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Endovascular repair including percutaneous transluminal angioplasty (PTA) and stent implantation has become the standard
approach for the treatment of peripheral arterial disease; however, restenosis is still the main limited complication for the longterm success of the endovascular repair. Endothelial denudation and regeneration, inﬂammatory response, and neointimal
hyperplasia are major pathological processes occurring during in-stent restenosis (ISR). MicroRNAs exhibit great potential in
regulating several vascular biological events in diﬀerent cell types and have been identiﬁed as novel therapeutic targets as well as
biomarkers for ISR prevention. This review summarized recent experimental and clinical studies on the role of miRNAs in ISR
modiﬁcation, with the aim of unraveling the underlying mechanism and potential therapeutic strategy of ISR.

1. Introduction
Peripheral arterial disease (PAD) aﬀects approximately 1214% of the general population, and its prevalence increased
to 15-20% in patients over 70 years. The prevalence of symptomatic intermittent claudication reaching 6% in patients
over 60 years, 5-10% of patients with PAD will eventually
progress to critical limb ischemia [1, 2]. PAD is a part of a diffuse atherosclerosis of the whole vasculature including coronary arteries, and it has been classiﬁed as a coronary heart
disease risk equivalent, i.e., the PAD patients are at an exceptionally high risk for cardiovascular events.
There are various revascularization strategies to treat
PAD, including percutaneous transluminal angioplasty
(PTA), stent implantation, atherectomy, thrombectomy and
interposition of the venous, and arterial or synthetic bypass
graft. Endovascular treatment, including PTA and stent
implantation, has become the standard approach for the
femoropopliteal arterial occlusive disease [3]. Compared to
PTA alone, stent implantation can prevent early elastic recoil

and late constrictive remodeling. It can eﬀectively maintain
lumen volume when encountering residual stenosis or ﬂowlimiting dissection after PTA. Therefore, stent implantation
in PAD is highly prevalent especially for a longer and more
complex femoropopliteal arterial lesion. However, the high
incidence of in-stent restenosis (ISR) restricts the development of endovascular techniques, and it became the major
cause of endovascular treatment failure and reintervention.
Approximately 20-40% of PAD patients treated with bare
metal stent develop ISR depending on complexity and severity, localization, and length of the lesion [4].
Bare metal stent (BMS) has been widely applied to PAD
endovascular treatment; its metal scaﬀold implantation
undoubtedly will lead to severe target vessel injury and provoke pathobiological cascade leading to neointimal hyperplasia. Compare to BMS, drug-eluted stent (DES) provides
localized antiproliferative drug delivery and can eﬀectively
reduce the incidence of neointimal hyperplasia and ISR.
However, the nonselective drugs also inhibit reendothelialization and healing of the injured artery and lead to fatal late

2
phase thrombosis, therefore still far from optimized and fail
to eliminate ISR [5]. As such, a cell-speciﬁc therapy targeting
ISR is imperatively needed. And miRNA-based strategy may
oﬀer an alternative approach for preventing ISR. In this
review, we discussed the roles of miRNAs in ISR and
explored the underlying mechanism and potential therapeutic miRNA-based strategy of ISR

