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Abstract: Besides being involved in the gradual formation of blood vessels during embryonic 

development, vascular remodeling also contributes to the progression of various 

cardiovascular diseases, such as; myocardial infarction, heart failure, atherosclerosis, 
pulmonary artery hypertension, restenosis, aneurysm, etc. The integrated mechanisms; 

proliferation of medial smooth muscle cell, dysregulation of intimal endothelial cell, activation 

of adventitial fibroblast, inflammation of macrophage, and the participation of extracellular 

matrix proteins are important factors in vascular remodeling. In the recent studies, 

microRNAs (miRs) have been shown to be expressed in all of these cell-types and play 

important roles in the mechanisms of vascular remodeling. Therefore, some miRs may be 
involved in prevention and others in the aggravation of the vascular lesions. miRs are small, 

endogenous, conserved, single-stranded, non-coding RNAs; which degrade target RNAs or inhibit translation 

post-transcriptionally. In this paper, we reviewed the function and mechanisms of miRs, which are highly 

expressed in various cells types, especially endothelial and smooth muscle cells, which are closely involved in 

the process of vascular remodeling. We also assess the functions of these miRs in the hope that they may 

provide new possibilities of diagnosis and treatment choices for the related diseases. 
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INTRODUCTION 

 Vascular remodeling during human embryonic 
development may occur physiologically, through 
processes such as angiogenesis or arteriogenesis [1] 
or pathologically, through injury of vascular cell walls, 
as in the case of vascular disease [2]. Pulmonary artery 
hypertension, one of the vascular diseases, is caused 
by functional and structural changes in the pulmonary 
artery, which leads to the thickening of cell walls and 
an increase in the resistance of circulating blood. 
These processes can lead to further complications 
such as the dysfunction of endothelial cells, activation 
of fibroblasts and smooth muscle cells, the crosstalk 
between these cells, and the involvement of blood 
cells [3]. These cells are also involved in the process of 
atherosclerosis, which is caused by the activation of 
circulating immune cells and the dysfunction of lipid 
metabolism [4]. Immune cells, including monocytes and 
macrophages, recruit endothelial cells, which cause 
inflammation, to infiltrate and activate smooth muscle 
cells leading to thickening of the blood cell walls [5]. 
Vascular remodeling mainly involves the contribution of 
four cell types: the fibroblasts in the adventitial layer, 
the smooth muscle cells in the medial layer, the 
endothelial cells in the intimal layer, and the 
macrophages in the blood stream [6]. Firstly, the  
 
 

*Address correspondence to this author at the Department of 
Thoracic & Cardiovascular Surgery, Chang Gung Memorial Hospital 
at Keelung, 222 Mai-Chin Road, Keelung, 204, Taiwan;  
Tel: 886-2-24313131, Ext. 2625; Fax: 886-2-24332655;  
E-mail: yehccl@cgmh.org.tw 

activation of the fibroblasts in the adventitial layer 
releases the platelet-derived growth factor, endothelin-
l, or serotonin, etc. This stimulates the migration and 
proliferation of fibroblasts and smooth muscle cells and 
thickening of the cell walls, increasing susceptibility to 
cardiovascular diseases [7]. Other molecules also 
contribute to the process of cell wall thickening [8]. The 
transforming growth factor will stimulate the 
differentiation of fibroblasts into myofibroblasts, which 
not only infiltrate the medial layer to cause thickening 
but also allow the deposition of extracellular matrix 
protein [9]. The transforming growth factor and 
cytokines also translocate into the medial layer, 
inducing migration, proliferation, contraction, and 
resistance to apoptosis in smooth muscle cells. In 
short, the infiltration of the fibroblasts will increase the 
proliferation of smooth muscle cells resulting in an 
increased thickness of the cell walls [10]. Secondly, the 
thickness of intimal layer is primarily regulated by the 
proliferation of intimal cells and the growth of 
endothelial cells results in cellular dysfunction. 
Activated endothelial cells will release endothelin-1 to 
influence the contraction of blood vessels, elastase to 
deposit extracellular matrix metalloproteinase and 
decrease the elasticity of blood cells, and tenascin-C to 
induce the proliferation of smooth muscle cells. The 
function of miRs in these cells, however, is not yet 
clear. Thirdly, the main reason for the increased 
thickness of cell walls is the proliferation of smooth 
muscle cells. There are two kinds of phenotypes 
produced from environmental stimuli: one is the 
phenotype of contraction (differentiation) and the other 
is the synthesis (proliferation) [11]. At each different 
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stage of development, smooth muscle cells express 
varied phenotypes as they progress from embryonic to 
adult stage. At the adult stage, in the case of vascular 
disease, the phenotype changes from a contractile 
state to a synthetic state. In this situation, the levels of 
contractile proteins will decrease while cell proliferation 
increases. Some studies have also shown that, in the 
modeling process, the transformation of smooth muscle 
cells was regulated by miRs, which has also been 
shown in other cells. Therefore, we reviewed the miRs 
which were related to vascular remodeling. It has been 
highlighted that, while one miR can control and 
regulate the expression of many genes, conversely, 
one mRNA may also be regulated by several different 
miRs. Smooth muscle cells are the main cell-type 
involved in proliferation. Injuries involving the growth 
factors or vascular vessels may induce progression 
from a contractile or differentiated state into a 
proliferative or synthetic state. Persistence of this 
proliferative state will lead to the induction of vascular 
remodeling [12]. 

