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Exosomes: mediators regulating 
the phenotypic transition of vascular smooth 
muscle cells in atherosclerosis
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Abstract 

Cardiovascular disease is one of the leading causes of human mortality worldwide, mainly due to atherosclerosis 
(AS), and the phenotypic transition of vascular smooth muscle cells (VSMCs) is a key event in the development of AS. 
Exosomes contain a variety of specific nucleic acids and proteins that mediate intercellular communication. The role 
of exosomes in AS has attracted attention. This review uses the VSMC phenotypic transition in AS as the entry point, 
introduces the effect of exosomes on AS from different perspectives, and discusses the status quo, deficiencies, and 
potential future directions in this field to provide new ideas for clinical research and treatment of AS.
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Introduction
Atherosclerosis (AS) is a chronic inflammatory disease 
with complex pathogenesis that involves a variety of cells, 
such as vascular smooth muscle cells (VSMCs), endothe-
lial cells (ECs), and macrophages. In the classical view of 
the mechanisms of AS, VSMCs are believed to promote 
AS via the transformation of contractive VSMCs to syn-
thetic VSMCs, migration from the middle membrane to 
the intima, and the proliferation and deposition of matrix 
proteins, which increase plaque thickness. Increasing evi-
dence indicates that the phenotypic transition of VSMCs 
is a core event in the pathophysiology of many cardiovas-
cular diseases (including AS and restenosis after angio-
plasty) [1]. Therapeutic strategies against the VSMC 
phenotypic transition may improve pathological condi-
tions related to VSMCs and provide a new therapeutic 
target for preventing and treating AS.

The exchange of information between cells is essential 
for maintaining cell function. Experimental and clinical 
studies have reported that extracellular vesicles released 
by cells help complete inter-cell communication through 
direct contact, internalization, fusion with the plasma 
membrane, and endocytosis [2]. As one of the subgroups 
of extracellular vesicles, exosomes promote the trans-
fer and exchange of microRNAs, mRNAs, and lncRNAs 
between cells and tissues, playing a critical role in the 
migration and differentiation of cells. Exosomes also play 
a crucial role in the pathophysiological processes of many 
diseases [3] and can be used as a diagnostic biomarker as 
well as a therapeutic target for AS.

In this review, we introduce the role of exosomes in the 
phenotypic transition of VSMCs and the effect of related 
pathways on AS from different perspectives to provide a 
new direction for preventing and treating AS.

Biological properties of exosomes
Extracellular vesicles are lipid-bound vesicles secreted by 
cells into the extracellular space and consist of three sub-
groups: exosomes, microvesicles, and apoptotic vesicles 
[4, 5].
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Exosomes were first discovered in reticulocytes in 
1983[6]. The classical markers of exosomes are CD9, 
CD63, and CD81 [7]. Exosomes affect recipient cells 
more efficiently than that by intercellular contact or by 
secreted factors, and they originate from intranuclear 
bodies. Specifically, exosomes are produced when intra-
cellular lysosomal particles invaginate to form polyve-
sicular bodies that fuse with the cytoplasmic membrane 
and are released into the extracellular compartment 
[7]. Although the biological origins and clinical applica-
tion pathways of microvesicles and exosomes are simi-
lar, exosomes have received more attention. Exosomes 
are more widely present in various body fluids, such 
as blood and urine, which facilitates noninvasive fluid 
biopsies in patients to diagnose disease and monitor the 
patient’s response [8]. Previous studies have shown that 
exosomes can be used as carriers to transport drugs into 
target cells, similar to nanomaterials [9, 10]. Moreover, 
exosomes have a longer circulating half-life and are bet-
ter tolerated by humans than other drug delivery systems 
[10]. The biostability and clearance patterns of exosomes 
are similar to those of synthetic nanoparticles, and 
some studies have shown that exosomes can evade par-
tial attack by the immune system and remain in circula-
tion for a long time. The immunogenicity of autologous 
or allogeneic exosomes is negligible, as repeated injec-
tions of autologous exosomes do not provoke a signifi-
cant immune response in mice [11], and most exosomal 
agents used clinically are derived from allogeneic cells 
[12]. These findings may be due to the CD47-mediated 
effect of protecting exosomes from phagocytosis by 
monocytes and macrophages [13]. Apoptotic vesicles are 
released by dead cells. Their composition and proteomic 
profile are significantly different to those of exosomes, 
and their biological role is far less extensive [14].

It is currently believed that there are three main 
mechanisms to achieve exosomes mediated signaling 
[15]. (a) The first and most direct type of intercellular 
communication is the ligand-receptor interaction. Jux-
tacrine signaling will be delivered between exosomes 
and receptor cells through direct contact. This discov-
ery has functioned as a revelation in treating particular 
diseases. For example, pretreating ovarian cell-derived 
exosomes with proteinase K or trypsin to degrade exoso-
mal transmembrane proteins may eliminate their uptake 
by cancer cells [16, 17]. No single specific way has been 
shown for this ligand-receptor interaction. After the 
direct contact between exosomes and receptor cells, 
exosomes can trigger intrinsic signaling in the recepor 
cells [18], or the exosomes pass through the receptor 
cells and target other cell types [22]. (b) The second type 
of mechanism is that of indirect communication. Solu-
ble ligands are cleaved from exosomal transmembrane 

proteins, which interact with receptors on the surface of 
target cells and activate a variety of signaling pathways. 
Complement molecules or miRNAs shed from cells by 
exosomes act as interventional targets or introduce sub-
stances that act as protectors against disease [23]. (c) 
The third type is that of endocytosis, which includes lat-
tice-protein-mediated and/or niche protein-dependent 
endocytosis, macropinocytosis, phagocytosis, and lipid 
raft-mediated endocytosis [15, 24]. Signals delivered by 
exosomes are internalized by receptor cells through an 
endosomal mechanism [19–21]. Deformation of the cell 
membrane induced by latticin leads to the formation of 
an inwardly-facing bud and the development of a larger 
vesicle that matures and then contracts, thereby deliver-
ing the exosomal contents to the recipient cells [24]. The 
lattice proteins take up exosomes by invaginating the 
plasma membrane and are subsequently internalized by 
recipient cells after kinesin is activated. The macrocytic 
drinking action is characterized by the formation of a 
ruffled extension of the plasma membrane around the 
extracellular space, which includes the extracellular fluid 
and the components that will be internalized by the cell. 
Phagocytosis is dependent on the association between 
plasma membrane receptors and vesicle ligands. Lipid 
raft-mediated endocytosis is related to the structure 
of lipid rafts. Lipid rafts are formed from microstruc-
tural domains rich in cholesterol and sphingolipids and 
rich in protein receptors [25]. Although the interactions 
between exosomes and recipient cells may not be directly 
interfered with, some properties of exosomes have been 
used to introduce new ideas for therapy. Because of their 
lipid nature and the presence of specific ligands on their 
surface, exosomes are expected to be used as carriers for 
the therapeutic delivery of RNAs, peptides, and synthetic 
drugs [26].

Exosomes contain miRNA, mRNA, IncRNA, proteins, 
and lipids. Among them, miRNAs have attracted more 
attention than other contents by virtue of their function 
in regulating gene expression. Exosomes significantly reg-
ulate cell growth and metabolism through transcriptional 
repression of gene expression. When absorbed by specific 
cells, exosomes may play a role locally or at a distance, 
providing autocrine or paracrine signals, or inhibiting 
mRNA translation by transferring miRNA to target cells, 
which may lead to the production of new proteins, result-
ing in a protective or damaging response [6, 27, 28]. For 
example, bone-derived exosomal miRNAs are thought 
to be important in regulating the expression of genes 
involved in differentiation and communication between 
multiple cell types [29]. Exosomal miRNAs derived from 
immune cells are thought to be involved in cardiovascu-
lar disease. Exosomal miRNAs from cardiomyocytes or 
stem cells play a role in cardiac repair and regeneration 
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[30, 31]. Exosomes from fibroblasts promote myocardial 
hypertrophy through miRNA acting on target factors 
[32]. It is evident that exosomal miRNAs are important 
and contribute to the exchange of information between 
cells. Therefore, this review is mainly focused on the role 
of miRNAs in exosomes.

The role of exosomes in intercellular communication 
is expected to alter the transcriptome of recipient cells 
and have key effects on the process of VSMC-mediated 
AS. As shown in Table  1, we summarized the informa-
tion related to the exosomal components involved in this 
review.

Role of the VSMC phenotypic transition in AS
Although different cell types are involved in AS, VSMCs 
make up the thickest layer of the arterial wall, and their 
status largely reflects the state of the blood vessels. 
VSMCs are highly plastic and capable of phenotypic 
transition in response to different regulatory signals [33]. 
In normal blood vessels, VSMCs are a highly static and 
contractile phenotype associated with elevated levels of 
α-smooth muscle actin (α-SMA), SM 22α, smooth mus-
cle myosin heavy chain, and other contractile marker 
proteins [34].

After vascular injury, VSMCs lose their contractile phe-
notype and switch to a synthetic phenotype. Cells of the 
contractile phenotype are characterized by high expres-
sion of contractile genes and low proliferation and migra-
tion rates, whereas VSMCs of the synthetic phenotype 
express lower levels of contractile genes and have higher 
proliferation and migration rates [35].

