overload, can mediate the lyso-
somal hydrolysis of cholesterol esters [35]. The autophagy 
activators High Mobility Group Box 1(HMGB1) and High 
Mobility Group Box 2(HMGB2) gene knockout promoted 
foam cell formation, and SERPINH1 (Serpin Family H 
Member 1) was specifically enriched on LDs following 

autophagy inhibition [36]. In our study, HMGB2 gene 
expression was significantly down-regulated by the 
thrombin (Fig.  4C1 and C2). In addition, we examined 
the gene expression of SQSTM1/P62 (sequestosome1) 
and MAP1LC3A/LC3(microtubule-associated protein 1 
light chain 3), which are commonly used as autophago-
some markers. The results showed that thrombin slightly 
down-regulated the gene expression of P62 (Fig. 4C1 and 
C2). Terms such as autophagy (GO:0006914) process 
utilizing autophagic mechanism (GO:0061919), positive 
regulation of autophagy (GO:0010508), and autophago-
some assembly (GO:0000045) were suppressed in GSEA 
(Fig.  3A). These results suggest that thrombin may 
reduce cholesterol efflux by affecting lipid hydrolysis and 
autophagy, thereby promoting foam cell formation.

Discussion
AS is the common pathological basis for the occurrence 
and development of cardiovascular and cerebrovascu-
lar diseases. Stroke and coronary heart disease caused 
by AS have become the leading cause of death and dis-
ability in humans [37]. Atherosclerosis  is accompanied 
by a chronic, low-grade inflammatory response that 
attracts cells from innate and acquired immune systems 
into atherosclerotic plaques, which exacerbates ath-
erosclerotic progression [4]. SMCs, which secrete vari-
ous cytokines and chemokines under the stimulation of 

Fig. 6  The expression of IL-6 (A) and ABCA1 (B) mRNA in RA-VSMCs after exposure to 2U/ml thrombin was determined by RT-PCR * p < 0.05, ** 
p < 0.01, and ***p < 0.005. C RA-VSMCs were stimulated with ox-LDL in the presence or absence of thrombin(2U/ml). Red stain of Oil Red O denotes 
the foam cell positive cells. Magnification × 40
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pro-inflammatory factors, play an essential role in the 
inflammatory response of atherosclerosis [38]. Thrombin, 
a trigger of vascular wall inflammation, has been shown 
to increase the expression of IL6, CCL2/MCP-1, CXCL8/
IL8, and IL33 in HASMCs [1, 25, 26].

IL-6 drives SMC into a proinflammatory and prolifera-
tive state by trans-signaling pathway [39]. Although the 
mechanism by which IL6 affects AS is unclear, inhibition 
of IL6 transsignalling reduces the incidence of AS, indi-
cating that IL6 transsignalling might have a pathogenic 
role in atherosclerosis [40, 41]. According to concord-
ant Mendelian randomization studies, IL-6 participates 
in human cardiovascular events causally. The increased 
risk of cardiovascular disease associated with the pres-
ence of clonal hematopoiesis of indeterminate potential, 
a potent, common, age-related, independent, and newly 
recognized risk factor, is abrogated in patients with a loss 
of function mutation in IL6 [40]. Patients with athero-
sclerosis show a higher serum level of IL8, which induces 
the formation of neutrophil extracellular traps that aggra-
vate atherosclerosis progression in  vivo [42]. Accord-
ing to an in vitro study, IL8 may promote the formation 
of foam cells by inhibiting the cholesterol efflux protein 
ABCA1 [43]. IL-33, a member of the recently discovered 
IL-1 cytokine family, is highly expressed in human ather-
osclerotic plaques.IL-33 is involved in the pathophysiol-
ogy of vascular diseases through endothelial dysfunction 
and VSMC migration [26]. CCL2, also known as the 
monocyte chemoattractant protein-1 (MCP-1), is associ-
ated with an increased risk of cardiovascular events and 
atherosclerotic plaque instability in humans [38]. CCl2 
has been demonstrated to influence atherosclerosis pro-
gression through its effects on monocyte trafficking and 
lipid deposition in atherosclerotic plaques using different 
mouse models [44].