2. The Pathophysiology of In-Stent
Restenosis (ISR)
Once a stent was inserted into an obstructive arterial lesion, it
induces an acute mechanical injury to the diseased blood vessel. The initial events immediately after stent implantation
are endothelium denudation, a crush of the plaque, often
accompanied with dissection into media, even adventitia,
the stretch of the entire artery [6, 7]. Endothelium act as a
selectively permeable barrier between the tunica media, and
blood ﬂow participates in the regulation of vascular tone
and suppression of neointimal hyperplasia mainly caused
by the underlying vascular smooth muscle cells (VSMCs).
This alternation of endothelium is followed by the deposition
of a layer of platelets and ﬁbrin at the injured site and initiates
a cascade of inﬂammatory response. Activated platelet
expressed adhesion molecules such as P-selectin which attach
to and recruit circulating leukocytes to the injured vessel. A
component of leucocyte secretory granules, Mac-1 [8], promotes leukocyte that binds tightly to the surface of injured
endothelial cells (ECs). The migration of leukocytes across
the platelet-ﬁbrin layer and into the tissue (i.e., leukocyte
inﬁltration) is driven by a group of chemoattractant cytokines produced by SMCs, ECs, and resident leukocytes, such
as monocyte chemoattractant protein-1 (MCP-1) and interleukin- (IL-) 8. Next is an SMC proliferation and migration
phase. Growth factors, such as ﬁbroblast growth factor
(FGF), platelet-derived growth factor (PDGF), vascular
endothelial growth factor (VEGF), and transforming growth
factor-beta (TGF-β), released from platelets, leukocytes, and
SMCs, stimulate proliferation and migration of SMC from
the media into the neointima, leading to neointimal thickening consequently. The resultant neointima consists of SMCs,
extracellular matrix (ECM) synthesis by SMCs, and macrophages recruited over several weeks [6, 7]. Compared to balloon angioplasty alone, stent implantation results in an
increased and sustained inﬂammatory response and larger
neointimal growth ultimately [7]. The late phase of ISR is
vascular remodeling involving ECM protein degradation
and resynthesis. There is a shift towards greater ECM synthesis rather than SMC proliferative activity [9]. ECM is composed of various collagen subtypes and proteoglycans and
constitutes the major component of the mature restenotic
plaque [10]. Besides, there is eventual reendothelialization
(i.e., the regeneration and regrowth of the denuded endothelium) of at least part of the injured vessel surface. The reendothelialization is originated from remaining locally derived
ECs and circulating endothelial progenitor cells from the
blood, and it is always found to be inadequate in terms of
both barrier integrity and functionality with impaired
endothelium-dependent vasodilation and increased perme-
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ability [11]. An integrated view of pathophysiology of ISR
has been shown in Figure 1.

3. General Introduction to MicroRNA
MicroRNAs (miRNAs) are short (17-25 nucleotides long),
single-stranded, generally noncoding RNAs. Through the
binding to miRNA-response elements (MREs) within the 3 ′
-untranslated regions (3-UTRs) of target genes, miRNAs regulate their gene expression via posttranscriptional degradation or translational repression [12]. Most miRNA genes
are located in intronic regions; they are commonly transcribed into primary-miRNA (pri-miRNA) by RNA polymerase II in the nucleus. Then, the enzyme complex of
Drosha–Dgcr8 facilitates the processing of pri-miRNAs into
a ~60–70 hairpin-structured precursor miRNA (premiRNA). Pri-miRNAs are transported to the cytoplasm from
nucleus via exportin 5, the RanGTPdependent nuclear export
factor. In the cytoplasm, pro-miRNAs are further processed
by the RNAse III enzyme complex into mature duplex
miRNA. One strand of the mature microRNA is incorporated into the miRNA-induced silencing complex (miRISC),
while the other strand is usually degraded [13].
A single miRNA can regulate multiple genes, and a single
gene can be regulated by multiple miRNAs. Moreover, miRNAs interact with each other to form a cotargeting network,
which allows miRNAs to play an essential role in the powerful and ﬁne regulation of almost every vascular biology.
Numerous studies unravel miRNAs that act as potential biomarkers or therapeutic targets of many cardiovascular diseases [13, 14]. Of which, miRNAs have been associated
with ISR-related process, such as neointimal hyperplasia,
inﬂammatory response, and regeneration of endothelial layer
(Table 1 and Figure 1).

4. miRNAs Involved in Neointimal Formation
Restenosis is deﬁned as the arterial wall’s healing response to
mechanical injury. The key pathophysiologic phenomenon
responsible for restenosis after stent implantation is the neointimal formation which consists of VSMC proliferation,
migration, and ECM deposition [6, 15]. The metallic scaﬀold
of BMS prevents vessel shrinkage (i.e., elastic recoil and negative remodeling), however, induces an enhanced neointimal
hyperplasia response [6].
VSMCs within adult blood vessels are highly specialized,
and they play an important role in regulating blood vessel
tone, blood pressure, and blood ﬂow distribution. Under normal conditions, VSMCs proliferate at a very low rate, exhibit
low synthetic activity, and express a repertoire of contractile
proteins, ion channels, and signaling molecules required for
its contractile function. Although fully diﬀerentiated, VSMCs
retain remarkable plasticity. In response to vascular injury
induced by stent implantation, VSMCs dramatically increase
their rate of cell proliferation, migration, and synthetic
capacity, transiently modify their phenotype to a high “synthetic” phenotype, hence starting to proliferate and migrate
to the vessel interior, causing the lumen reduction. Kearney
et al. [16] retrieved in-stent restenotic tissue by directional
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Neointimal formation
miR-22-3P,miR-1298,miR-143/145,miR-195,
miR-21,miR-23b,miR-146a,miR-424/322,
miR-125,miR-133,miR-132,miR-140-3P,miR-663
miR-638

