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      Background
Ischemic stroke (IS) refers to the loss of local blood sup-
ply to the brain tissue caused by various reasons, result-
ing in ischemic hypoxic lesion necrosis of the brain tissue 
[1]. The clinical manifestation is the loss of correspond-
ing neural function [2]. Carotid artery is one of the main 
blood supply vessels in the brain, and carotid artery ste-
nosis (CAS) is the main inducement of cerebral infarc-
tion [3]. Patients with severe carotid artery stenosis still 
have a higher incidence of cerebral ischemia events even 
after effective treatment [4]. Therefore, it is of great sig-
nificance to explore the biological factors and markers 
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Abstract
Background Vascular smooth muscle cells (VSMCs) dysfunction participates in carotid artery stenosis (CAS). 
The study aimed to examine the expression pattern of miR-361-5p in CAS patients, and explore its role in VSMCs 
proliferation and migration.

Methods qRT-PCR was performed for the detection of miR-361-5p in serum samples of 150 CAS cases and 
150 healthy people. Multiple logistic regression analysis and receiver operating characteristic (ROC) curve was 
accomplished to detect diagnostic value via SPSS 21.0 statistical software. Cell function of VSMCs was evaluated. 
Target association was predicted through bioinformatic analysis and confirmed via luciferase activity.

Results Serum miR-361-5p was enhanced in CAS cases and was positively correlated with CAS degree. Logistic 
regression analysis determined the independent influence of miR-361-5p in CAS, and ROC curve demonstrated its 
diagnostic value with AUC of 0.892. miR-361-5p promoted VSMCs proliferation and migration, but the influence was 
counteracted by TIMP4.

Conclusions MiR-361-5p is a promising biomarker for CAS, and can be used as a potential target for early diagnosis 
and treatment of CAS. MiR-361-5p can promote VSMCs proliferation and migration via targeting TIMP4.
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related to carotid artery stenosis for the early diagno-
sis, timely treatment and prognosis of cerebral infarc-
tion patients. According to statistics, about half of IS is 
caused by CAS, which is related to carotid atheroscle-
rosis [5]. The pathogenesis of carotid atherosclerosis is a 
complicated process, in which vascular smooth muscle 
cells (VSMCs) and endothelial cell dysfunction and mac-
rophage plaque infiltration play an important role, espe-
cially VSMCs [6]. VSMCs have close association with 
the plaque growth at an early stage and the stability at a 
later stage [7]. It suggests that VSMCs may be an effective 
therapeutic target for CAS [8].

MicroRNAs (miRNAs) which are small noncoding 
RNAs, play a key role in the epigenetic regulation of gene 
expression and control many metabolic and physiological 
processes associated with health and disease [9, 10]. It is 
well known that the small non-coding RNAs (including 
miRNAs) are known to be the gene post-transcriptional 
regulators in the cell proliferation, apoptosis, migration, 
and invasion pathways [11]. MiRNA plays a key role in 
the pathophysiology of IS by mediating angiogenesis, 
apoptosis and oxidative stress [12]. Based on the reported 
studies, the important role of miR-361-5p in cardiovas-
cular and cerebrovascular diseases has been widely elu-
cidated. In oxygen glucose deprivation/reoxygenation 
(OGD/R) induced cerebral ischemia and reperfusion 
(I/R) injury cell model, upregulated of miR-361-5p is 
tested, which was related to the cell apoptosis [13]. In IS 
mice models, the overexpression of miR-361-5p is also 
reported to brain infarct volume [14]. Notably, Dolz et 
al. also determine the upregulation of miR-361-5p in the 
serum of patients with asymptomatic CAS via Affyme-
trix microarrays [15]. Furthermore, a close relationship of 
miR-361-5p with atherosclerosis has been presented by 
Ling et al. in both in vivo and in vitro experiments [16]. 
Thereby, the role and underlying mechanism of miR-
361-5p in CAS caught our attention.

In the current study, miR-361-5p expression pattern 
and diagnostic value was evaluated in CAS patients. In 
vitro, role and potential mechanism of miR-361-5p in 
VSMCs proliferation and migration was also investigated.

