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Our previous study revealed oxidized-low density lipoprotein (oxLDL)-stimulated macrophages delivered 
exosomes to exacerbate vascular smooth muscle cell (VSMC) viability and invasion; and microRNA-320b 
was enriched in exosomes from oxLDL-stimulated macrophages.  This study aimed to further explore 
molecular mechanisms of exosomal microRNA-320b from oxLDL-stimulated macrophages on cellular 
functions of VSMCs.  Exosomes from oxLDL-stimulated macrophages with microRNA-320b mimic/inhibitor 
transfection were used to treat VSMCs.  Next, microRNA-320b mimic/inhibitor, and microRNA-320b mimic 
with or without peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PPARGC1A) 
overexpression vector were transfected into VSMCs.  Viability, invasion, apoptosis, contractile/synthetic 
phenotype markers, and MEK/ERK pathway were detected in VSMCs.  Exosomes from microRNA-320b 
mimic-treated macrophages promoted viability, invasion, and synthetic phenotype marker osteopontin, 
while suppressed apoptosis and contractile phenotype marker α -smooth muscle actin in VSMCs.  
Importantly, direct microRNA-320b mimic treatment aggravated viability, invasion, and synthetic phenotype 
transition in VSMCs.  However, microRNA-320b inhibitor showed the opposite effects as microRNA-320b 
mimic.  Next, luciferase reporter gene assay showed that microRNA-320b directly bound to PPARGC1A; 
microRNA-320b also inversely regulated PPARGC1A in VSMCs.  Moreover, the effect of microRNA-320b 
mimic on cellular functions of VSMCs was hampered by PPARGC1A overexpression vector (all P < 0.05).  
Additionally, microRNA-320b activated MEK/ERKT pathway, which was also suppressed by PPARGC1A 
overexpression vector (all P < 0.05).  OxLDL-stimulated macrophages deliver exosomal microRNA-320b to 
exacerbate viability, invasion, and synthetic phenotype transition in VSMCs via modulating PPARGC1A-
mediated MEK/ERK pathway, thus participating in the progression of atherosclerosis.

Keywords: atherosclerosis; exosome; macrophage; microRNA-320b; vascular smooth muscle cell
Tohoku J. Exp. Med., 2024 January, 262 (1), 13-22.
doi: 10.1620/tjem.2023.J082

Introduction
Atherosclerosis is the major cause of cerebral and car-

diovascular diseases such as ischemic stroke and acute cor-
onary syndrome, the vital reasons for disability and mortal-

ity worldwide (Bergmark et al. 2022; Bjorkegren and Lusis 
2022; Tsao et al. 2023).  When symptom onset, patients 
with cerebral and cardiovascular diseases can be managed 
by revascularization including thrombolysis, thrombectomy, 
percutaneous coronary intervention, and coronary artery 
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bypass grafting (Association of Cardiovascular Nursing and 
Allied Professions et al. 2022; Widimsky et al. 2023).  
Nevertheless, patients may still suffer from neurological or 
cardiac dysfunction and artery restenosis (Mendelson and 
Prabhakaran 2021; Rost et al. 2022; Eid et al. 2023).  
Therefore, it is even more critical to prevent or even reverse 
the pathogenesis and progression of atherosclerosis to avoid 
the possible above consequences, which is, unfortunately, 
still lacking (Bam et al. 2022; Fegers-Wustrow et al. 2022).  
A potential solution is to explore the key molecules 
involved in the pathogenesis and progression of atheroscle-
rosis, thus providing therapeutic targets for atherosclerosis.