We have some new findings on thrombin promot-
ing the proinflammatory phenotype of HASMCs. We 
observed that thrombin-stimulated HASMC over-
expressed not only IL6, CCL2/MCP-1, CXCL8/IL8, 
and IL33 but also IL11 and PTGS2 (Fig.  4A1 and A2). 
PTGS2 is one of the hub genes identified by PPI analy-
sis (Fig.  5D). Prostaglandin-endoperoxide synthase 
2(PTGS2), also known as cyclooxygenase2 (COX2), is 
the crucial enzyme in prostaglandin biosynthesis and 
acts as a dioxygenase and as a peroxidase [29]. Prosta-
glandins (PGS), especially Prostaglandin E2(PGE2), play 
a critical role in the inflammatory response and regulate 
cardiovascular function [45]. PTGS2, which converts 
arachidonate to prostaglandin H2 (PGH2), is typically 
overexpressed in atherosclerotic lesions [46]. PGH2 is 
converted to PGE2 by PGE synthase, producing proin-
flammatory and anti-inflammatory effects. PGE2 induces 
the expression of matrix metalloproteinases, which are 

crucial in degrading plaque stability. In addition, PGE2 
promotes angiogenesis by inducing angiogenic factors 
[46]. IL-11 is a member of the glycoprotein (GP) 130 
cytokine family, which also includes IL-6 [47]. IL11 was 
previously thought to have an anti-inflammatory effect 
on the cardiovascular system, but studies have shown 
that when it is expressed in VSMC, it induces a proin-
flammatory response. Additionally, IL11 is required for 
VSMC to lose its contractile properties and differenti-
ate into a synthetic phenotype mainly characterized by 
secretion of extracellular matrix, increased proliferation, 
and migration. In AS, this cellular transition plays a vital 
role in the pathophysiology of adverse aortic remodeling 
[48]. In summary, thrombin converts HSMCs from con-
tractile phenotype to synthetic phenotype, which enables 
HSMCs to synthesize IL6, IL8, CCL2, and IL33 and may 
lead to the release of IL11 and PGTS2. This conversion 
eventually leads to the progression of as and the instabil-
ity of atherosclerotic plaque (Fig. 7).

It is well known that thrombin promotes the prolifera-
tion and migration of VSMCs in atherosclerotic plaques 
[1, 6]. We found for the first time that CCND1 and 
CCN1/CYR61 play a crucial role in thrombin-induced 
smooth muscle cell proliferation and migration in our 
study. These two genes are contained in the hub gene 
identified by PPI analysis (Fig. 5D). The protein encoded 
by CCND1 is cyclin D1 [29], which forms a complex 
with the regulatory subunits of cyclin-dependent kinase 
(CDK)4 or CDK6, leading to the phosphorylation of Rb 
protein and activation of the E2F transcription factor 
family, thereby promoting the cell to enter the S phase 
of the cell cycle [49]. Thus, increased expression of cyc-
lin D1 can enhance cell cycle progression and cell pro-
liferation. Neoangiogenesis is closely associated with 
plaque progression. The incomplete maturation and the 
fragility of neo capillaries promote intraplaque hemor-
rhages, leading to plaque instability and rupture [50]. 
CCN1 is essential in cell proliferation, adhesion, inducing 
angiogenesis, and other critical physiological activities 
[51]. The Serum level of CCN1 in rheumatoid arthritis 
patients was positively correlated with carotid intima-
media thickness (CIMT) [52]. In atherosclerotic plaque, 
thrombin promotes proliferation and angiogenesis of 
HASMC, eventually leading to plaque instability (Fig. 7).

Micro-ribonucleic acids(miRNAs) are recognized as 
post-transcriptional gene expression regulators. Many 
miRNAs have emerged as potential therapeutic tar-
gets and new biomarkers for heart and vascular disease 
[53]. Some miRNAs have been shown to play a role in 
thrombin-related pathophysiological processes.Mirna-
146, for instance, plays a vital role in the regulation of 
thrombin-induced endothelial inflammation [54], while 
miRNA-181b inhibits thrombin-mediated endothelial 
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activation and arterial thrombosis [55], and miRNA 222 
is involved in thrombin regulation of the cell cycle [56]. 
To further investigate the regulatory role of miRNA in 
HASMCs after thrombin intervention, we constructed 
a miRNA network between thrombin and essential 
genes (Fig.  8). In the miRNA network, miRNA-5194 
is the most critical, which participates in the mutual 
regulation between thrombin and pro-inflammatory 
cytokines and interacts with thrombin and cell cycle 
proteins.MiR-5194 is not only a biomarker for the diag-
nosis and prognosis of glioblastoma [57], but it also 
regulates liver lipid metabolism [58]. Together with 
our study, miR-5194 deserves further investigation and 
might become a potential therapeutic target for AS.

The most important finding of our research is that 
thrombin may reduce cholesterol efflux by affecting lipid 
hydrolysis and autophagy, thereby promoting foam cell 
formation. Foam cells play an essential role in all stages of 
the development of AS lesions. Although many cell types 

can be transformed into foam cells from initial lesions to 
late plaques, foam cells derived from monocytes/mac-
rophages have always been considered the main factor 
in the occurrence and development of AS plaques. How-
ever, many recent studies have shown that the proportion 
of foam cells derived from VSMCs is more than 50% in 
AS plaques, which plays a more critical role, but its for-
mation mechanism is not fully understood [59, 60]. The 
formation of foam cells is mainly caused by the exces-
sive influx of modified low-density lipoprotein into cells 
and the accumulation of intracellular cholesterol esters. 
VSMCs express SRs and thus can take up intimal lipo-
proteins like macrophages [61]. Other mechanisms, 
including microphagocytosis of serum lipoproteins and 
aggregation of low-density lipoproteins via LDL recep-
tor associated protein-1 uptake [62], are involved in 
smooth muscle cell-derived foam cell formation.ABCA1 
plays a crucial role in cholesterol extravasation, resulting 
in an increased propensity to transform into foam cells. 