In the classical view of the AS mechanisms, the VSMC 
phenotypic transition is believed to lead to the dete-
rioration of AS. Contractive VSMCs shift to syngenesis, 
migrate from the middle membrane to the intima, pro-
liferate, and deposit matrix proteins, which have some 
compensatory significance during the early stage, but 
can cause a damage reaction and lead to plaque thick-
ening during the late stage. At the same time, synthetic 
VSMCs express a variety of fatty acid and cholesterol 
uptake receptors and perform the function of capturing 
fatty acids and cholesterol and filling the cytoplasm with 
lipid droplets, thus facilitating the absorption of lipid and 
the formation of foam cells. Foam cells are swollen vacu-
olated macrophages filled with lipid inclusions that often 
accumulate along arterial walls and are characteristic of 
some disturbed lipid metabolism conditions; foam cells 
are present during all stages of the development of AS. 
Studies have shown that 70% of foam cells are derived 
from VSMCs [36, 37]. In addition, VSMCs can be trans-
formed into a pro-inflammatory and dysfunctional 
macrophage phenotype, which assumes the function of 
macrophages, leading to the deterioration of AS [38, 39].

Vascular calcification is a risk factor for the onset of, 
and death from, AS. The process of vascular calcifica-
tion is similar to that of osteogenesis and is caused by 
the transformation of VSMCs into the osteoblast-like 
phenotype. Osteoblast-like VSMCs secrete bone-related 
protein biomarkers, which are involved in osteoblast dif-
ferentiation, maturation, and other osteogenic processes, 
ultimately leading to calcification of the intima and 
plaque formation [40–42]. However, the osteoblast-like 
phenotype transformation of VSMCs can increase plaque 
stability during the late stage of AS, and prevent plaque 
rupture, which has positive implications.

In conclusion, the phenotypic transition of VSMCs 
plays a damaging and protective role during AS. Identi-
fying the regulatory targets between them, to balance or 
reverse such processes, is a difficult problem.

Roles of exosomes in the regulation of VSMC 
proliferation and migration
Exosomes from circulation participate in the pathogen-
esis of vascular diseases. In one study, plasma-derived 
exosomes from healthy subjects did not promote the pro-
liferation and migration of VSMCs, while plasma-derived 
exosomes from peripheral artery disease (PAD) patients 
promoted the proliferation and migration of VSMCs and 
inhibited the migration of ECs [43]. This may be related 
to the finding that they contain miRNAs with different 
characteristics.

TET2 is a key regulator of the VSMC phenotypic tran-
sition. Bo Li et al. showed that low expression of TET2 in 
exosomes derived from ECs promotes proliferation and 
migration of VSMCs and intimal hyperplasia after arte-
rial injury [44]. Additionally, other studies have shown 
that exosomes released by ECs stimulated by oxidative 
stress enhance proliferation and migration of ECs and 
promote angiogenesis by reducing the expression of miR-
92a-3p in ECs [45]. Interestingly, EC-derived exosomes 
transfer miR-92A-3p to VSMCs and promote prolifera-
tion and migration, exacerbating the inflammatory reac-
tion [46]. In other words, early knockdown of exosomal 
miR-92a-3p expression promotes the proliferation and 
migration of ECs for compensatory repair, while it pro-
motes the proliferation and migration of VSMCs, leading 
to an injury reaction after delivering miR-92a-3p to the 
VSMCs.

Exosomal miR-21-3p targets the downregulation of 
PTEN and triggers the NF-kappaB pathway to promote 
proliferation and migration of VSMCs and accelerate the 
development of plaque in AS; miR-133 suppresses prolif-
eration and migration of VSMCs by downregulating SP-1, 
while miR-143/145 suppresses proliferation and differ-
entiation of VSMCs by inhibiting KLF4/5. miR-663 pro-
motes differentiation of VSMCs and inhibits proliferation 
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and migration by reducing the expression of JunB and 
matrix metalloproteinase (MMP)-9 [47–50]. Exosomes 
derived from foam cells mediate proliferation and migra-
tion of VSMCs through IncRNA LIPCAR, leading to the 
deterioration of AS [51]. Moreover, exosomes promote 
proliferation and migration of VSMCs through miR-222; 
thus, aggravating intimal hyperplasia and vascular reste-
nosis [52].

Fibroblasts are a major producer of the extracellular 
matrix and are involved in AS. Xing et  al. showed that 
exosomes from outer membrane fibroblasts downregu-
late the expression of angiotensin-converting enzyme 
through miR-155-5P, inhibit proliferation and migration 
of VSMCs, and improve the state of vascular remodeling 
[53]. Exosomal miR-221-3p derived from adipose tissue 
is absorbed by VSMCs, which significantly enhances the 
proliferation and migration of VSMCs by targeting per-
oxisome proliferator-activated receptor γ coactivator 
1a and triggering early vascular remodeling in the con-
text of obesity-related inflammation [54]. The exosomes 
derived from mesenchymal stem cells transfer miR-125b 
to VSMCs by inhibiting Myo1e, suppressing the prolif-
eration and migration of VSMCs in vitro, and restraining 
the proliferation of new intima in vivo [55].

Thus, the different exosomal components regulate 
the proliferation and migration of VSMCs to different 
degrees and participate in various processes in AS. Stud-
ies on this aspect have the potential to regulate the pro-
liferation and migration of VSMCs and thus capture the 
progression of AS.

Roles of exosomes in the regulation 
of the osteoblast‑like phenotypic transition
Vascular calcification is widespread in AS, and the cause 
of death in most AS patients is plaque rupture, which is 
mainly related to its components. Studies have shown 
[56] that the plaque most prone to rupture is composed 
of a mixture of calcified and uncalcified tissues; that is, 
early-stage calcification. This plaque is highly unstable 
but is not prone to rupture after complete calcification. 
The transformation of VSMCs into osteoblast-like cells 
is one of the ways that vascular calcification develops. 
Elucidating the mechanism of phenotypic transdifferen-
tiation of VSMC osteoblasts is the key to diagnosing and 
treating vascular calcification.

Zhou et al. [57] reported that exosomal LncRNA H19 
is highly expressed in calcified cell models, where it pro-
motes the transformation of VSMCs into the osteoblast 
phenotype by inhibiting miR-103-3p to upregulate the 
expression of osteoblast-specific markers, such as bone 
morphogenetic protein-2 and osteopontin. Research-
ers have found that microRNA profiles in the exosomes 
derived from calcified VSMCs are significantly altered, 

using deep sequencing and bioinformatics. For exam-
ple, miR-125b inhibits VSMC calcification by inhibiting 
ETS-1, and overexpression of miR-29b accelerates VSMC 
calcification. miR-128-3p promotes cardiovascular calci-
fication through the Wnt pathway [58]. However, these 
studies were conducted in a calcification model, and 
whether this pathway is also applicable to AS needs to be 
verified by a model closer to AS. Han et al. [59] showed 
that exosomes convey miR-223-3p to VSMCs to inhibit 
their osteogenic conversion and vascular calcification 
in AS by blocking the signaling pathway mediated by 
interleukin (IL)-6/STAT3; overexpression of exosomal 
miR-133a inhibits phenotypic transition of VSMCs into 
osteoblasts, and the application of miR-133a inhibitors 
promotes this process [60]. Exosomal miR-204/miR-211 
inhibits the phenotypic transition from VSMCs to osteo-
blasts in a paracrine manner [61], while vascular senes-
cence induced by miR-34a promotes the transformation 
of VSMCs into osteoblasts under high phosphorus con-
ditions [62].

Vascular endothelial growth factor (VEGF) is an 
important regulator of VSMCs and an indicator of dedif-
ferentiation from VSMCs to osteoblast cells. Progress has 
been made on the regulation of VEGF exosomal miRNAs 
[63]. Alkaline phosphatase is another important marker 
of osteogenesis, according to one study [64]. Exosomes 
of vascular ECs stimulated by hyperglycemia regulate 
calcification of VSMCs by upregulating the expression of 
alkaline phosphatase.

Thus, exosomal LncRNA H19, miR-103-3p, and miR-
133a play a key regulatory role in the phenotypic tran-
sition from VSMCs to osteoblasts. Applying specific 
inducers or blockers to intervene at different stages of 
AS may help reduce vascular calcification due to aging 
or plaque rupture events caused by incomplete calcifica-
tion. However, the problem that still needs to be solved 
is that no specific indicators are available for the degree 
of plaque development during the different times in 
which an intervention would achieve a therapeutic effect 
(Fig. 1).

Roles of exosomes in apoptosis of VSMCs in AS
It has been confirmed that apoptosis of VSMCs plays a 
key role in the development of AS. Excessive apoptosis of 
late VSMCs damages the structural integrity of plaque, 
increases instability of the plaque, and leads to plaque 
rupture, thereby promoting the deterioration of AS. In 
addition, the phagocytic function of macrophages is 
inhibited in the plaque environment, leading to the sec-
ondary release of inflammatory factors after apoptosis of 
VSMCs and exacerbation of the inflammatory response 
[65]. Therefore, it is of great significance to study apopto-
sis in VSMCs during AS.
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The expression of miR-106a in exosomes released by 
abdominal aortic aneurysm tissues is higher than that in 
normal tissues, and the enhanced expression of miR-106a 
promotes apoptosis of VSMCs compared with a control 
group [66]. However, other studies have reported that 
THP-1 induced by oxidized low-density lipoprotein (ox-
LDL) can be transfected into VSMCs through exosomes 
to mediate the high expression of miR-106a-3p in VSMCs 
and directly binds to CASP9 to inhibit the caspase path-
way in VSMCs, which alleviates VSMC apoptosis [67]. 
Moreover, circHIPK3 has been confirmed to be enriched 
on exosomes derived from mouse aortic smooth muscle 
and has binding sites for miR-106a-5p, which reduce the 
proliferation of VSMCs and promote apoptosis through 
the circHIPK3/miR-106a-5p/Foxo1 axis [68]; exosomal 
miR-223-5p derived from plasma inhibits VSMC activity 
and promotes apoptosis by downregulating VCAM1 and 
IGF1R [69].

Previous studies have shown increased expression 
of exosomal miR-125b-5p isolated from bone marrow 
mesenchymal stem cells in mice with AS. miR-125b-5p 
reduces the inflammatory response, lowers the lipid level, 
and slows down plaque formation in AS mice by down-
regulating Map4k4. That study also found that the pres-
ence of miR-125b-5p enhances the expression of a-SMA, 
suggesting that the apoptosis rate of VSMCs in AS mice 
decreases after the intervention [70].