Methods
Study subjects
150 cases with CAS were enrolled in the current study, 
who were diagnosed based on carotid artery ultrasound 
and angiography in Affiliated Hospital of Weifang Medi-
cal University. The imaging results were diagnosed by two 
doctors. All enrolled patients had a degree of CAS > 50%, 
and divided into moderate group (50–69% stenosis) and 
severe group based on the CAS degree (≥ 70% stenosis) 
[17, 18]. Another 150 age and gender matched healthy 
individuals were collected as the control groups, and 
they underwent carotid artery ultrasound to avoid the 

appearance of CAS (carotid artery stenosis < 20%). The 
exclusion criteria were as follows: (1) Age below 18 years: 
(2) malignant tumor; (3) Acute or chronic infection; (4) 
angiography contraindicated; (5) Recent history of surgi-
cal trauma; (6) Previous history of carotid artery surgery; 
(7) systemic immune diseases; (8) Use of anti-inflamma-
tory drugs.

The procedures used in this study adhere to the tenets 
of the Declaration of Helsinki. And this study was 
reviewed and approved by the Ethics Committee of Affili-
ated Hospital of Weifang Medical University. All subjects 
were informed of the procedure of the study design and 
signed informed consent.

Clinical laboratory data collection
Basic information of the enrolled study subjects was col-
lected after admission, including age, weigh, height, sex, 
systolic blood pressure (SBP), diastolic blood pressure 
(DBP), smoke, heart rate (HR). And the pulse pressure 
(PP) and body mass index (BMI) were calculated based 
on the formula [PP = SBP (mmHg) - DBP (mmHg)], 
BMI = weight (kg)/height (m2) ].

5 ml fasting peripheral venous blood was gained from 
each people. After centrifugation at 3000 rpm for 15 min, 
the serum samples were collected for laboratory data 
detection, including fasting blood-glucose (FBG), mean 
platelet volume (MPV), triglyceride (TG), high-density 
lipoprotein cholesterol (HDL-C), low-density lipoprotein 
cholesterol (LDL-C). The commercially available solid 
phase enzymelinked immunosorbent assay (ELISA) kits 
(R&D Systems, Abingdon, UK) were used for the mea-
surement of TIMP-4 protein levels in the serum samples.

Cell culture and transfection
Human VSMCs were provided by Sciencell (San Diego, 
CA, USA), and cultured in SMC medium (Sciencell, CA, 
USA) at 37 ℃ and 5% CO2. In the process of cell culture, 
the aseptic operation principle was strictly followed, and 
the medium was changed every 2–3 days. When the cell 
growth and fusion were over 90%, 0.25% trypsin (without 
EDTA) was used for digestion and passage.

Cell transfection was accomplished to control miR-
361-5p levels in VSMCs, and sequences of miR-361-5p 
mimic, the negative control od miR-361-5p mimic 
(mimic NC), miR-361-5p inhibitor, and its negative con-
trol (inhibitor NC) were synthesized by Ruibo biological 
technology co. (Guangzhou, China). Cell transfection was 
detailed described in Table 1. The small interfering RNA 
of TIMP4 (si-TIMP4) was used for the downregulation of 
TIMP4, which was also synthesized by Ruibo biological 
technology co. (Guangzhou, China). Lipofectamine 2000 
was applied to the cell transfection in line with the speci-
fication. 48  h after transfection, cells from each group 
were collected for follow-up experiments.
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RT-qPCR assay
Total RNA was separated by Trizol reagent, miRNA 
was reverse-transcribed into cDNA using miRcute Plus 
miRNA First-Strand cDNA Kit, and then miRcute Plus 
miRNA qPCR Kit (SYBR Green) was used for RT-qPCR. 
FastKing gDNA Dispelling RT SuperMix and SuperReal 
PreMix Plus were used for reverse-transcription and RT-
qPCR respectively. All used kits were purchased from 
Tiangen Biotech Co. (Beijing, China). RT-qPCR was pro-
ceeded on the ABI 7500 real-time PCR system under the 
following reaction conditions: predenaturation at 95℃ 
for 1 min,95 ℃ for 15 s,60℃ for 15 s, a total of 40 cycles. 
U6 and GAPDH were identified as the standardized 
internal reference for miR-590-5p and TIMP4. Relative 
mRNA levels were calculated by 2−ΔΔCt method.

Cell counting kit-8 (CCK-8) assay
The 96-well plates were used for the cell incubation of 
VSMCs with the density of 5 × 104. Cells were cultured 
for 3 days continuously and 10 µL CCK-8 was added at 
0 h, 24 h, 48 and 72 h, respectively. After incubating at 37 
℃ and 5% CO2 for 3 h, the absorbance values of cells at 
450 nm were measured.