Fig. 7  Effect of thrombin on smooth muscle cells(SMCs) in the pathogenesis of atherosclerosis. Thrombin induces the synthesis of 
pro-inflammatory cytokines and chemokines in SMCs, including IL6, IL8/CXCL8, IL33, CCl2/ MCP-1, IL11, and PTGS2, which in turn induces 
monocytes and neutrophil migration and adhesion to inflammatory sites. Thrombin promotes SMCs proliferation and angiogenesis in 
atherosclerotic plaque. LDL intake by scavenger receptor (SR) is delivered to the lysosome (LY), where it is hydrolyzed to free cholesterol before 
entering the endoplasmic reticulum(ER). Subsequently, lipid droplets(LDs) rich in cholesterol esters(CEs) are formed from the ER. There are 
two pathways of LD lipolysis: 1. Lipase-mediated intracytoplasmic hydrolysis of LD-associated neutral lipids; 2. Autophagosome mediates the 
cytoplasmic transport of LD to the lysosome, where LD cholesterol ester is hydrolyzed by lysosomal acid lipase. Thrombin may inhibit both 
pathways. Eventually, free cholesterol is excreted from the cell by ABCA1
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A synthetic phenotype of VSMC metabolizes lipids dif-
ferently, partly due to reduced expression of cholesterol 
esterase and reduced levels of ABCA1 [60]. Raghavan 
et  al. performed in vitro and in vivo experiments, dem-
onstrating for the first time that thrombin can induce the 
formation of smooth muscle-derived foam cells [8]. Boro 
et al. found that thrombin-induced ABCA1 phosphoryla-
tion led to its ubiquitination and degradation [9]. Our 
study showed that in addition to promoting the degrada-
tion of ABCA1, thrombin also decreased the transcrip-
tion of ABCA1 and LXRα but had no significant effect on 
the expression of scavenger receptors (Fig. 4B1 and B2).

Excessive intake of LDL by scavenger receptors results 
in the imbalance of the compensatory metabolic mech-
anism of cells [61]. LDL is transported to the lysosome 
(LY), where LDL cholesterol esters are hydrolyzed to 
release free cholesterol. Free cholesterol then exits LY 
and moves to the endoplasmic reticulum (ER). Sub-
sequently, LDs rich in non-toxic cholesterol esters are 
formed from the ER.LDs lipolysis is a critical step in reg-
ulating foam cell formation [35]. Additionally to neutral 
lipase mediating the hydrolysis of neutral lipids associ-
ated with LDs, autophagy is also involved in transport-
ing cytoplasmic LDs to the lysosome [36] (Fig. 7). Some 
studies indicate that thrombin can induce autophagy in 
astrocytes and increase the conversion of LC3I to LC3II 
in hypoxia/reoxygenation-injured cardiomyocytes [63, 
64]. However, limited research has addressed the regu-
latory roles of thrombin and autophagy in VSMCs.Our 

study’s GSEA and KEGG results indicate that thrombin 
activates the PI3K-Akt signaling pathway and inhib-
its autophagy in SMCs (Figs.  3 and 5A). Therefore, we 
thought it would be fascinating to investigate how throm-
bin affects autophagy in VSMCs.According to a recent 
study, the P2RY12 receptor promotes VSMC-derived 
foam cell formation and lipid accumulation by inhibit-
ing autophagy in advanced atherosclerosis through the 
PI3K-Akt-MTOR signaling pathway [65]. Based on our 
enrichment analysis, we speculated that thrombin might 
promote the formation of smooth muscle-derived foam 
cells by inhibiting lipid hydrolysis and autophagy via the 
PI3K-Akt signaling pathway. Whatever the case may be, 
thrombin does play an essential role in lipid metabolism.

