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Extracellular vesicles in vascular remodeling
Chao Ye1, Fen Zheng1, Nan Wu1, Guo-qing Zhu1 and Xiu-zhen Li2

Vascular remodeling contributes to the development of a variety of vascular diseases including hypertension and atherosclerosis.
Phenotypic transformation of vascular cells, oxidative stress, inflammation and vascular calcification are closely associated with
vascular remodeling. Extracellular vesicles (EVs) are naturally released from almost all types of cells and can be detected in nearly all
body fluids including blood and urine. EVs affect vascular oxidative stress, inflammation, calcification, and lipid plaque formation;
and thereby impact vascular remodeling in a variety of cardiovascular diseases. EVs may be used as biomarkers for diagnosis and
prognosis, and therapeutic strategies for vascular remodeling and cardiovascular diseases. This review includes a comprehensive
analysis of the roles of EVs in the vascular remodeling in vascular diseases, and the prospects of EVs in the diagnosis and treatment
of vascular diseases.
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INTRODUCTION
Pathological vascular remodeling is a vital pathological process
that contributes to the development of a variety of cardiovascular
diseases including hypertension, atherosclerosis, aortic aneurysm,
and restenosis [1]. Approaches to block pathological vascular
remodeling may become promising strategies for the treatment of
cardiovascular diseases [2]. Vascular remodeling includes struc-
tural and functional abnormalities of the vascular wall, which
occur in response to injury, and eventually cause vascular diseases.
The remodeling is reflected by changes in medial thickness,
luminal diameter, transverse areas, and their ratios [3–5]. The
process of vascular remodeling is closely associated with
complicated cellular and molecular mechanisms such as cell
proliferation, migration, apoptosis, extracellular matrix (ECM)
synthesis and degradation, vascular oxidation, and inflammation.
All of these processes are regulated by a variety of bioactive
molecules and hemodynamic stimuli or communications between
cells, which trigger abnormal changes in the structure and
function of vascular walls [6].
Vesicles in the extracellular space were first described by Peter

Wolf in the 1960s [7]; these vesicles were considered inert cellular
debris and have been disregarded for decades. Johnstone et al.
showed the process of vesicle formation during reticulocyte
maturation and coined the term “exosomes” in 1987 [8]. Recently,
extracellular vesicles (EVs) have been of concerned important
mediators of cell-to-cell communication, and crucial contributors
to the physiological regulation and pathogenesis of various
diseases [9, 10]. EVs are vesicles that are enclosed by a
phospholipid bilayer membrane and contain natural signaling
molecules such as proteins, microRNAs (miRNAs), mRNAs and
lipids, which are transferred to neighboring or distant cells to
modify their phenotype and function [11]. EVs can be released by
almost all types of cells. The diameters of EVs are between 30 nm

and 5 μm, and EVs can be divided into three types: exosomes
(endosomal/intracellular organelle origin), microvesicles (from
budding of the cell membrane), and apoptotic bodies (generated
during programmed cell death) [12]. The International Society for
Extracellular Vesicles recommends using the term “extracellular
vesicles” as a collective term for all types of cell-released,
membranous vesicles in the extracellular space [13, 14]. EVs play
crucial roles in vascular remodeling in vascular diseases such as
atherosclerosis, hypertension, pulmonary arterial hypertension,
aortic aneurysm, vascular injury and repair [9]. EVs may serve as
diagnostic or prognostic biomarkers and therapeutic targets in
cardiovascular diseases [15–17]. This review summarizes the
current research knowledge on EVs in vascular remodeling in
cardiovascular diseases and discusses potential biomarkers and
therapeutic targets.

ORIGIN OF EVS IN VASCULAR REMODELING
The arterial wall is composed of the intima, media, and adventitia
from inside to outside, and the primary cells are vascular
endothelial cells (VECs), vascular smooth muscle cells (VSMCs),
and vascular adventitial fibroblasts (VAFs), respectively [18]. EVs
that contribute to vascular remodeling originate from VECs [19],
VSMCs [20], VAFs [21], perivascular adipocytes (PVADs) in
perivascular adipose tissue (PVAT) [22], and infiltrated inflamma-
tory cells [12] in the vascular walls. The vessels are also affected by
circulating EVs of different cell origins depending on the location
of the diseased tissue and the disease states [9] (Fig. 1).

EVs from vascular cells
VECs are exposed to the vascular lumen, and are sensitive to shear
stress, mechanical injury, chemicals or bioactive molecules. In
response to these stimuli, VECs release various signaling
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molecules, including angiotensin II (Ang II), endothelin, cytokines
and growth factors that may modify the phenotype of VECs and
VSMCs, and even trigger the development of vascular diseases
[23]. EVs from human umbilical vein endothelial cells (HUVECs)
transferred miR-143/145 to regulate VSMCs phenotypic target
genes in cocultured VSMCs [24]. A recent study showed that EVs
from VECs of in the mouse carotid artery regulated the VSMC
phenotype [25]. On the other hand, miR-206 inhibited EV release
from HUVECs to maintain VSMC contractile phenotype [26]. These
findings provide evidence that EV release from VECs contributes
to VSMC phenotypic transition.
VSMC-derived EVs from the coronary arteries of 8-month-old

domestic crossbred pigs were isolated, and protein profile analyses
of EVs showed that the most abundant classes of proteins in
microvesicles were cytoplasmic or organelle-associated, house-
keeping and metabolic factors, while a high percentage of proteins
in exosomes were ECM-related proteins and cell adhesion
molecules [20]. Proteomics analysis of human VSMC-derived EVs
revealed that the most abundant proteins were related to cell
adhesion and platelet activation/coagulation [27]. The miRNA
profiles of EVs from the mouse VSMC line MOVAS-1 were modified
during calcification [28]. The close link between the VSMC-derived
EVs and calcification and coagulation was confirmed in EVs from
VSMCs in human aortic tissues [29]. On the other hand, EVs from
Ang II-treated human VSMCs resulted in endothelial dysfunction
[30]. EVs from VSMCs mediated Krüppel-like factor 5 (KLF5)-
induced miR-155 transfer from VSMCs to VECs and damaged the
endothelial tight junctions and barrier integrity [31].
VAFs are the most abundant cells in the vascular adventitia, and

are important in regulating vascular structure and function [32].
We first isolated and identified EVs from VAFs in the aortas of
Wistar-Kyoto rats (WKYs) and spontaneously hypertensive rats
(SHRs), and found that EVs from the VAFs of SHRs promoted
VSMCs migration [33]. EVs derived from VAFs regulate VSMC
proliferation by transferring angiotensin-converting enzyme (ACE),
miR-155-5p [21], and miR-135a-5p [34].