Transwell assay
The cells were incubated in an incubator containing 5% 
CO2 at 37 ℃ for 24 h, then the medium was discarded. 
Then cells were cleaned with PBS for 3 times. Gently wipe 
the cells on the upper wall of the upper chamber with a 
cotton swab, and then fix the cells using 4% paraformal-
dehyde for 20  min. After cleaning with PBS for 3 times 
to thoroughly remove formaldehyde, the chamber was 
immersed in hematoxylin solution for 20  min. After 3 
times of cleaning with PBS, the cells were counted under 
a microscope, and the cell numer in the lower chamber 
was calculated through Image pro Plus software.

Luciferase reporter assay
The pmirGLO vectors containing the wide type (WT-
TIMP4) or mutant type (MUT-TIMP4) fragments of 
TIMP4 3’-UTR containing the predicted miR-361-5p 
binding sites were constructed. Then the reporter vector 
and miR-361-5p mimics, miR-361-5p inhibitor, mimic 
NC or inhibitor NC were co-transfected into VSMCs via 
Lipofectamine 2000. The luciferase activity of the cells 
was monitored after 48 h of culture.

Statistics process
The statics process was accomplished via SPSS 21.0 sta-
tistical software. The continuous variable were shown 
as mean and standard deviation (SD), and the differ-
ence comparison was proceed using one-way analysis of 
variance (ANOVA). Counting data were compared by 
chi-square test. The difference was identified to be statis-
tically significant when P value less than 0.05.

Results
General data of the two study groups
In the CAS group, there were 79 males and 71 females, 
the mean age was 55.21 ± 7.78 years old (Table  2). 
Another 82 males and 68 females formed the control 
group, with the mean age of 54.55 ± 8.50 years old. The 
age, gender and BMI of CAS group did not differ from 
the control group (P > 0.05). More smokers were found in 
CAS group than the control group (P < 0.05). Cases in the 
CAS group owned high values of FBG, LDL-C, SBP, DBP 
and PP, and low levels of LDL-C compared with the con-
trol group (P < 0.05). But other laboratory data indicated 
no obvious difference between the two groups, including 
MPV, TG and HR (P > 0.05).

Expression pattern of mir-361-5p in CAS cases
As shown in Fig. 1A, qRT-PCR assay pointed out the ele-
vated value of miR-361-5p in the serum of CAS cases in 
contrast to the control group (P < 0.01). According to the 
CAS degree, 150 CAS patients were splitted into mod-
erate group (n = 67) and severe group (n = 83), and high 
standard serum miR-361-5p was determined in severe 
CAS group (Fig.  1B, P < 0.01). Furthermore, Pearson’s 
correlation analysis results suggested that elevated serum 

Table 1 Conditions of cell grouping
Groups Cell transfection
Mock Normal culture

MiR-361-5p mimic 50 nM miR-361-5p mimic

Mimic-NC 50 nM mimic-NC

MiR-361-5p inhibitor 100 nM miR-361-5p inhibitor

Inhibitor NC 100 nM inhibitor NC

Table 2 Comparison of general data between the two study 
groups
Items Control group

(n = 150)
CAS group
(n = 150)

P value

Age, year 54.55 ± 8.50 55.21 ± 7.78 0.484

Sex, male/female 82/68 79/71 0.728

BMI, kg/m2 24.78 ± 3.19 24.93 ± 3.09 0.681

Smoker, n (%) 66/84 87/63 0.011
FBG, mmol/L 5.81 ± 0.51 6.03 ± 0.55 < 0.001
MPV 10.18 ± 0.98 10.25 ± 1.09 0.584

TG, mmol/L 1.56 ± 0.44 1.66 ± 0.62 0.108

HDL-C, mmol/L 1.24 ± 0.51 1.07 ± 0.50 0.003
LDL-C, mmol/L 2.05 ± 0.64 2.23 ± 0.79 0.031
HR 76.22 ± 10.94 77.17 ± 9.97 0.431

SBP 126.35 ± 14.00 147.13 ± 21.39 < 0.001
DBP 82.58 ± 11.06 89.43 ± 13.71 < 0.001
PP 43.77 ± 17.08 57.70 ± 26.42 < 0.001
Note: FBG, fasting blood-glucose; MPV, mean platelet volume; TG, triglyceride; 
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein 
cholesterol; HR, heart rate; SBP, Systolic Blood Pressure; DBP, Diastolic Blood 
Pressure; PP, Pulse pressure
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miR-361-5p levels were positively correlated with the 
CAS degree score (r = 0.720, Fig. 1C).