Researchers are exploring the role of thrombin antag-
onists in the progression of atherosclerosis. There are 
many thrombin antagonists, among which dabigatran 
is one of the most studied recently. In vivo experiments 
confirmed that dabigatran attenuates atherosclerosis in 
ApoE deficiency mice [66] and protects against high-fat 
diet-induced fatty liver disease in mice [67]. Clinical evi-
dence has shown that dabigatran reduces serum ApoB 
levels [68]. However, like other thrombin antagonists, 
dabigatran is at risk of bleeding [69]. Recent research has 
also shown direct thrombin inhibitors, including bivali-
rudin, ximelagatran, and dabigatran, increase the risk of 
myocardial infarction [70]. Although this is controversial, 
direct thrombin inhibitors have many shortcomings and 
can not be safely used to prevent atherosclerosis. In our 

Fig. 8  The miRNA regulatory network between thrombin (F2) and the target genes
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opinion, even though thrombin can promote atheroscle-
rosis, its primary role remains procoagulant and antico-
agulant. So the major indication for this drug is stroke 
prevention in arterial fibrillation. Abnormal proliferation 
of SMCs contributes to the progression of atheroscle-
rotic plaques and narrowing of the arterial lumen. SMC 
proliferation, however, may also be beneficial to advanc-
ing AS, such as preventing the rupture of the fibrous cap 
[5]. Therefore, we believe that thrombin inhibitor not 
only inhibits the proliferation of SMCs, but also destroys 
the stability of atherosclerotic plaques, leading to the 
rupture and bleeding of plaques, and ultimately increas-
ing the incidence of myocardial infarction. Based on the 
above reasons, we believe that direct thrombin inhibitors 
cannot be used to prevent atherosclerosis. The develop-
ment of mild, indirect thrombin inhibitors may be a good 
direction for anti-atherosclerosis. Baicalin, which is a nat-
ural bioactive compound of S. baicalensis Georgi (SBG), 
exerted a protective effect against thrombin-induced 
VSMC inflammation as resulting from the upregulation 
of PAR-1 [71].

Conclusions
One of the limitations of our study is that the data used 
in our analysis are obtained from a public database, and 
the sample size is small. Meanwhile, our results cannot 
be verified due to the lack of experiments. We conclude 
that thrombin promotes HASMC transformation into a 
synthetic phenotype. As a result, HASMCs produce pro-
inflammatory mediators, promoting leukocyte migration 
and adhesion to atherosclerotic plaques. Moreover, our 
results suggest that thrombin promotes HASMC prolif-
eration and angiogenesis in atherosclerotic plaques.

Furthermore, we infer that thrombin has a signifi-
cant effect on lipid metabolism. Aside from promoting 
ABCA1 hydrolysis, thrombin may inhibit lipid hydrolysis 
and autophagy, leading to smooth muscle-derived foam 
cell formation (Fig. 7). In conclusion, the effect of throm-
bin on SMC is complex and variable. As a therapeutic 
target of atherosclerosis, thrombin’s role in the pathogen-
esis of atherosclerosis is worthy of further study.

Abbreviations
HASMCs	� Human aortic smooth muscle cells
AS	� Atherosclerosis
DEGs	� Differentially expressed genes
PARs	� Protease-activated receptors
SMCs	� Smooth muscle cells
GEO	� Gene Expression Omnibus
GO	� Gene Ontology
KEGG	� Kyoto Encyclopedia of Genes and Genomes
GSEA	� Gene set Enrichment Analysis
PPI	� Protein–protein interaction
PCA	� Principal component analysis
FC	� Fold change

RA-VSMCs	� Rat aorta vascular smooth muscle cells
VEGF	� Vascular endothelial growth factor
CCN1	� Communication network factor 1
CYR61	� Cysteine-rich protein 61
ABCA1	� ATP binding cassette transporter
HDL	� High-density lipoprotein
LXR	� Liver X-receptor
LDL	� Low-density lipoprotein
SRs	� Scavenging receptors
LDs	� Lipid droplets
CEs	� Cholesterol esters
HMGB1	� High Mobility Group Box 1
HMGB2	� High Mobility Group Box 2
SERPINH1	� Serpin Family H Member 1
SQSTM1	� Sequestosome1
MAP1LC3A	� Microtubule-associated protein 1 light chain 3
MCP-1	� Monocyte chemoattractant protein-1
PTGS2	� Prostaglandin-endoperoxide synthase 2
COX2	� Cyclooxygenase2
PGS	� Prostaglandins
PGE2	� Prostaglandin E2
PGH2	� Prostaglandin H2
GP	� Glycoprotein
CDK	� Cyclin-dependent kinase
CIMT	� Carotid intima-media thickness
miRNAs	� Micro-ribonucleic acids
LY	� Lysosome
ER	� Endoplasmic reticulum

Acknowledgements
We thank Dr. Jianming Zeng (University of Macau), and all the members of his 
bioinformatics team, biotrainee, for generously sharing their experience and 
codes.

Disclosure
The author reports no conflicts of interest in this work.

Code availability
The software application or custom code used in the current study can be 
obtained from the corresponding author on reasonable request.

Authors’ contributions
YZ and LS designed the study. QZ supervised the whole study. YZ and XW 
analyzed the data and wrote the manuscript. All authors contributed to the 
article and approved the submitted version.