Endothelial regeneration
miR-1401-3P,miR-21,miR-126,
miR-92a,miR-221/222,miR-143/145

Vessel inflammation
miR-126,miR-21,miR-221/222,miR-155

Macrophage

Endothelial cells

Neutrophil
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Figure 1: miRNA involved in in-stent restenosis (ISR). The schematic depicts the pathophysiology of ISR. Vessel inﬂammation, neointimal
formation, and endothelial regeneration are three key processes of ISR, regulated by multiple miRNAs, respectively (see text and Table 1 for
details on mechanism of all displayed miRNAs).

atherectomy from 10 patients after percutaneous revascularization of PAD and demonstrated that the in-stent restenotic
tissue composed predominantly of SMCs. Upon resolution of
injury, VSMCs reacquire their contractile phenotype [17, 18].
Among several miRNAs, the miR-143/-145 cluster is
highly expressed in VSMCs and is known as an essential
mediator of SMC proliferation, diﬀerentiation, and phenotypic switching [19]. miR-143 and miR-145 are located on
human chromosome 5, and they were cotranscribed as a
bicistronic unit. They cooperatively target a network of transcription factors, including Kruppel-like factor- (Klf-) 4, Klf5, Elk-1, myocardin, angiotensin converting enzyme (ACE),
calmodulin kinase II δ, fascin, and myocardin-related transcription factor-beta (MRTF-β) [19, 20]. Vascular injury
leads to downregulation of miR-145 in VSMCs; the downregulated miR-145 results in increased Klf-5 expression, which
miR-145 directly targeting, as well as decreased myocardin
and VSMC diﬀerentiation markers, e.g., smooth muscle
alpha-actin, calponin, and smooth muscle myosin heavy
chain (SM-MHC), inhibits migration but promotes diﬀerentiation of VSMCs [21]. miR-143 also contributes to the maintenance of VSMC contractile phenotype and suppression of
VSMC proliferation, mainly through targeting Elk-1 [19].
miR-195 is also involved in the modulation of VSMC
physiology. The overexpression of miR-195 inhibited VSMC
proliferation and migration and therefore suppressed the
neointimal hyperplasia after vascular injury through downregulating Cdc42 and its downstream mediator cyclinD1
(CCND1), which are responsible for cell cycle regulation