Clinical value of mir-361-5p for CAS
Based on the comparison results in Table  2, the signifi-
cantly different factors were intaken into the multiple 
logistic regression model combined with serum miR-
361-5p to analyze their independent clinical value for 
CAS. As illustrated in Fig.  2, miR-361-5p (HR = 3.210, 
95% CI = 1.891–5.449, P < 0.01), SBP (HR = 2.177, 95% 
CI = 1.300-3.646, P < 0.01) and PP (HR = 1.928, 95% 
CI = 1.150–3.232, P < 0.05) were independent predictors 
for the onset of CAS. Furthermore, the receiver oper-
ating characteristic (ROC) curve was drawn accord-
ing to the serum miR-361-5p levels in CAS and control 
groups, in order to evaluate its diagnostic value for CAS. 

As pictured in Fig. 2B, serum miR-361-5p can differenti-
ate CAS cases from healthy people with the area under 
the curve (AUC) of 0.892. The diagnostic sensitivity and 
specificity were 83.3% and 80.7%, respectively.

Mir-361-5p promotes VSMCs proliferation and migration
Figure 3 A reflected the transfection efficiency, the results 
determined that miR-361-5p mimic transfection bring 
about the elevation of miR-361-5p in VSMCs, while miR-
361-5p inhibitor transfection had the opposite effect. The 
CCK-8 assay determined that miR-361-5p overexpres-
sion facilitated VSMCs proliferation, but miR-361-5p 
inhibitor played an inhibitory impact on cell prolifera-
tion (Fig.  3B). The Transwell assay results also demon-
strated the enhancement role of miR-361-5p in VSMCs 

Fig. 2 Clinical value of miR-361-5p for CAS. A. Multiple logistic regression analysis results of clinical factors related to CAS and the forest plot. B. ROC curve 
of serum miR-361-5p in differentiating CAS from healthy people

 

Fig. 1 Expression pattern of miR-361-5p in CAS cases. A. Elevated level of miR-361-5p was detected in the serum of CAS cases in comparison with the 
control group. B. High values of serum miR-361-5p was determined in severe CAS group. C. Correlation of serum miR-361-5p with the CAS degree score. 
*** P < 0.001
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migration, and miR-361-5p inhibitor suppressed the cell 
migration (Fig. 3C).

TIMP4 serves as the target gene of miR-361-5p
The Venn diagram displayed the intersection genes based 
on the data from TargetScan, miRDA and GeneCards, 
which was drawn using the jvenn online tool. As shown 
in Fig.  4A, a total of 11 intersection genes were identi-
fied as the candidate target gene of miR-361-5p which 
related to CAS. Among them, TIMP4 was selected for 
the further research, because its close relationship with 
CAS and atherosclerosis as previously reported. As 
observed in Fig. 4B, the binding site between miR-361-5p 
and TIMP4 was predicted by TargetScan. Luciferase 
reporter assay was accomplished for the validation of tar-
get gene. It can be seen from Fig. 4C that, for WT-TIMP4 
transfected VSMCs, miR-361-5p mimic transfection 
decreased the luciferase activity, but miR-361-5p inhibi-
tor significantly strengthened the cells’ luciferase activ-
ity (P < 0.01). Additionally, decreased TIMP4 mRNA and 
protein levels were also detected in the serum of CAS 
cases (Fig. 4D-E).

TIMP4 knockdown counteracts the role of mir-361-5p in 
VSMCs
As observed from Fig.  5A, miR-361-5p inhibitor trans-
fection accompanied with the upregulation of TIMP4 
mRNA, which was restrained by si-TIMP4. The CCK-8 
and Transwell assay determined that the suppres-
sion of both cell proliferation and migration caused by 
miR-361-5p was counteracted by TIMP4 knockdown 
(Fig. 5B-C).

Discussion
CAS is a progressive atherosclerotic disease [19]. Ath-
erosclerosis-related mortality remains the most common 
cause of death worldwide [20]. Atherosclerotic carotid 

plaque rupture may lead to thromboembolization, caus-
ing transient ischemic attack or ischemic stroke [21, 22]. 
Due to the increasing annual incidence rate of disabil-
ity and mortality in patients with CAS, the need for an 
appropriate diagnostic tool has become a crucial urgent 
issue [22]. An increase in biomarkers and protein levels 
in response to CAS can be used as a predictive biomarker 
with different sensitivities and specificities, such as such 
as miR-1, miR-221-3p and miR-19a [23, 24]. In the cur-
rent study, qRT-PCR assay pointed out the elevated level 
of miR-361-5p in the serum of CAS cases, the findings 
were consistent with the previous evidence reported by 
Dolz et al. [15]. These findings support our speculation 
about the important role of miR-361-5p in CAS.