All of these studies suggest that regulating the secre-
tion of exosomes to control VSMC apoptosis may be a 
new target for treating AS. Notably, apoptosis of VSMCs 
can have different effects at different stages of AS. Previ-
ous studies have shown that miRNAs, such as miR-106a, 
miR-106a-3p, miR-106a-5p, and miR-125b-5p, are medi-
ated by different exosomes from different cell sources, 
and have important effects on the balance of proliferation 
and apoptosis of VSMCs. Apoptosis of VSMCs can be 
regulated and vascular lumen stenosis can be reduced by 
promoting the secretion of specific exosomes during the 
early stage. When AS progresses to an advanced stage, 
reducing secretion with exosomal component inhibitors 
or antibodies relieves the inflammatory reaction caused 
by excessive VSMC apoptosis, improves plaque stabil-
ity, and reduces the incidence of serious cardiovascular 
events (Fig. 2).

Roles of exosomes in regulating the interaction 
between ECs and VSMCs
AS is the result of pathological changes in many types of 
cells, including ECs, VSMCs, and macrophages. Vascular 
wall lesions in AS are closely related to ECs and VSMCs. 
ECs normally regulate vasodilation, proliferation, migra-
tion of VSMCs, and intercellular adhesion through mol-
ecules that maintain vascular homeostasis [71]. During 
EC injury, NOD1 upregulates the expression of vascular 

Fig. 1  The miR-29b, LncH19/Runx2, miR-34a/TGF-β, and miR-128-3p/Wnt pathways promote the osteoblast phenotype to increase plaque stability. 
The miR-133a/Runx2, miR-204/miRr-211/BMP2, miR-125b/Ets-1, miR-223-3p/IL-6/STAT3, and miR-146a/TXNIP pathways reduce vascular calcification 
and senescence by inhibiting the phenotypic transition from VSMCs to osteoblasts and inducing plaque rupture
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cell adhesion molecule-1 (VCAM-1) through the RIP2-
NF-kappaB axis to promote the recruitment of early leu-
kocytes [72]. In contrast, the endothelium-mesenchymal 
transformation process induced by transforming growth 
factor (TGF)-β generates proinflammatory cells, second-
ary necrotic apoptosis of VSMCs, and unstable plaque 
growth, which increases the incidence of adverse cardio-
vascular events [73]. Endothelial dysfunction and exces-
sive proliferation of VSMCs accelerate the deterioration 
of AS. In previous studies, the independent mechanisms 
of ECs and VSMCs in AS have gradually been under-
stood, but the regulatory mechanism of AS through the 
exchange of information between ECs and VSMCs needs 
further work.

Exosomes act as mediators during cell-to-cell com-
munication. Endothelium-derived exosomes regulated 
various activities and functions of VSMCs. Studies have 
shown that the shear response regulator called Krup-
pel-like factor 2 in ECs significantly upregulates miR-
143/145, and these miRNAs are enriched in exosomes, 
which can be transferred to VSMCs, thus regulating 

the VSMC phenotype and participating in the entire 
AS process [74]. Zhang et  al. reported that exosomal 
LINC01005 derived from ECs induced by ox-LDL pro-
motes the VSMC phenotypic transition by regulating the 
miR-128-3p/KLF4 axis [75]. In addition, TET2 is a key 
factor in the VSMC phenotypic transition, as it protects 
ECs in AS, and exosomes in ECs transfer TET2 from ECs 
to VSMCs, slowing down the proliferation and migra-
tion of VSMCs and the formation of angiogenic intima. 
Inhibiting the EC-derived exosomal transfer of TET2 to 
VSMCs triggers platelet-derived growth factor (PDGF-
BB)-induced phenotypic transition of VSMCs, promot-
ing plaque formation and accelerating the development 
of AS [44].

Angiotensin-converting enzyme 2 (ACE2) is a prom-
ising cardiovascular target. Some research groups have 
reported that exosomes derived from endothelial pro-
genitor cells downregulate the activated NF-kappaB 
pathway by delivering functional ACE2, thereby reducing 
the phenotypic transition of VSMCs induced by angio-
tensin II (Ang II) [76]. This finding indicates that ECs 

Fig. 2  Multivesicular bodies are fused with the cytomembrane and exosomes are released. Exosomes promote the proliferation and migration 
of VSMCs through the miR-92a-3p/PTEN, miR-21-3p/PTEN/NF-kappaB, miRr-222, and lncRNA LIPCAR pathways, leading to intima hyperplasia. 
However, the TET2, miR-133, miR-143/145/KLF4/5, miR-663/JunB, and miR-155-5p/PKG1/NO/cGMP pathways improve the pathological process and 
vascular remodeling by inhibiting proliferation and migration of VSMCs. miR-106A/TIMP-2, circHIPK3/miR-106a-5p/Foxo1, and miR-26b/TGF-β/MAPK 
pathways promote apoptosis of VSMCs to promote a vascular inflammatory reaction and vascular rupture. miR-106a-3p binds CASP9 to inhibit the 
caspase pathway in VSMCs. miR-125b-5p downregulates Map4k4, and both inhibit VSMC apoptosis to reduce vascular stenosis and inflammation
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can communicate with VSMCs through exosomes at 
the precursor stage. Furthermore, vascular aging in dia-
betic patients is an important cause of AS. The vascular 
response under high glucose conditions is mainly related 
to signal transmission between ECs and VSMCs. Studies 
have shown that circRNA0077930 in exosomes secreted 
by the human vascular endothelium inhibits the expres-
sion of miR-622 and accelerates the aging of VSMCs [77]. 
In addition, data suggest that exosomal Notch3 derived 
from ECs regulates calcification and senescence in 
VSMCs through the mTOR signaling pathway under high 
glucose conditions [78].

At the same time, VSMC-derived exosomes can affect 
the function of ECs. VSMC-derived exosomes trans-
duced by KLF5 are absorbed by ECs, enhancing the 
expression of miR-155 to help exosomes transfer miR-
155 from VSMCs to ECs. However, overexpression of this 
VSMC-secreted exosomal miR-155 inhibits the prolifera-
tion and migration of ECs and reduces expression of the 
TJ glycoprotein, thus damaging endothelial barrier func-
tion as well as promoting the occurrence of AS [79].

Exosomes play an important role in information 
exchange between ECs and VSMCs. As molecular carri-
ers, miR-143/145, miR-622, and miR-155 regulate AS by 
affecting message switching between ECs and VSMCs. 
Therefore, this provides a new direction for treating AS 
by studying the mechanism of inducing or inhibiting the 
communication between ECs and VSMCs mediated by 
exosomes.

Roles of exosomes in the regulation 
of the interaction between macrophages 
and VSMCs
Many types of cells play different roles in the develop-
ment of AS. However, macrophages and VSMCs are 
dominant in terms of numbers. During the phenotypic 
transition, VSMCs acquire macrophage characteris-
tics and express macrophage markers, such as CD68 
[80]. Both have high plasticity and can phagocytose 
ox-LDL into lipid-rich foam cells, thus aggravating AS 
[81]. It has also been demonstrated that foam cells and 
necrotic cores of plaques are derived from macrophages 
and VSMCs [82], indicating a close relationship between 
these two cell types. Therefore, the activity of mac-
rophages and VSMCs is critical to the progression and 
outcome of AS, and understanding the interactions and 
molecular changes between them could be a boon for 
patients suffering from AS.

Macrophage-derived exosomes promote the VSMC 
phenotypic transition by activating the c-Jun/AP-1 
signaling pathway [83] and triggering the expression of 
MMP-2 in VSMCs through the JNK and P38 pathways 
[84], both of which accelerate the AS process. New et al. 

proposed that pro-inflammatory macrophages release 
exosomes rich in phosphatidylserine membrane adhe-
sion protein 5 and S100A9 to promote the transition of 
VSMCs into the osteoblast phenotype [85]. Moreover, 
macrophage-derived foam cells secrete more exosomes 
than macrophages to regulate the actin cytoskeleton and 
adhesion pathway, transport information molecules to 
VSMCs, and promote phosphorylation of the ERK and 
Akt pathways in VSMCs in a time-dependent manner, 
which promotes adhesion and migration of VSMCs [86].

To sum up, exosomes regulate the interactions between 
macrophages and VSMCs through multiple pathways. 
Therefore, regulating the status of VSMCs by targeting 
related exosomes to control the activities of macrophages 
and macrophage-derived foam cells can prevent AS. 
For example, exosomes derived from human mesenchy-
mal stromal cells inhibit the activation of macrophages 
through miR-147 [87].

Roles of exosomes in the regulation 
of the interactions between VSMCs
Proliferation, migration, apoptosis, and calcification of 
VSMCs play an important role in AS, and their interac-
tions are crucial for maintaining vascular wall balance. 
In vitro studies have shown that the effect of XBP1S on 
VSMCs controls the migration of ECs through exosomal 
miR-150 derived by VSMCs and the VEGFR/PI3K/Akt 
pathway driven by miR-150, thus regulating the mainte-
nance of vascular homeostasis [88]. This finding indicates 
that the interactions between VSMCs and VSMCs may 
also involve intermediary cells. However, it is unclear 
whether VSMCs can directly regulate the phenotype of 
the same cell type through exosomes (Fig. 3).

Discussion
VSMCs are highly specialized, highly plastic cells that 
exchange information with other cells and change into 
different phenotypes under the regulation of peripheral 
signaling molecules. The phenotypic transition ability of 
VSMCs is an inherent characteristic of this type of cell, 
which evolved in higher organisms. For example, during 
the early stage of AS, VSMCs switch to the proliferative 
migration phenotype, promoting intima neogenesis and 
vascular repair, while in the late stage of plaque, VSMCs 
switch to the osteoblast phenotype, promoting com-
plete plaque calcification and increasing plaque stabil-
ity. Therefore, this ability of VSMCs confers a survival 
advantage.