and cell growth [22]. Similarly, miR-125a-5p is downregulated after a vascular injury caused by angioplasty. Its expression level is inversely correlated to the proliferative status:
when miR-125a-5p is overexpressed, proliferation and
migration of VSMCs are reduced. On the other hand, miR125a-5p is positively correlated to the expression of Alpha
Smooth Muscle Actin 2 (ACTA2), Myosin Heavy Chain 11
(MYH11), and Smooth Muscle 22 alpha (SM22α) which
characterizes the contractile phenotype of VSMCs: these
marker gene expressions are decreased during VSMC phenotypic switch from contractile to synthesis. Of note, miR125a-5p is directly target to E26 transformation speciﬁc-1
(ETS-1), an important transcriptional factor of VSMC proliferation and migration, and is crucial in PDGF-BB pathway in
VSMCs. With the stimuli of vascular injury, miR-125a-5p is
downregulated, and ETS-1 upregulated consequently, promoting VSMC phenotypic switch mediated by PDGF-BB, a
potent mitogen for VSMCs [23, 24]. Recently, miR-125-3p
downregulation was detected in VSMC of patient suﬀer
PAD. miR-125-3p exhibits an antiproliferative eﬀect on
VSMC via targeting mitogen-activated protein kinase
(MAPK) 1, a common hub of the MAPK signaling pathway
and the insulin signaling pathway [25].
miR-23b is a member of gene cluster consisting of miR23b, miR-27b, and miR-24-1 [26]. miR-23b is downregulated
after vascular injury in vivo. The experimental study showed
that miR-23b overexpression is responsible for the upregulation of ACTA2 and MYH11, the markers of the contractile
phenotype of VSMC, and consequently inhibits VSMC
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Table 1: miRNAs involved in ISR progression.
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proliferation, migration, and neointimal formation after
stent implantation. And this eﬀect is mediated by miR-23b
directly targets to urokinase plasminogen activator (uPA),
Smad3, and Forkhead box O4 (FOXO4) which are the essential modulators of VSMC proliferation, migration, and phenotypic switch [27–29]. Similarly, the other members of the
cluster, miR-27b and miR-24-1, are downregulated after vascular injury, suggesting that this cluster participates in regulation of VSMC phenotypic switch [27]. miR-663 is a novel
regulator of VSMCs in the phenotypic switch. Overexpression of miR-663 is associated with increased expression of
VSMC contractile phenotypic markers, such as SM22α and
MYH11. Furthermore, miR-663 eﬀectively inhibits VSMC
proliferation and migration in vitro, and vascular injury
induced neointimal hyperplasia in a mice carotid artery ligation model, through targeting the transcription factor JunB
and its downstream Myl9 [30].
Recent studies reveal miR-140-3p’s potential as the
therapeutic target for preventing ISR in PAD [31]. miR140-3p is mainly distributed in artery media rather than
in endothelium or adventitia, and it is mainly expressed
in SMCs. miR-140-3p was prominently downregulated in
VSMCs with ISR. Increasing expression of miR-140-3p
repressed cell proliferation via directly targeting c-Myb
while promoted cell apoptosis via targeting c-Myb and
Bcl-2. Intriguingly, miR-140-3p does not aﬀect cell SMC
migration [31]. In vivo study showed delivery of miR140-3p into rat carotid artery after balloon angioplasty
leads to reduction of neointimal hyperplasia. Another
two miRNAs downregulated in VSMC of the patient with
arteriosclerosis obliterans (ASO) are miR-22-3p and miR1298. miR-22-3p upregulation results in attenuation of
VSMC proliferation and migration in vitro via directly targeting and negatively regulating high mobility group box-1
(HMGB1). Consistent with the antiproliferative and antimigrative eﬀect of miR-22-3p in vitro, miR-22-3p inhibits
neointimal hyperplasia in balloon-injured rat carotid arteries in vivo, also by targeting HMGB1 [32]. The downregulation of miR-1298 in ASO is associated with the
higher DNA methylation of its upstream CpG sites. In
vitro study showed that miR-1298 suppresses VSMC proliferation and migration without aﬀecting apoptosis [33].
These cellular eﬀects are mediated via directly targeting
connexin 43 which has been proved that its downregulation suppress VSMC phenotypic switching from contractile to synthesis [34]. In vivo study conﬁrmed that
overexpression of miR-1298 inhibits neointimal hyperplasia in an injured artery.
Besides miRNAs mentioned above, which are downregulated in response to vascular injury, there are several
miRNAs upregulated after stent implantation induced vascular injury. miR-21 is one of the most upregulated miRNAs. Inhibition of miR-21 reduces VSMC proliferation
while enhances VSMC apoptosis via targeting phosphatase
and tensin homolog (PTEN) and Bcl-2, two crucial signaling molecules involved in VSMC growth and apoptosis
[35]. Utilizing a humanized in vivo model which mimics
human ISR, Wang et al. demonstrate that the miR-21
expression increased during ISR. Anit-miR-21 inhibits
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VSMC proliferation, while miR-21 overexpression induced
proproliferative response of VSMC. This eﬀect of antimiR-21 is modulated through derepression of PTEN.
Besides, miR-21also regulates VSMC cell shape via
directly targeting Tropomyosin-1 [36]. miR-146a exhibits