Funding
This work is supported by the Shandong Province Key Research and Develop-
ment Projects (Grant No.2016GSF201050).

Availability of data and materials
The datasets used or analysed during the current study are available from the 
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
All other authors have no conflicts of interests.

Received: 4 October 2021   Accepted: 28 March 2023



Page 12 of 13Zhang et al. BMC Cardiovascular Disorders          (2023) 23:191 

References
	1.	 Borissoff JI, Spronk HM, Heeneman S, ten Cate H. Is thrombin a key 

player in the ‘coagulation-atherogenesis’ maze? Cardiovasc Res. 
2009;82(3):392–403.

	2.	 Nelken NA, Soifer SJ, O’Keefe J, Vu TK, Charo IF, Coughlin SR. Thrombin 
receptor expression in normal and atherosclerotic human arteries. J Clin 
Invest. 1992;90(4):1614–21.

	3.	 Stoop AA, Lupu F, Pannekoek H. Colocalization of thrombin, PAI-1, and vit-
ronectin in the atherosclerotic vessel wall: a potential regulatory mecha-
nism of thrombin activity by PAI-1/vitronectin complexes. Arterioscler 
Thromb Vasc Biol. 2000;20(4):1143–9.

	4.	 Wolf D, Ley K. Immunity and inflammation in atherosclerosis. Circ Res. 
2019;124(2):315–27.

	5.	 Bennett MR, Sinha S, Owens GK. Vascular smooth muscle cells in athero-
sclerosis. Circ Res. 2016;118(4):692–702.

	6.	 Jaberi N, Soleimani A, Pashirzad M, Abdeahad H, Mohammadi F, Kho-
shakhlagh M, et al. Role of thrombin in the pathogenesis of atherosclero-
sis. J Cell Biochem. 2019;120(4):4757–65.

	7.	 Kalz J, ten Cate H, Spronk HM. Thrombin generation and atherosclerosis. J 
Thromb Thrombolysis. 2014;37(1):45–55.

	8.	 Raghavan S, Singh NK, Mani AM, Rao GN. Protease-activated receptor 
1 inhibits cholesterol efflux and promotes atherogenesis via cul-
lin 3-mediated degradation of the ABCA1 transporter. J Biol Chem. 
2018;293(27):10574–89.

	9.	 Boro M, Govatati S, Kumar R, Singh NK, Pichavaram P, Traylor JG Jr, et al. 
Thrombin-Par1 signaling axis disrupts COP9 signalosome subunit 3-medi-
ated ABCA1 stabilization in inducing foam cell formation and atherogen-
esis. Cell Death Differ. 2021;28(2):780–98.

	10.	 Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al. 
STRING v11: protein-protein association networks with increased cover-
age, supporting functional discovery in genome-wide experimental 
datasets. Nucleic Acids Res. 2019;47(D1):D607–13.

	11.	 Chin CH, Chen SH, Wu HH, Ho CW, Ko MT, Lin CY. cytoHubba: identifying 
hub objects and sub-networks from complex interactome. BMC Syst Biol. 
2014;8 Suppl 4(Suppl 4):S11.

	12.	 Bader GD, Hogue CW. An automated method for finding molecular 
complexes in large protein interaction networks. BMC Bioinformatics. 
2003;4:2.

	13.	 Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. 
Cytoscape: a software environment for integrated models of biomolecu-
lar interaction networks. Genome Res. 2003;13(11):2498–504.

	14.	 Wickham H. ggplot2: elegant graphics for data analysis. New York: 
Springer-Verlag; 2016.

	15.	 Wei T, Simko V. R package “corrplot”: visualization of a correlation matrix 
(Version 0.84). 2017. Available from https://​github.​com/​taiyun/​corrp​lot.

	16.	 Kassambara A, Mundt F. Factoextra: extract and visualize the results of 
multivariate data analyses. R package version 1.0.7. 2020. https://​CRAN.R-​
proje​ct.​org/​packa​ge=​facto​extra.

	17.	 Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers dif-
ferential expression analyses for RNA-sequencing and microarray studies. 
Nucleic Acids Res. 2015;43(7):e47.

	18.	 Khomtchouk BB, Van Booven DJ, Wahlestedt C. HeatmapGenerator: high 
performance RNAseq and microarray visualization software suite to 
examine differential gene expression levels using an R and C++ hybrid 
computational pipeline. Source Code Biol Med. 2014;9(1):30 Published 
2014 Dec 24.

	19.	 Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, 
et al. Metascape provides a biologist-oriented resource for the analysis 
of systems-level datasets. Nat Commun. 2019;10(1):1523 Published 2019 
Apr 3.

	20.	 Bindea G, Mlecnik B, Hackl H, Charoentong P, Tosolini M, Kirilovsky A, 
et al. ClueGO: a Cytoscape plug-in to decipher functionally grouped 
gene ontology and pathway annotation networks. Bioinformatics. 
2009;25(8):1091–3.

