
Creative Commons licenses: This is an Open Access article distributed under the terms of the Creative Commons  
Attribution-NonCommercial-ShareAlike 4.0 International (CC BY -NC -SA 4.0). License (http://creativecommons.org/licenses/by-nc-sa/4.0/).

Basic research
Atherosclerosis

Corresponding author: 
Guifang Song MD
Department of Cardiology
Yantai Yuhuangding Hospital
20 Yuhuangdingdong Road
Zhifu District, Yantai
264000 Shandong, China
Fax: +86-0535-6691999
E-mail: prcingfun@163.com

1�Department of Material Supply, Yantai Yuhuangding Hospital, Yantai, Shandong, 
China

2�Department of Material Purchasing, Yantai Yeda Hospital, China
3�Department of Cardiology Second Ward, Shandong Weihai Central Hospital, Weihai, 
Shandong, China

4�Department of Cardiovascular Medicine, Weihai Municipal Hospital, Weihai, 
Shandong, China

5�Department of Cardiology, Yantai Yuhuangding Hospital, Yantai, Shandong, China

Submitted: 19 May 2021; Accepted: 21 June 2021
Online publication: 3 July 2021

Arch Med Sci 2024; 20 (4): 1197–1208
DOI: https://doi.org/10.5114/aoms/139235
Copyright © 2021 Termedia & Banach

Abnormal TPM2 expression is involved in regulation 
of atherosclerosis progression via mediating RhoA 
signaling in vitro
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A b s t r a c t

Introduction: Ox-LDL (oxidized low-density lipoprotein)-induced endothelial 
cell injury and dysfunction of vascular smooth muscle cells play critical roles 
in the development of atherosclerosis (AS). Tropomyosin 2 (TPM2) has been 
implicated in cardiac diseases, but its critical role and regulatory mechanism 
in AS progression have not yet been elucidated.
Material and methods: The expression of TPM2 was investigated in AS tis-
sues. Ox-LDL was used to construct an AS in vitro model based on endotheli-
al and vascular smooth muscle cells (HAECs and VSMCs). An overexpression 
assay was performed to evaluate the role of TPM2 in AS. Meanwhile, the 
involvement of the RhoA pathway in TPM2-mediated AS progression was 
evaluated using narciclasine.
Results: Tropomyosin 2 was dramatically upregulated in both AS tissues and 
ox-LDL-induced HAECs. Overexpression of TPM2 attenuated ox-LDL-stim-
ulated cell growth depression, inflammatory and adhesive responses in 
HAECs, as well as oxidative stress and mitochondrial dysfunction. Addition-
ally, VSMCs, impacted by TPM2-overexpressed HAECs, showed alleviated 
cellular processes which were abnormally activated by ox-LDL. Furthermore, 
depressed activation of the RhoA pathway was found in TPM2-overex-
pressed HAECs and activating the signaling rescued these effects of TPM2 
exerted on ox-LDL-stimulated HAECs and VSMCs.
Conclusions: TPM2 had an advantageous impact on ox-LDL-induced AS pro-
gression in vitro by mediating the RhoA pathway. This evidence might con-
tribute to the therapy of AS.

Key words: atherosclerosis, TPM2, RhoA signaling pathway, endothelial 
injury, smooth muscle dysfunction.

Introduction

Worldwide, atherosclerosis (AS) is one of the most common causes 
of high morbidity and mortality in cardiovascular diseases, with obvious 
lipid accumulation and chronic inflammation in the aorta [1, 2]. Vascular 
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health and homeostasis depend on the integrity 
of endothelial cells (ECs) [3]. Endothelial injury 
occurs in the early stages and contributes to the 
progression of AS by inducing aggravated inflam-
matory responses and macrophage recruitment 
[4]. Moreover, the proliferation of vascular smooth 
muscle cells (VSMCs) was considered as a crucial 
factor that led to arterial wall thickening and AS 
plaque formation [5]. Recent studies indicated 
that the dysfunction and injury of ECs might result 
in abnormal phenotypic transition and prolifera-
tion which accelerate AS development [6].