Macrophages are thought to be critically involved in 
the pathogenesis of atherosclerosis, which promotes the 
inflammatory level and engages in the formation and rup-
ture of atherosclerotic plaque (Lin et al. 2021; Eshghjoo et 
al. 2022).  In recent years, studies have also revealed that 
exosomes secreted by macrophages could deliver their con-
tents, such as microRNAs (miRNAs), proteins, and DNAs, 
to participate in atherosclerosis (Chen et al. 2022; Liu et al. 
2022; Ren et al. 2022).  For instance, a previous study sug-
gests that miR-16-5p from macrophage-derived exosomes 
exacerbates inflammation and oxidative stress in atheroscle-
rosis mice through modulating mothers against decapenta-
plegic homolog 7 (SMAD7) (Chen et al. 2022).  Another 
research reveals that macrophage-derived exosomes deliver 
miR-4532 to promote the injury of endothelial cells via tar-
geting the nuclear factor-κB pathway (Liu et al. 2022).  
Importantly, our previous study discovered that oxidized-
low density lipoprotein (oxLDL)-stimulated macrophages 
deliver exosomes to promote the viability and invasion of 
proatherogenic vascular smooth muscle cells (VSMCs); 
notably, our previous work demonstrated that miR-320b 
was dysregulated in exosomes from oxLDL-stimulated 
macrophages compared with exosomes from control mac-
rophages, and miR-320b overexpression promoted viability 
and invasion in proatherogenic VSMCs (Ren et al. 2022).  
However, the specific molecular mechanisms remain 
unclear.  Therefore, based on our previous study, the current 
study aimed to evaluate the effect of exosomal miR-320b 
from oxLDL-stimulated macrophages on the viability, inva-
sion, apoptosis, and phenotype switching in proatherogenic 
VSMCs, and also to investigate the underlying molecular 
mechanisms.

Methods
Cell culture

Human VSMC, THP-1, and HEK-293T cells 
(NCACC, Shanghai, China) were maintained in RPMI-
1640 (Servicebio, Wuhan, China) medium plus 10% exo-
some-free fetal bovine serum (Beyotime, Shanghai, China) 
and 1% penicillin-streptomycin reagent (Servicebio) at 
37°C with 5% CO2.  THP-1 cells were developed into mac-
rophages (THP-1 derived macrophages) after 3 days of 
incubation with phorbol 12-myristate 13-acetate (PMA) 
(100 nM; MCE, Shanghai, China) (Ouimet et al. 2017).

OxLDL treatment
The atherosclerosis model in vitro was performed 

according to our previous study (Ren et al. 2022).  Briefly, 
VSMCs and THP-1 derived macrophages were stimulated 
with oxLDL (100 μg/mL; Beyotime) to mimic the in vivo 
atherosclerosis environment throughout our experiments.

Cell transfection
The miR-320b mimics (miR-mimic), negative control 

(NC) mimics (NC-mimic), miR-320b inhibitors (miR-
inhibitor), and NC inhibitors (NC-inhibitor) were synthe-
sized by Generay (Shanghai, China).  For cell transfection, 
THP-1 derived macrophages or VSMCs were seeded in 
6-well dishes (5 × 105 cells/well) and transfected with mim-
ics or inhibitors in the presence of Lipofectamine® 3000 
(Invitrogen, Carlsbad, USA).  The reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) assays 
were completed to assess the expression of miR-320b after 
being transfected for 48 h.

VSMCs co-cultured with exosomes from THP-1 derived 
macrophages

The exosomes from THP-1 derived macrophages were 
isolated after 48 h of transfection according to our previous 
study (Ren et al. 2022).  The expression of miR-320b in the 
exosomes from THP-1 derived macrophages was detected 
by RT-qPCR.  Then, VSMCs were plated in 6-well dishes (5 
× 105 cells/well) and divided into six groups, including the 
Normal, the Control Exo, the NC-mimic Exo, the miR-
mimic Exo, the NC-inhibitor Exo, and the miR-inhibitor 
Exo groups.  Briefly, the VSMCs in the Normal group were 
not co-cultured with exosomes, and the VSMCs in the other 
groups were co-cultured with corresponding exosomes (80 
μg/mL) of THP-1 derived macrophages.  After 48 h of cul-
ture, VSMCs were collected to detect cell viability, apopto-
sis, invasion, and the protein expression of VSMC differen-
tiation markers.

MiR-320b regulation in VSMCs
The transfection of VSMCs was carried out as men-

tioned above.  After 48 h of transfection, the expression of 
miR-320b and peroxisome proliferator-activated receptor 
gamma coactivator 1-alpha (PPARGC1A) was determined 
using RT-qPCR, and the protein level of PGC-1α (encoded 
by PPARGC1A) was assessed by western blot assay.  Then, 
cell viability, apoptosis, invasion, and the protein expres-
sion of VSMC differentiation markers were evaluated.