EVs from PVADs and infiltrating inflammatory cells
PVAT is the fat tissue surrounding arteries such as the aorta,
femoral arteries and small mesenteric arteries [35]. PVAT is
considered a metabolically active organ that communicates with
other vascular cells by releasing cytokines and chemokines
[36, 37]. PVAT can promote VSMC phenotypic transition and
vascular remodeling via releasing visfatin, leptin and resistin or
attenuate neointimal hyperplasia and vascular remodeling by
releasing adiponectin and omentin [38]. Many studies have
focused on the roles of EVs derived from the medium of 3T3-L1
cells, a murine adipose cell line, in vascular inflammation [39]. A
recent study showed that EVs derived from PVADs from mouse
mesenteric adipose tissues could be taken up into VSMCs in vivo
and in vitro. EV-mediated miR-221-3p transfer promoted VSMCs
proliferation and migration and triggered early-stage vascular
remodeling in the context of obesity-associated vascular inflam-
mation [22].
Chronic vascular inflammation plays roles in the development

of vascular diseases such as atherosclerosis, hypertension and
aortic aneurysm [40]. An excessive inflammatory response,
including monocyte/macrophage infiltration, promotes patholo-
gical vascular remodeling [3]. Monocyte-derived EVs activate VECs
in an interleukin-1β (IL-1β)-dependent manner [41]. Furthermore,
EVs from monocytes contribute to the proliferation of VAFs,
VSMCs, and VECs [12].

Circulating EVs
Almost all cells can release EVs, but circulating or plasma EVs
primarily originate from platelets, red blood cells, leukocytes and
vascular cells in the physiological state. Among. cells, platelets
and red blood cells greatly outnumber the others [16]. However,
some platelet-derived EVs found in the plasma may originate
from both platelets and megakaryocytes [42]. Notably, the origin,
number and cargo of circulating EVs may change in disease states
[43]. Circulating EVs may interact with surface adhesion molecules
on VECs, and cause endothelial dysfunction [44]. EVs in serum
attenuated muscle damage in a mouse model of acute hindlimb
ischemia, possibly through vascular remodeling [45]. Increased
circulating EV levels contribute to the development of athero-
sclerosis by promoting vascular calcification and plaque forma-
tion [46].

EVS IN VASCULAR INFLAMMATION, OXIDATIVE STRESS, AND
CALCIFICATION
Chronic vascular inflammation is closely associated with the
pathogenesis of vascular remodeling in various vascular diseases,
such as hypertension, atherosclerosis and aortic aneurysm [47–49].
Studies in humans and animals have shown that vascular
inflammation contributes to oxidative stress, while excessive
reactive oxygen species (ROS) production induces vascular
inflammation [40, 50, 51]. Both inflammation and oxidative stress
stimulate the proliferation and migration of vascular cells and
thereby promote vascular remodeling [52–54]. EVs regulate
inflammation, oxidative stress and calcification [39, 55–57] and
may have an impact on the pathogenesis of vascular diseases.

EVs in vascular inflammation
EVs may contain inflammatory cytokines or anti-inflammatory
factors. Yuan et al. found that oxysterol 7-ketocholesterol (7-Ket),
an atherogenic stimulator, promoted NLR family pyrin domain-
containing 3 (NLRP3) inflammasome formation and activation,
inhibited lysosome-multivesicular body fusion, and increased the
release of VEC-derived EVs that contained IL-1β. EVs from 7-Ket-
stimulated VECs containing IL-1β promoted synthetic phenotypic
transition in cocultured VSMCs, while EVs from unstimulated VECs
induced the opposite effect [25]. Human activated platelet-
derived EVs contain IL-1β and promote the adhesion of

Fig. 1 Schematic diagram showing the roles of extracellular
vesicles (EVs) in vascular remodeling. VECs vascular endothelial
cells, VSMCs vascular smooth muscle cells, VAFs vascular adventitial
fibroblasts, PVADs perivascular adipocytes, ACE angiotensin-
converting enzyme, IL-1β interleukin-β, IL-6 interleukin-6, ICAM-1
intercellular adhesion molecule-1, VCAM-1 vascular cell adhesion
molecule-1, TNF-α tumor necrosis factor-α, IL-10 interleukin-10, KLF2
Krüppel-like factor-2, Ang II angiotensin II.
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neutrophils to human endothelial cells [58]. On the other hand,
EVs are able to transfer anti-inflammatory factors. EVs derived
from macrophages contained the anti-inflammatory cytokine IL-
10, which ameliorates renal tubular injury and inflammation
caused by ischemia/reperfusion injury [59].
EVs promote or inhibit inflammation by transferring potent