Oxidized low-density lipoprotein (ox-LDL) is an 
important marker of AS [7]. Ox-LDL facilitates the 
injury and dysfunction of vascular ECs, promoting 
the pro-adhesion characteristics of ECs and facil-
itating the recruitment of monocytes. Ox‑LDL can 
promote the formation of atherosclerotic plaques 
and EC apoptosis [7–9]. Therefore, ox-LDL is a crit-
ical factor during the pathogenesis of AS. More-
over, ox-LDL was often used as an in vitro AS cell 
model inducer to explore the specific genes that 
participated in AS.

Considered as a  subtype of the tropomyosin 
(TPM) family, TPM2 is an important protein mole-
cule associated with thin filament stabilization in 
multiple eukaryotes and involved in muscle con-
traction [10]. There is evidence that TPM2 exerts 
a  role in mediating cellular morphogenesis and 
proliferation, as well as migration [11]. Scientists 
found aberrant expression of TPM2 in cancer tis-
sues which regulated tumor progression [12]. 
Moreover, Kubo et al. indicated that abnormal 
myosin microfilament homeostasis could damage 
endothelial cells and promote lipid accumulation 
[13]. A  previous study identified aberrant TPM2 
expression in AS plaques [14]. However, reports on 
the specific regulatory function and mechanism of 
TPM2 in AS development are lacking.

In this study, we investigated TPM2 expres-
sion in the tissues of AS patients and the ox-LDL-
treated AS in vitro cell model. An overexpression 
assay was performed to evaluate the function of 
TPM2 in ox-LDL-induced AS progression. Further-
more, based on the ras homolog family member A  
(RhoA) signaling pathway, the regulatory mecha-
nism of TPM2 in AS was explored. Our research 
could provide a  novel theoretical foundation to 
further understand the pathogenesis of AS and 
effective therapies.

Material and methods

Patient samples

Pathological and adjacent control samples were 
collected from 36 AS patients (Yantai Yuhuang-
ding Hospital, April 2018 to October 2019) who 
had not received any treatment before. Patients 

with concomitant inflammatory diseases, malig-
nancies and autoimmune diseases or a history of 
diabetes and thyroid diseases were excluded. In-
formed consent was obtained from every patient 
and the research was approved by the ethics com-
mittee of Yantai Yuhuangding Hospital, following 
the Declaration of Helsinki (2008) of the World 
Medical Association. The tissues were collected 
during carotid endarterectomy and transported to 
the laboratory under a low temperature condition 
(cold saline and ice), and then rapidly dissected 
into the adjacent control section and atheroscle-
rotic section. The samples were finally stored at 
–80°C.

Cell culture and treatment

We purchased human aortic endothelial cells 
(HAECs) and human vascular smooth muscle cells 
(VSMCs) from ATCC (Manassas, VA, USA). To cul-
ture these two kinds of cells, Dulbecco’s modified 
Eagle’s medium (DMEM, Thermo Fisher Scientific), 
which was supplemented with 2 mM glutamine, 
100 U/ml penicillin and 10% fetal bovine serum 
(FBS, Gibco BRL, Gaithersburg, USA), was utilized. 
The atmosphere for cell culture was set at 37°C 
with 5% CO2. To overexpress TPM2, a  pcDNA3.1 
plasmid was recruited and the construction of an 
overexpression vector was performed by Integrat-
ed Biotech Solutions (Shanghai, China). The trans-
fection used a pc-TPM2 plasmid (50 nM) for 48 h 
in line with the protocol of Lipofectamine 3000 
(Invitrogen; Shanghai, China). Narciclasine (Med-
ChemExpress, Shanghai, China), an activator of 
the RhoA pathway, was added to the medium at 
the concentration of 50 nM.