Luciferase reporter gene assay
The prediction of miR-320b target gene was performed 

using the starBase (https://starbase.sysu.edu.cn).  The 
PPARGC1A wild type (WT) and mutant type (MUT) 
reporter vectors were provided by Generay.  For the lucifer-
ase reporter gene assay, HEK-293T cells were co-trans-
fected with mimics (miR-320b mimics or NC mimics) and 
reporter vectors (PPARGC1A WT or PPARGC1A MUT).  
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After being transfected for 48 h, luciferase activity was 
evaluated with the Dual-Lumi™ Luciferase Assay kit 
(Beyotime).

PPARGC1A regulation in VSMCs
VSMCs were plated in 6-well dishes (5 × 105 cells/

well) and transfected with miR-mimic, NC-mimic, 
PPARGC1A overexpression vectors (oe-PPARGC1A), and 
NC vectors (oe-NC) (Generay) alone or in combination 
using Lipofectamine® 3000.  Following 48 h of transfec-
tion, the RT-qPCR or western blot assay was carried out to 
assess the PPARGC1A or PGC-1α expression.  VSMCs 
were harvested for the subsequent assays as previously 
mentioned.

Detection of cell viability, apoptosis, and invasion
The cell viability of VSMCs was assessed with Cell 

Counting Kit-8 (Solarbio, Beijing, China) following the 
kit’s protocol.  For detection of apoptosis, VSMCs were 
fixed, permeabilized, and incubated with TUNEL reagent 
(Sangon, Shanghai, China) and DAPI (Beyotime) following 
the manufacturer’s instructions.  The apoptotic cells were 
counted.  For cell invasion assays, VSMCs were plated onto 
the upper chamber of a Matrigel-coated transwell inserts 
(BD, Franklin Lakes, NJ, USA) with serum-free medium (1 
× 105 cells/well), and the lower chamber was filled with 
complete medium.  After being cultured for 24 h, invasive 
cells were detected using crystal violet (Beyotime) and ana-
lyzed under a microscope (Olympus, Beijing, China).  The 
invasive cells were counted.  The pictures were taken with 
a magnification of 200 ×.

RT-qPCR
RNA was extracted with Trizol (Servicebio) following 

the kit’s protocol.  The RT-qPCR assays were performed in 
the presence of the Reverse Transcription Kit and the PCR 
Kit (Applied Biosystems, Carlsbad, CA, USA).  The rela-
tive expression of miR-320b or PPARGC1A was calculated 
using 2−ΔΔCt method.  The following primers were utilized in 
this study: miR-320b (forward: ACACTCCAGCTGGG 
AACGGGAGAGTTGG, reverse: TGTCGTGGAGTC 
GGCAATTC), U6 (forward: GCTTCGGCAGCAC 
ATATACTAA, reverse: CGAATTTGCGTGTCATCCTT), 
PPARGC1A (forward: GCTTTCTGGGTGGACTCAAGT, 
reverse: GAGGGCAATCCGTCTTCATCC), and GAPDH 
(forward: GAGTCCACTGGCGTCTTCAC, reverse: 
ATCTTGAGGCTGTTGTCATACTTCT).

Western blot
The proteins of VSMCs were isolated by radioimmu-

noprecipitation (RIPA) buffer (Beyotime) and quantified via 
BCA protein assay reagent (Beyotime).  Then, proteins 
were separated with sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE), transformed to nitrocellu-
lose membrane (PALL, Pensacola, FL, USA), and incu-
bated with specific antibodies (4°C, overnight), including 

anti-α-smooth muscle actin (α-SMA) (ab124964; 1:1,000), 
anti-osteopontin (OPN) (ab214050; 1:500), anti-peroxisome 
proliferator-activated receptor gamma coactivator 1α 
(PGC-1α) (ab176328; 1:1,000), p-MEK1/2 (ab278723; 
1:2,000), MEK1/2 (ab178876; 1:2,000), p-ERK1/2 
(ab201015; 1:2,000), ERK1/2 (ab184699; 1:2,000), and 
anti-GAPDH (ab128915; 1:5,000).  The ECL Kit 
(Beyotime) was adopted to detect the immunoreactive 
bands after 1 h of incubation with secondary antibody 
(ab201015) at 37°C.  The antibodies were all purchased 
from Abcam (Shanghai, China).