miR-1 

 miR-1 is an miR which is found in the skeletal 
muscle and smooth muscle cells. It is closely related to 
the physical and pathological processes of vascular 
modeling, including heart development, arrhythmias, 
ischemia, myocardial infarction and cardiac hyper-
trophy [13]. Some studies have shown that the 
expression of miR-1 is down-regulated in cardiac 
hypertrophy and chronic myocardial infarction and 
speculate that miR-1 may inhibit cell proliferation and 
hypertrophy [14, 15]. However, in other cardiovascular 
experimental models, such as ischemic precondition-
ing, ischemia/reperfusion, acute myocardial infarction, 
oxidative stress, and hyperglycemia, the expression of 
miR-1 is up-regulated [16, 17]. Therefore, miR-1 could 
be an activator of these diseases. Some researchers 
have shown the mechanisms of action of miR-1 on 
vascular diseases to further clarify the function of miR-
1 according to the size of heart or hypertrophy, the 
contractile function, and the conductance of heart. 

 Zao et al. reported that miR-1 targets the 
transcription factor Hand2, which increases the 
proliferation of ventricular cardiomyocytes, miR-1 was 
suggested to prevent vascular injuries by decreasing 
the thickness of cell walls [18] (Fig. 1). In other animal 
models, miR-1 also plays a protective role and has 
been linked to hypertrophy. In the model of functional 
overload and trans-aortic constriction (TAC) induced 
hypertrophy, the expression of miR-1 is down-regulated 
to half through binding of the 3’UTR of target genes, 
cyclin dependent kinase 9, Ras GTPase-activating 
protein, fibronectin, and Ras-homolog enriched in the 
brain [14], which was closely linked to the regulation of 
genes related to calcium. Some studies reported miR-
1-induced down regulation of the expression of the 
transcription factors, mef2a and gata4, which are 
related to calmodulin and cardiac hypertrophy along 
with myocardial infarction. Inhibition of these target 
genes is an ideal way to treat cardiac hypertrophy. 

Furthermore, miR-1 inhibits cardiac hypertrophy thus 
protecting the heart from hypertrophy-related injury [19] 
and preventing the expression of calmodulin. Elia et al. 
report IGF-1 as the target gene of miR-1 [20]. They 
summarized that miR-1 expression was related to the 
level of IGF-1 in animal models of cardiac hypertrophy, 
cardiac mass and thickness in patients. 

 miR-1 may also affect cytoskeleton regulatory 
proteins to further regulate hypertrophy [15]. Over-
expression of miR-1 targets the 3’UTR of twinfilin-1 
mRNA directly to mitigate the hypertrophy, while down-
regulating endogenous twinfilin-1 [15]. Parallel to 
regulating hypertrophy, miR-1 is also involved in the 
contractile functioning of the heart [21]. Jiang et al. 
concluded that miR-1 could inhibit the contraction of 
smooth muscle cells thus causing heart failure [21]. 
Furthermore, some studies described that miR-1 
inhibited the expression of MYLK3, CALM1, and 
CALM2 directly, which in turn led to down-regulation in 
the expression of CaM and CMLCK, followed by down-
regulation of phosphorylation of MLC2v or CaMKIIδ--
cMyBP-C and impairment of contractile function [17]. 
While inhibiting hypertrophy or contractile function, mir-
1 also affects the conductance of the heart. Over-
expression of miR-1 may down-regulate Cx43 to inhibit 
not hypertrophy, but ventricular tachyarrhythmias and 
ventricular tachycardia [22]. In summary, miR-1 may 
attenuate the progression of hypertrophy and prevent 
the heart from remodeling and developing into the 
characteristic phenotype of heart failure, but it may also 
impair the cardiac functions of contraction and 
conductance. 

miR-21 

 miR-21 is expressed in fibroblasts [23], cardio-
myocytes [24], and endothelial cells [25]. In these cells, 
the function of miR-21 is to regulate fibrosis in 
fibroblasts, apoptosis in cardiomyocytes, and cell 
proliferation, migration, and tubulogenesis in 
endothelial cells. Knockdown of miR-21 may inhibit 
cardiac fibrosis and alleviate the detrimental effects of 
cardiac fibrosis. Therefore, the knockdown of miR-21 is 
a potential therapeutic strategy for the treatment of 
cardiac fibrosis [23]. Cardiac fibrosis involves vascular 
remodeling and is characterized by the proliferation of 
cardiac fibroblasts and extracellular matrix (ECM) 
deposition in the myocardial interstitial space. This can 
impair the correct functioning of heart [26]. Cardin et al. 
found that over-expression of miR-21 targeted Sprouty-
1 [27], and Thum et al. also found that it up-regulated 
the phosphorylation of MAPK inducing increased 
fibrosis [28] (Fig. 2). 

 miR-21 plays a role in apoptosis. Cheng et al. 
utilized adenovirus-mediated gene transfection based 
overexpression of miR-21 to show that miR-21 can 
protect the heart from hypoxia/re-oxygenation (H/R)-
injury by reducing cardiomyoctic apoptosis [24]. 
Furthermore, Lin et al. found that knockdown of miR-21 
enhances H2O2-induced apoptosis through up-
regulating the target gene, programmed cell death 4 
(PDCD4) [29]. In other cases, over-expression of miR-
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21 inhibited these responses [24]. Along with the 
protective effect of miR-21 through the suppression of 
PDCD4, over-expression of miR-21 also targets 
phosphatase and tensin homolog (PTEN), leading to 
an increase in phosphorylation and activity of AKT, 
followed by inhibition of apoptosis [30]. The two target 
genes of miR-21, PDCD4 and PTEN, induce 
apoptosis [28, 31]. 