Human aortic endothelial cells were exposed to 
Ox-LDL (Yiyuan Biotechnologies, China) at differ-
ent concentrations (0 μg/ml, 6.25 μg/ml, 12.5 μg/
ml, 25 μg/ml, 50 μg/ml, 100 μg/ml, 200 μg/ml) for 
24 h or at 100 μg/ml for various periods of time 
(0 h, 3 h, 6 h, 12 h, 24 h, 48 h, 96 h). The co-culture 
of HAECs and VSMCs was performed by incubat-
ing VSMCs for another 24 h using the conditional 
medium of HAECs.

MTT assay

After stimulation with ox-LDL, cells were plated 
into six-well plates and incubated for 24 h. Sub-
sequently, we gently washed the cells three times 
using phosphate buffer saline (PBS) buffer. MTT 
solution (5 mg/ml) was supplemented into the 
culture medium and the cultured cells were incu-
bated in darkness (4 h, 37°C). After that, the cell 
culture system was dissolved using dimethylsulf-
oxide (DMSO). Finally, the absorbance at 570 nm 
of different groups was detected on a Bio-Rad mi-
croplate reader (Hercules, USA).
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Enzyme-linked immunosorbent assay 
(ELISA)

After centrifugation, the culture medium was 
collected and used to detect the contents of in-
terleukin-1β (IL-1β), IL-6 and tumor necrosis fac-
tor-α (TNF-α), as well as vascular cell adhesion 
molecule-1 (VCAM-1), E-selectin, macrophage 
chemoattractant protein-1 (MCP-1) and C-C mo-
tif chemokine ligand 2 (CCL2), in the supernatant 
according to the method described in the manu-
facturer’s protocol of human ELISA kits (R&D Sys-
tems, Minnesota, USA).

The apoptosis rate of HAECs was evaluated us-
ing a Cell Death Detection ELISA kit (Merck, Darm-
stadt, Germany) which was based on the principle 
of oligosome generation and the process of DNA 
fragmentation in apoptotic cells.

Wound healing assay

Once the cells reached 80% confluence, a ster-
ile micropipette tip was used to scratch a wound 
on the surface of the cell monolayer. Then, fresh 
medium was supplemented to culture the washed 
cells. Twenty-four hours later, the migrated cells in 
the wounded field were measured.

Transwell

Vascular smooth muscle cells after different 
treatments were seeded onto the upper layer of 
a  Transwell chamber with a  diameter of 8  μm 
(Corning, NY, USA) which was pre-coated with 
Matrigel. The bottom layer of the chamber was 
filled with 10% PBS-supplemented DMEM. The 
incubation lasted for 24 h. Then, the cell invasion 
ability was determined by counting the number 
of cells on the surface of the lower layer. The Lei-
ca Wild M690 microscope (Leica Microsystems 
GmbH, Wetzlar, Germany) was utilized for data 
collection.

Real-time quantitative PCR (RT-qPCR)

After the indicated incubation, the cultured 
cells were treated using RNAiso Plus (Takara Bio, 
Dalian, China) to extract total RNA. According to 
the manufacturers’ instructions of a  PrimeScript 
RT reagent Kit (Invitrogen, Carlsbad, USA), the 
total RNA was reverse-transcribed into cDNA fol-
lowed by being rinsed using gDNA Eraser (Takara 
Bio, Dalian, China). Then, on a platform of the Ste-
pOnePlus Real‑time PCR System (Applied Biosys-
tems, Foster City, USA), the qPCR procedure was 
performed in line with the protocol of a Quanti-
Nova SYBR Green RT-PCR Kit (Qiagen, Dusseldorf, 
Germany). GAPDH was set as the internal refer-
ence gene in the triplicate repeats. To quantify the 
final data, the 2–ΔΔCt method was used.