Exosomes may help identify novel therapeutic tar-
gets to promote vascular repair, enhance the stability of 
plaque, and promote the establishment of collateral cir-
culation, which maximizes the beneficial effects of the 
VSMC phenotypic transition. Inhibiting the expression 
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of exosomal miR-92a-3p, miR-21-3p, miR-663, and miR-
222, and promoting the expression of exosomal miR-133, 
miR-143/145, and miR155-5p effectively restrain the pro-
liferation and migration of VSMCs and improves vascular 
remodeling in AS. Regulation of exosomal LncRNA H19, 
miR-103-3p, miR-133a, miR-204/miR-211, and miR-34a 
may control the phenotypic transition from VSMC to 
osteoblast, effectively regulating vascular aging, calci-
fication, and plaque stability in AS. Exosomal miR-146a 
is expected to play a positive role in protecting VSMCs 
from osteogenic differentiation and alleviating vascu-
lar calcification by targeting the increase of TXNIP in 
VSMCs [89] and simultaneously reducing the expression 
of osteogenic genes and reactive oxygen species. Exoso-
mal miR-106a, miR-106a-3p, circHIPK3, miR-106a-5p, 
and miR-125b-5p are closely related to apoptosis of 
VSMCs. Intervening in their expression during differ-
ent stages of AS may balance the proportion of apoptotic 
cells, maintain vascular elasticity, and reduce the degree 
of obstruction. New therapeutic targets to fundamentally 
control the phenotypic transition of VSMCs and the dis-
ease progression of AS are expected.

In addition to the studies described above, two 
recent studies have suggested the therapeutic poten-
tial of exosomes. Ke et  al. suggested that endothelial 

colony-forming cell-derived exosomes regulate lipid 
homeostasis, activate autophagy, attenuate vascu-
lar endothelial injury, and play a protective role in AS 
[90]. Zhang et al. reported that mesenchymal stem cell-
derived exosomes fight against damaged ECs induced by 
ox-LDL and restore vascular activity by fetal-lethal non-
coding developmental regulatory RNA [91]. In addition, 
exosomes have a lipid bilayer membrane structure, which 
protects the encapsulated substances and targets specific 
cells or tissues. Therefore, exosomes are a well-targeted 
drug delivery system with bright prospects in precision 
medicine.

In addition to these therapeutic effects, exosomes are 
promising biomarkers for diagnosing and predicting AS. 
The measurement of exosomal miRNAs indicated [92] 
that exosomes of healthy individuals do not carry a sig-
nificant number of miRNAs, which is to say that diseases 
may occur because a large number of exosomes with 
similar functions work together, so a significant increase 
in the number of particular miRNAs can be detected. 
Moreover, exosomes are easy to isolate, carry AS-specific 
signaling molecules, and are more sensitive and specific 
than miRNAs in the circulating blood [93]. Many stud-
ies have suggested that exosomes and their encapsulated 
miRNAs have diagnostic potential in AS. For example, 

Fig. 3  Macrophage-derived exosomal miR-155-5p and miR-221-5p promote EC proliferation to help vascular angiogenesis. EC-derived exosomal 
circRNA007793 inhibits miR-622 to promote cell aging. LINC01005 promotes proliferation and migration of VSMCs by regulating the miR-128-3p/
KLF4 axis, while ACE2 down-regulates the activated NF-kappaB pathway to inhibit this process. Notch3 promotes the aging of VSMCs to ease 
vasosclerosis through the mTOR signaling pathway. VSMC-derived exosomal miR-155 inhibits EC proliferation to prevent damage to the vascular 
endothelium
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miR-16-5p, miR-486-5p, and miR-30c-5p are associated 
with the recurrence of ischemic events after carotid ath-
erosclerosis [94], while miR-30e and miR-92a are nega-
tively correlated with plasma cholesterol levels and are 
upregulated in AS [95].

Exosomes have stimulated new ideas for prevent-
ing and treating AS, but also bring new challenges. For 
example, most studies on the communication between 
specific types of cells have focused on the one-way regu-
lation of information transferred by exosomes from one 
cell type to another cell type. The interaction between 
cells is mutual, and the information exchange between 
two types of cells should also be bidirectional, particu-
larly during AS in which ECs, VSMCs, and macrophages 
interact. They are upstream and downstream emissar-
ies of each other and determine the progress and out-
comes of AS together. Therefore, the study of exosomal 
communication between multiple cells has great pros-
pects. Second, exosomes are involved in the metabolism, 
transport, and catabolism of lipids in vivo [96], and lipid 
accumulation and metabolism in VSMCs are also closely 
related to the development of AS; however, no study on 
exosomes in VSMC lipid metabolism is available. In addi-
tion, the balance point to regulate the phenotypic transi-
tion of VSMCs must be identified, and then the critical 
molecular mechanisms leading to ongoing AS will be 
found. However, how various types of cells respond to 
environmental molecules is poorly understood. When a 
specific exosomal component inhibitor is used, even if 
it has a target effect on VSMCs, it may have side effects 
on other surrounding cells, such as apoptosis, activation 
of various MMPs, or promoting the release of inflamma-
tory mediators, which could lead to deterioration of end-
stage AS and to serious cardiovascular events. Therefore, 
in addition to identifying the key exosomal components 
involved in this process, screening of specific pathways 
for the actions of these components on target cells is 
needed. More standardized in vitro isolation methods are 
needed to apply exosomes as diagnostic biomarkers.

Conclusion
In brief, the pathogenesis of AS is not only dependent 
on a single change in a particular cell but is affected by 
a variety of pathological changes in multiple cell types. 
The phenotypic transition of VSMCs is an important 
process in the development of AS, as well as a major fac-
tor affecting AS vascular wall lesions. Several studies 
have confirmed that targeting the response of VSMCs 
by exosomes can prevent or aggravate AS. Therefore, 
VSMCs can be used as a gene therapy guide vector to 
target cells. The study of the phenotypic transition of 
VSMCs regulated by exosomes will provide a new direc-
tion for preventing, diagnosing, treating, and prognosing 

AS. Future studies should focus on validating specific 
exosomal components as biomarkers for detecting an 
early risk of AS and finding novel strategies for treating 
AS with exosomal components that target VSMCs. Fur-
thermore, more research is needed to address other chal-
lenges posed by exosomes.

Abbreviations
AS: Atherosclerosis; VSMC: Vascular smooth muscle cell; EC: Endothelial cell; 
MAC: Macrophage; MVB: Multivesicularbody; MSC: Mesenchymal stem cell; 
HUVEC: Human umbilical vein endothelial cell; PASMC: Pulmonary artery 
smooth muscle cell; ESC: Embryonic stem cell; EPC: Endothelial progenitor cell; 
LPS: Cytosolic lipopolysaccharide; α-SMA: α-Smooth muscle actin; SMMHC: 
Smooth muscle myosin heavy chain; ACE2: Angiotensin-converting enzyme 2; 
ECM: Extracellular matrix; TNBS: Trinitrobenzene sulfonic acid; HAVIC: Human 
aortic valve interstitial cell; EMT: Epithelial-mesenchymal transition; DCM: 
Dilated cardiomyopathy; HAEC: Human aortic endothelial cell; CMVEC: Cardiac 
microvascular endothelial cell; BMSC: Bone marrow mesenchymal stem cell; 
CMEC: Cardiac microvascular endothelial cell; Ang II: Angiotesin II; ox-LDL: 
Oxidized low-density lipoprotein.

Acknowledgements
Not applicable.

Author contributions
Yao drafted the manuscript in detail, draw and correct figures. Cai counted 
and plotted the table. Chen, Zhang and Zhuang researched literatures and 
supplementary the article content. Liang and Li critically revised the article 
for important intellectual content. All authors read and approved the final 
manuscript.

Funding
Supported by The National Natural Science Foundation of China (Grant No. 
82100413). Supported by Jiangsu Students’ Innovation and Entrepreneurship 
Training Program (202111117116Y).

Availability of data and materials
Not applicable.

Declarations

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
None declared.

Author details
1 Institute of Translational Medicine, Medical College, Yangzhou University, 
Yangzhou 225009, Jiangsu, China. 2 Department of Neurology, Afliated Hospi-
tal of Yangzhou University, Yangzhou 225001, China. 3 Jiangsu Key Laboratory 
of Experimental and Translational Non‑Coding RNA Research, Yangzhou 
University, Yangzhou 225009, Jiangsu, China. 

Received: 8 March 2022   Accepted: 31 July 2022

References
	 1.	 Chistiakov DA, Orekhov AN, Bobryshev YV. Vascular smooth muscle cell 

in atherosclerosis. Acta Physiol. 2015;214(1):33–50.



Page 14 of 17Yao et al. Cell Communication and Signaling          (2022) 20:153 

	 2.	 Abels ER, Breakefield XO. Introduction to extracellular vesicles: bio-
genesis, RNA Cargo selection, content, release, and uptake. Cell Mol 
Neurobiol. 2016;36(3):301–12.

	 3.	 Villasante A, Marturano-Kruik A, Ambati SR, et al. Recapitulating the 
size and Cargo of tumor exosomes in a tissue-engineered model. 
Theranostics. 2016;6(8):1119–30.

	 4.	 Zaborowski MP, Balaj L, Breakefield XO, et al. Extracellular vesicles: 
composition, biological relevance, and methods of study. Bioscience. 
2015;65(8):783–97.

	 5.	 Borges FT, Reis LA, Schor N. Extracellular vesicles: structure, function, 
and potential clinical uses in renal diseases. Braz J Med Biol Res. 
2013;46(10):824–30.