 Considering that miR-21 can regulate fibrosis and 
apoptosis, some researchers also elucidated its role in 
hypertrophy. Despite the normal phenotype of miR-21-
null mice, upon exposure to stress, these mice showed 
increased cardiac hypertrophy and fibrosis compared 
to wild-type mice. Researchers suggested the knockout 
of miR-21 caused the hypertrophy [32]. However, 
Zhang et al. reported that knockdown of miR-21 with an 
intravenous injection of LNA anti-miR-21 did not result 
in cardiac hypertrophy [33]. Furthermore, miR-21 may 
regulate phenotypes in endothelial cells and inhibit 
proliferation, migration, or tubulogenesis through down-
regulation of RhoB [34]. 

miR-29 

 The expression of miR-29 family (miR-29a, b, and 
c) was down-regulated in the border zone of the heart 
following myocardial infarction [35], implying that it 

plays protective role in disease progression. Studies 
have highlighted that miR-29 may degrade certain 
genes relating to fibrosis such as collagens, elastin, 
and fibrillins. It has been implied that down-regulation 
of miR-29 could increase activity of these genes and 
lead to cardiac fibrosis [36]. The knockdown of miR-29 
with antogomirs in vivo and in vitro increased 
progression of cardiac fibrosis. Higher levels of cardiac 
fibrosis could enhance cardiac remodeling, resulting in 
increased thickening of the cell walls and diminished 
contractile function in the heart [37]. 

 Not only does miR-29b have a protective effect, it 
may also constitute a possible treatment strategy 
against hypertensive cardiac fibrosis. Zhang et al. 
reported inhibition of cardiac fibrosis by miR-29b and 
improved heart function [33]. They demonstrated that 
suppression of TGF-β/Smad3 signaling; the upstream 
molecules of miR-29b, can increase the expression of 
miR-29b and inhibit angII-induced cardiac fibrosis. 
Inhibition of this pathway could represent a potential 
therapeutic avenue to treat cardiovascular diseases [33] 
(Fig. 3). 

 Knockdown of miR-29 with antagomirs increased 
the expression of myeloid cell leukemia sequence 1 
causing inhibition of ischemia/reperfusion-induced cell 
apoptosis and necrosis, leading to mitigation of cardiac 

 

Fig. (1). Modulation of proliferation, hypertrophy, and differentiation by miR-1 in smooth muscle cells. miR-1 inhibited 

proliferation or hypertrophy via down-regulation of its target genes, such as Hand2, IGF, IGF1, RasGFP, CDK9, Rheb, CALM1, 
MEF2, GATA4, Cx43, Twinfilin-1, etc. miR-1 inhibited the differentiation of these cells through down-regulation of the expression 

of MYLK3, CALM1, and CALM2, which in turn inhibited the activity of CaM or CMLCK. Arrows (→) represent up-regulation. 

Capped lines (┤) indicate inhibition. Abbreviation: acute myocardial infarction (AMI), calmodulin 1 (CALM1), calmodulin (CaM), 

cardiac myosin light chain kinase (cMLCK), chronic myocardial infarction (CMI), cyclin dependent kinase 9 (Cdk9), insulin-like 

growth factor 1 (IGF1), ischemia/reperfusion (I/R), myocyte enhancer factor 2 (Mef2), Ras GTPase-activating protein (RasGAP), 

Ras homolog enriched in brain (Rheb), trans-aortic constriction (TAC). 
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remodeling [38]. These studies indicated that down-
regulation of miR-29 had a protective effect against 
ischemia/reperfusion-related injury [39]. Activation of 
PPARr agonist-pioglitazone could effectively down 
regulate the expression of miR-29 and up-regulate the 
levels of anti-apoptotic protein to decrease the 
myocardial infarct area [40]. However, inhibition of miR-
29 by PPARr agonist had a detrimental effect in cardiac 
fibrosis [41]. Indeed, to determine whether miR-29 is to 
be up-regulated or down-regulated in cardiovascular 
diseases is a great challenge. The inhibition of miR-29 
could protect cardiomyocytes from ischemic injury, but 
it could also aggravate fibrosis. 

miR-126 

 miR-126 is abundant in endothelial cells and is 
located within intron 7 of the Egfl7 gene [42]. It 
regulates angiogenesis during the stages of embryonic 
development [42, 43]. Studies have shown that miR-
126 deficiency is linked to leaky blood vessels and 
hemorrhage in mice, implying that blood vessels in the 
mice were under developed. The mechanisms behind 
these phenotypes implied that the knockdown of miR-
126 could increase expression of their target genes, 

PIK3R2 and SPRED1. It is also implied that PIK3R2 
could inhibit the PI3K-AKT signaling pathway; while 
SPRED1 could inhibit the ras-MEK-ERK signaling 
pathway. In fact, both signaling pathways, and thus 
angiogenesis, are inhibited resulting in injury to the 
blood vessels [44]. While being associated with 
angiogenesis, miR-126 is also linked to chemotaxis 
and repair in endothelial cells. It has been reported that 
knockdown of miR-126 increased the expression of 
CXCL12 in vitro, followed by induction of CD34- 
progenitor cell migration. Down-regulation of miR-126 
in the hindlimb ischemia of rats also increases the 
levels of CXCL12, thus increasing the numbers of Sca-
1