Statistical analysis
Comparisons were completed with One-way ANOVA 

followed by Tukey’s multiple comparisons using GraphPad 
Prism (V7.0; GraphPad Software, Boston, MA, USA).  
Statistical significance was set at P < 0.05.  All experiments 
were triplicated.

Results
Macrophage exosomal miR-320b exacerbated viability, 
invasion, and synthetic phenotype switching but suppressed 
apoptosis in proatherogenic VSMCs

The exosomes from oxLDL-stimulated macrophages 
after transfection were isolated, then they were used to co-
culture with oxLDL-stimulated VSMCs (proatherogenic 
VSMCs) (Fig. 1A).  MiR-320b expression was elevated by 
miR-mimic (P < 0.001) but reduced by miR-inhibitor (P < 
0.05) in macrophages compared with their corresponding 
NCs (Fig. 1B), indicating that the transfection was success-
ful.  The similar trends of miR-320b expression were also 
observed in the exosomes from macrophages (both P < 
0.01) (Fig. 1C).  Then, cell viability, invasion, and apopto-
sis were detected in proatherogenic VSMCs after co-cultur-
ing with exosomes from macrophages.  It was disclosed 
that exosomes from control macrophages promoted viabil-
ity, increased invasion, suppressed apoptosis, and sup-
pressed contractile phenotype marker α-SMA while ele-
vated synthetic phenotype marker OPN in proatherogenic 
VSMCs compared with normal treatment (all P < 0.05) 
(Fig. 1D-J).

Cell viability was increased by exosomes from miR-
mimic treated macrophages versus (vs.) exosomes from 
NC-mimic treated macrophages (P < 0.01) (Fig. 1D).  By 
Transwell and TUNEL assays (Fig. 1E), it was found that 
exosomes from miR-mimic treated macrophages promoted 
cell invasion (P < 0.001) (Fig. 1F) while reduced cell apop-
tosis (P < 0.01) vs. exosomes from NC-mimic treated mac-
rophages (Fig. 1G).  Then, α-SMA and OPN were detected 
by western blot (Fig. 1H), which showed that exosomes 
from miR-mimic treated macrophages reduced α-SMA (P < 
0.05) (Fig. 1I) but elevated OPN (P < 0.01) vs. exosomes 
from NC-mimic treated macrophages (Fig. 1J).  Reversely, 
exosomes from miR-inhibitor treated macrophages (vs. 
exosomes from NC-inhibitor treated macrophages) had the 
opposite effects on proatherogenic VSMC viability, inva-
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sion, apoptosis, and phenotype markers as exosomes from 
miR-mimic treated macrophages (all P < 0.05 except for 
OPN) (Fig. 1D-J).

MiR-320b directly aggravated viability, invasion, and 
synthetic phenotype switching but inhibited apoptosis in 
proatherogenic VSMCs

MiR-320b was directly modified in proatherogenic 
VSMCs via miR-mimic or miR-inhibitor, and the transfec-
tion efficiencies were validated by RT-qPCR (both P < 0.01) 
(Fig. 2A).  It was found that miR-mimic increased viability 
(P < 0.001) (Fig. 2B); it also promoted invasion (P < 0.01) 
but suppressed apoptosis (P < 0.01) (Fig. 2C-E) in proath-
erogenic VSMCs.  By western blot (Fig. 2F), it was shown 
that miR-mimic decreased α-SMA (P < 0.01) (Fig. 2G) 
while elevated OPN (P < 0.01) (Fig. 2H) in proatherogenic 
VSMCs.  Moreover, miR-inhibitor showed the opposite 
effects on viability, invasion, apoptosis, α-SMA, and OPN 

levels in proatherogenic VSMCs as miR-mimic (all P < 0.05 
except for OPN) (Fig. 2B-H).