Western blot (WB) analysis

Total protein was obtained with the help of RIPA 
(radio immunoprecipitation assay) lysis buffer. Pro-
tein samples were separated by 10% SDS-PAGE (so-
dium dodecyl sulfate polyacrylamide gel electropho-
resis) and transferred onto a  PVDF (polyvinylidene 
fluoride) membrane. Members were blocked with 
5% skimmed milk mixed in TBST (tris buffered saline 
tween) and cultured at 4°C overnight with primary 
antibodies (Abcam, Cambridge, UK), anti-TPM2, 
anti-CI, anti-CII, anti-CIII, anti-CIV, anti-VCAM-1,  
anti-E-selectin, anti-MCP-1, anti-CCL-2, anti-PCNA, 
anti-E-cadherin, anti-MMP-9, anti-GTP-RhoA, anti- 
RhoA, anti-ROCK1 (Rho-associated coiled-coil con-
taining protein kinase 1) and anti-ROCK2. Then, HRP 
(horseradish peroxidase)-conjugated secondary anti- 
body (LI-COR, Lincoln, USA) was applied at room 
temperature for 1 h. An enhanced chemilumines-
cence system was employed to detect the protein 
bands and ImageJ software was used for analysis.

Mitochondrial function and oxidative stress

The mitochondrial membrane potential (MMP, 
ΔΨ) of HAECs was evaluated according to a previ-
ous study [15]. The experiment was based on use 
of a  dual emission potential probe with the JC-1 
dyeing method. Briefly, the cultured cells were in-
cubated with JC-1 (10 mg/ml) for 30 min. The ab-
sorbances at 527 nm and 590 nm of the incubated 
cells were recorded under a  spectrophotometer 
(Flex Station384, Molecular Devices, USA).

Reactive oxidative species (ROS), superoxide 
dismutase (SOD) and lactate dehydrogenase (LDH) 
were indicated as the cell indexes of oxidative 
stress. A  commercial kit, Reactive Oxygen Species 
Assay Kit (Beyotime, Shanghai, China) was pur-
chased for ROS detection. The medium-discarded 
cells were incubated with 10 µM 2′,7′-dichloro-
fluorescin diacetate for 1 ml (20 min, 37°C, in the 
dark). The fluorescence intensity was monitored at 
488 nm (excitation) and 525 nm (emission). After 
being lysed and centrifuged, the supernatant for cell 
culture was supplemented with SOD working fluid 
and incubated for 15 min. Then, the absorbance at 
520 nm was detected on a microplate reader using 
a SOD Activity Detection kit (Solarbio, Beijing, Chi-
na). To evaluate LDH content in the medium super-
natant, the cells (1 × 104 cells/ml) were transferred 
to fresh 96-well plates and pretreated using LDH 
buffer for 2 h. Then, the detection procedure was 
performed and data were counted at 490 nm ac-
cording to the instructions of the ABSBio LDH Activ-
ity Detection kit (CNhaoBio, Beijing, China).

Statistical analysis

All data were analyzed with GraphPad Prism 8 
and represented as the mean ± standard deviation 
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(SD) obtained from at least three repeats. Statis-
tical comparisons were completed by one-way 
analysis or Student’s t-test (unpaired). P < 0.05 
was considered to indicate statistical significance.

Results

Tropomyosin 2 is downregulated during AS 
progression

To investigate the potential function of TPM2 in 
AS development, we first evaluated its expression 

profile in AS tissues and an in vitro cell model. As 
shown in Figure 1 A, the mRNA level of TPM2 in 
AS samples was dramatically decreased compared 
with healthy ones. Also, TPM2 protein expres-
sion was downregulated in 5 randomly selected 
AS specimens compared with the paired healthy 
samples (Figure 1 B). After ox-LDL stimulation, the 
viability of HAECs was inhibited in a  dose- and 
time-dependent manner (Figures 1 C and D). Simul-
taneously, TPM2 was also downregulated in the ox-
LDL-induced AS cell model (Figures 1 E and F).