	21.	 Bindea G, Galon J, Mlecnik B. CluePedia Cytoscape plugin: pathway 
insights using integrated experimental and in silico data. Bioinformatics. 
2013;29(5):661–3.

	22.	 Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for comparing 
biological themes among gene clusters. OMICS. 2012;16(5):284–7.

	23.	 Yu G. enrichplot: Visualization of functional enrichment result. R pack-
age version 1.10.2. 2021. https://​yulab-​smu.​top/​biome​dical-​knowl​
edge-​mining-​book/.

	24.	 Sticht C, De La Torre C, Parveen A, Gretz N. miRWalk: An online 
resource for prediction of microRNA binding sites. PLoS ONE. 
2018;13(10):e0206239 Published 2018 Oct 18.

	25.	 Kranzhöfer R, Clinton SK, Ishii K, Coughlin SR, Fenton JW 2nd, Libby P. 
Thrombin potently stimulates cytokine production in human vascular 
smooth muscle cells but not in mononuclear phagocytes. Circ Res. 
1996;79(2):286–94.

	26.	 Govatati S, Pichavaram P, Janjanam J, Zhang B, Singh NK, Mani AM, Traylor 
JG Jr, et al. NFATc1-E2F1-LMCD1-Mediated IL-33 expression by thrombin 
is required for injury-induced neointima formation. Arterioscler Thromb 
Vasc Biol. 2019;39(6):1212–26.

	27.	 Janjanam J, Zhang B, Mani AM, Singh NK, Traylor JG Jr, Orr AW, et al. LIM 
and cysteine-rich domains 1 is required for thrombin-induced smooth 
muscle cell proliferation and promotes atherogenesis. J Biol Chem. 
2018;293(9):3088–103.

	28.	 Govatati S, Pichavaram P, Janjanam J, Guo L, Virmani R, Rao GN. 
Myristoylation of LMCD1 leads to its species-specific derepression 
of E2F1 and NFATc1 in the modulation of CDC6 and IL-33 expression 
during development of vascular lesions. Arterioscler Thromb Vasc Biol. 
2020;40(5):1256–74.

	29.	 Stelzer G, Rosen N, Plaschkes I, Zimmerman S, Twik M, Fishilevich S, 
et al. The genecards suite: from gene data mining to disease genome 
sequence analyses. Curr Protoc Bioinformatics. 2016;54:1.30.1-1.30.33.

	30.	 Li Y, Fan S, Xia W, Qiao B, Huang K, Zhou J, et al. MiR-181b suppresses 
angiogenesis by directly targeting cellular communication network fac-
tor 1. Lab Invest. 2021;101(8):1026–35.

	31.	 Phillips MC. Is ABCA1 a lipid transfer protein? J Lipid Res. 
2018;59(5):749–63.

	32.	 Kidani Y, Bensinger SJ. Liver X receptor and peroxisome proliferator-
activated receptor as integrators of lipid homeostasis and immunity. 
Immunol Rev. 2012;249(1):72–83.

	33.	 Chistiakov DA, Melnichenko AA, Myasoedova VA, Grechko AV, Orekhov 
AN. Mechanisms of foam cell formation in atherosclerosis. J Mol Med 
(Berl). 2017;95(11):1153–65.

	34.	 Nomura M, Liu J, Yu ZX, Yamazaki T, Yan Y, Kawagishi H, et al. Macrophage 
fatty acid oxidation inhibits atherosclerosis progression. J Mol Cell Cardiol. 
2019;127:270–6.

	35.	 Ouimet M, Marcel YL. Regulation of lipid droplet cholesterol efflux from 
macrophage foam cells. Arterioscler Thromb Vasc Biol. 2012;32(3):575–81.

	36.	 Robichaud S, Fairman G, Vijithakumar V, Mak E, Cook DP, Pelletier 
AR, et al. Identification of novel lipid droplet factors that regulate 
lipophagy and cholesterol efflux in macrophage foam cells. Autophagy. 
2021;17(11):3671–89.

	37.	 GBD 2017 Causes of Death Collaborators. Global, regional, and national 
age-sex-specific mortality for 282 causes of death in 195 countries and 
territories, 1980–2017: a systematic analysis for the Global Burden of 
Disease Study 2017. Lancet. 2018;392(10159):1736–88.

	38.	 Soehnlein O, Libby P. Targeting inflammation in atherosclero-
sis - from experimental insights to the clinic. Nat Rev Drug Discov. 
2021;20(8):589–610.

	39.	 Klouche M, Bhakdi S, Hemmes M, Rose-John S. Novel path to activa-
tion of vascular smooth muscle cells: up-regulation of gp130 creates an 
autocrine activation loop by IL-6 and its soluble receptor. J Immunol. 
1999;163(8):4583–9.