a potent capacity to promote VSMC proliferation
in vitro and neointimal hyperplasia in vivo. miR-146a
targets and inhibits Klf-4, which plays an antiproliferative
role in the regulation of VSMC biology, while Klf-4 binding to miR-146a promoter inhibits miR-146a transcription. This feedback loop of miR-146a and Klf-4
regulates each other’s expression and VSMC proliferation.
Additionally, Klf-5 competitively binds to miR-146a promoter to promote miR-146a transcription as a Klf-4 competitor [37]. Human miR-424 or its rat ortholog miR-322
(miR-424/322) upregulated in proliferative VSMC in vitro
and after vascular injury in vivo; however, it exhibits
antiproliferative eﬀect. Overexpression of miR-424/332
induced an increase in the expression of several diﬀerentiation markers such as ACTA2, calponin-1, and MYH11,
inhibited VSMC proliferation and migration without
aﬀecting VSMC apoptosis by directly targeting CCND1
known as a regulator of cell cycle transition, Ca2 + -regulating proteins calumenin and by indirectly targeting stromal interaction molecule 1 (STIM1). This suggested that
miR-424/322 has protective eﬀect against neointimal
hyperplasia [38].
miR-133 and miR-132 expression transiently decreased
in early phase and prominently increased in a late phase of
vascular injury. MAPK/ERK1/2 is the major upstream signaling to regulation miR-133. ERK1/2 activation is responsible for miR-133 downregulation. Overexpression of miR-133
signiﬁcantly reduces VSMC proliferation and migration, prevents VSMC phenotype switch from contractile to synthesis,
and ultimately results in inhibition of neointimal hyperplasia. These eﬀects are modulated via directly targeting to Sp1 and moesin and repressing the expression of these two
transcriptional factors since Sp-1 regulates VSMC phenotypic switch and moesin modulates VSMC migration both
in vitro and in vivo [39]. Delivery miR-132 to a rat carotid
artery injury model induces increasing expression of p27
and Bax which have the proapoptosis eﬀect, as well as expression of VSMC diﬀerentiation marker smooth muscle a-actin,
and decreasing expression of Bcl-2, an antiapoptotic protein.
These eﬀects are modulated by miR-132 targets to leucinerich repeat (in Flightless 1) interacting protein-1 (LRRFIP1),
which is documented to aﬀect cancer cell proliferation and
migration. miR-132 inhibits VSMC survival and growth
while promotes its apoptosis and attenuates neointimal
hyperplasia conclusively [40].
miR-638 is enriched in human aortic SMC. PDGF-BB
stimulation, as one of the most potent stimulants for VSMC
proliferation and migration, leads to sharply decreased
expression of miR-638. MAPK/ERK1/2 serves as an
upstream signaling molecule that involved in the regulation
of PDGF-BB-induced miR-638 decreasing. Overexpression
of miR-638 leads to inhibition of VSMC proliferation and
migration, as well as decrease of the CCND1 expression by
directly targeting NOR1 [41].
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5. miRNAs Involved in Vessel Inflammation
Inﬂammation plays a pivotal role in ISR, linking early vascular injury to the eventual consequence of neointimal hyperplasia and lumen compromise. Leukocyte recruitment and
inﬁltration are characteristics of restenosis induced by stent
implantation, trigger the subsequent neointimal formation
[7]. There is mounting evidence for the role of inﬂammation
in restenosis. Moreno and colleagues found primary lesions
that develop restenosis after coronary atherectomy have
more macrophages and SMCs than primary lesions that do
not develop restenosis, provide evidence linking leukocytes
and restenosis [42]. Cipollone et al. demonstrated signiﬁcantly elevated levels of MCP-1, a potent chemoattractant
of monocytes, in restenotic patients after percutaneous transluminal coronary angioplasty [43]. Tenaka et al. proved a
sustained upregulation of vascular adhesion molecules-1
(VCAM-1), intercellular adhesion molecule-1 (ICAM-1),
and major histocompatibility complex class II antigens in a
balloon injured rabbit model [44].
Recent studies have reported that miRNAs are involved
in the process of inﬂammatory response. miR-126 is an
endothelial cell-speciﬁc miRNA. It targets to VCAM-1,
which regulates leukocyte traﬃcking to sites of inﬂammation,
and suppresses the VCAM-1 expression. Decreased miR-126
leads to an increase in the TNF-stimulated VCAM-1 expression and promotes leukocyte adherence to endothelial cells
consequently [45]. miR-21 is also involved in the modulation
of vascular inﬂammatory response. miR-21 is abundantly
expressed in inﬂammatory cells. Loss of miR-21 represses
macrophage activation, therefore reduces inﬂammatory
response after vascular injury aroused by stent implantation
[46]. Both miR-221/222 and miR-155 can also regulate endothelial inﬂammation by regulating endothelial adhesion molecules. Overexpression of miR-155 and miR-221/222
downregulated ETS-1, a critical transcription factor of vascular inﬂammation and remodeling, and its downstream signaling VCAM1, MCP-1, and FLT1, thus attenuate the
adhesion of Jurkat T cells to ECs [47]. Additionally, miR195 reduced synthesis of proinﬂammatory biomarkers, IL1β, IL-6, and IL-8, suggesting that it could be a potential regulator of ISR because of its anti-inﬂammatory eﬀect [22].