+
 progenitor cells required for repairing ischemic 

injuries [45]. Furthermore, miR-126 can inhibit 
inflammation via direct inhibition of vascular cell 
adhesion molecule-1 expression, which prevents 
leukocyte adhesion to endothelial cells. Apart from 
modulating the target genes intracellularly, miR-126 
also regulates genes via paracrine signaling. The 
endothelial cell, while undergoing apoptosis, may 
release microparticles or miR-126 containing apoptotic 
bodies to affect recipient vascular cells. Studies have 
shown that in atherosclerosis, miR-126 released by 

 

Fig. (2). Modulation of proliferation, differentiation, inflammation or apoptosis by miR-21 in smooth muscle cells or endothelial 

cells. miR-21 is up-regulated by TGF-β and BMP and down-regulated in cells with serum withdrawal. The expression of miR-21 

can increase the proliferation of smooth muscle cells through down-regulation of target genes, such as SP1, PTEN, SPRY1, or 
SPRY2 (fibroblast), or up-regulation of Bcl-2. Furthermore, miR-21 can up-regulate the differentiation of smooth muscle cells 

through down-regulation of PDCD4. In endothelial cells, miR induced apoptosis through down-regulation of PTEN and 

decreased the inflammation through targeting PPAR-α. Arrows (→) represent up-regulation. Capped lines (┤) indicate inhibition. 

Abbreviation: Aortic smooth muscle cell (ASMC), B cell leukemia/lymphoma 2 (Bcl-2), bone morphogenetic protein (BMP), 

cystathionine γ-lyase (CSE), Jun oncogene (AP-1), phosphatase and tensin homolog (PTEN), programmed cell death 4 

(PDCD4), monocyte chemotactic protein 1 (MCP-1), oscillatory shear stress (OSS), peroxisome proliferator activated receptor-α 
(PPAR-α), specificity protein-1 (SP1), sprouty homologue 1 (Spry1), transforming growth factor-β (TGF-β), unidirectional shear 

stress (USS), vascular cell adhesion molecule (VCAM). 
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microparticles targeted and inhibited the expression of 
RGS16, followed by activation of CXCR4, and finally 
increased expression of CXCL12 [46]. 

 

Fig. (3). Modulation of fibrosis or apoptosis by miR-29 in 

smooth muscle cells. Abbreviation: miR-29, induced by TGF-

β- smad3 signaling, down-regulated extracellular matrix 

protein (ECM) synthesis to mitigate the fibrosis. Also, miR-29, 
suppressed by PPARγ, down-regulated Mcl-1 to trigger 

apoptosis. Arrows (→) represent up-regulation. Capped lines 

(┤) indicate inhibition. Abbreviation: extracellular matrix 

(ECM), peroxisome proliferator-activated receptor γ (PPARγ), 

transforming growth factor-β (TGF-β). 

 Up-regulation of CXCL12 inhibited atherosclerosis-
induced injuries, and CXCL12 could recruit the Sca-1

+
 

progenitor cells into the cell walls to repair the injury [46] 
(Fig. 4). In summary, miR-126 has the effect of pro-
angiogenesis, anti-inflammation, and anti-
atherosclerosis. Hence, it is a promising strategy to use 
the microvehicle-mediated miRs in patients with 
atherosclerosis [47]. 

miR-130A 

 The expression of miR-130a is low in quiescent 
endothelial cells, but it can be activated by addition of 
serum to the cells. miR-130a binds to the 3’UTR of 
mesenchyme homeobox 2 and homeobox A5 leading 
to their inhibition which in turn results in enhanced 
angiogenesis and regulation of proliferation and 
migration in vascular endothelial cells [48] (Fig. 5). 

miR-133 

 Both mir-133 and miR-1 may be transcribed into 
one single transcript, which can then be processed into 
two independent and mature miRs with individual  
 

functions [49]. Both miR-133a-1 and miR-133a-2 are 
expressed in cardiac smooth muscle cells and skeletal 
muscle cells to regulate differentiation and proliferation. 
However, miR-133b is not expressed in cardiac cells. 
Researchers have found three members of miR-133 
family which correlate with other miR clusters to 
develop different functions, for example, miR-133a-
1/miR-1-2, miR-133a-2/MiR-1-1 or miR-133b/miR-
206 [13]. Researchers found that in patients with heart 
failure or hypertrophy [14], or in the animal model of 
TAC- or PE-induced hypertrophy, the expression of 
miR-133 was down-regulated. It was suggested that 
miR-133 has a protective effect on heart failure or 
hypertrophy. Adenovirus-mediated over-expression of 
miR-133a can down regulate PE-induced cardiac 
hypertrophy and decrease cardiomyocytic size [50]. 
Studies have shown that up-regulation of miR-133 can 
target the expression of calcineurin, in contrast, down-
regulation of miR-133 can suppress the decrease in 
calcineurin expression, leading to increased expression 
of nuclear factor in activated T cells transcription factor 
(NFAT), followed by induction of hypertrophy [51] (Fig. 
6). 