As previously reported, miR-361-5p is an atherosclero-
sis-related miRNA [16]. In a study about the role of Long 
non-coding RNA MDRL in atherosclerosis, a close rela-
tionship is presented between miR-361-5p and MDRL, 
which is involved in the NLRP3 inflammasome activation 
and apoptosis in VSMCs during atherogenesis [16]. Ath-
erosclerosis is the main inducement of most CAS and is 
connected with the progression of CAS [25]. Considering 
the crucial role of miR-361-5p in atherosclerosis, its clini-
cal values in CAS was evaluated. As Pearson’s correlation 
analysis results suggested, elevated serum miR-361-5p 
levels were positively correlated with the CAS degree 
score. And CAS cases with severe CAS owned high levels 
of miR-361-5p. miR-361-5p may promote carotid athero-
sclerosis and plaque formation, further lead to the wors-
ening of carotid artery stenosis [16]. Clinically, there are 
many important risk factors for CAS, such as hyperten-
sion, diabetes, hyperlipidemia, smoking, etc. [26]. In the 
present study, the basic clinical information of CAS cases 
and controls were compared. It was found that more 
smokers were found in CAS group than in the control 
group. In addition, CAS cases owned significantly high 
levels of FBG, LDL-C, ABP, DBP, and low levels HDL-C 

Fig. 3 MiR-361-5p promotes VSMCs proliferation and migration. A. MiR-361-5p levels in cells after transfected with miR-361-5p mimic or inhibitor. B. Cell 
proliferation of cells after transfected with miR-361-5p mimic or inhibitor. C. Cell migration of cells after transfected with miR-361-5p mimic or inhibitor. 
*** P < 0.001 vs. control group
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and PP. Furthermore, these significantly different factors 
were included in the logistic regression model combined 
with serum miR-361-5p to analyze their independent 
clinical value. The results showed that miR-361-5p, SBP 
and PP were independence predictors for the onset of 
CAS. And serum miR-361-5p was demonstrated a high 
diagnostic value for CAS.

The abnormal vascular smooth muscle cells (VSMC) 
proliferation and migration are the key factors in the pro-
gression of atherosclerotic plaque and CAS [10, 27–29]. 
There are abundant reports about the effects of miRNAs 
on the proliferation and migration of VSMCs [30]. In 
light of the abnormal expression of miR-361-5p in clinical 
serum samples, its role in VSMC function was explored. 
The rescue experiments illustrated that miR-361-5p over-
expression promoted VSMC proliferation and migration, 
while miR-361-5p inhibitor exerts an inhibitory role. 

These findings confirm the influence of miR-361-5p on 
CAS from the aspect of pathological mechanism. Con-
sistently, The role of miR-361-5p in VSMC has been 
reported several times [31]. During the progression of 
pulmonary arterial hypertension (PAH), miR-361-5p can 
promote pulmonary artery smooth muscle cell viability 
through activating JAK2/STAT3 pathway [31]. In athero-
sclerosis, miR-361-5p is demonstrated to promote VSMC 
proliferation and inhibit cell apoptosis [16, 32]. All the 
evidence confirms the promoting affects of miR-361-5p 
on the proliferation and migration of VSMCs.

Studies have shown that miRNA exerts its biologi-
cal function by participating in regulating the trans-
lation process of its downstream genes [33]. In the 
current study, tissue inhibitor of matrix metalloprotein-
ase 4 (TIMP4) was prodected to be a candidate gene of 
miR-361-5p via bioinformatic analysis, and the target 

Fig. 4 TIMP4 serves as the target gene of miR-361-5p. A. The Venn diagram displayed the intersection genes based on the data from TargetScan, miRDA 
and GeneCards. B. The binding sites between miR-361-5p and TIMP4 was predicted by TargetScan. C. Cell luciferase activity of cells after transfected with 
miR-361-5p mimic or inhibitor. *** P < 0.001 vs. mock group. D. Decreased TIMP4 mRNA levels in the serum of CAS cases. E. Decreased TIMP4 protein levels 
in the serum of CAS cases. *** P < 0.001
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relationship was confirmed via luciferase reporter assay 
in VSMCs. Clinically, a negative association has been 
detected between plasma TIMP4 levels and the carotid 
intima-media thickness (CIMT) in the young people [34]. 
And the absence of TIMP4 is associated with athero-
sclerotic plaque deposition [35]. A study about cardio-
vascular disease has demonstrated that TIMP4 deficient 
mice are more susceptible to myocardial infarction, a 
high mortality rate induced by myocardial infarction 
is detected [36]. The role of TIMP4 in VSMCs has also 
been widely reported [37]. In a study of carotid intima 
formation in rats, overexpression of TIMP4 inhibited 
the migration of VSMCs and induce cell apoptosis [38]. 
In the current study, the rescue cell experiments deter-
mined that TIMP4 knockdown counteracts the role of 
miR-361-5p in VSMCs proliferation and migration. The 
conclusion was made that miR-361-5p might promoted 
VSMCs proliferation and migration via targeting TIMP4.