6. miRNAs Involved in
Endothelial Regeneration
Endothelium, the inner layer of the integrated vessel wall, acts as
a selectively permeable barrier between the rest of the vessel wall
and blood ﬂow and participates in regulation of vascular tone
and suppression of neointimal hyperplasia by inhibiting inﬂammation, thrombus formation, and VSMC proliferation and
migration. Compared to angioplasty, stent implantation results
in severe injury because the metal scaﬀold provides a nonphysiological surface for adhesion and generates perturbations in
blood ﬂow and hinders the following reendothelialization as
well. The reendothelialization, that is the regeneration and
regrowth of the denuded endothelium, retrieved mainly from
the remaining endothelial cells. However, this process after stent
implantation is found to be inadequate in both structural and
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functional integrity with impaired endothelium-dependent
vasodilation and increased permeability [11, 48].
Endothelial denudation acts as a trigger of ISR; the consequent delayed endothelial recovery and endothelial dysfunction are the major contributing factors of late stent
thrombosis [49]. The antiproliferative drugs of DES have
nonselective eﬀect on both SMC and EC, thus prevent both
neointimal hyperplasia and reendothelialization. Taking
together, these observations conﬁrmed the essential role of
endothelium in the process of ISR, implied that promoting
rather than blocking the healing process by stimulating reendothelialization seems the most natural approach to prevent
restenosis after DES implantation. Experimental studies
showed that delivery of miR-140-3p into rat carotid artery
after balloon angioplasty leads to the reduction of neointimal
hyperplasia; meanwhile, it has no adverse eﬀect on reendothelialization. Similarly, anti-miR-21 eﬀectively attenuates
neointimal hyperplasia and ISR without impeding reendothelialization, and anti-miR-21 did not inhibit EC proliferation in vitro [50]. Thus, application of miRNAs might be a
novel, cell-speciﬁc perspective in this challenging problem.
miR-126 is an EC-speciﬁc microRNA. It has been proved
that miR-126 plays an irreplaceable role in the maintenance
of endothelial integrity and angiogenesis. miR-126 mutant
mice express severe systemic edema, multifocal hemorrhages,
ruptured blood vessel, and partial embryonic lethality [51].
miR-126 targets to Spred-1, a negative regulator of MAPK
signaling, therefore promotes VEGF- and FGF-mediated
endothelial cell migration and angiogenesis by repressing
Spred-1. Although miR-126 is not expressed in VSMCs, it
participates in the regulation of VSMC function. By targeting
and downregulating insulin receptor substrate-1 (IRS-1),
miR-126 reduces VSMC proliferation and migration. Moreover, Taglin and Acta2, which indicate VSMC diﬀerentiation,
were upregulated by miR-126 in VSMCs [52].
miR-92a is another essential mediator of endothelial
functions and angiogenesis which is selectively expressed
in EC but not in SMC [53]. Inhibition of miR-92a induced
increased phosphorylation of ERK1/2 and c-jun N-terminal
kinases/stress-activated protein kinases (JNK/SAPK), as
well as increased serum response factor (SRF) protein level,
and therefore enhances EC proliferation and migration
in vitro. Moreover, inhibition of miR-92a also induced
increased Klf-4 expression, which regulates endothelial
hemostasis, and thus enhances the eNOS expression and
its nitric oxide (NO) production in EC. Not only maintain
the endothelial integrity, the EC released NO also
negatively regulates SMC proliferation and migration and
consequently inhibits neointimal hyperplasia [54]. Importantly, functional inhibition of miR-92a in vivo prominently reduced neointimal hyperplasia and accelerated the
reendothelialization after vascular injury and stent implantation, indicating that regulation of miR-92a could be a
novel therapeutic approach to prevent ISR [53]. miR-92 is
a member of the miR17-92 cluster, a polycistronic unit
encoding miR-17, miR-18a, miR-19a/b, miR-20a, and
miR-92a. All the members of the miR17-92 cluster are
expressed in EC and known to participate in VSMC proliferation and neointimal hyperplasia of carotid artery
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restenosis [55]. miR17-92 cluster members are upregulated
in carotid artery restenosis; they mediate the crosstalk of
two TGF-β signaling pathway, smad3 and bone morphogenetic protein receptor type II (BMPR2). Smad3 activates
miR17-92, therefore downregulated BMPR2 which directly
target to miR17-92, and consequently promotes neointimal
hyperplasia and carotid artery restenosis [55].
miR221 and miR222 are highly expressed in both EC and
VSMC. In VSMC, miR221 and miR222 exhibit strong proproliferative eﬀects. After vascular injury induced by angioplasty, the miR221 and miR222 expressions are increased
and promote VSMC proliferation and neointimal hyperplasia via inhibits their target gene p27 (Kip1) and p57 (Kip2)
[56]. On the contrary, in EC, upregulated miR221 and
miR222 suppress EC proliferation/migration, promote EC
apoptosis, and lead to decreased reendothelialization after
angioplasty via inhibiting c-kit, which expressed in EC, but
not VSMC [57]. The opposite eﬀects of miR221 and
miR222 expression on EC and VSMC may partly due to differential target gene expression in diﬀerent cell types. And
this imply that inhibit miR221 and miR222 could repress
neointimal hypoplasia while enhance reendothelialization,
which are responsible for ISR reducing.
miR-143/-145 is undetectable in endothelial cells; however, its expression increased in response to shear stress and
Klf-2, the shear-responsive transcription factor. It has been
proved that Klf-2 expressed endothelial cell transfer miR143/-145 enriched extracellular vesicles to SMCs, inﬂuencing
SMC functions in a paracrine manner [58]. Furthermore,
when coculture VSMC and EC, the cell-to-cell contact induces
miR-143/-145 transfer from SMC to EC via tunneling nanotubes [59]. These cell-to-cell crosstalk studies illustrate that
miR-143/-145 acts as a signaling transmitter to communicate
VSMCs and ECs and regulate their functions consequently.