 Studies have shown that RhoA and Cdc42 both 
played identical roles with calcineurin in hypertrophy. 
Furthermore, Nelf-A/WHSC2, another target gene of 
miR-133, was involved in the formation of 
cardiomyocytes [50]. Except for regulating cardiac 
hypertrophy, miR-133 can also prevent fibrosis in 
response to pressure. It has been shown that while the 
expression of connective tissue growth factor was 
increased, the expression of miR-133 was decreased 
in the hypertrophic tissue in response to pressure or 
the patients presenting with a hypertrophic heart [52]. 
This resulted in the accumulation of collagens and lead 
to the development of fibrosis of the heart. In summary, 
miR-133 is an important modulator of hypertrophy and 
has been suggested as therapeutic target for prognosis 
or diagnosis [50]. 

miR-143/145 

 Both miR-143 and miR-145 were transcribed 
bicistronically and both are expressed in the 
cardiomyocytes during cardiac development. They are 
also expressed in the smooth muscle cells of the 
adults [53]. The biogenesis of miR-143/145 was 
transcribed by the transcription factor, serum response 
factor (SRF), which binds to the CArG box of DNA with 
two cofactors, myocardin and myocardin-related 
transcription factors. The synthesis of miR-143/145 
sent cells into contractile or differential state [54, 55]. 
Furthermore, TGF-β or BMP4 induced expression of 
miR143/miR145 via cofactor, myocardin or myocardin-
related transcription factors, respectively [56] (Fig. 7). 
Moreover, some researchers found that Jag-1 could 
activate notch intracellular domain, translocating into 
the nucleus, where it binds to CBF1 [57]. Both of them 
cooperatively activated miR-143/miR-145 to 
differentiate cells into a state of contraction, and this 
process was independent of SRF or CArG box [57].  
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The phenotypes of smooth muscle cells were 
modulated by miR-143 and miR-145. In quiescent cells, 
the phenotype is in the contractile or differentiation 
state; however, cells exposed to stress switched from 
this state to the proliferative or synthetic state. Upon 
synthesis of miR-143/miR-145, they could regulate the 
same genes cooperatively, and down-regulated the 
targets, klf4 and klf5, to increase the differentiation of 
cells and expression of their markers, SMA, calponin, 
and SM22-α. Transformation of the phenotype from 
contractile state to the proliferation state is indicative of 
vascular remodeling. For example, knockdown of miR-
143/miR-145 can down-regulate the myocardin 
expression and lead to transformation of the contractile 
phenotype to the proliferative phenotype [56]. In gain of 
function experiments, over-expression of miR-145 can 
suppress the formation of neo-intimal layer, and 

increase the marker of smooth muscle cells to 
approach the contractile phenotype [58]. Up-regulation 
of miR-143/miR-145 mitigated TAC or carotid artery 
occlusion induced neo-intimal formation. In contrast, 
loss of function of miR-143/145 in miR-143/miR-145 
knockout mice resulted in neo-intimal formation. Neo-
intimal formation is regulated by miR-143/miR-145. It 
has been shown that miR-145 can target the ETS-like 
gene 1 (Elk-1) to inhibit the proliferation of smooth 
muscle cells [53]. Furthermore, angiotensin I-
converting enzyme levels were increased in miR-
143/145 knockout mice, which had a higher occurrence 
of atherosclerosis lesions compared to wild type mice. 
Besides Elk-1 and angiotensin I-converting enzyme, 
calmodulin kinase II was also found to be involved in 
the modulation of calcium in apoptosis. 

 

Fig. (4). Modulation of fibrosis or apoptosis by crosstalk of miR-126 and miR-221/222 in endothelial cells. The biogenesis of 

miR-126 is synthesized by the two transcription factors, ETS-1 and ETS-2 and cofactor, KLF2. miR-126 enhances angiogenesis 

through the de-regulation of PIK3R2 (the inhibitor of PI3K signaling) or SPRED1 (the inhibitor of ras-raf-MEK-ERK signaling). 
However, miR-126 enhances angiogenesis through the down-regulation of PIK3R1. Furthermore, miR-126 can inhibit 

inflammation via targeting VCAM1, which is also down-regulated by miR-221/222. miR-126 can act in an anti-atherosclerosic 

manner for the release of microparticle containing miR-126 and inhibition of the expression of RGS-16. The RGS-16 down-

regulated CXCR4 to increase the expression of CXCL12 and was also down-regulated by miR-126. miR-126 inhibits 

atherosclerosis growth and recruited progenitor cells to repair the endothelial cells. In addition, miR-221/222 promoted the 

angiogenesis by targeting STATA5A. Arrows (→) represent up-regulation. Capped lines (┤) indicate inhibition. Abbreviation: 
chemokine (C-X-C motif) ligand 12 (CXCL12), chemokine (C-X-C motif) receptor 4 (CXCR4), cyclin-dependent kinase inhibitor 

1B (p27/Kip1), cyclin-dependent kinase inhibitor 1C (p57/Kip2), E26 transformation-specific sequence-1 (ETS-1), 

E26 transformation-specific sequence-2 (ETS-2), phosphoinositol-3 kinase (PI3K) regulatory subunit 2 (PIK3R2), regulator of G-

protein signaling 16 (RGS16), signal transducer and activator of transcription 5A (STATA5A), sprouty-related protein EVH1 

domain containing 1(SPRED1), vascular cell adhesion molecule 1 (VCAM-1). 
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Fig. (5). Modulation of angiogenesis by miR-130 in 

endothelial cells. miR-130a induced by serum or pro-
angiogenic factors binds the 3’UTR of the mesenchyme 

homeobox 2 (GAX) and homeobox A5 (HoxA5) to inhibit 

them, thus enhancing angiogenesis in endothelial cells. 

Arrows (→) represent up-regulation. Capped lines (┤) 

indicate inhibition. Abbreviation: proteins mesenchyme 

homeobox 2 (GAX), Homeobox A5 (HoxA5). 

miR-155 

 miR-155 is expressed in smooth muscle cells, 
endothelial cells, and macrophages. As inflammation 
develops, these three cell-types work interactively with 
each other. For example, oxidized LDL, or shear 
stress, induced the activation of endothelial cells, which 
in turn recruited monocytes; the precursor cells of 
macrophages, to the cell wall. Following recruitment 
the monocytes then differentiate into macrophages, 
which infiltrate the smooth muscle cell layer inducing 
proliferation in these cells [59]. 