Figure 1. TPM2 expression in AS tissues and ox-LDL-treated HAEC. A – The mRNA expression levels of TPM2 in 
healthy tissue and atherosclerosis (AS) samples were evaluated using RT-qPCR. B – Western blot assay showed 
TPM2 protein expression in healthy and AS tissues. HAEC cells were incubated with ox-LDL treatment at various 
concentrations (0 µg/ml, 6.25 µg/ml, 12.5 µg/ml, 25 µg/ml, 50 µg/ml, 100 µg/ml, 200 µg/ml) for different times (0 h, 
3 h, 6 h, 12 h, 24 h, 48 h, 96 h). C and D – Cell viability was measured using the MTT method. E and F – Expression of 
TPM2 in ox-LDL-treated HAEC was assessed using RT-qPCR. *p < 0.05, **p < 0.01, ***p < 0.005; n.s. – not significant
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Tropomyosin 2 overexpression inhibited 
inflammation and pro-adhesion responses 
in ox-LDL-treated HAECs

Subsequently, an overexpression assay was 
performed by using the constructed TPM2 plas-
mid. The results showed that transfection of the 
pc-TPM2 vector significantly promoted TPM2 
expression in HAECs under ox-LDL treatment 
(Figures 2 A and B). We also found depressed vi-
ability and elevated apoptosis of HAECs after ox-
LDL stimulation, which were reversed by TPM2 
overexpression (Figures 2 C and D). Studies have 
demonstrated that the inflammation and adhe-
sion responses, as well as monocyte chemotaxis, 
of vascular endothelial cells had important roles in 
AS progression [6]. As indicated in Figures 2 E and 
G, the expression levels of inflammatory (IL-1β, 
IL-6, TNF-α), adhesive (VCAM-1, E-selectin) and 
chemokine genes (MCP-1, CCL-2) were dramati-
cally upregulated in the ox-LDL-induced AS in vi-
tro model, and inhibited by TPM2 overexpression. 
The contents of IL-1β, IL-6 and TNF-α in the super-
natant of the ox-LDL group were obviously higher 

than those in the control group, while the index-
es were lower in the group of ox-LDL + pc-TPM2 
compared with the ox-LDL group (Figure 2 F). In 
addition, the elevated protein expression and pro-
duction of adhesion molecules and chemokines, 
induced by ox-LDL, were also decreased by TPM2 
overexpression (Figures 2 H and I).

Tropomyosin 2 overexpression inhibited 
oxidative stress and mitochondrial 
dysfunction in ox-LDL-treated HAECs

Oxidative stress and mitochondrial dysfunction 
are crucial factors that participate in the media-
tion of endothelial cell function and AS progres-
sion [16]. The next experiments evaluated the 
oxidative stress indexes and mitochondrial func-
tion of cells under different treatments. First, ROS 
production and LDH release, the key features of 
oxidative stress in cells, were both promoted by 
ox-LDL, while SOD content was decreased; these 
unfavorable effects were depressed by TPM2 over-
expression (Figures 3 A–C). Additionally, the MMP 
of mitochondria in ox-LDL-induced HAECs was 
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dramatically decreased and respiratory complex 
protein expression was suppressed; overexpress-
ing TPM2 also reversed the undesired impacts of 
ox-LDL (Figures 3 D and E).

Tropomyosin 2 regulated proliferation, 
migration, and invasion of VSMCs affected 
by injured HAECs