	 6.	 Zhang L, Yu D. Exosomes in cancer development, metastasis, and 
immunity. Biochim Biophys Acta Rev Cancer. 2019;1871(2):455–68.

	 7.	 Doyle LM, Wang MZ. Overview of extracellular vesicles, their origin, 
composition, purpose, and methods for exosome isolation and 
analysis. Cells. 2019;8(7):727.

	 8.	 Sonoda H, Yokota-Ikeda N, Oshikawa S, et al. Decreased abundance 
of urinary exosomal aquaporin-1 in renal ischemia-reperfusion injury. 
Am J Physiol Renal Physiol. 2009;297(4):F1006–16.

	 9.	 Haney MJ, Klyachko NL, Zhao Y, et al. Exosomes as drug deliv-
ery vehicles for Parkinson’s disease therapy. J Control Release. 
2015;10(207):18–30.

	 10.	 Kibria G, Ramos EK, Wan Y, et al. Exosomes as a drug delivery 
system in cancer therapy: potential and challenges. Mol Pharm. 
2018;15(9):3625–33.

	 11.	 Alvarez-Erviti L, Seow Y, Yin H, et al. Delivery of siRNA to the mouse 
brain by systemic injection of targeted exosomes. Nat Biotechnol. 
2011;29(4):341–5.

	 12.	 Barile L, Vassalli G. Exosomes: therapy delivery tools and biomarkers 
of diseases. Pharmacol Ther. 2017;174:63–78.

	 13.	 Kamerkar S, LeBleu VS, Sugimoto H, et al. Exosomes facilitate thera-
peutic targeting of oncogenic KRAS in pancreatic cancer. Nature. 
2017;546(7659):498–503.

	 14.	 Théry C, Boussac M, Véron P, et al. Proteomic analysis of dendritic cell-
derived exosomes: a secreted subcellular compartment distinct from 
apoptotic vesicles. J Immunol. 2001;166(12):7309–18.

	 15.	 Anakor E, Le Gall L, Dumonceaux J, et al. Exosomes in ageing and 
motor neurone disease: biogenesis, uptake mechanisms, modifica-
tions in disease and uses in the development of biomarkers and 
therapeutics. Cells. 2021;10(11):2930.

	 16.	 Bretz NP, Ridinger J, Rupp AK, et al. Body fluid exosomes promote 
secretion of inflammatory cytokines in monocytic cells via Toll-like 
receptor signaling. J Biol Chem. 2013;288(51):36691–702.

	 17.	 Escrevente C, Keller S, Altevogt P, et al. Interaction and uptake of 
exosomes by ovarian cancer cells. BMC Cancer. 2011;27(11):108.

	 18.	 Hakulinen J, Junnikkala S, Sorsa T, et al. Complement inhibitor mem-
brane cofactor protein (MCP; CD46) is constitutively shed from can-
cer cell membranes in vesicles and converted by a metalloproteinase 
to a functionally active soluble form. Eur J Immunol. 2004;34:2620–9.

	 19.	 Prada I, Meldolesi J. Binding and fusion of extracellular vesicles to the 
plasma membrane of their cell targets. Int J Mol Sci. 2016;17(8):1296.

	 20.	 Tian T, Zhu YL, Zhou YY, et al. Exosome uptake through clathrin-
mediated endocytosis and macropinocytosis and mediating miR-21 
delivery. J Biol Chem. 2014;289:22258–67.

	 21.	 Nanbo A, Kawanishi E, Yoshida R, et al. Exosomes derived from 
Epstein–Barr virus-infected cells are internalized via Caveola-depend-
ent endocytosis and promote phenotypic modulation in target cells. 
J Virol. 2013;87:10334–47.

	 22.	 Polanco JC, Li C, Durisic N, et al. Exosomes taken up by neurons 
hijack the endosomal pathway to spread to interconnected neurons. 
Acta Neuropathol Commun. 2018;6:10.

	 23.	 Wang C, Li Z, Liu Y, et al. Exosomes in atherosclerosis: perform-
ers, bystanders, biomarkers, and therapeutic targets. Theranostics. 
2021;11(8):3996–4010.

	 24.	 Kirchhausen T. Clathrin. Annu Rev Biochem. 2000;69:699–727.
	 25.	 El-Sayed A, Harashima H. Endocytosis of gene delivery vectors: from 

clathrin-dependent to lipid raft-mediated endocytosis. Mol Ther. 
2013;21(6):1118–30.

	 26.	 Ha D, Yang N, Nadithe V. Exosomes as therapeutic drug carriers and 
delivery vehicles across biological membranes: current perspectives 
and future challenges. Acta Pharm Sin B. 2016;6(4):287–96.

	 27.	 Kalluri R, LeBleu VS. The biology, function, and biomedical applications 
of exosomes. Science. 2020;367(6478):eaau6977.

	 28.	 Harding CV, Heuser JE, Stahl PD. Exosomes: Looking back three decades 
and into the future. J Cell Biol. 2013;200(4):367–71. https://​doi.​org/​10.​
1083/​jcb.​20121​2113.

	 29.	 Xie Y, Chen Y, Zhang L, et al. The roles of bone-derived exosomes and 
exosomal microRNAs in regulating bone remodelling. J Cell Mol Med. 
2017;21(5):1033–41.

	 30.	 Radosinska J, Bartekova M. Therapeutic potential of hematopoietic 
stem cell-derived exosomes in cardiovascular disease. Adv Exp Med 
Biol. 2017;998:221–35.

	 31.	 Barile L, Moccetti T, Marban E, Vassalli G. Roles of exosomes in cardio-
protection. Eur Heart J. 2017;38:1372–9. https://​doi.​org/​10.​1093/​eurhe​
artj/​ehw304.

	 32.	 Bang C, Batkai S, Dangwal S, et al. Cardiac fibroblast–derived microRNA 
passenger strand-enriched exosomes mediate cardiomyocyte hyper-
trophy. J Clin Invest. 2014;124(5):2136–46.

	 33.	 Alexander MR, Owens GK. Epigenetic control of smooth muscle cell 
differentiation and phenotypic switching in vascular development and 
disease. Annu Rev Physiol. 2012;74:13–40.

	 34.	 Lu QB, Wan MY, Wang PY, et al. Chicoric acid prevents PDGF-BB-
induced VSMC dedifferentiation, proliferation and migration by 
suppressing ROS/NFκB/mTOR/P70S6K signaling cascade. Redox Biol. 
2018;14:656–68.

	 35.	 Li FJ, Zhang CL, Luo XJ, et al. Involvement of the miR-181b-5p/HMGB1 
pathway in Ang II-induced phenotypic transition of Smooth Muscle 
Cells in hypertension. Aging Dis. 2019;10(2):231–48.

	 36.	 Niedzielski M, Broncel M, Gorzelak-Pabiś P, et al. New possible phar-
macological targets for statins and ezetimibe. Biomed Pharmacother. 
2020;129:110388.

	 37.	 Frismantiene A, Philippova M, Erne P, et al. Smooth muscle cell-driven 
vascular diseases and molecular mechanisms of VSMC plasticity. Cell 
Signal. 2018;52:48–64.

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

	 39.	 Giannotti KC, Weinert S, Viana MN, et al. A secreted phospholipase A2 
induces formation of smooth muscle foam cells which transdifferenti-
ate to macrophage-like state. Molecules. 2019;24(18):3244.

	 40.	 Boström KI, Rajamannan NM, Towler DA. The regulation of valvu-
lar and vascular sclerosis by osteogenic morphogens. Circ Res. 
2011;109(5):564–77.

	 41.	 Trion A, van der Laarse A. Vascular smooth muscle cells and calcification 
in atherosclerosis. Am Heart J. 2004;147:808–14.

	 42.	 Kameda T, Ohkawa R, Yano K, et al. Effects of myeloperoxidase-induced 
oxidation on antiatherogenic functions of high-density lipoprotein. J 
Lipids J Lipids. 2015;2015:592594.

	 43.	 Sorrentino TA, Duong P, Bouchareychas L, et al. Circulating exosomes 
from patients with peripheral artery disease influence vascular 
cell migration and contain distinct microRNA cargo. JVS Vasc Sci. 
2020;1:28–41.

	 44.	 Li B, Zang G, Zhong W, et al. Activation of CD137 signaling promotes 
neointimal formation by attenuating TET2 and transferrring from 
endothelial cell-derived exosomes to vascular smooth muscle cells. 
Biomed Pharmacother. 2020;121:109593.

	 45.	 Li S, Yuan L, Su L, et al. Decreased miR-92a-3p expression potentially 
mediates the pro-angiogenic effects of oxidative stress-activated 
endothelial cell-derived exosomes by targeting tissue factor. Int J Mol 
Med. 2020;46(5):1886–98.

	 46.	 Jansen F, Yang X, Proebsting S, et al. MicroRNA expression in circulating 
microvesicles predicts cardiovascular eventsin patients with coronary 
artery disease. J Am Heart Assoc. 2014;3(6):e001249.

	 47.	 Zhu J, Liu B, Wang Z, et al. Exosomes from nicotine-stimulated 
macrophages accelerate atherosclerosis through miR-21-3p/
PTEN-mediated VSMC migration and proliferation. Theranostics. 
2019;9(23):6901–19.

	 48.	 Torella D, Iaconetti C, Catalucci D, et al. MicroRNA-133 controls vascular 
smooth muscle cell phenotypic switch in vitro and vascular remodeling 
in vivo. Circ Res. 2011;109(8):880–93.

https://doi.org/10.1083/jcb.201212113
https://doi.org/10.1083/jcb.201212113
https://doi.org/10.1093/eurheartj/ehw304
https://doi.org/10.1093/eurheartj/ehw304


Page 15 of 17Yao et al. Cell Communication and Signaling          (2022) 20:153 	

	 49.	 Fish JE, Santoro MM, Morton SU, et al. miR-126 regulates angiogenic 
signaling and vascular integrity. Dev Cell. 2008;15(2):272–84.