Conclusions
In conclusion, upregulation of miR-361-5p is identified 
to be a promising biomarker for CAS diagnosis, and it 
is related to the CAS degree. In cell experiments, miR-
361-5p can promote VSMCs proliferation and migration 
via targeting TIMP4. miR-361-5p is an independent risk 
factor for CAS, and can be used as a potential target for 
early diagnosis and treatment of CAS.

Acknowledgements
None.

Author contributions
FW designed the study, performed the experiment, and was a major 
contributor in writing the manuscript. YMA and HHH involved in interpretation 
of data, drafting the manuscript and revising it critically for important 
intellectual content. All authors read and approved the final manuscript.

Funding
No funding was received to assist with the preparation of this manuscript.

Data availability
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Competing interests
The authors declare no competing interests.

Ethics approval and consent to participate
The procedures used in this study adhere to the tenets of the Declaration of 
Helsinki. And this study was reviewed and approved by the Ethics Committee 
of Affiliated Hospital of Weifang Medical University. All subjects were informed 
of the procedure of the study design and signed informed consent.

Consent for publication
Not Applicable.

Received: 21 February 2023 / Accepted: 31 May 2023

References
1. He J, Xuan X, Jiang M, Li J, Li N, Nie T. Long non-coding RNA SNHG1 relieves 

microglia activation by downregulating mir-329-3p expression in an in 
vitro model of cerebral infarction. Experimental and therapeutic medicine. 
2021;22(4):1148.

2. Zhou Y, Zhang S, Fan X. Role of polyphenols as antioxidant supplementation 
in ischemic stroke. Oxidative Med Cell Longev. 2021;2021:5471347.

3. Zhu B, Liu W, Xu Q, Liu HL. Clinical values and underlying mechanism 
analysis of serum mir-455-5p in carotid artery stenosis. J Inflamm Res. 
2022;15:3207–17.

4. Zhang Y, Wang W, Fang Q. Clinical study of stent forming for symptomatic 
internal carotid artery stenosis. Medicine. 2020;99(25):e20637.

5. Du R, Meng ZY, Wang JL, Wang YL. Efficacy of Osthole in Management of 
Hypoperfused retina. J Ophthalmol. 2018;2018:6178347.

6. Meng H, Fan L, Zhang CJ, Zhu L, Liu P, Chen J, et al. Synthetic VSMCs 
induce BBB disruption mediated by MYPT1 in ischemic stroke. iScience. 
2021;24(9):103047.

7. Beneit N, Martin-Ventura JL, Rubio-Longas C, Escribano O, Garcia-Gomez 
G, Fernandez S, et al. Potential role of insulin receptor isoforms and IGF 

Fig. 5 TIMP4 knockdown counteracts the role of miR-361-5p in VSMCs. A. TIMP4 mRNA levels in cells after transfected with miR-361-5p inhibitor or 
si-TIMP4. B. Cell proliferation of cells after transfected with miR-361-5p inhibitor or si-TIMP4. C. Cell migration of cells after transfected with miR-361-5p 
inhibitor or si-TIMP4. *** P < 0.001 vs. inhibitor NC group; ### P < 0.001 vs. miR-361-5p inhibitor group

 



Page 8 of 8Wang et al. BMC Medical Genomics          (2023) 16:134 

receptors in plaque instability of human and experimental atherosclerosis. 
Cardiovasc Diabetol. 2018;17(1):31.

8. Masuyama A, Mita T, Azuma K, Osonoi Y, Nakajima K, Goto H, et al. Defective 
autophagy in vascular smooth muscle cells enhances atherosclerotic plaque 
instability. Biochem Biophys Res Commun. 2018;505(4):1141–7.

9. Fattahi F, Kiani J, Khosravi M, Vafaei S, Mohammadi A, Madjd Z, et al. Enrich-
ment of Up-regulated and down-regulated gene clusters using Gene 
Ontology, miRNAs and lncRNAs in Colorectal Cancer. Comb Chem High 
Throughput Screen. 2019;22(8):534–45.