 When macrophages activated and induced 
inflammatory response, the expression of miR-155 was 
increased. Some molecules could either up-regulate or 
down-regulate the expression of miR-155. For 
example, Toll-like receptor ligands can up regulate the 
synthesis of miR-155 in macrophages or monocytes. 
However, IL-10, an anti-inflammatory cytokine, down-
regulates the expression of miR-155 through inhibition 
of STAT3. This in turn increased the activity of SH2-
containing inositol polyphosphate-5-phosphatase and 
suppressed the production of pro-inflammatory 
cytokines, subduing the inflammatory response [60] 
(Fig. 8). Many target genes of miR-155 have now been 
discovered. For example, up-regulation of miR-155 can 
inhibit TGF-beta-induced phosphorylation of SMAD2, 
which in turn up-regulates the production of IL-1β and 
aggravates the inflammatory response [61]. 
Furthermore, miR-155 also binds the 3’UTR of 
suppressor of cytokine signaling 1 [62], or B-cell 
leukemia/lymphoma 6 [63] which further aggravate the 
inflammatory response [64]. In contrast, it also down-
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Fig. (6). Modulation of the hypertrophy or fibrosis of miR-130 in smooth muscle cells. miR-133 enhanced the hypertrophy 

through inhibition of RhoA, Cdc42, and Nelf-A/WHSC2. In addition, miR-133 enhanced the proliferation of myoblasts via 
inhibition of SRF. However, miR-133 suppressed hypertrophy via inhibition of calcineurin. Furthermore, fibrosis progression was 

increased by miR-133 via inhibition of CTGF. Arrows (→) represent up-regulation. Capped lines (┤) indicate inhibition. 
Abbreviation: Cdc42 (Rho-type GTPase), connective tissue growth factor (CTGF), serum response factor (SRF). 
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regulated the expression of TGF-β activated kinase 
1/MAP3K7 binding protein 2 [58], suppressing the 
inflammatory response. In endothelial cells, miR-155 
played a negative role in inflammation. Studies have 
shown that unidirectional shear stress can up-regulate 
the synthesis of miR-155, which targets two genes, 
angiotensin-II type-1 receptor or Ets-1 [65], 
suppressing inflammation. In cardiomyocytes, miR-155 
increased hypertrophy via down-regulation of MEF2A, 
Jarid 2, or Jumonji [14]. In summary, miR-155 inhibits 
hypertrophy in cardiomyocytes and plays an inhibitory 
role in endothelial cells, yet in contrast activates the 
inflammatory response. 

miR-204 

 miR-204 is located in the intron 6 of transient 
receptor potential melastatin 3 gene in chromosome 
9 [66]. Studies have shown that miR-204 was down-
regulated in a rat model of pulmonary artery 
hypertension, simulated by exposing the rats to chronic 
hypoxia or monocrotaline, implying miR-204 could play 
a protective in pulmonary artery hypertension [67]. 
Pulmonary artery hypertension has several 
phenotypes, such as the proliferation of smooth muscle 
cells, the resistance to apoptosis, or induction of 
muscle contraction. Firstly, studies have reported that 

miR-204 plays a role in proliferation through the Src-
STAT3-NFAT signaling pathway. 

 They also reported that suppression of miR-204 
was induced by either endothelin-1 or PDGF via 
activation of STAT3. Down-regulation of miR-204 
increased the activity of SHP2, which in turn led to the 
activation of src, followed by activation of STAT3 [68] 
(Fig. 9). Studies reported that STAT3 can activate Pim1 
to up-regulate NFATc2 [69]. NFATc2 decreased the 
expression of the voltage-gated potassium channels, 
Kv1.5, followed by depolarization which opened the 
calcium channel. Intracellular concentrations of calcium 
and potassium were increased by the opened 
channels, inducing the proliferation of smooth muscle 
cells [70]. Furthermore, NFAT can also increase the 
expression of Bcl-2, an anti-apoptosis protein [71]. It 
has been implied that miR-204 may suppress the 
proliferation of smooth muscle cells and increase 
apoptosis via inhibition of NFAT [65]. miR-204 or NFAT 
may represent potential therapeutic targets to treat 
pulmonary artery hypertension. Besides the NFAT 
signaling pathway, miR-204 also regulates the BMPR2 
signaling pathway via IL-6 [72]. The expression of IL-6 
is increased in cases of pulmonary artery hypertension. 
Over-expression of IL-6 could stimulate the progression 
of this disease [72]. IL-6 can activate STAT3 to up-

 

Fig. (7). Modulation of differentiation and proliferation by crosstalk of miR-143/145 and miR-221/222 in smooth muscle cells. 