	 50.	 Li P, Zhu N, Yi B, et al. MicroRNA-663 regulates human vascular smooth 
muscle cell phenotypic switch and vascular neointimal formation. Circ 
Res. 2013;113(10):1117–27.

	 51.	 Hu N, Zeng XX, Tang FF, et al. Exosomal long non-coding RNA LIPCAR 
derived from oxLDL-treated THP-1 cells regulates the proliferation of 
human umbilical vein endothelial cells and human vascular smooth 
muscle cells. Biochem Biophys Res Commun. 2021;575:65–72.

	 52.	 Wang Z, Zhu H, Shi H, et al. Exosomes derived from M1 macrophages 
aggravate neointimal hyperplasia following carotid artery injuries in 
mice through miR-222/CDKN1B/CDKN1C pathway. Cell Death Dis. 
2019;10(6):422.

	 53.	 Ren XS, Tong Y, Qiu Y, et al. MiR155-5p in adventitial fibroblasts-derived 
extracellular vesicles inhibits vascular smooth muscle cell proliferation 
via suppressing angiotensin-converting enzyme expression. J Extracell 
Vesicles J Extracell Vesicles. 2019;9(1):1698795.

	 54.	 Li X, Ballantyne LL, Yu Y, et al. Perivascular adipose tissue-derived 
extracellular vesicle miR-221-3p mediates vascular remodeling. FASEB J. 
2019;33(11):12704–22.

	 55.	 Wang D, Gao B, Yue J, et al. Exosomes from mesenchymal stem cells 
expressing miR-125b inhibit neointimal hyperplasia via myosin IE. J Cell 
Mol Med. 2019;23(2):1528–40.

	 56.	 Nicoll R, Henein MY. Arterial calcification: friend or foe? Int J Cardiol. 
2013;167(2):322–7.

	 57.	 Zhou W, Feng Q, Cheng M, et al. LncRNA H19 sponges miR-103-3p to 
promote the high phosphorus-induced osteoblast phenotypic transi-
tion of vascular smooth muscle cells by upregulating Runx2. Cell Signal. 
2022;91:110220.

	 58.	 Pan W, Liang J, Tang H, et al. Differentially expressed microRNA profiles 
in exosomes from vascular smooth muscle cells associated with coro-
nary artery calcification. Int J Biochem Cell Biol. 2020;118:105645.

	 59.	 Han Y, Zhang J, Huang S, et al. MicroRNA-223-3p inhibits vascular cal-
cification and the osteogenic switch of vascular smooth muscle cells. J 
Biol Chem. 2021;296:100483.

	 60.	 Liao XB, Zhang ZY, Yuan K, et al. miR-133a modulates osteogenic 
differentiation of vascular smooth muscle cells. Endocrinology. 
2013;154(9):3344–52.

	 61.	 Xu F, Zhong JY, Lin X, et al. Melatonin alleviates vascular calcification 
and ageing through exosomal miR-204/miR-211 cluster in a paracrine 
manner. J Pineal Res. 2020;68(3):e12631.

	 62.	 Raucci A, Macrì F, Castiglione S, et al. MicroRNA-34a: the bad guy in 
age-related vascular diseases. Cell Mol Life Sci. 2021;78(23):7355–78.

	 63.	 Chaturvedi P, Chen NX, O’Neill K, et al. Differential miRNA expression in 
cells and matrix vesicles in vascular smooth muscle cells from rats with 
kidney disease. PLoS ONE. 2015;10:e0131589.

	 64.	 Li S, Zhan JK, Wang YJ, et al. Exosomes from hyperglycemia-stimulated 
vascular endothelial cells contain versican that regulate calcification/
senescence in vascular smooth muscle cells. Cell Biosci. 2019;9:1.

	 65.	 Basa Temur GL, Jørgensen HF, Clarke MCH, et al. Vascular smooth mus-
cle cells in atherosclerosis. Nat Rev Cardiol. 2019;16(12):727–44.

	 66.	 Han ZL, Wang HQ, Zhang TS, et al. Up-regulation of exosomal miR-106a 
may play a significant role in abdominal aortic aneurysm by inducing 
vascular smooth muscle cell apoptosis and targeting TIMP-2, an inhibi-
tor of metallopeptidases that suppresses extracellular matrix degrada-
tion. Eur Rev Med Pharmacol Sci. 2020;24(15):8087–95.

	 67.	 Liu Y, Zhang WL, Gu JJ, et al. Exosome-mediated miR-106a-3p derived 
from ox-LDL exposed macrophages accelerated cell proliferation and 
repressed cell apoptosis of human vascular smooth muscle cells. Eur 
Rev Med Pharmacol Sci. 2020;24(12):7039–50.

	 68.	 Wang SH, Shi M, Li YY, et al. Endothelial cell-derived exosomal circHIPK3 
promotes the proliferation of vascular smooth muscle cells induced 
by high glucose via the miR-106a-5p/Foxo1/Vcam1 pathway. Aging. 
2021;13(23):25241–55.

	 69.	 Deng Y, Tong J, Shi W, et al. Thromboangiitis obliterans plasma-derived 
exosomal miR-223-5p inhibits cell viability and promotes cell apoptosis 
of human vascular smooth muscle cells by targeting VCAM1. Ann Med. 
2021;53(1):1129–41.

	 70.	 Lin F, Zhang SH, Liu X, et al. Mouse bone marrow derived mesenchy-
mal stem cells-secreted exosomal microRNA-125b-5p suppresses 

atherosclerotic plaque formation via inhibiting Map4k4. Life Sci. 
2021;274:119249.

	 71.	 Rajendran P, Rengarajan T, Thangavel J, et al. The vascular endothelium 
and human diseases. Int J Biol Sci. 2013;9(10):1057–69.

	 72.	 González-Ramos S, Paz-García M, Rius C, et al. Endothelial NOD1 directs 
myeloid cell recruitment in atherosclerosis through VCAM-1. Faseb J. 
2019;33(3):3912–21.

	 73.	 Chen PY, Simons M. FGF-TGFβ dialogues, endothelial cell to 
mesenchymal transition, and atherosclerosis. Curr Opin Lipidol. 
2018;29(5):397–403.

	 74.	 Hergenreider E, Heydt S, Tréguer K, et al. Atheroprotective communi-
cation between endothelial cells and smooth muscle cells through 
miRNAs. Nat Cell Biol. 2012;14(3):249–56.

	 75.	 Zhang Z, Yi D, Zhou J, et al. Exosomal LINC01005 derived from oxidized 
low-density lipoprotein-treated endothelial cells regulates vascular 
smooth muscle cell phenotypic switch. BioFactors. 2020;46(5):743–53.

	 76.	 Wang J, Li J, Cheng C, et al. Angiotensin-converting enzyme 2 
augments the effects of endothelial progenitor cells-exosomes on 
vascular smooth muscle cell phenotype transition. Cell Tissue Res. 
2020;382(3):509–18.

	 77.	 Wang S, Zhan JK, Lin X, et al. CircRNA-0077930 from hyperglycaemia-
stimulated vascular endothelial cell exosomes regulates senescence in 
vascular smooth muscle cells. Cell Biochem Funct. 2020;38(8):1056–68.

	 78.	 Lin X, Li S, Wang YJ, et al. Exosomal Notch3 from high glucose-stimu-
lated endothelial cells regulates vascular smooth muscle cells calcifica-
tion/aging. Life Sci. 2019;232:116582.

	 79.	 Zheng B, Yin WN, Suzuki T, et al. Exosome-mediated miR-155 transfer 
from smooth muscle cells to endothelial cells induces endothelial 
injury and promotes atherosclerosis. Mol Ther. 2017;25(6):1279–94.

	 80.	 Feil S, Fehrenbacher B, Lukowski R, et al. Transdifferentiation of vascular 
smooth muscle cells to macrophage-like cells during atherogenesis. 
Circ Res. 2014;115(7):662–7.

	 81.	 Basatemur GL, Jørgensen HF, Clarke MCH, et al. Vascular smooth muscle 
cells in atherosclerosis. Nat Rev Cardiol. 2019;16(12):727–44.

	 82.	 Chistiakov DA, Melnichenko AA, Myasoedova VA, et al. Mechanisms of 
foam cell formation in atherosclerosis. J Mol Med. 2017;95(11):1153–65.

	 83.	 Yan W, Li T, Yin T, et al. M2 macrophage-derived exosomes promote 
the c-KIT phenotype of vascular smooth muscle cells during vascular 
tissue repair after intravascular stent implantation. Theranostics. 
2020;10(23):10712–28.

	 84.	 Wang Y, Jia L, Xie Y, et al. Involvement of macrophage-derived 
exosomes in abdominal aortic aneurysms development. Atherosclero-
sis. 2019;289:64–72.

	 85.	 New SE, Goettsch C, Aikawa M, et al. Macrophage-derived matrix 
vesicles: an alternative novel mechanism for microcalcification in 
atherosclerotic plaques. Circ Res. 2013;113(1):72–7.

	 86.	 Niu C, Wang X, Zhao M, et al. Macrophage foam cell-derived extracel-
lular vesicles promote vascular smooth muscle cell migration and 
adhesion. J Am Heart Assoc. 2016;5(10):e004099.

	 87.	 Spinosa M, Lu G, Su G, et al. Human mesenchymal stromal cell-
derived extracellular vesicles attenuate aortic aneurysm forma-
tion and macrophage activation via microRNA-147. FASEB J. 
2018;32(11):fj20170138RR.