7. Interaction with lncRNA in the Vasculature
Long noncoding RNAs (lncRNAs) are nonprotein coding
transcripts with a length of more than 200 nt. lncRNAs are
highly versatile; they can be regulated by miRNA and the
reciprocal. Generally, the mechanism of microRNAs and
lncRNA interactions can be summarized in 3 ways [60]. First,
lncRNAs bind and compete with microRNAs (lncRNAmicroRNA sponge) to reduce microRNA function with cells
and alleviate mRNA repressions. Besides, lncRNAs host
microRNAs within their exons and introns. Finally, microRNAs bind lncRNAs and regulate their stability.
LncRNA 362 was identiﬁed as one of the angiotensin II(Ang II-) responsive RNAs [61], and it acts as host gene for
miR-221 and miR-222 which has been identiﬁed as regulators of VSMC proliferation and migration [56]. Knockingdown of LncRNA 362 results in decreased miR-221/222
expression and subsequent inhibition of VSMC proliferation.
It suggested that the coregulation of LncRNA362 and miR221/222 could promote VSMC proliferation and neointimal
hyperplasia [60, 62].
LncRNA-H19 modulates let-7 availability, which have been
indicated to protect VSMC from oxidative damage, by acting as
a molecular sponge [63, 64]. Also, LncRNA-H19 is a primary
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precursor for miR-675. It has been proved that both of
LncRNA-H19 and miR-675 expression are increased after vascular injury. LncRNA-H19 accelerates VSMC proliferation in a
miR-675 dependent manner by directly targets to PTEN [65].
LncRNA LINC00341 acts as the sponge of miR-214 and
therefore promotes its target protein FOXO4 expression,
and transcription factor FOXO4 activates the transcription
of LINC00341. LINC00341 promotes the proliferation and
migration of VSMCs via this positive feedback loop [66].
Tian et al.’s study revealed that the lncRNA UCA1, which
is known to play an important role in cardiovascular injury,
acts as a sponge of miR-26a and downregulates miR-26a
expression, thereby alleviates smooth muscle cell proliferation against atherosclerosis [67]. Recently, Zhang et al. discovered that the lncRNA POU3F3 expression increased in
ISR patients after PCI. POU3F3 promotes VSMC proliferation, migration, and phenotypic transformation via
POU3F3/miR-449a/KLF4 signaling pathway [68].
LncRNA MALAT1 expressed in ECs, and it reciprocally
interacts with miR-320a. In human umbilical vein endothelial
cells (HUVECs), knockdown of MALAT1 induced increasing
of miR-320a expression and decreasing of FOXM1 expression,
consequently inhibited HUVEC proliferation [69].