miRNAs and proteins. EVs from mesenchymal stem cells carrying
miR-512-3p inhibited oxidized low-density lipoprotein (ox-LDL)-
induced VEC proliferation, caspase-3 activation and inflammatory
cytokine production [60]. Paeonol, a potential therapeutic drug for
atherosclerosis, inhibited NLRP3 inflammasome-mediated inflam-
mation in rat VECs by increasing miRNA-223 levels in the plasma
EVs of hyperlipidemic rats [61]. We found that ACE in the EVs
derived from VAFs of SHRs promoted VSMC proliferation and
migration by increasing Ang II levels in recipient cells [21, 33],
which may be involved in promoting inflammation because Ang II
is a well-known and potent inflammatory factor.
Fibronectin type III domain-containing 5 (FNDC5) or irisin, a

myokine cleaved from FNDC5, attenuated insulin resistance and
glucose-lipid metabolic abnormalities in mice with diabetes [62]
and inhibited inflammation in the adipose tissues of high-fat-diet-
induced obese mice [63]. FNDC5 inhibited ox-LDL-induced foam
cell formation and monocyte adhesion in VSMCs by suppressing
NF-κB-mediated NLRP3 upregulation [64]. FNDC5 attenuated
NLRP3 inflammasome activation and oxidative stress in VSMCs
by activating the AMPK-SIRT1 signaling pathway [65] and
inhibited VSMC migration and proliferation in SHRs [66, 67].
Increased miR-135a-5p in the EVs from VAFs of SHRs promoted
VSMC proliferation by inhibiting FNDC5 expression, which may be
involved in the role of FNDC5 in inhibiting inflammation and
oxidative stress [34]. EVs from human platelets exerted immuno-
modulatory effects on VSMCs, and these EVs induced a switch
toward a proinflammatory phenotype and promoted VSMC
proliferation and migration and vascular remodeling [68].

EVs in vascular oxidative stress
Oxidative stress is involved in EV release, and EVs play a role in
promoting oxidative stress. Burger et al. found that Ang II
promoted EV release via NADPH oxidase, ROS and Rho kinase
targeted to lipid rafts. EVs themselves stimulated endothelial ROS
formation and inflammation [69]. Consistently, EVs from oxidative
stress-activated VECs promoted VEC proliferation, migration and
angiogenesis, which were mediated by miR-92a-3p downregula-
tion in recipient VECs [70]. Ca2+-dependent NADPH oxidase 5
(NOX5) promoted VSMC phenotypic switching and oxidative
stress, which increased EV release and subsequent calcification
and vascular remodeling [71]. EVs from the VSMCs of chronic
kidney disease rats promoted calcification in the recipient VSMCs
of normal rats, which were involved in the activation of both NOX
and MAPK signaling [72].
It is worth noting that the EVs released under oxidative stress

conditions may contain antioxidant molecules that alter the
oxidative stress state in target cells and thereby protect against
further injury. Nuclear factor erythroid 2-related factor-2 (Nrf2), a
redox-sensitive transcription factor, regulates the antioxidant
response by increasing the expression of antioxidant enzymes to
maintain cellular homeostasis [73]. Nrf2 in EVs regulates the
expression of related gene, including antioxidant, anti-inflamma-
tory, cytoprotective and detoxification genes, to modulate
oxidative homeostasis in target cells [74].

EVs in vascular calcification
Vascular calcification refers to the abnormal deposition of calcium
salts in the vascular wall, resulting in reduced vascular wall
elasticity, lumen stenosis and vascular remodeling. Calcification is
a cell-mediated process similar to bone mineralization [75] that
occurs in vascular aging and is an important pathological process
associated with chronic kidney disease, diabetes, arteriosclerosis

and hypertension [76]. EVs play important roles in vascular
calcification [56] (Fig. 2).
Sustained increases in serum phosphate levels are major

contributors to vascular calcification [77, 78]. High levels of
phosphate and calcium promote vascular calcification and
stimulate osteoblast or chondrocyte differentiation, apoptosis, EV
release, and ECM degradation [79]. Chaudhary et al. found that
high phosphate levels stimulated EV release from MOVAS cells
and altered the protein composition in EVs [80]. High extracellular
phosphate levels inhibited the production of calcification inhibi-
tors and resulted in the absence of these inhibitors in the released
EVs [81].
The phenotypic transformation of VSMCs into osteogenic cells is

necessary for vascular calcification. Bone morphogenetic protein-2
(BMP-2) produced by VECs is a key molecule in the process of
osteogenic cell differentiation [82]. Inflammatory factors such as
tumor necrosis factor-α (TNF-α) stimulate BMP-2 expression in
VECs [83]. Buendía et al. found that EVs from TNF-α-stimulated
VECs with high levels of BMP-2 promoted osteogenic differentia-
tion and calcification in VSMCs. Damage to VECs may result in the
release of high levels of BMP-2 and calcium and cause osteogenic
differentiation in VSMCs and vascular calcification [83]. Further-
more, TNF-α, and platelet-derived growth factor-BB (PDGF-
BB) increased EV release from human VSMCs and thereby
promoted vascular calcification in response to environmental
calcium stress [84].
VSMC phenotypic transformation promoted the EV release from

VSMCs under long-term stress and mineral imbalance, and EVs
that could calcify and were enriched in the calcified vasculature
[84]. The calcified EVs tended to form microcalcifications in areas
with sparse collagen when the EVs were released into the ECM,
and microcalcification accumulation gradually formed a large
calcification area [85]. Sortilin, a multiligand sorting receptor, has
the functional characteristics of the vacuolar protein sorting 10
protein (Vps10p) family [86]. Sortilin is a key regulator of VSMC
calcification via its recruitment to EVs [87]. Deletion of Sort1, the
gene encoding sortilin, reduced the development of athero-
sclerotic lesions without changing plasma cholesterol levels in a
mouse model of atherosclerosis [88].
A variety of miRNAs impact vascular calcification by inhibiting

corresponding target gene expression [89–92]. Chaturvedi et al.
performed miRNA microarray analysis to identify the difference in
miRNAs between calcifying VSMCs in rat chronic kidney disease
and EVs from calcifying VSMCs. The ratio of miRNA to total RNA