	 88.	 Heindryckx F, Binet F, Ponticos M, et al. Endoplasmic reticulum stress 
enhances fibrosis through IRE1α-mediated degradation of miR-150 and 
XBP-1 splicing. EMBO Mol Med. 2016;8(7):729–44.

	 89.	 Wang Y, Ma WQ, Zhu Y, et al. Exosomes derived from mesenchymal 
stromal cells pretreated with advanced glycation end product-bovine 
serum albumin inhibit calcification of vascular smooth muscle cells. 
Front Endocrinol. 2018;9:524.

	 90.	 Ke X, Liao Z, Luo X, et al. Endothelial colony-forming cell-derived 
exosomal miR-21-5p regulates autophagic flux to promote vascular 
endothelial repair by inhibiting SIPL1A2 in atherosclerosis. Cell Com-
mun Signal. 2022;20(1):30.

	 91.	 Zhang N, Luo Y, Zhang H, et al. Exosomes derived from mesenchymal 
stem cells ameliorate the progression of atherosclerosis in ApoE-/- mice 
via FENDRR. Cardiovasc Toxicol. 2022;22(6):528–44.

	 92.	 Chevillet JR, Kang Q, Ruf IK, et al. Quantitative and stoichiometric 
analysis of the microRNA content of exosomes. Proc Natl Acad Sci USA. 
2014;111(41):14888–93.



Page 16 of 17Yao et al. Cell Communication and Signaling          (2022) 20:153 

	 93.	 Jansen F, Yang X, Proebsting S, et al. MicroRNA expression in circulating 
microvesicles predicts cardiovascular events in patients with coronary 
artery disease. J Am Heart Assoc. 2014;3(6):e001249.

	 94.	 Jiang H, Toscano JF, Song SS, et al. Differential expression of circulating 
exosomal microRNAs in refractory intracranial atherosclerosis associ-
ated with antiangiogenesis. Sci Rep. 2019;9(1):19429.

	 95.	 Wang Z, Zhang J, Zhang S, et al. miR-30e and miR-92a are related to 
atherosclerosis by targeting ABCA1. Mol Med Rep. 2019;19(4):3298–304.

	 96.	 Wang W, Zhu N, Yan T, et al. The crosstalk: exosomes and lipid metabo-
lism. Cell Commun Signal. 2020;18(1):119.

	 97.	 Gan X, Zhao HH, Wei Y, et al. Role of miR-92a-3p, oxidative stress, and 
p38 MAPK/NF-κB pathway in rats with central venous catheter related 
thrombosis. BMC Cardiovasc Disorders. 2020;20(1):150.

	 98.	 Xu YC, Miao CB, Cui JZ, et al. miR-92a-3p promotes ox-LDL induced-
apoptosis in HUVECs via targeting SIRT6 and activating MAPK signaling 
pathway. Braz J Med Biol Res. 2021;54(3):e9386.

	 99.	 Shao MZ, Yu MY, Zhao J, et al. miR-21-3p regulates AGE/RAGE signal-
ling and improves diabetic atherosclerosis. Cell Biochem Funct. 
2020;38(7):965–75.

	100.	 Li P, Song JW, Du H, et al. MicroRNA-663 prevents monocrotaline-
induced pulmonary arterial hypertension by targeting TGF-β1/smad2/3 
signaling. J Mol Cell Cardiol. 2021;161:9–22.

	101.	 Afonyushkin T, Odkolkova OV, Bochkov VN. Permissive role of miR-663 
in induction of VEGF and activation of the ATF4 branch of unfolded 
protein response in endothelial cells by oxidized phospholipids. Ath-
erosclerosis. 2012;225(1):50–5.

	102.	 Tong XY, Chen JJ, Liu W, et al. LncRNA LSINCT5/miR-222 regulates 
myocardial ischemia-reperfusion injury through PI3K/AKT pathway. J 
Thromb Thrombolysis. 2021;52(3):720–9.

	103.	 Wang Z, Wang ZM, Gao L, et al. miR-222 inhibits cardiac fibrosis in dia-
betic mice heart via regulating Wnt/β-catenin-mediated endothelium 
to mesenchymal transition. J Cell Physiol. 2020;235(3):2149–60.

	104.	 Chen L, Zheng SY, Yang CQ, et al. MiR-155-5p inhibits the proliferation 
and migration of VSMCs and HUVECs in atherosclerosis by target. Eur 
Rev Med Pharmacol Sci. 2019;23(5):2223–33.

	105.	 Zhao FL, Wu Y, Yang W, et al. Inhibition of vascular calcification by 
microRNA-155-5p is accompanied by the inactivation of TGF-β1/
Smad2/3 signaling pathway. Acta Histochem. 2020;122(4):151551.

	106.	 Pan JX. LncRNA H19 promotes atherosclerosis by regulating MAPK and 
NF-kB signaling pathway. Eur Rev Med Pharmacol Sci. 2017;21(2):322–8.

	107.	 Zhang L, Cheng HL, Yue YX, et al. H19 knockdown suppresses prolifera-
tion and induces apoptosis by regulating miR-148b/WNT/β-catenin in. 
J Biomed Sci. 2018;25(1):11.

	108.	 Boucher JM, Peterson SM, Urs S, et al. The miR-143/145 cluster is a novel 
transcriptional target of Jagged-1/Notch signaling in vascular smooth 
muscle cells. J Biol Chem. 2011;286(32):28312–21.

	109.	 Chandy M, Ishida M, Shikatani EA, et al. c-Myb regulates transcriptional 
activation of miR-143/145 in vascular smooth muscle cells. PLoS ONE. 
2018;13(8):e0202778.

	110.	 Zhu YQ, Zhao PC, Sun L, et al. Overexpression of circRNA SNRK targets 
miR-103-3p to reduce apoptosis and promote cardiac repair through 
GSK3β/β-catenin pathway in rats with myocardial infarction. Cell Death 
Discov. 2021;7(1):84.

	111.	 Yu BT, Yu N, Wang Y, et al. Role of miR-133a in regulating TGF-β1 signal-
ing pathway in myocardial fibrosis after acute myocardial infarction in 
rats. Eur Rev Med Pharmacol Sci. 2019;23(19):8588–97.

	112.	 Wang LZ, Xi JN, Liu TJ, et al. MiR-204 reduces apoptosis in rats with 
myocardial infarction by targeting SIRT1/p53 signaling pathway. Eur 
Rev Med Pharmacol Sci. 2020;24(23):12306–14.

	113.	 Su G, Sun GL, Liu H, et al. Downregulation of miR-34a promotes 
endothelial cell growth and suppresses apoptosis in atherosclerosis by 
regulating Bcl-2. Heart Vessels. 2018;33(10):1185–94.

	114.	 Zhang FY, Gao F, Wang K, et al. MiR-34a inhibitor protects mesenchymal 
stem cells from hyperglycaemic injury through the activation of the 
SIRT1/FoxO3a autophagy pathway. Stem Cell Res Ther. 2021;12(1):115.

	115.	 Li JH, Dai J, Han B, et al. MiR-34a regulates cell apoptosis after myocar-
dial infarction in rats through the Wnt/β-catenin signaling pathway. Eur 
Rev Med Pharmacol Sci. 2019;23(6):2555–62.

	116.	 Rong JF, Xu JJ, Liu Q, et al. Anti-inflammatory effect of up-regulated 
microRNA-221-3p on coronary heart disease via suppressing NLRP3/

ASC/pro-caspase-1 inflammasome pathway activation. Cell Cycle. 
2020;19(12):1478–91.

	117.	 Zhu LB, Gong XY, Gong JP, et al. Notoginsenoside R1 upregulates miR-
221-3p expression to alleviate ox-LDL-induced apoptosis, inflammation, 
and oxidative stress by inhibiting the TLR4/NF-κB pathway in HUVECs. 
Braz J Med Biol Res. 2020;53(6):e9346.

	118.	 Liu JX, Ma DY, Zhi XY, et al. MiR-125b attenuates retinal pigment epithe-
lium oxidative damage via targeting Nrf2/HIF-1α signal pathway. Exp 
Cell Res. 2022;410(1):112955.

	119.	 Qiao GH, Zhu P, Yue L, et al. MiR-125b Improves acute myocardial infarc-
tion in rats by regulating P38/Sirtl/P53 signaling pathway. J Biol Regul 
Homeost Agents. 2020;34(4):1297–306.

	120.	 Cao F, Li Z, Ding WM, et al. LncRNA PVT1 regulates atrial fibrosis via 
miR-128-3p-SP1-TGF-β1-Smad axis in atrial fibrillation. Mol Med. 
2019;25(1):7.

	121.	 Qu C, Liu X, Guo Y, et al. MiR-128-3p inhibits vascular smooth muscle 
cell proliferation and migration by repressing FOXO4/MMP9 signaling 
pathway. Mol Med. 2020;26(1):116.

	122.	 Luo XY, Zhu XQ, Li Y, et al. MicroRNA-150 restores endothelial cell func-
tion and attenuates vascular remodeling by targeting PTX3 through 
the NF-κB signaling pathway in mice with acute coronary syndrome. 
Cell Biol Int. 2018;42(9):1170–81.

	123.	 Yu F, Ko ML, Ko GYP. MicroRNA-150 and its target ETS-domain transcrip-
tion factor 1 contribute to inflammation in diabetic photoreceptors. J 
Cell Mol Med. 2021;25(22):10724–35.

	124.	 Du XL, Hu N, Yu HY, et al. miR-150 regulates endothelial progenitor cell 
differentiation via Akt and promotes thrombus resolution. Stem Cell 
Res Ther. 2020;11(1):34.

	125.	 Toro R, Pérez-Serra A, Mangas A, et al. miR-16-5p Suppression Protects 
Human Cardiomyocytes against Endoplasmic Reticulum and Oxidative 
Stress-Induced Injury. Int J Mol Sci. 2022;23(3):1036.