	40.	 Tyrrell DJ, Goldstein DR. Ageing and atherosclerosis: vascular intrin-
sic and extrinsic factors and potential role of IL-6. Nat Rev Cardiol. 
2021;18(1):58–68.

	41.	 Schuett H, Oestreich R, Waetzig GH, Annema W, Luchtefeld M, Hillmer A, 
et al. Transsignaling of interleukin-6 crucially contributes to atherosclero-
sis in mice. Arterioscler Thromb Vasc Biol. 2012;32(2):281–90.

	42.	 An Z, Li J, Yu J, Wang X, Gao H, Zhang W, et al. Neutrophil extracellular 
traps induced by IL-8 aggravate atherosclerosis via activation NF-κB 
signaling in macrophages. Cell Cycle. 2019;18(21):2928–38.

	43.	 Tang XE, Li H, Chen LY, Xia XD, Zhao ZW, Zheng XL, et al. IL-8 negatively 
regulates ABCA1 expression and cholesterol efflux via upregulating miR-
183 in THP-1 macrophage-derived foam cells. Cytokine. 2019;122:154385.

	44.	 Gencer S, Evans BR, van der Vorst EPC, Döring Y, Weber C. Inflammatory 
chemokines in atherosclerosis. Cells. 2021;10(2):226.

https://github.com/taiyun/corrplot
https://CRAN.R-project.org/package=factoextra
https://CRAN.R-project.org/package=factoextra
https://yulab-smu.top/biomedical-knowledge-mining-book/
https://yulab-smu.top/biomedical-knowledge-mining-book/


Page 13 of 13Zhang et al. BMC Cardiovascular Disorders          (2023) 23:191 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	45.	 Yang G, Chen L. An update of microsomal prostaglandin E synthase-1 
and PGE2 receptors in cardiovascular health and diseases. Oxid Med Cell 
Longev. 2016;2016:5249086.

	46.	 Camacho M, Gerbolés E, Escudero JR, Antón R, García-Moll X, Vila L. Micro-
somal prostaglandin E synthase-1, which is not coupled to a particular 
cyclooxygenase isoenzyme, is essential for prostaglandin E(2) biosynthe-
sis in vascular smooth muscle cells. J Thromb Haemost. 2007;5(7):1411–9.

	47.	 Xu DH, Zhu Z, Wakefield MR, Xiao H, Bai Q, Fang Y. The role of IL-11 in 
immunity and cancer. Cancer Lett. 2016;373(2):156–63.

	48.	 Lim WW, Corden B, Ng B, Vanezis K, D’Agostino G, Widjaja AA, et al. Inter-
leukin-11 is important for vascular smooth muscle phenotypic switching 
and aortic inflammation, fibrosis and remodeling in mouse models. Sci 
Rep. 2020;10(1):17853.

	49.	 Bertoli C, Skotheim JM, de Bruin RA. Control of cell cycle transcription 
during G1 and S phases. Nat Rev Mol Cell Biol. 2013;14(8):518–28.

	50.	 Camaré C, Pucelle M, Nègre-Salvayre A, Salvayre R. Angiogenesis in the 
atherosclerotic plaque. Redox Biol. 2017;12:18–34.

	51.	 Shi J, Huo R, Li N, Li H, Zhai T, Li H, et al. CYR61, a potential biomarker of 
tumor inflammatory response in epithelial ovarian cancer microenviron-
ment of tumor progress. BMC Cancer. 2019;19(1):1140.

	52.	 Esaily HA, Serag DM, Rizk MS, Badr IT, Sonbol AA, Fotoh DS. Relationship 
between cellular communication network factor 1 (CCN1) and carotid 
atherosclerosis in patients with rheumatoid arthritis. Med J Malaysia. 
2021;76(3):311–7.

	53.	 Barwari T, Joshi A, Mayr M. MicroRNAs in cardiovascular disease. J Am Coll 
Cardiol. 2016;68(23):2577–84.

	54.	 Wang HJ, Huang YL, Shih YY, Wu HY, Peng CT, Lo WY. MicroRNA-146a 
decreases high glucose/thrombin-induced endothelial inflamma-
tion by inhibiting NAPDH oxidase 4 expression. Mediators Inflamm. 
2014;2014:379537.

	55.	 Lin J, He S, Sun X, Franck G, Deng Y, Yang D, et al. MicroRNA-181b inhibits 
thrombin-mediated endothelial activation and arterial thrombosis by 
targeting caspase recruitment domain family member 10. FASEB J. 
2016;30(9):3216–26.

	56.	 Hu L, Ibrahim S, Liu C, Skaar J, Pagano M, Karpatkin S. Thrombin induces 
tumor cell cycle activation and spontaneous growth by down-regulation 
of p27Kip1, in association with the up-regulation of Skp2 and MiR-222. 
Cancer Res. 2009;69(8):3374–81.