Fig. 2 Schematic diagram showing the roles of extracellular
vesicles (EVs) in vascular calcification. VSMCs vascular smooth
muscle cells, VECs vascular endothelial cells, BMP-2 bone morpho-
genetic protein-2, ECM extracellular matrix.
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was increased in EVs compared to VSMCs Fig. 3. There were 33
miRNAs that were differentially expressed between the EVs and
VSMCs, and 19 of these miRNAs were downregulated in EVs. The
signaling pathways included the MAPK and Wnt signaling
pathways, which are important in vascular calcification [93]. Freise
et al. isolated EVs from uremic milieu-treated VECs and the plasma
of uremic rats and found that uremic EVs augmented VSMC
osteogenic transdifferentiation. MiR-221, miR-222, miR-143 and
miR-145 were involved in the effects of uremic milieu-treated VECs
on vascular calcifications in chronic kidney disease [94]. Further-
more, online hemodiafiltration attenuated inflammation-related
VEC dysfunction and vascular calcification in uremic patients by
modulating miR-223 expression in plasma EVs [95].

EVS IN VASCULAR REMODELING IN HYPERTENSION AND
ATHEROSCLEROSIS
EVs contribute to the pathological processes of vascular remodel-
ing in a variety of cardiovascular diseases including hypertension
and atherosclerosis.

EVs in hypertension
Pathological vascular remodeling is closely associated with the
development of hypertension, target organ damage and severe
complications [96]. Vascular remodeling in small arteries may be
the primary manifestation of target organ damage in hypertension
because 100% of patients with stage I hypertension had vascular
remodeling in small arteries, while only 60% of patients had
endothelial dysfunction and 45% had left ventricular hypertrophy
[97]. Hypertensive patients with the highest media:lumen ratios of
small arteries had increased incidences of cardiovascular events,

suggesting the prognostic importance of small artery structure in
hypertension [98]. Arterial stiffening due to vascular remodeling is
closely linked to the progression of hypertension and mortality [4].
Antihypertensive agents may affect vascular remodeling directly
or indirectly by lowering blood pressure effects [99].
EVs derived from VAFs contribute to vascular remodeling in

hypertension [21, 33, 34]. There was no significant difference in
the size or number of EVs derived from VAFs from WKYs and SHRs,
but EV cargo was changed in SHRs. ACE levels were increased, but
miR-155-5p levels were reduced in VAF-derived EVs from SHRs.
The EVs from WKYs inhibited VSMC proliferation in SHRs, which
was mediated by miR-155-5p in EVs inhibiting ACE transcription
(Fig. 4a). EVs from SHRs promoted VSMC migration and
proliferation through EV-mediated transfer of ACE and miR-135-
5p [21, 33] (Fig. 4b). Overexpression of miR-155-5p attenuated
vascular remodeling and hypertension in SHRs [21]. Furthermore,
miR-155-5p attenuated VSMC migration in SHRs by inhibiting ACE
expression and the downstream Ang II-induced superoxide anion-
inflammatory factor pathway [100] (Fig. 4c). These findings
suggest that miR-155-5p in EVs inhibit ACE expression, oxidative
stress and inflammation in VSMCs from SHRs. Furthermore,
dysregulation of miR-135a-5p levels in VSMCs in the pulmonary
artery contributed to abnormal VSMC proliferation and the
pathogenesis of pulmonary arterial hypertension [101].
The miR-135a-5p level was increased in EVs from the VAFs of

SHRs, and the increase in miR-135a-5p in the EVs of SHRs
promoted VSMC proliferation by reducing FNDC5 expression,
while inhibiting miR-135a-5p prevented the effects of EVs in SHRs
on promoting VSMC proliferation [34]. Knockdown of miR-135a-5p
in SHRs alleviated vascular remodeling and hypertension [67].
Furthermore, the application of FNDC5 prevented EVs from SHRs

Fig. 3 Schematic diagram showing roles of EVs from VAFs of WKY and SHR in VSMCs proliferation and migration, vascular remodeling,
and hypertension. a Roles of EVs from WKY, b roles of EVs from SHR, c roles of EVs-mediated miR-155-5p, ACE, and miR-135a-5p transfer. ACE
angiotensin-converting enzyme, Ang II angiotensin II, EVs extracellular vesicles, FNDC5 fibronectin type III domain-containing 5, SHR
spontaneously hypertensive rat, VAFs vascular adventitial fibroblasts, VSMCs vascular smooth muscle cells, WKY Wistar-Kyoto rat.
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in stimulating VSMC proliferation in WKYs and SHRs [34] (Fig. 4c).
These findings indicate that both miR-135a-5p and FNDC5 are
crucial targets for altering VSMC proliferation and vascular
remodeling in hypertension and are supported by the findings
that FNDC5 overexpression alleviated vascular remodeling and
reduced blood pressure in SHRs [102]. Altering miR-135a-5p or
upregulating FNDC5 may be a strategy with some unique
advantages in attenuating vascular remodeling and hypertension
in obesity, diabetes, atherosclerosis, and other metabolic disorders
because of the beneficial effects of FNDC5 on the attenuation of
insulin resistance and metabolic disorders.
Knockdown of ACE in the VAFs of SHRs decreased ACE levels in