The over-activation of VSMCs was an import-
ant contributor to AS development. As shown by 

the results, the cell proliferation, migration and in-
vasion of VSMCs in ox-LDL group were significant-
ly promoted compared with the control group; and 
TPM2 overexpression depressed these effects of 
ox-LDL (Figures 4 A–C). Moreover, the expression 
of proliferation, migration and invasion marker 
genes (proliferating cell nuclear antigen [PCNA], 
E-cadherin, matrix metallopeptidase 9 [MMP-9]) 
was upregulated, consistent with the induced cell 
processes in the ox-LDL-induced AS VSMC cell 
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Figure 3. Effects of TPM2 overexpression on oxida-
tive stress and mitochondrial dysfunction of HAEC. 
pc-TPM2 plasmids were transfected into HAEC 
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ml; 24 h). A–C – Commercial detection kits were 
used to determine the contents of ROS, SOD and 
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on the JC‑1 dyeing dual emission potential probe.  
E – Western blotting showed the expression 
of mitochondrial respiratory complex proteins.  
**p < 0.01, ***p < 0.005, n.s. – not significant

model and suppressed by TPM2 overexpression 
(Figure 4 D).

Tropomyosin 2 mediated ox-LDL-induced 
AS progression via RhoA signaling in vitro

Previous studies indicated that RhoA signaling 
played an important role in the development of AS 
[17]. As our results show in Figure 5 A, the expres-
sion levels of key proteins in RhoA signaling, GTP-
RhoA, ROCK1 and ROCK2 were dramatically elevat-
ed by ox-LDL, while TPM2 depressed these effects. 
Using an agonist, narciclasine, we evaluated the 
function of RhoA signaling in TPM2-mediated AS 

progression. The improved cell viability, SOD con-
tent and mitochondrial function, induced by TPM2 
overexpression in ox-LDL-treated HAECs, were 
depressed again when treated with narciclasine, 
while the inhibited apoptosis and ROS production 
were elevated (Figures 5 B–F). The production of 
cytokines, adhesion molecules and chemokines in 
ox-LDL-treated HAECs of the pc-TPM2 and narci-
clasine group was significantly higher than that in 
the TPM2-overexpressed group (Figures 5 G and H).  
Also, re-activating RhoA signaling hindered the 
inhibitory effects of TPM2 on ox-LDL-induced ab-
normal cell proliferation, migration and invasion 
of VSMCs (Figures 5 I–K).
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Figure 4. TPM2 plays a role in the growth and migration of ox-LDL-treated HAECs via the RhoA pathway. HAECs 
were induced by 100 µg/ml ox-LDL for 24 h. The culture media of HAEC under various treatments were isolated 
and subsequently used to culture VSMCs for 24 h. Then, the next indexes of VSMCs were measured. A – MTT 
assay analyzed cell proliferation. **p < 0.01 vs. untreated group; n.s. (not significant) versus ox-LDL group; ##p < 
0.01 vs. ox-LDL + NC vector group. B and C – Cell migration and invasion were evaluated using wound healing 
and Transwell methods. D – Western blotting was performed for the detection of protein expression. **p < 0.01,  
***p < 0.005, n.s. – not significant
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Discussion

As one of the most common inflammatory dis-
eases affecting people’s health at present, AS is 
a root cause of multiple cardiovascular problems,  
such as stroke, myocardial infarction and gan-
grene [18]. Increasing evidence suggests that 
vascular homeostasis would be impacted by the 
abnormal function of endothelial cells and the 
dysfunction of vascular smooth muscle cells [3, 
19]. During the progression of AS, the aberrant 
accumulation of ox-LDL disturbed vascular endo-
thelial cell function, including abnormal cell apop-
tosis and viability, elevated cell oxidative stress, 
and the increased secretion of various adhesion 
cytokines, such as intercellular cell adhesion mol-
ecule-1 (ICAM-1), VCAM-1 and E-selectin, which 
led to enhanced infiltration of inflammatory cells 
[20, 21]. Therefore, attenuating endothelial injury 
has been considered as an effective way to alle-
viate AS. Geng et al. reported that the protection 
of rosuvastatin against AS was achieved by atten-