MiR-320b served as a sponge of PPARGC1A
According to the starBase (https://starbase.sysu.edu.

cn), PPARGC1A was predicted to be the target of miR-
320b.  Then, the PPARGC1A MUT was designed according 
to the binding site between miR-320b and PPARGC1A WT 
(Fig. 3A).  Then, the luciferase reporter gene assay showed 
that the relative luciferase activity was reduced by miR-
320b mimic with the presence of PPARGC1A WT (P < 
0.001), but unaffected with the presence of PPARGC1A 
MUT (P > 0.05) (Fig. 3B), which suggested the direct bind-
ing between miR-320b and PPARGC1A.  In proatherogenic 
VSMCs, miR-mimic suppressed PPARGC1A expression (P 
< 0.001) while miR-inhibitor promoted that (P < 0.01) (Fig. 
3C); by western blot (Fig. 3D), it was indicated that 
PGC-1α (the protein encoded by PPARGC1A) also showed 

Fig. 1.  The effect of exosomal miR-320b from oxLDL-stimulated macrophages on cellular functions of proatherogenic 
VSMCs.  

	 Illustration of co-culture between exosomes and VSMCs (A).  Comparison of miR-320b in macrophages among groups 
(B).  Comparison of miR-320b in exosomes among groups (C).  Comparison of VSMC viability among groups (D).  
Representative images for Transwell and TUNEL assays (E).  Comparison of VSMC invasion (F) and apoptosis (G) 
among groups.  Detection of α-SMA and OPN through western blot (H).  Comparison of α-SMA (I) and OPN (J) in 
VSMCs among groups.  Cells were treated with 100 μg/mL oxLDL.  Data were presented as mean ± SD.  n = 3 in each 
group.  Ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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similar trends as PPARGC1A (both P < 0.05) (Fig. 3E).

MiR-320b regulated cellular functions in proatherogenic 
VSMCs via sponging PPARGC1A

Subsequently, PPARGC1A overexpression vector was 
transfected in proatherogenic VSMCs combined with miR-
mimic or NC-mimic.  PPARGC1A relative expression was 
elevated by PPARGC1A overexpression vector (P < 0.001); 
meanwhile, PPARGC1A overexpression vector also ham-
pered the effect of miR-mimic on PPARGC1A relative 
expression (P < 0.001) (Fig. 4A).  The expression of 
PGC-1α showed a similar trend as PPARGC1A relative 
expression (both P < 0.01) (Fig. 4B, C).

PPARGC1A overexpression vector suppressed proath-
erogenic VSMC viability (P < 0.01) and invasion (P < 0.05); 
it also inhibited the effect of miR-mimic on proatherogenic 
VSMC viability (P < 0.01) and invasion (P < 0.01) (Fig. 
5A, B).  Meanwhile, PPARGC1A overexpression vector 
promoted proatherogenic VSMC apoptosis (P < 0.01); it 
also inhibited the effect of miR-mimic on proatherogenic 

VSMC apoptosis (P < 0.01) (Fig. 5C).  The representative 
images of Transwell and TUNEL assays were shown in Fig. 
5D for reference.  The detection of α-SMA and OPN (Fig. 
5E) suggested that PPPARGC1A overexpression vector 
promoted the α-SMA expression (P < 0.01) and repressed 
the effect of miR-mimic on α-SMA expression (P < 0.05) 
(Fig. 5F); while OPN showed the opposite trend as α-SMA 
(both P < 0.01) (Fig. 5G).

MiR-mimic activated MEK/ERK pathway by sponging 
PPARGC1A

Phosphorylation of MEK and ERK was detected by 
western blot (Fig. 6A).  PPARGC1A overexpression vector 
suppressed the phosphorylation levels of MEK and ERK 
(both P < 0.05).  Meanwhile, miR-mimic promoted the 
phosphorylation levels of MEK and ERK (both P < 0.05).  
However, this promotion by miR-mimic was further ham-
pered by PPARGC1A overexpression vector (both P < 0.05) 
(Fig. 6B, C).  These findings suggested that oxLDL-stimu-
lated macrophages deliver exosomal miR-320b to aggravate 

Fig. 2.  The effect of miR-320b on cellular functions of proatherogenic VSMCs.
	 Comparison of miR-320b in VSMCs among groups (A).  Comparison of VSMC viability (B), invasion (C), and apopto-

sis (D) among groups.  Representative images for Transwell and TUNEL assays (E).  Detection of α-SMA and OPN 
through western blot (F).  Comparison of α-SMA (G) and OPN (H) in VSMCs among groups.  Cells were treated with 
100 μg/mL oxLDL.  Data were presented as mean ± SD.  n = 3 in each group.  Ns, not significant; *P < 0.05; **P < 0.01; 
***P < 0.001.