EVs, and the EVs from ACE-knockdown VAFs did not promote
VSMC proliferation in WKYs and SHRs [21]. Similarly, knockdown of
miR-135a-5p in VAFs prevented the upregulation of miR-135a-5p
in EVs. EVs from miR-135a-5p-knockdown did not inhibit FNDC5
expression and promote VSMC proliferation [34]. These results
suggest that EV cargo may be affected by the signaling molecule
levels in the parent cells.
A recent meaningful study compared the miRNA profiles of

plasma EVs from WKYs and SHRs using next-generation sequen-
cing [103]. There were 27 miRNAs that were significantly
differentially expressed between WKYs and SHRs, of which 23
miRNAs were upregulated and 4 were downregulated in SHRs.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes pathway analyses were performed for the 1081
candidate target genes of the top 10 differentially expressed
miRNAs in the plasma EVs of SHRs. The transforming growth
factor-β (TGF-β) and MAPK signaling pathways, which are
important signaling pathways associated with blood pressure
homeostasis and vascular remodeling [104, 105], were among the
top 10 differentially regulated pathways, suggesting that miRNA
changes in the circulating EVs of SHRs are involved in vascular
remodeling of hypertension.
EVs play roles in regulating vascular activity and may be involved

in the development of hypertension. Platelet-derived EVs caused
thromboxane A2-dependent vasoconstriction [106]. Pfister exam-
ined the roles of EVs isolated from the platelet-poor plasma of
WKYs and SHRs, as well as normotensive and hypertensive humans.
The researchers found that EVs from WKYs reduced acetylcholine

(ACh)-induced vasodilation in WKYs but not in SHRs, while EVs from
SHRs had no effects on vasodilation in either WKYs or SHRs.
Moreover, EVs from normotensive humans inhibited vasodilation in
mouse arteries, but no effects of EVs from hypertensive humans
were observed. The results indicate that the vasoactive roles of
circulating EVs are altered in hypertension [106].
Otani et al. isolated plasma EVs from WKYs and SHRs and

performed intraperitoneal injections of EVs weekly for 6 weeks in
both strains. The EVs from SHRs increased blood pressure and
caused vascular remodeling in WKYs, while the EVs from WKYs
attenuated hypertension and vascular remodeling in SHRs [107].
Recently, we isolated EVs from the VAFs of WKYs and SHRs, and
intravenous injection of PBS, EVs from WKYs and EVs from SHRs
was carried out every 2 days for 10 times. We found that EVs from
the VAFs of WKYs attenuated hypertension and vascular
remodeling, reduced vascular proliferating cell nuclear antigen
(PCNA) and ACE expression, and increased vascular miR-155-5p
levels in SHRs. EVs from the VAFs of SHRs increased blood
pressure, vascular PCNA and ACE expression, caused vascular
remodeling in WKYs, and further deteriorated these changes in
SHRs [21]. These findings provide evidence that the application of
EVs isolated from plasma or cell culture medium can be used as a
strategy to attenuate hypertension, vascular remodeling and
vasoactive abnormities.

Multifaceted role of EVs in atherosclerosis
Atherosclerosis is a chronic inflammatory disease that affects
blood vessels, triggers plaque formation within the vessel wall and
is characterized by endothelial injury, lipid deposition, inflamma-
tory cell infiltration, VSMC phenotypic transformation, foam cell
formation, and plaque formation [108]. Atherogenic vascular
remodeling involves several cell types, especially VECs and VSMCs.
Inflammatory cells such as monocytes and macrophages are
recruited to atherosclerotic plaques and are closely associated
with the atherosclerosis-associated changes in the vascular wall
[109, 110]. EVs can be released from these cells and play important
roles in several pathological processes during the initiation and
progression of atherosclerosis including inflammation, coagula-
tion, calcification, plaque formation and vascular remodeling [46].
Furthermore, EVs are more abundant and thrombogenic in human
atherosclerotic plaques than in plasma [111]. Notably, EVs serve as
multifaceted messengers and are able to promote or inhibit
atherosclerosis progression [46].
Endothelial dysfunction is a major contributing factor to early

atherosclerosis. Infiltration and retention of LDL and the oxidation
of LDL to ox-LDL in the intima of arteries initiate a proinflamma-
tory VEC phenotype, endothelial dysfunction, inflammation and
atherosclerotic plaque formation [112, 113]. Taguchi et al. found
that Ang II and high glucose stimulated EV release from VECs of
the aortas in mice, and the resultant EVs aggravated endothelial
dysfunction by activating extracellular regulated protein kinase
(ERK1/2) signaling and reducing endothelial nitric oxide synthase
(eNOS) expression [114]. On the other hand, VEC-derived EVs may
exert atheroprotective effects. Hergenreider et al. found that EVs
from VECs overexpressing the shear-responsive transcription
factor Krüppel-like factor-2 (KLF2) attenuated atherosclerotic
lesions in the aortas of ApoE−/− mice [24]. EVs from TNF-α-
stimulated HUVECs transferred functional eNOS to protect against
lipid-induced endothelial damage and oxidative stress by
positively regulating eNOS/Akt signaling [115].
Aberrant lipid metabolism is a crucial event in atheroma

formation. EVs play important roles in modulating lipid metabo-
lism including lipid synthesis, transport, and degradation, which
are associated with atherosclerosis [116]. Lipids are the main
components of EV membranes, and specific lipids are enriched in
EVs compared to their parent cells [117]. High-fat diet increased
plasma EVs released from VECs in healthy normolipidemic
volunteers [118]. Monocyte/platelet-derived EVs activate