uating ox-LDL-induced apoptosis and oxidative 
stress in endothelial cells [22]. Adropin, a peptide 
hormone, effectively inhibited ox-LDL-stimulated 
endothelial cell inflammation and adhesion of 
monocytes to endothelial cells, further mediat-
ing AS progression [6]. Moreover, a  recent study 
demonstrated that mitochondrial abnormali-
ty played a  crucial role in endothelial cell func-
tion during the progression of AS [23]. Song  
et al. reported that the therapeutic efficiency of 
gypenoside in treatment of AS was achieved by 
modulating endothelial apoptosis and affecting 
mitochondria function in vivo [16]. In our study, 
the oxidative stress, cell apoptosis, immune cell 
adhesion and mitochondrial dysfunction in ox-
LDL-induced AS endothelial cells were significant-
ly depressed by promoting TPM2, which was con-
sistent with previous findings.

Interestingly, we also found that TPM2 inhib-
ited the hyper-activated cell proliferation, migra-
tion and invasion of VSMCs which were induced 
by ox-LDL-stimulated endothelial cells. Under 
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Figure 5. Impact of RhoA signaling on TPM2-mediated AS progression. HAEC cells were transfected with pc-TPM2 
along with narciclasine before being treated with ox-LDL. The isolated medium was subsequently used to culture 
VSMCs for 24 h. A – Western blotting presented the protein expression of RhoA genes. B and I – MTT was used 
to determine cell proliferation. **p < 0.01 vs. untreated group; ##p < 0.01 vs. ox-LDL group; $$p < 0.01 vs. ox-LDL + 
pc-TPM2 group. C, G and H – ELISA kits were utilized for cell death and cytokine content detection. D and E – ROS 
and SOD contents were measured using commercial kits. F, J and K – JC-1 dyeing, wound healing and Transwell 
assays were performed to evaluate MMP and cell migration, as well as invasion. *p < 0.05, **p < 0.01, ***p < 0.005, 
n.s. (not significant)
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Figure 5. Cont. B and I – MTT was used to deter-
mine cell proliferation. **p < 0.01 vs. untreated 
group; ##p < 0.01 vs. ox-LDL group; $$p < 0.01 vs. 
ox-LDL + pc-TPM2 group. C, G and H – ELISA kits 
were utilized for cell death and cytokine content 
detection. D and E – ROS and SOD contents were 
measured using commercial kits. F, J and K – JC-1 
dyeing, wound healing and Transwell assays were 
performed to evaluate MMP and cell migration, as 
well as invasion. *p < 0.05, **p < 0.01, ***p < 0.005, 
n.s. – not significant

the stimulation of injured endothelial cells in AS, 
VSMCs presented aberrant hyperplasia acceler-
ating AS progression [24]. The promoted effects 
of miR-93 on cardiovascular disease, including 
AS, were achieved by enhancing cell proliferation 
and migration of VSMCs [25]. A compelling study 
demonstrated that, by mediating mitophagy, ape-
lin-13 elevated the proliferation and migration 
abilities of VSMCs, which exacerbated the lesion 
and development of AS [26]. Moreover, in the re-
search of Lin et al., Notch3 was detected in the 
exosomes of high glucose-induced endothelial 

cells and exosomes containing Notch3 were tak-
en up by VSMCs to mediate the calcification and 
aging of VSMCs [27]. Forkhead box protein M1 
(FoxM1) in VSMCs was activated by factors secret-
ed from dystrophic endothelial cells and led to dis-
advantageous cell proliferation, which contributed 
to vascular remodeling and hypertension in the 
pulmonary artery [28]. Zheng et al. reported that 
VSMCs produced miR-155, packaged in exosomes, 
which showed harmful effects on the integrity of 
endothelial cells, accelerating plaque formation 
in blood vessels and atherogenesis [29]. Accord-
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ing to the above evidence, we inferred that the 
interaction between endothelial cells and VSMCs 
during AS progression might occur in a paracrine 
manner. However, further investigations should be 
performed to illustrate how, and in which specif-
ic manner, TPM2 participates in the regulation of 
endothelial cells affecting the function of VSMCs 
under AS conditions.