	57.	 Tabibkhooei A, Izadpanahi M, Arab A, Zare-Mirzaei A, Minaeian S, Rostami 
A, et al. Profiling of novel circulating microRNAs as a non-invasive bio-
marker in diagnosis and follow-up of high and low-grade gliomas. Clin 
Neurol Neurosurg. 2020;190:105652.

	58.	 Li J, Kong D, Gao X, Tian Z, Wang X, Guo Q, et al. TSH attenuates fatty acid 
oxidation in hepatocytes by reducing the mitochondrial distribution of 
miR-449a/449b-5p/5194. Mol Cell Endocrinol. 2021;530:111280.

	59.	 Dubland JA, Francis GA. So Much Cholesterol: the unrecognized impor-
tance of smooth muscle cells in atherosclerotic foam cell formation. Curr 
Opin Lipidol. 2016;27(2):155–61.

	60.	 Allahverdian S, Chehroudi AC, McManus BM, Abraham T, Francis GA. 
Contribution of intimal smooth muscle cells to cholesterol accumula-
tion and macrophage-like cells in human atherosclerosis. Circulation. 
2014;129(15):1551–9.

	61.	 Pryma CS, Ortega C, Dubland JA, Francis GA. Pathways of smooth 
muscle foam cell formation in atherosclerosis. Curr Opin Lipidol. 
2019;30(2):117–24.

	62.	 Allahverdian S, Chaabane C, Boukais K, Francis GA, Bochaton-Piallat ML. 
Smooth muscle cell fate and plasticity in atherosclerosis. Cardiovasc Res. 
2018;114(4):540–50.

	63.	 Hu S, Xi G, Jin H, He Y, Keep RF, Hua Y. Thrombin-induced autophagy: a 
potential role in intracerebral hemorrhage. Brain Res. 2011;1424:60–6.

	64.	 Wang X, Xu Y, Li L, Lu W. Thrombin aggravates hypoxia/reoxygenation 
injury of cardiomyocytes by activating an autophagy pathway-mediated 
by SIRT1. Med Sci Monit. 2021;27:e928480.

	65.	 Pi S, Mao L, Chen J, Shi H, Liu Y, Guo X, et al. The P2RY12 receptor 
promotes VSMC-derived foam cell formation by inhibiting autophagy in 
advanced atherosclerosis. Autophagy. 2021;17(4):980–1000.

	66.	 Pingel S, Tiyerili V, Mueller J, Werner N, Nickenig G, Mueller C. Thrombin 
inhibition by dabigatran attenuates atherosclerosis in ApoE deficient 
mice. Arch Med Sci. 2014;10(1):154–60.

	67.	 Kopec AK, Joshi N, Towery KL, Kassel KM, Sullivan BP, Flick MJ, et al. Throm-
bin inhibition with dabigatran protects against high-fat diet-induced 
fatty liver disease in mice. J Pharmacol Exp Ther. 2014;351(2):288–97.

	68.	 Joseph P, Pare G, Wallentin L, Connolly S, Yusuf S, Wang J, et al. 
Dabigatran etexilate and reduction in serum apolipoprotein B. Heart. 
2016;102(1):57–62.

	69.	 Xu K, Chan NC, Eikelboom JW. Strategies for the prevention and treat-
ment of bleeding in patients treated with dabigatran: an update. Expert 
Opin Drug Metab Toxicol. 2021;17(9):1091–102.

	70.	 Davidson BL. The association of direct thrombin inhibitor anticoagulants 
with cardiac thromboses. Chest. 2015;147(1):21–4.

	71.	 Zheng X, Wang P, Jia M, Li Q, Zhang A, Zhou Q. Baicalin alleviates 
thrombin-induced inflammation in vascular smooth muscle cells. Biomed 
Res Int. 2022;21(2022):5799308.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Integrative analysis of HASMCs gene expression profile revealed the role of thrombin in the pathogenesis of atherosclerosis
	Abstract 
	Introduction
	Material and methods
	Analysis scheme
	Microarray data collection and quality control
	Identification of differentially expressed genes
	Enrichment analysis of functions and pathways
	Construction of PPI network and the miRNA regulatory network
	Reagents and chemicals
	Cell lines, cell culture and drug treatment
	RNA extraction and quantitative real-time polymerase chain reaction
	Oil red O staining

	Results
	Thrombin promotes the proinflammatory phenotype in HASMCs
	Thrombin promotes cell proliferation and angiogenesis by up-regulating the expression of cyclin D1 and CCN1
	Thrombin promotes foam cell formation by inhibiting lipid hydrolysis and autophagy

	Discussion
	Conclusions
	Acknowledgements
	References