Fig. 4 Schematic diagram showing the therapeutic strategies
based on the extracellular vesicles (EVs) in vascular remodeling in
atherosclerosis, hypertension and aneurysm. a Stimulating EVs
release or increasing beneficial molecule in the EVs, b Inhibiting EVs
release or reducing adverse molecule in the EVs, c Isolation of EVs
and direct transfer of EVs, d Artificial EVs carrying specific molecules
or drugs.
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endothelial cells and promote the formation of human athero-
sclerotic plaques, suggesting that the attenuation of platelet
activation may be a therapeutic strategy for atherosclerosis [119].
Inflammation contributes to the process of atherosclerosis [120],

and EVs play a vital role in the proinflammatory response in
atherosclerosis. EVs released from infected macrophages stimu-
lated a proinflammatory response in vivo and in vitro [121]. Wu
et al. developed a kind of hexyl 5-aminolevulinate hydrochloride
(HAL)-engineered M2 macrophage-derived EVs with
inflammation-tropism and anti-inflammatory capabilities for
atherosclerosis therapy [122]. Dendritic cells are a group of
immune cells that act as proinflammatory cells by releasing
cytokines, and EVs from mature dendritic cells promote endothe-
lial inflammation and atherosclerosis via the TNF-α-mediated NF-
κB pathway [123]. Neutrophils contribute to vascular inflammation
and atherogenesis via EV-mediated miR-155 transfer to disease-
prone regions [124].
VSMC phenotypic transformation-induced vascular remodeling

is a hallmark of atherosclerosis. Platelet-derived EVs induced a
switch in VSMCs to a proinflammatory phenotype, promoted
VSMC proliferation and migration, and stimulated vascular
remodeling [68]. EVs from nicotine-stimulated macrophages
accelerated atherosclerosis by increasing VSMC migration and
proliferation [125]. Niu et al. found that macrophage foam cell-
derived EVs promoted VSMCs migration and adhesion during the
progression of atherosclerosis, which may be mediated by the
integration of EVs into VSMCs and the subsequent downstream
activation of the ERK and Akt pathways in these cells [126]. EVs
from circulating leukocytes in atherosclerotic patients were
increased compared to those in healthy subjects and promoted
the adhesion and migration of VSMCs [127].
EV-loaded miRNAs are involved in atherosclerotic vascular

remodeling. Wang et al. found that miR-503-5p was enriched in
EVs from ox-LDL-treated macrophages and EVs from the blood
mononuclear cells of atherosclerosis patients. EV-mediated miR-
503-5p transfer reduced proliferation and angiogenesis in VECs in
the human coronary artery but promoted proliferation and
migration in VSMCs [128]. An interesting finding was that miR-
155 inhibited anti-inflammatory signaling in macrophages, and
miR-155 levels in the aorta were decreased during the regression
of atherosclerosis in ApoE−/− mice fed a 1% cholesterol diet
supplemented with a linoleic acid (CLA) blend but were increased
in urinary EVs from patients during atherosclerosis progression
[129]. Furthermore, miR-30e and miR-92a were increased in
plasma EVs from 42 patients with coronary atherosclerosis [130].
MiRNAs in EVs may be used as biomarkers or intervention targets
for atherosclerosis.

EVS AS BIOMARKERS IN THE DIAGNOSIS AND PROGNOSIS OF
VASCULAR DISEASES
EVs are found in various body fluids including blood, urine, saliva,
bile, breast milk and semen, and dynamically reflect disease states.
EVs carry specific cargoes, including proteins, miRNAs, mRNAs,
long noncoding RNAs (lncRNAs) and lipids from their parental cells
[131]. The cargo in EVs reflects the pathophysiological character-
istics of the parent cells or tissues [132, 133]. Furthermore, the lipid
bilayer structure protects the genetic materials or specific cargo in
EVs from digestion or destruction by circulatory enzymes
[134, 135]. EVs have robust potential as biomarkers for vascular
remodeling or vascular diseases by integrating EV content and
concentrations information [131].

Protein markers in EVs
Some proteins are required for the EV production. Intraluminal
vesicles (ILVs) budding into multivesicular endosome (MVE) is
mediated by a class of proteins in the endosomal sorting complex
required for transport (ESCRT) [136]. The function of the ESCRT

pathway depends on its subunit composition and some essential
accessory proteins, such as apoptosis-linked gene 2 (ALG-2)
interacting protein X (ALIX) and tumor susceptibility gene protein
101 (TSG101) [137]. Exosomes derived from the endolysosomal
compartment tend to be enriched in major histocompatibility
complex class II (MHC II) and tetraspanins such as CD9, CD63 and
CD81. These proteins are closely related to the production of EVs
and are generally present in EVs, independent of their cell origin
and can be used as markers for the identification of EVs [138].
Some proteins packaged in EVs can serve as biomarkers to

reflect the state of a particular disease. Kanhai et al. evaluated the
association of some protein levels in plasma microvesicles with
the risk of the occurrence of new vascular events in 1060 patients
with vascular diseases. The researchers found that cystatin C,
serpin F2 and CD14 in plasma microvesicles were closely
associated with an increased risk of future vascular events and
mortality in patients with vascular diseases [139]. Furthermore, the
CD14, serpin G1 and serpin F2 proteins are associated with
systemic vascular events in the plasma EVs and correlated with the
occurrence of heart failure in 404 patients presenting with
dyspnea [140]. Acute coronary syndrome (ACS) is closely related
to the vascular changes and lipid metabolism alterations in
atherosclerosis [141, 142]. According to a study of 471 frozen
serum samples from patients with suspected ACS (30% of whom
had an ACS), polygenic immunoglobulin receptor (pIgR), comple-
ment factor C5a and cystatin C protein levels in serum EVs were
independently associated with ACS [143].

Nucleic acid markers in EVs
Nucleic acids in EVs may be important biomarkers for cardiovas-
cular diseases. EVs contain abundant RNA including mRNA,
miRNA, lncRNA, circular RNA (cRNA), small interfering RNA (siRNA),
and transfer RNA (tRNA), as well as DNA [138]. The miRNAs loaded
in EVs are protected against RNase, exhibit high stability in body
fluid [144] and are closely related to vascular remodeling and
some vascular diseases [145].
The most interesting miRNAs in EVs that regulate inflammation

in association with atherosclerotic disease are the let-7 family,
miR-17/92 family, miR-21, miR-29, miR-126, miR-133, miR-146, and
miR-155 [146]. Circulating EVs containing miR-199a and miR-126
but not free plasma miRNA predict cardiovascular events in stable
coronary artery disease [147]. Gildea et al. examined the miRNAs
in urinary EVs and their association with the blood pressure
response to dietary salt intake. The researchers found that 45
miRNAs in urinary EVs were associated with the blood pressure
response to sodium [148]. The miRNAs in urinary EVs may serve as
biomarkers for cardiovascular diseases.