Previously, TPM2 emerged as a crucial suppres-
sor in various tumor diseases. In a study based on 
colorectal cancer, decreased expression of TPM2 
was verified in patient tissues and was consid-
ered as a valuable target for the early diagnosis of 
colorectal cancer [30]. Downregulated TPM2 was 
found in breast cancer cells and the low expression 
of TPM2 could independently predict the outcome 
and survival of cancer patients; moreover, silencing 
TPM2 promoted the resistance of tumor cells to pa-
clitaxel, an anti-tumor drug [31]. However, studies 
have demonstrated that the TPM2 gene encodes 
b-tropomyosin, a  member of the actin filament 
binding protein family, which is mainly expressed 
in slow, type 1 muscle fibers [32]. Diseases associ-
ated with TPM2 also include nemaline myopathy 4 
and arthrogryposis, distal, type 1A, as well as dilat-
ed cardiomyopathy and cardiac muscle contraction 
[33, 34]. A previous study indicated that TPM2-me-
diated myosin microfilament homeostasis partici-
pated in the regulations of endothelial cell function 
and lipid accumulation [13]. Recently, it was sug-
gested that high-temperature superconducting, 
induced by TPM2, might depress the formation of 
foam cells and minimize the accumulation of lipo-
proteins in AS [14, 35, 36]. Meng et al. investigat-
ed two datasets focused on AS and identified the 
dramatical abnormity of TPM2 among differentially 
expressed genes, regarding TPM2 as a  potential 
biomarker for AS diagnosis and therapy [14]. Our 
study further explored the specific role and regula-
tory mechanism of TPM2 during AS development 
to validate and strengthen the evidence that TPM2 
was used as a potential predictive biomarker for AS 
prognosis or therapy which might be of guiding sig-
nificance for clinical research.

Additionally, the present study is the first to 
discover that RhoA signaling is a  crucial bridge 
through which TPM2 mediates AS progression. 
Previously, Cui et al. demonstrated that silenced 
TPM2 aberrantly enhanced RhoA activation, and 
then aggravated tumor growth in colorectal can-
cer [37]. However, RhoA signaling was proved to 
be hyper-activated and involved in various cardio-
vascular diseases. For example, regulating RhoA/
ROCK signaling was an effective way to impact 
the function of blood vessel and other vascular 
problems [38]. Further evidence suggested that 
sustained activation of the RhoA pathway was 
induced by miR-3188 downregulation and pro-

moted ox-LDL-induced AS development [39]. Tar-
geting the ROR2/RhoA pathway was a promising 
method for AS therapy due to its effect on pro-
moting the cell viability and motricity of VSMCs 
[17]. Consistently, in this research, the RhoA/ROCK 
pathway was also depressed by TPM2, which led 
to the attenuation of ox-LDL-induced endothelial 
injury and dysfunction of VSMCs, finally alleviat-
ing AS progression.

However, limitations also restricted our re-
search. For example, more investigations are still 
needed to further explore the mechanism of how 
TPM2-induced HAEC dysfunction affects the ac-
tion of VSMC cells during AS progression. The fac-
tors causing TPM2 abnormality in the pathological 
process of AS are still unclear. To strengthen the 
evidence that TPM2 plays a key role in AS devel-
opment, it should be verified in vivo using a con-
structed rat model.

In conclusion, we identified abnormal TPM2 
downregulation in both AS tissues and the ox-
LDL-induced cell model. Additionally, overexpress-
ing TPM2 depressed the development of AS by 
regulating cell apoptosis, mitochondrial dysfunc-
tion, oxidative stress and inflammatory/adhesive 
responses of vascular endothelial cells, as well as 
mediating the activity of VSMCs. More important-
ly, RhoA signaling was involved in TPM2-regulat-
ed AS progression. Generally, a new target for AS 
therapy was provided according to our evidence.
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