L. Ren et al.18

the viability, invasion, and synthetic phenotype switching 
through regulating PPARGC1A-mediated MEK/ERK path-
way in proatherogenic VSMCs (Supplementary Fig. S1).

Discussion
MiR-320b is recognized as a critical miRNA involved 

in atherosclerosis (Huang et al. 2014; Zhang et al. 2016; 
Barrera-Vazquez et al. 2022; Ren et al. 2022; Wang et al. 

2023).  From the clinical perspective, it is reported that 
miR-320b is related to acute ischemic stroke independent of 
geographical location and tissue (Barrera-Vazquez et al. 
2022).  Another study discloses that miR-320b is dysregu-
lated in subjects with carotid atherosclerotic plaque com-
pared with healthy subjects (Zhang et al. 2016).  Moreover, 
the dysregulation of circulating miR-320b is associated 
with the occurrence of acute myocardial infarction (Huang 

Fig. 4.  Transfection effi  ciency of miR-mimic and oe-PPARGC1A in VSMCs.
 Comparison of PPARGC1A in VSMCs among groups (A).  Detection of PGC-1α through western blot (B).  Comparison 

of PGC-1α level in VSMCs among groups (C).  Cells were treated with 100 μg/mL oxLDL.  Data were presented as 
mean ± SD.  n = 3 in each group.  *P < 0.05; **P < 0.01; ***P < 0.001.

Fig. 3.  The binding between miR-320b and PPARGC1A.  
 Design of PPARGC1A WT and MUT according to the binding site between miR-320b and PPARGC1A (A).  Comparison 

of relative luciferase activity between groups (B).  Comparison of PPARGC1A in VSMCs among groups (C).  Detection 
of PGC-1α through western blot (D).  Comparison of PGC-1α level in VSMCs among groups (E).  Data were presented 
as mean ± SD.  n = 3 in each group.  Ns, not signifi cant; *P < 0.05; **P < 0.01; ***P < 0.001.
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et al. 2014).  Apart from these clinical studies, it is also 
reported that miR-320b suppresses high-density lipopro-
tein- and apolipoprotein A1-mediated cholesterol efflux 
from macrophages; its administration in vivo also represses 
cholesterol efflux from peritoneal macrophages and 
increases the accumulation of low-density lipoprotein-cho-
lesterol, thus further aggravating atherosclerotic plaque size 
and inflammatory level (Wang et al. 2023).  Meanwhile, our 

previous study discloses that miR-320b was dysregulated in 
exosomes from oxLDL-stimulated macrophages, and exo-
somes from oxLDL-stimulated macrophages exacerbated 
viability and invasion in proatherogenic VSMCs (Ren et al. 
2022).  However, it is unclear whether exosomal miR-320b 
from oxLDL-stimulated macrophages could regulate the 
cellular functions of proatherogenic VSMCs.  In the current 
study, several interesting findings were disclosed.  First, 

Fig. 5.  The effect of PPARGC1A on miR-320b-mediated cellular functions of proatherogenic VSMCs.  
	 Comparison of VSMC viability (A), invasion (B), and apoptosis (C) among groups.  Representative images for 

Transwell and TUNEL assays (D).  Detection of α-SMA and OPN through western blot (E).  Comparison of α-SMA (F) 
and OPN (G) in VSMCs among groups.  Cells were treated with 100 μg/mL oxLDL.  Data were presented as mean ± 
SD.  n = 3 in each group.  Ns, not significant; *P < 0.05; **P < 0.01.
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exosomes from oxLDL-stimulated macrophages promoted 
viability, invasion, and synthetic phenotype switching while 
suppressed apoptosis in proatherogenic VSMCs, which was 
in line with our previous research (Ren et al. 2022).  
Second, exosomal miR-320b from oxLDL-stimulated mac-
rophages aggravated viability, invasion, and synthetic phe-
notype switching while suppressed apoptosis in proathero-
genic VSMCs, indicating a stronger ability of proliferation 
and migration than the contractile phenotype and thus con-
tributing to the pathogenesis of atherosclerosis (Durham et 
al. 2018).  Possible explanations were that; (1) miR-320b 
might activate the downstream MEK/ERK signaling, which 
could directly regulate these cellular functions in proathero-
genic VSMCs; and (2) miR-320b might serve as a sponge 
to suppress its target, such as PPARGC1A, a critical regula-
tor of atherosclerosis, thus further exacerbating the cellular 
functions of proatherogenic VSMCs (Wang et al. 2023).  