Lipid markers in EVs
Lipids are not only main components of EV membranes, but are
also the cargo of EVs. EVs are enriched in sphingomyelin,
cholesterol, and phosphatidylserine compared with their mem-
branes of origin [117]. The composition of lipids in EVs may
depend on pathophysiological conditions, including cardiovascu-
lar diseases with obesity [149]. Ceramides, a type of bioactive
sphingolipids, are assembled within the endosome and exacer-
bate the sorting and production of EVs [150] and may be a
valuable biomarker for the risk of cardiovascular events and
mortality [151]. Chen et al. performed lipidomics analysis of
human plasma EVs and found an abundance of ceramides in EVs
[152]. Mannosyl-di-phosphatidylinositol and phosphatidylinositol-
ceramides were detected in urinary exosomes and urinary
microvesicles, respectively [150]. Changes in lipids in EVs may be
potential biomarkers of cardiovascular diseases.

EV counts
EV counts serve as diagnostic or prognostic biomarkers of
cardiovascular diseases [9]. Nanoparticle tracking analysis (NTA)
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is reliable over a range of EVs sizes and concentrations, but the
inaccuracy of EV counts is quite high [16], requiring protocols to
minimize sample-to-sample variations [153, 154]. Most studies
have shown a positive correlation between plasma EV counts and
cardiovascular diseases, regardless of the cell type of origin [16].
Kapustin et al. found that the number of exosomes derived from a
VSMC calcification model was increased nearly twofold compared
with that in the control group, which further promoted the VSMC
calcification [9, 84]. Chironi et al. showed that leukocyte-derived
circulating microparticles were increased in subclinical athero-
sclerosis patients, and the amount of microparticles was related to
the Framingham risk, preclinical atherosclerosis and metabolic
syndrome [155].
Circulating EVs play roles in endothelial damage, platelet

activation, hypercoagulability and the regulation of intercellular
interactions and are involved in vascular remodeling in athero-
sclerosis and other vascular diseases [156]. However, plasma EVs
are not always positively associated with cardiovascular disease. A
recent study showed that there was no significant difference in
the concentration or size distribution of plasma EVs between
WKYs and SHRs [107]. Furthermore, we showed that the number
of EVs derived from the VAFs of SHRs was not greater than that
derived from the VAFs of WKYs, but ACE and miR-135a-5p
contents were increased in the EVs of SHRs, while miR-155-5p
levels were reduced in the EVs of SHRs, contributing to VSMC
proliferation, migration and vascular remodeling in hypertension
[21, 33, 34, 67].
Circulating EVs can be easily obtained through minimally

invasive methods, while urinary EVs can be obtained by a
noninvasive method. EVs serve as potential diagnostic or
prognostic biomarkers by examining specific changes in the
cargo of EVs or the numbers of EVs in cardiovascular diseases, and
this method has gained great interest.

NOVEL THERAPEUTIC STRATEGIES BASED ON EVS IN
VASCULAR DISEASES
Cell therapy research has made enormous progress in the past few
decades, but its development has been hampered because of
safety issues and the challenges of production. EV therapy is a
novel cell-free treatment that is considered one of the most
promising therapeutic candidates in the future [9]. The potential
of EVs as therapeutic agents benefits from their specific biological
characteristics, including biocompatibility, low toxicity, low
immunogenicity, biological barrier permeability and relative
stability, making them suitable for therapeutic delivery [1]. As
mentioned above, EVs inherently contain a variety of natural
cargoes. More importantly, exogenous molecules and drugs could
be packaged into EVs or engineered EVs due to the breakthroughs
in science and technology [11, 157]. A schematic diagram shows
the potential therapeutic strategy based on EVs in cardiovascular
diseases (Fig. 4).

Direct transfer of isolated EVs
The transfer of EVs isolated from cell medium or body fluids has
been shown to have a therapeutic effect on animal models of
cardiovascular diseases. Ren et al. found that intravenous admin-
istration of EVs from the VAFs of WKYs attenuated hypertension
and vascular remodeling in SHRs, whereas EVs from the VAFs of
SHRs caused vascular remodeling in WKYs and further deteriorated
vascular remodeling in SHRs [21]. Intraperitoneal injection of
plasma EVs from SHRs promoted vascular remodeling, while EVs
from WKYs attenuated vascular remodeling in SHRs [107].
Brill et al. isolated EVs from healthy human platelet-rich plasma,

and then, agarose beads containing EVs were subcutaneously
transplanted into the dorsal subcutaneous space of mice. The
researchers found that platelet-derived EVs promoted angiogen-
esis, and the injection of EVs into the ischemic myocardium of

mice with chronic ischemia improved revascularization [158].
Recently, Yan et al. isolated EVs from IL-4- and IL-13-treated M2
macrophages and found that M2 macrophage-derived EVs
promoted VSMC dedifferentiation and vascular repair after
intravascular stent implantation in rats [159]. These findings
provide solid evidence that particular EVs can be utilized directly
as effective therapeutic agents in animal models of cardiovascular
diseases.