	126.	 Sun XH, Wang X, Zhang Y, et al. Exosomes of bone-marrow stromal cells 
inhibit cardiomyocyte apoptosis under ischemic and hypoxic condi-
tions via miR-486-5p targeting the PTEN/PI3K/AKT signaling pathway. 
Thromb Res. 2019;177:23–32.

	127.	 Fan JJ, Shi SS, Qiu YX, et al. MicroRNA-486-5p down-regulation protects 
cardiomyocytes against hypoxia-induced cell injury by targeting IGF-1. 
Int J Clin Exp Pathol. 2019;12(7):2544–51.

	128.	 Liu XY, Zhang W, Zhao M, et al. Anti-apoptotic effect of MiR-223-3p 
Suppressing PIK3C2A in cardiomyocytes from myocardial infarction 
rat through regulating PI3K/Akt signaling pathway. Cardiovasc Toxicol. 
2021;21(8):669–82.

	129.	 Dai GH, Ma PZ, Song XB, et al. MicroRNA-223-3p inhibits the angiogen-
esis of ischemic cardiac microvascular endothelial cells via affecting 
RPS6KB1/hif-1a signal pathway. PLoS ONE. 2014;9(10):e108468.

	130.	 Tang Q, Li MY, Su YF, et al. Absence of miR-223-3p ameliorates hypoxia-
induced injury through repressing cardiomyocyte apoptosis. Eur J 
Pharmacol. 2018;841:67–74.

	131.	 Wang HY, Song TT, Zhao Y, et al. Long non-coding RNA LICPAR regulates 
atrial fibrosis via TGF-β/Smad pathway in atrial fibrillation. Tissue Cell. 
2020;67:101440.

	132.	 Fang M, Wang CG, Zheng CZ, et al. Mir-29b promotes human aortic 
valve interstitial cell calcification via inhibiting TGF-β3 through 
activation of wnt3/β-catenin/Smad3 signaling. J Cell Biochem. 
2018;119(7):5175–85.

	133.	 Lu Z, Wang F, Yu P, et al. Inhibition of miR-29b suppresses MAPK 
signaling pathway through targeting SPRY1 in atherosclerosis. Vascul 
Pharmacol. 2018;102:29–36.

	134.	 Liu Y, Wang HL, Wang XD, et al. MiR-29b inhibits ventricular remodeling 
by activating notch signaling pathway in the rat myocardial infarction 
model. Heart Surg Forum. 2019;22(1):E019–23.

	135.	 Chen Q, Liu Y, Ding XY, et al. Bone marrow mesenchymal stem cell-
secreted exosomes carrying microRNA-125b protect against myocar-
dial ischemia reperfusion injury via targeting SIRT7. Mol Cell Biochem. 
2020;465(1–2):103–14.

	136.	 Wu CG, Huang C. MicroRNA-147 inhibits myocardial inflammation and 
apoptosis following myocardial infarction via targeting HIPK2. Eur Rev 
Med Pharmacol Sci. 2020;24(11):6279–87.

	137.	 Liu G, Friggeri A, Yang YP, et al. miR-147, a microRNA that is 
induced upon Toll-like receptor stimulation, regulates murine 



Page 17 of 17Yao et al. Cell Communication and Signaling          (2022) 20:153 	

•
 
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: 

macrophage inflammatory responses. Proc Natl Acad Sci USA. 
2009;106(37):15819–24.

	138.	 Yin RH, Zhu XY, Wang J, et al. MicroRNA-155 promotes the ox-LDL-
induced activation of NLRP3 inflammasomes via the ERK1/2 pathway 
in THP-1 macrophages and aggravates atherosclerosis in ApoE-/- mice. 
Ann Palliat Med. 2019;8(5):676–89.

	139.	 Li Y, Duan JZ, He Q, et al. miR-155 modulates high glucose-induced 
cardiac fibrosis via the Nrf2/HO-1 signaling pathway. Mol Med Rep. 
2020;22(5):4003–16.

	140.	 Tang Y, Song HM, Shen YQ, et al. MiR-155 acts as an inhibitory factor in 
atherosclerosis-associated arterial pathogenesis by down-regulating 
NoxA1 related signaling pathway in ApoE -/-mouse. Cardiovasc Diagn 
Ther. 2021;11(1):1–13.

	141.	 Wang S, Cheng ZY, Chen XJ, et al. CircUBXN7 mitigates H/R-induced cell 
apoptosis and inflammatory response through the miR-622-MCL1 axis. 
Am J Transl Res. 2021;13(8):8711–27.

	142.	 Bayoumi AS, Park KM, Wang YC, et al. A carvedilol-responsive microRNA, 
miR-125b-5p protects the heart from acute myocardial infarction by 
repressing pro-apoptotic bak1 and klf13 in cardiomyocytes. J Mol Cell 
Cardiol. 2018;114:72–82.

	143.	 Yu CY, Yang CY, Rui ZL. MicroRNA-125b-5p improves pancreatic β-cell 
function through inhibiting JNK signaling pathway by targeting DACT1 
in mice with type 2 diabetes mellitus. Life Science. 2019;224:67–75.

	144.	 Wu YJ, Wu M, Yang J, et al. Silencing CircHIPK3 sponges miR-93-5p to 
inhibit the activation of rac1/pi3k/akt pathway and improves myo-
cardial infarction-induced cardiac dysfunction. Front Cardiovasc Med. 
2021;8:645378.

	145.	 Liu WW, Wang Y, Qiu ZM, et al. CircHIPK3 regulates cardiac fibroblast 
proliferation, migration and phenotypic switching through the miR-
152-3p/TGF-β2 axis under hypoxia. PeerJ. 2020;8:e9796.

	146.	 Wang Y, Zhao RZ, Liu WW, et al. Exosomal circHIPK3 released from 
hypoxia-pretreated cardiomyocytes regulates oxidative damage in 
cardiac microvascular endothelial cells via the miR-29a/IGF-1 pathway. 
Oxid Med Cell Longev. 2019;2019:7954657.

	147.	 Wang S, Shi M, Li J, et al. Endothelial cell-derived exosomal circHIPK3 
promotes the proliferation of vascular smooth muscle cells induced 
by high glucose via the miR-106a-5p/Foxo1/Vcam1 pathway. Aging. 
2021;13(23):25241–55.

	148.	 Hu Y, Xu R, He Y, et al. Downregulation of microRNA-106a-5p alleviates 
ox-LDL-mediated endothelial cell injury by targeting STAT3. Mol Med 
Rep. 2020;22(2):783–91.

	149.	 Ceolotto G, Giannella A, Albiero M, et al. miR-30c-5p regulates mac-
rophage-mediated inflammation and pro-atherosclerosis pathways. 
Cardiovasc Res. 2017;113(13):1627–38.

	150.	 Chen JF, Zhang NM, Zhang SY, et al. Rno-microRNA-30c-5p promotes 
myocardial ischemia reperfusion injury in rats through activating 
NF-κB pathway and targeting SIRT1. BMC Cardiovasc Disorders. 
2020;20(1):240.

	151.	 Wu HJ, Liu TT, Hou H, et al. Knockdown of LINC00657 inhibits ox-LDL-
induced endothelial cell injury by regulating miR-30c-5p/Wnt7b/β-
catenin. Mol Cell Biochem. 2020;472(1–2):145–55.

	152.	 Zhang WQ, Chang H, Zahng HX, et al. MiR-30e attenuates isoprotere-
nol-induced cardiac fibrosis through suppressing Snai1/TGF-β signal-
ing. J Cardiovasc Pharmacol. 2017;70(6):362–8.

	153.	 Cheng N, Li LB, Wu YB, et al. microRNA-30e up-regulation alleviates 
myocardial ischemia-reperfusion injury and promotes ventricular 
remodeling via SOX9 repression. Mol Immunol. 2021;130:96–103.

	154.	 Wang WY, Zheng YS, Li ZG, et al. MiR-92a contributes to the cardiovas-
cular disease development in diabetes mellitus through NF-κB and 
downstream inflammatory pathways. Eur Rev Med Pharmacol Sci. 
2019;23(7):3070–9.

	155.	 Wang JY, Zhang CX, Li C, et al. MicroRNA-92a promotes vascular 
smooth muscle cell proliferation and migration through the ROCK/
MLCK signalling pathway. J Cell Mol Med. 2019;23(5):3696–710.

	156.	 Zhang BS, Zhou M, Li CB, et al. MicroRNA-92a inhibition attenuates 
hypoxia/reoxygenation-induced myocardiocyte apoptosis by targeting 
Smad7. PLoS ONE. 2014;9(6):e100298.

	157.	 Wang L, Li XL, Zhou YH, et al. Downregulation of miR-133 via MAPK/ERK 
signaling pathway involved in nicotine-induced cardiomyocyte apop-
tosis. Naunyn-Schmiedeberg’s Arch Pharmacol. 2014;387(2):197–206.

	158.	 Tao YK, Zeng H, Zhang GQ, et al. Notch3 deficiency impairs coronary 
microvascular maturation and reduces cardiac recovery after myocar-
dial ischemia. Int J Cardiol. 2017;236:413–22.

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


	Exosomes: mediators regulating the phenotypic transition of vascular smooth muscle cells in atherosclerosis
	Abstract 
	Introduction
	Biological properties of exosomes
	Role of the VSMC phenotypic transition in AS
	Roles of exosomes in the regulation of VSMC proliferation and migration
	Roles of exosomes in the regulation of the osteoblast-like phenotypic transition
	Roles of exosomes in apoptosis of VSMCs in AS
	Roles of exosomes in regulating the interaction between ECs and VSMCs
	Roles of exosomes in the regulation of the interaction between macrophages and VSMCs
	Roles of exosomes in the regulation of the interactions between VSMCs
	Discussion
	Conclusion
	Acknowledgements
	References