In order to further explore the molecular mechanisms 
of miR-320b exacerbating the cellular functions of proath-
erogenic VSMCs, the current study identified PPARGC1A 
as the potential target of miR-320b.  Meanwhile, the direct 
binding between PPARGC1A and miR-320b was confirmed 
by luciferase reporter gene assay.  PGC-1α interacts with 
various transcription factors and participates in multiple 
biological activities of cells (Maciejewska-Skrendo et al. 
2022).  In terms of its implication in atherosclerosis, several 
studies have reported that the polymorphisms of 
PPARGC1A are associated with coronary artery syndrome 
(Zhang et al. 2008; Maciejewska-Skrendo et al. 2019; 
Schillemans et al. 2022).  Meanwhile, it is also reported that 
the overexpression of PPARGC1A reduces the size of ath-
erosclerotic plaque by 40% in apolipoprotein E-knockout 

mice (Shimba et al. 2019).  Another previous study suggests 
that PPARGC1A is detected in macrophages of human ath-
erosclerotic lesions and is inversely associated with athero-
sclerosis progression; its deletion in macrophages acceler-
ates the formation of atherosclerosis in mice (McCarthy et 
al. 2013).  In the current study, it was disclosed that 
PPARGC1A overexpression inhibited viability, invasion, 
and synthetic phenotype switching while promoted apopto-
sis in proatherogenic VSMCs.  Possible explanations might 
be that; (1) PPARGC1A could modulate lipid and energy 
metabolism to regulate these cellular functions in proath-
erogenic VSMCs (Zhu et al. 2009; Zhang et al. 2020); (2) 
PPARGC1A might regulate the downstream MEK/ERK 
signaling pathway to exert these effects on proatherogenic 
VSMCs (Pintus et al. 2003; Huang et al. 2020).  More 
importantly, it was shown that miR-320b regulated the cel-
lular functions of proatherogenic VSMCs through sponging 
PPARGC1A.

The MEK/ERK signaling is a fundamental pathway 
that regulates various cellular functions, including cell 
growth, cell survival, migration and invasion, T cell differ-
entiation, etc.  (Ullah et al. 2022).  Meanwhile, the MEK/
ERK pathway is also considered to be closely involved in 
the pathogenesis and progression of atherosclerosis (Pintus 
et al. 2003; Peng et al. 2022; Zhang et al. 2022).  Since pre-
vious studies have indicated that the MEK/ERK pathway is 
one of the downstream signalings of PPARGC1A (Huang et 
al. 2020; Nam et al. 2020), the current study further 
explored the effect of miR-320b and PPARC1A in proath-
erogenic VSMCs.  It was found that miR-320b activated the 
MEK/ERK pathway through sponging PPARGC1A.  These 
findings could also explain the promotion of viability, inva-

Fig. 6.  The effect of miR-320b and PPARGC1A on MEK/ERK pathway.  
	 Detection of p-MEK1/2 and p-ERK1/2 through western blot (A).  Comparison of p-MEK1/2 (B) and p-ERK1/2 (C) in 

VSMCs among groups.  Cells were treated with 100 μg/mL oxLDL.  Data were presented as mean ± SD.  n = 3 in each 
group.  *P < 0.05; **P < 0.01.
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sion, and synthetic phenotype switching while suppression 
of apoptosis in proatherogenic VSMCs by miR-320b.

Collectively, oxLDL-stimulated macrophages deliver 
exosomal miR-320b to aggravate the viability, invasion, 
and synthetic phenotype switching through regulating 
PPARGC1A-mediated MEK/ERK pathway in proathero-
genic VSMCs.  These findings suggest that exosomal miR-
320b from macrophages may be a potential therapeutic tar-
get for atherosclerosis.  However, further validation is 
needed.
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