Intervention in EV cargo
Altering the parent cells of EVs affects EV characterization and
cargo and shows attractive prospects in the treatment of vascular
remodeling in vascular diseases. Intervention of parent cells of EVs
is one of methods to increase certain beneficial molecule levels or
reduce certain adverse molecule levels in EVs for potential
treatment of cardiovascular diseases.
Curcumin, a bioactive constituent of curcuma longa, has

antioxidant, anti-inflammatory, and anticancer properties [160].
EVs from curcumin-treated mouse brain VECs attenuated oxidative
stress and VEC dysfunction during hyperhomocysteinemia [161].
Encapsulation of curcumin in EVs increased the solubility, stability,
and bioavailability of curcumin [162].
ACE levels were increased while miR-155-5p contents were

reduced in EVs from the VAFs of SHRs, which contributed to EV-
mediated promotion of VSMC proliferation and vascular remodel-
ing in SHRs. Knockdown of ACE in VAFs normalized the ACE levels
in EVs, attenuated miR-155-5p downregulation in EVs, and
abolished EV-mediated promotion of VSMC proliferation in SHRs
[21]. Tong et al. found that increased miR-135a-5p in EVs derived
from the VAFs of SHRs inhibited FNDC5 expression, and knock-
down of miR-135a-5p in VAFs reduced miR-135a-5p in EVs,
thereby attenuating EV-mediated stimulation of VSMC prolifera-
tion [34]. These findings indicate that altering parent cells to affect
EV cargo may be a novel strategy for attenuating vascular
remodeling.

Intervention in EVs release
EV counts are closely associated with cardiovascular diseases [9].
Stimulation of beneficial EV release or inhibition of adverse EV
release from specific cells may have potential therapeutic roles in
cardiovascular diseases. The removal of circulating EVs was first
used as a therapeutic strategy for cancers via a hemofiltration
system [163]. The system captured circulating EVs originating from
cancer cells expressing the marker of human epidermal growth
factor receptor 2 (HER-2) based on the finding that HER-2-positive
cancers were particularly aggressive [164].
Recently, Liu et al. showed the importance of inhibiting EV

release in regulating VSMC phenotype. The researchers found that
inhibiting neutral sphingomyelinase (N-SMase) with an N-SMase
spiroepoxide inhibitor in HUVECs inhibited EV release and thereby
affected the VSMC phenotype [165].

Application of artificial EVs containing specific signaling molecules
or drugs
Artificial EVs carrying specific signaling molecules or drugs may be
the most critical prospective therapeutic strategy in cardiovascular
diseases. Several nanosized carriers have been designed such as
liposomes, niosomes, ethosomes, nanoemulsions, transferosomes,
dendrimers, polymers, micelles, and solid lipid nanoparticles [166].
These drug delivery systems are nontoxic carriers, have a high
drug encapsulation efficiency, and provide sustained release of
drugs with good safety, biocompatibility and bioavailability [167].
Some chemical modifications have been made in these carriers to
improve their properties such as permeation, penetration and
bioavailability. A variety of liposomes with surface modifications of
blood-brain barrier-targeting ligands have been created to cross
the blood-brain barrier via transcytosis to facilitate the therapeutic
efficacy of drugs [168].
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Deformable liposomes are bilayer vesicles that are used for drug
delivery and have been given different names in previous studies,
such as flexible liposomes, ultradeformable liposomes, ultraflex-
ible liposomes and elastic liposomes, and these liposomes are
used to transfer drugs for their biochemical, cosmetic and
therapeutic purposes. These vesicles exhibit good characteristics
in improving the flexibility, penetration, and delivery of drugs to
deeper parts of the tissues [169].
Imatinib mesylate, a PDGF-receptor tyrosine kinase inhibitor, is

able to attenuate pulmonary arterial hypertension by reversing
pulmonary vascular remodeling [170]. Xu et al. developed imatinib
mesylate-loaded liposomes and administered them via the
pulmonary route to delay drug release and improve patient
compliance and treat pulmonary arterial hypertension [171].
Artificial EVs carrying drugs may be a major therapy for vascular
remodeling and vascular diseases.

CONCLUSIONS AND PERSPECTIVES
EVs are naturally secreted by almost all cells and are present in
nearly all body fluids, including blood, urine, saliva and bile. The
origin of EVs in the occurrence and progression of vascular
remodeling varies and mainly includes vascular cell components,
such as VECs, VSMCs, VAFs, PVADs, infiltrated inflammatory cells,
and various blood cells such as platelets, red blood cells, and
leukocytes. EVs affect vascular oxidative stress, inflammation,
calcification, lipid plaque formation and thereby have an impact
on vascular remodeling in a variety of cardiovascular diseases
including atherosclerosis, hypertension, aortic aneurysm and rest-
enosis. EVs are potential diagnostic and prognostic biomarkers for
cardiovascular diseases. EVs have robust application prospects in
the treatment of vascular remodeling and cardiovascular diseases.
Although many achievements in EV research have been made

in previous studies, there are several shortcomings that need
urgent attention in future studies. First, the regulation of EV
release is associated with the number and specific cargo of EVs,
especially the dysregulation of EVs in particular pathological states
or cardiovascular diseases. Further studies will help to reveal
crucial targets that regulate EV counts and specific cargo in
various cardiovascular diseases. Increasing or reducing endogen-
ous EV release or the levels of specific signaling molecules in EVs
may be a promising solution for some diseases.
Second, most of the current studies have been limited to animal

experiments, and the safety issues and effective doses of EVs for
treatment require extensive in vivo studies and verification. The
preparation of amounts of efficient and pure artificial EVs is still a
challenge. High purity and large-scale technology to isolate and
purify EVs are required to fulfill clinical requirements.
Third, more delicately designed studies are needed to

determine or identify out effective biomarkers for particular
cardiovascular diseases. EVs and EV-associated RNAs and proteins
have significant potential as clinically useful biomarkers for the
diagnosis and prognosis of cardiovascular diseases.
Finally, the administration of EVs may be a promising

therapeutic strategy in cardiovascular diseases. More in vivo
studies focused on EV therapy should be performed in several
animal models of cardiovascular diseases for the future develop-
ment of cardiovascular disease therapies. Moreover, EVs that
target special tissues or organs need further investigation to
obtain effective EV-targeted therapy. Artificial EVs carrying specific
signaling molecules or drugs may have unique advantages in the
treatment of cardiovascular diseases.
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