10. Mohammad NS, Nazli R, Zafar H, Fatima S. Effects of lipid based mul-
tiple micronutrients supplement on the birth outcome of underweight 
pre-eclamptic women: a randomized clinical trial. Pakistan J Med Sci. 
2022;38(1):219–26.

11. Am A, Gg B, Asl A, Mn B. Predicted miRNAs suppressed cell proliferation 
and migration via FAK/VASP axis; Systems biology approach. Informatics in 
Medicine Unlocked.29.

12. Qian Y, Chopp M, Chen J. Emerging role of microRNAs in ischemic stroke with 
comorbidities. Exp Neurol. 2020;331:113382.

13. Zeng T, Zhang S, He Y, Liu Z, Cheng Q. MiR-361-5p promotes oxygen-glucose 
deprivation/re-oxygenation induced neuronal injury by negatively regulating 
SQSTM1 in vitro. Metab Brain Dis. 2021;36(8):2359–68.

14. Ye X, Song H, Hu H, Zhou C, Chen Q, Hong L, et al. MiR-361-3p alleviates 
cerebral ischemia-reperfusion injury by targeting NACC1 through the PINK1/
Parkin pathway. J Mol Histol. 2022;53(2):357–67.

15. Dolz S, Gorriz D, Tembl JI, Sanchez D, Fortea G, Parkhutik V, et al. Circulating 
MicroRNAs as novel biomarkers of stenosis progression in asymptomatic 
carotid stenosis. Stroke. 2017;48(1):10–6.

16. You L, Zheng Y, Yang J, Hou Q, Wang L, Zhang Y, et al. LncRNA MDRL mitigates 
atherosclerosis through miR-361/SQSTM1/NLRP3 signaling. Mediat Inflamm. 
2022;2022:5463505.

17. Cui F, Zhang N, Yi J, Liang Y, Liu Q. Influence of hostility on 24-Hour diastolic 
blood pressure load in Hypertension Patients with Depressive Disorders. Med 
Sci monitor: Int Med J experimental Clin Res. 2021;27:e929710.

18. Mittal TK, Pottle A, Nicol E, Barbir M, Ariff B, Mirsadraee S, et al. Prevalence of 
obstructive coronary artery disease and prognosis in patients with stable 
symptoms and a zero-coronary calcium score. Eur Heart J Cardiovasc Imag-
ing. 2017;18(8):922–9.

19. Yang L, Liu J, Qi G, Li Y, Liu Y. The middle-term outcome of carotid endarter-
ectomy and stenting for treatment of ischemic stroke in chinese patients. Sci 
Rep. 2018;8(1):4697.

20. Song N, Jia L, Cao H, Ma Y, Chen N, Chen S, et al. Gypenoside inhibits endo-
thelial cell apoptosis in atherosclerosis by modulating Mitochondria through 
PI3K/Akt/Bad pathway. Biomed Res Int. 2020;2020:2819658.

21. Chen M, Chen S, Yang D, Zhou J, Liu B, Chen Y, et al. Weighted gene co-
expression network analysis identifies crucial genes mediating progression of 
Carotid Plaque. Front Physiol. 2021;12:601952.

22. From the American Association of Neurological Surgeons ASoNC, Inter-
ventional Radiology Society of Europe CIRACoNSESoMINTESoNESOSfCA, 
Interventions SoIRSoNS, World Stroke O, Sacks D, Baxter B et al. Multisociety 
Consensus Quality Improvement Revised Consensus Statement for Endovas-
cular Therapy of Acute Ischemic Stroke. International journal of stroke: official 
journal of the International Stroke Society. 2018;13(6):612 – 32.

23. Mansouri F, Seyed Mohammadzad MH. Molecular miR-19a in Acute myocar-
dial infarction: novel potential indicators of prognosis and early diagnosis. 
Asian Pac J cancer prevention: APJCP. 2020;21(4):975–82.

24. Mansouri F, Seyed Mohammadzad MH. Up-Regulation of cell-
free MicroRNA-1 and MicroRNA-221-3p levels in patients with 

myocardial infarction undergoing coronary angiography. Adv Pharm Bull. 
2021;11(4):719–27.

25. Yin Y, Cheng Z, Fu X, Ji S. MicroRNA-375-3p is implicated in carotid artery ste-
nosis by promoting the cell proliferation and migration of vascular smooth 
muscle cells. BMC Cardiovasc Disord. 2021;21(1):518.

26. Han Y, Zhang R, Yang D, Li D, Han H, Qiao H et al. Risk factors for asymptom-
atic and symptomatic intracranial atherosclerosis determined by magnetic 
resonance Vessel Wall Imaging in Chinese Population: a case-control study. 
Therapeutics and clinical risk management. 2022;18:61–70.