The biogenesis of miR-143/145 is synthesized by the transcription factor, SRF and two cofactors, myocardin (Myo) and MRTF-

A, which lead to differentiation. The synthesis of miR-143/145 was increased by Jag-1-induced activation of NICD, in 

cooperation with CBF1. The expression of miR-143/145 is inhibited by miR-221/222 through inhibition of myocardin via C-kit. 

miR-145 also induced the expression of myocardin through inhibition of KLF4 and KLF5 to stimulate differentiation. In addition, 

miR-145 suppresses proliferation via inhibition of Elk-1 and ACE. Furthermore, miR-145 targets the calmodulin kinase II δ  
(CamkIIδ) to suppress apoptosis. miR-221/222 also binds to the 3’UTR of p27 or p57 to inhibit proliferation. Arrows (→) 

represent up-regulation. Capped lines (┤) indicate inhibition. Abbreviation: angiotensin I-converting enzyme (ACE), calmodulin 

kinase II δ (CamkIIδ), cyclin-dependent kinase inhibitor 1C (c-Kit), cyclin-dependent kinase inhibitor 1B (p27), cyclin-dependent 

kinase inhibitor 1C (p57), ETS-like gene 1 (Elk-1), Krüppel-like factor 4 (KLF 4), Krüppel-like factor 5 (KLF 5), myocardin (Myo), 

myocardin-related transcription factor (MRTF), serum response factor (SRF). 
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regulate the expression of miR-17/92. miR-17/92 can 
bind the 3’UTR of BMRP to inhibit the proliferation of 
smooth muscle cells. miR-204 and miR-17/92 modulate 
this disease with the same molecules. 

miR-221/miR-222 

 miR-221 and miR-222 are transcribed from a gene 
cluster in chromosome X, and have identical seed 
sequences. They are abundantly expressed in both 
smooth muscle cells and endothelial cells [73]. Both 
miR-221 and miR-222 can up-regulate proliferation of 
smooth muscle cells in order to re-grow the intimal 
formation via two mechanisms. One involves the 
induction of proliferation of smooth muscle cells, and 
the other involves inhibition of the phenotype to switch 
from a contractile state to a proliferative state. 
Regarding up-regulation of proliferation, some studies 
have shown that miR-221 is related to hypertrophy. In 
animal models of TAC-induced hypertrophy and 
patients presenting with the disease, miR-221 was 
significantly up-regulated. Indeed, cardiomyocytes 
transferred with mimics of miR-221 induced 
hypertrophy in these cells and, in contrast, down-
regulation of miR-221 will reverse this phenotype [74]. 
Furthermore, adenovirus mediated over-expression of 
miR-221/222 increased the neointimal growth. 
However, knockdown of miR-221/222 with antogomirs 

decreases its growth [75]. Some target genes of miR-
221/222 have been outlined. Up-regulation of miR-
221/222 by balloon angioplasty injury of coronary artery 
decreased the two target genes, p27 (Kip1) and p57 
(Kip2), and increased the intimal injury and proliferation 
of smooth cells [75, 76]. While miR-221/222 also down-
regulated the contractile state resulting in injury to the 
heart. It has been reported that miR-221/222 can 
down-regulate the expression of c-kit [77, 78] (Fig. 7). 
This in turn inhibited the synthesis of myocardin, the 
synthetic cofactor of miR-143/145, resulting in inhibition 
of the synthesis of mi-143/145, which is related to the 
contractile state. In endothelial cells, miR-221/222 
displayed anti-angiogenetic, atheroprotective and anti-
inflammatory properties. Firstly, studies in which cells 
were exposed to miR-221/222 showed down-regulation 
in the expression of ETS-1, the transcription factor 
required for synthesis of miR-126, related to 
angiogenesis [65] (Fig. 4). Furthermore, miR-221/222 
also targeted C-kit or anti-PI3K signaling molecule, 
PIk3R1, and led to down-regulation of angiogenesis. 
Secondly, up-regulation of miR-221/222 induced by 
inflammatory molecules or basic fibroblastic growth 
factor down-regulated its target gene, signal transducer 
and activator of transcription 5A, related with formation 
of atherosclerosis. The production of miR-222 could be 
considered a protective mechanism in the blood 
vessel [25]. Thirdly, miR-221/222 is involved in 

 

Fig. (8). Modulation of inflammation by miR-155 in macrophages or endothelial cells. The expression of miR-155 is activated by 
TLR ligand, oxidized LDL (oxLDL)/interferon-γ (IFN-γ), or inhibited by lipopolysaccharide, oxidized LDL and interleukin-10. miR-

155 inhibited inflammation by inhibition of SHIP1, SOCS1, SMAD2 or Table 2 (mesenchymal cells) or activated inflammation by 

targeting the Bcl-6 in macrophages. miR-155, induced by shear stress, inhibited inflammation in endothelial cells via down-

regulation of ATR1 and ETS-1. Arrows (→) represent upregulation. Capped lines (┤) indicate inhibition. Abbreviation: 

angiotensin II type-1 receptor (AT1R), B-cell leukemia/lymphoma 6 (Bcl6), E26 transformation-specific sequence-1 (ETS-1), 

interferon-γ (IFN-γ), interleukin-10 (IL-10), inositol polyphosphate-5-phosphatase (SHIP1), lipopolysaccharide (LPS), MAD 
homolog 2 (SMAD2), oxidized LDL (oxLDL), suppressor of cytokine signaling 1 (SOCS1), TGF-β activated kinase 1/MAP3K7 

binding protein 2 (Table 2), Toll-like receptor (TLR) ligands. 
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inflammation. miR-221/222 mitigated inflammation 
through inhibition of the target gene, vascular cell 
adhesion molecule [65]. In summary, miR-221/222 
aggravated the intimal growth in SMCs, but mitigated 
the angiogenesis, inflammation or atherosclerosis in 
ECs. 