8. Circulating miRNAs as Biomarkers for ISR
miRNAs can be found in the blood circulation in an
extraordinary stable form, and they are susceptible to sensitive detection through qPCR, thus were identiﬁed as
potential biomarkers of many cardiovascular disease, predicting the response of therapeutic interventions, such as
ISR [70].
A case-control study reveals that circulating miR-21 level
increased while miR-100, miR143, and miR145 decreased in
patients with ISR compared to healthy people and non-ISR
patient and demonstrate these miRNAs as potential biomarkers of ISR. Interestingly, they can discriminate between
diﬀuse ISR and local ISR [71]. miR-93-5p was able to discriminate between patients with stable coronary artery disease (CAD) and those with no CAD; furthermore, it is a
powerful independent predictor of coronary ISR [72]. A
recent study found that miR-19a, miR-126, miR-210, and
miR-378 independently correlated with lower restenosis
occurrence, demonstrating that these four miRNAs had good
value in predicting restenosis risk [73].
There are also several studies performed to explore the
predict value of miRNAs in PAD restenosis. Circulating
microRNA-320a and microRNA-572 in PAD patients with
ISR had signiﬁcantly higher expression levels than it from
non-ISR and healthy volunteers [74]. miR-195 is a PADspeciﬁc miRNA that has potential diagnostic value to discriminate patients with PAD from healthy population
[75]. Moreover, it is a strong and independent predictor
of adverse atherothrombotic events and target vessel revascularization following angioplasty and stenting for PAD,
and it could become a valuable and easily accessible biomarker for risk stratiﬁcation after endovascular revascularization procedures [76].
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9. Future Perspectives and Conclusion
The invasive endovascular repair including PTA and stent
implantation has become the standard approach for both
CAD and PAD. Despite the development of DES signiﬁcantly
reduced the rate of restenosis compared to BMS and PTA alone,
ISR is still the major drawback of endovascular repair. DES
failed to completely obliterate ISR, and it induced risk of late
stent thrombosis, hindered endothelial healing and inﬂammatory response due to nonselective inhibition of endothelial and
SMC proliferation by the antiproliferative drugs [77]. Therefore,
based on the comprehensive understanding of ISR pathophysiology, an ideal therapeutic target to prevent ISR should able to
inhibit SMC proliferation induced neointimal hyperplasia and
facilitate endothelial healing simultaneously.
The recent development of gene-eluting stent is a
major breakthrough in stent technology. Paul and colleagues developed a nanobiohybrid hydrogel-based endovascular stent device to prevent ISR [78]. In this study,
the hydrogel works as a reservoir to carry, protect, and
simultaneously deliver proangiogenic, VEGF, and
Angiopoietin-1 genes to the target site. And the results
showed enhancement in reendothelialization, attenuation
of stenosis, and prevention of neointimal formation. Yang
et al. reported a stent coated with bilayered poly (lactideco-glycolide) (PLGA) nanoparticles containing VEGF plasmid in the outer layer and paclitaxel in the inner core
(VEGF/PTX NPs), demonstrating that the VEGF/PTX
NP-coated stent promotes early endothelium healing while
inhibits SMC proliferation through sequential release of
the VEGF gene and paclitaxel, resulted in signiﬁcant suppression of ISR [79]. These studies inspired us that restenosis could be prevented at the molecular level by
administering gene expression, and miRNA-eluting stent
could be a promising therapy because miRNA can inhibit
ISR via more than one pathway. One of the challenging
puzzles is choosing appropriate target miRNA. The miR195, miR-92a, and miR-221/222 are potential targets of
the miRNA-eluting stent, because miR-195 eﬀectively prevents ISR by inhibiting VSMC proliferation and migration
while reducing inﬂammatory response as well, whereas
miR-92a and miR-221/222 showed diﬀerent eﬀects on
VSMCs and ECs.
As for miRNA-based therapy, silencing miR-122 leads to
long-lasting suppression of hepatitis C virus (HCV) viremia
maybe be the ﬁrst human therapy [80]. However, compared
to reach up to liver, speciﬁc miRNA delivery to the vascular
system can be more challenging. Santulli et al. used an adenoviral vector that encodes p27 with target sequences for ECspeciﬁc miR-126-3p at the 3 ′ end, demonstrating the potential of using a miRNA-based strategy as a therapeutic
approach to speciﬁcally inhibit vascular restenosis while preserving EC function [81]. Wang et al. reported application of
anti-21-coated stents eﬀectively reduced ISR, whereas no signiﬁcant oﬀ-target eﬀects could be observed [50].
Despite the therapeutic implication of some miRNA in
restenosis has entered clinical trials by integrating them in
microsphere-integrated stent, adenovirus, or nanoparticles
[82], there are still many problems need to be solved. For
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example, since miRNA controls multiple pathways in diﬀerent tissue types, how to avoid the unwanted eﬀects accompanied with miRNA inhibition is of importance. Some miRNAs
might have an ambivalent eﬀect that is both a beneﬁcial therapeutic eﬀect in terms of angiogenesis and a detrimental promotion of tumor angiogenesis.
In conclusion, miRNAs exhibit great therapeutic potential for ISR treatment. Fully understand the molecular mechanisms underlying miRNA regulated ISR is of paramount
importance to promote the realization of miRNA-based
strategy, despite there is still a long way to go before clinical
application of miRNA-eluting stent.
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