27. Ghasempour G, Mohammadi A, Zamani-Garmsiri F, Soleimani AA, Najafi M. 
Upregulation of TGF-beta type II receptor in high glucose-induced vascular 
smooth muscle cells. Mol Biol Rep. 2022;49(4):2869–75.

28. Allagnat F, Dubuis C, Lambelet M, Le Gal L, Alonso F, Corpataux JM, et 
al. Connexin37 reduces smooth muscle cell proliferation and intimal 
hyperplasia in a mouse model of carotid artery ligation. Cardiovascular Res. 
2017;113(7):805–16.

29. Soleimani AA, Ghasmpour G, Mohammadi A, Gholizadeh M, Abkenar BR, 
Najafi M. Focal adhesion kinase-related pathways may be suppressed by 
metformin in vascular smooth muscle cells in high glucose conditions. 
Endocrinol diabetes metabolism. 2022;5(4):e351.

30. Ghasempour G, Mohammadi A, Zamani-Garmsiri F, Najafi M. miRNAs through 
beta-ARR2/p-ERK1/2 pathway regulate the VSMC proliferation and migration. 
Life Sci. 2021;279:119703.

31. Zhang X, Shao R, Gao W, Sun G, Liu Y, Fa X. Inhibition of mir-361-5p sup-
pressed pulmonary artery smooth muscle cell survival and migration by 
targeting ABCA1 and inhibiting the JAK2/STAT3 pathway. Exp Cell Res. 
2018;363(2):255–61.

32. Wang M, Li C, Zhang Y, Zhou X, Liu Y, Lu C. LncRNA MEG3-derived mir-361-5p 
regulate vascular smooth muscle cells proliferation and apoptosis by target-
ing ABCA1. Am J translational Res. 2019;11(6):3600–9.

33. Correia de Sousa M, Gjorgjieva M, Dolicka D, Sobolewski C, Foti M. Decipher-
ing miRNAs’ action through miRNA editing. Int J Mol Sci. 2019;20(24).

34. Oikonen M, Wendelin-Saarenhovi M, Siitonen N, Sainio A, Juonala M, 
Kahonen M, et al. Tissue inhibitor of matrix metalloproteinases 4 (TIMP4) in 
a population of young adults: relations to cardiovascular risk markers and 
carotid artery intima-media thickness. The Cardiovascular Risk in Young Finns 
Study. Scand J Clin Lab Investig. 2012;72(7):540–6.

35. Hu M, Jana S, Kilic T, Wang F, Shen M, Winkelaar G et al. Loss of TIMP4 (tissue 
inhibitor of metalloproteinase 4) promotes atherosclerotic plaque deposition 
in the abdominal aorta despite suppressed plasma cholesterol levels. Arterio-
sclerosis, thrombosis, and vascular biology. 2021;41(6):1874–89.

36. Koskivirta I, Kassiri Z, Rahkonen O, Kiviranta R, Oudit GY, McKee TD, et al. Mice 
with tissue inhibitor of metalloproteinases 4 (Timp4) deletion succumb to 
induced myocardial infarction but not to cardiac pressure overload. J Biol 
Chem. 2010;285(32):24487–93.

37. Lim YJ, Min HY, Jang WG. Zingerone attenuates Pi-induced vascular 
calcification via AMPK-mediated TIMP4 expression. J lipid atherosclerosis. 
2021;10(1):62–73.

38. Guo YH, Gao W, Li Q, Li PF, Yao PY, Chen K. Tissue inhibitor of metalloprotein-
ases-4 suppresses vascular smooth muscle cell migration and induces cell 
apoptosis. Life Sci. 2004;75(20):2483–93.

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


	MicroRNA-361-5p acts as a biomarker for carotid artery stenosis and promotes vascular smooth muscle cell proliferation and migration
	Abstract
	Background
	Methods
	Study subjects
	Clinical laboratory data collection
	Cell culture and transfection
	RT-qPCR assay
	Cell counting kit-8 (CCK-8) assay
	Transwell assay
	Luciferase reporter assay
	Statistics process

	Results
	General data of the two study groups
	Expression pattern of mir-361-5p in CAS cases
	Clinical value of mir-361-5p for CAS
	Mir-361-5p promotes VSMCs proliferation and migration
	TIMP4 serves as the target gene of miR-361-5p
	TIMP4 knockdown counteracts the role of mir-361-5p in VSMCs

	Discussion
	Conclusions
	References