miR-378 

 miR-378 is expressed in cardiomyocytes, but not in 
cardiac fibroblasts. The expression of miR-378 was 
down-regulated significantly in cases of cardiac 
hypertrophy and heart failure [79], implying that miR-
378 could be an inhibitor of these diseases. Over-
expression of miR-378 can inhibit the epinephrine-
induced cardiac hypertrophy through the down-
regulation of growth factor receptor-bound protein2, 
and inhibit the raf-MEK-ERK or PI3K-AKT signaling 
pathway through ras [79] (Fig. 10). miR-378 can inhibit 
ras-related signaling pathway to prevent from cardiac 
hypertrophy, and in other words, the deficiency of miR-
378 may promote the occurrence of hypertrophy. It has 
been shown that miR-378 can down-regulate the 
expression of IGF1R to up-regulate apoptosis [80]. In 
other words, knockdown of miR-378 with antagomir  
 

may protect cardiomyocytes from H2O2-induced and 
H/R-induced injury through up-regulation of IGF1R [81]. 
Therefore, miR-378 is involved in cardiac remodeling 
and the survival of cardiomyocytes. 

 Owing to the fact that these miRs are differentially 
expressed in cardiovascular diseases, some scientists 
attempted to clarify miRs profiling with in vitro or in vivo 
animal models. And in patients with cardiovascular 
diseases, miRs profiling could be served as a 
biomarker for future diagnosis or prognosis tools. At 
present, manipulation of these miRs could be another 
effective strategy for anti- hypertrophy, anti-fibrosis, 
and anti-angiogenesis treatment. There are two 
common methods to manipulate target genes related 
with cardiovascular diseases through miRs. The first 
utilizes binding of miR mimic, which is synthesized by 
double stranded RNA, to its target genes and disable 
function of target gene. The other method exploits 
binding of antagomir, manufactured by the single 
stranded oligonucleotide, to its miR, down-regulates 
miR and strengthens its target genes’ expression. 
Many preclinical and clinical trials of miRs have been 
proposed and carried out in the fields of cancer and 
cardiovascular diseases. In cancer research, miRs are  
 

 

Fig. (9). Modulation of proliferation by crosstalk of miR-204 and miR-17/92 in smooth muscle cells. miR-204 stimulated 

proliferation through the Src-STAT3-NFAT signaling pathway by targeting SHP2. NFAT decreased the expression of the 

voltage-gated potassium channels, Kv1.5, to inhibit proliferation. Besides the NFAT signaling pathway, miR-204 also increased 

the BMPR2 signaling pathway through inhibition of IL-6, followed by down-regulation of STAT3. Arrows (→) represent up-

regulation. Capped lines (┤) indicate inhibition. Abbreviation: interleukin-6 (IL-6), nuclear factor of activated T-cells (NFAT), 

Pulmonary artery hypertension (PAH), signal transducer and activator of transcription 3 (STAT3). 
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Fig. (10). Modulation of proliferation and apoptosis by miR-

378 in cardiomyocytes. Up-regulation of miR-378 increased 

apoptosis via inhibition of IGF1R related signaling. Over-

expression of miR-378 could inhibit the epinephrine-induced 
cardiac hypertrophy through the down-regulation of growth 

factor receptor-bound protein2 (Grb2), followed by inhibition 

of Ras to inhibit the raf-MEK-ERK or PI3K-AKT signaling 

pathway. Arrows (→) represent up-regulation. Capped lines 

(┤) indicate inhibition. Abbreviation: growth factor receptor-

bound protein2 (Grb2), insulin-like growth factor 1 (IGF1). 

classified into oncogenic miRs, for example, miR-10b, 
mir17-92, miR-21or miR-155 and tumor suppressor 
miRNA, let-7, miR-34, miR-26a, miR-126 and miR-155, 
etc. miR-34 and let-7 have entered into clinical trial for 
evaluating the therapeutic effect on cancer patients. In 
the field of cardiovascular diseases, mir-208 and mir-
195 are two candidate miRs for future application in 
human beings. miR-208 KO mice compared to wildtype 
littermates have few phenotypes of cardiac hypertrophy 
and fibrosis [82]. mir-208 is suitable for developing its 
antagomir to treat diseases related with heart failure. 
miR-195 expression is elevated in cardiac hypertrophy 
animal model, and its over-expression induces heart 
failure in transgenic mice [83]. miR-122 antagomir, 
miravirsen, is quickly developed for the treatment of 
hepatitis C in clinical trial because of its inhibitory 
function of viral replication. Mir-122 could inhibit the 
HCV RNA in serum [84]. With no side effect of miRs in 
cancer therapy, miRs are expressed in normal cells 
and not in cancer cells. The problems of preservation 
and delivery to the target site can be improved by 
increasing stability of the treatment of diseases with 
miRs from chemical modification in the synthesis of 
miRNA drug. Progression of miRs delivery has been 
improved according to the delivery method of siRNA by 
liposome and polymer. 

CONCLUSION 

 A growing body of evidence suggests that miRs 
play crucial roles in vascular remodeling. For example, 
miRs can modulate the proliferation or differentiation 
state of phenotype in smooth muscle cells, the 
proliferation or repair of endothelial cells, and the 
inflammatory or anti-inflammatory response of 
macrophages. There are still many challenges to find 
adequate strategies to modulate these miRs, the 
targets of these miRs and the phenotypes related to 
them. Anti-miRs based therapy has developed, for 
example; loss of function of miRs with antagomirs or 
locked nucleic acid-based oligonucleotide, gain of 
function of miRs with mimics, or virus-mediated transfer 
of miRs have been developed to treat the 
cardiovascular diseases related to vascular 
remodeling. The problems of dosage, specificity, mode 
of delivery, efficiency, or the half-lives of these 
molecules must be considered. 
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