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1  | INTRODUC TION

Vascular calcification (VC) is the pathological deposition of calcium 
and phosphate minerals in the vasculature. It leads to vascular stiff-
ness and fragility, impaired hemodynamics, and increased morbidity 
and mortality from cardiovascular diseases such as atherosclerosis, 
systolic hypertension and coronary artery disease.

1

Based on the location of hydroxyapatite precipitation, vascu-
lar calcification is classified into intimal and medial calcification.2 
Intimal calcification is usually associated with atherosclerosis, in 
the presence of risk factors such as hyperlipidemia. Lipid deposited 
in the intima induces complicated pathophysiological responses, 

including inflammatory cell infiltration, endothelial cells (ECs) apop-
tosis, smooth muscle cells (SMCs) proliferation and transdifferenti-
ation, extracellular matrix (ECM) remodelling and oxidative stress.3 
Medial calcification is secondary to ageing, type 2 diabetes mellitus or 
chronic kidney disease (CKD), under the stimulation of hyperglycae-
mia and high circulating phosphate levels.4,5 Epidemiological studies 
have highlighted that elevated inorganic phosphate (Pi) and calcium 
caused by disturbed mineral metabolism aggravates vascular calcifi-
cation.6 Additionally, hyperglycaemia accelerates the accumulation 
of free radicals (superoxide anion) that can activate several cellular 
pathways including advanced glycation end products (AGEs), protein 
kinase C (PKC) and nuclear factor-κB (NF-κB)-mediated vascular in-
flammation, which contribute to apatite formation in vasculature.7
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Abstract
Vascular calcification refers to the pathological deposition of calcium and phosphate 
minerals into the vasculature. It is prevalent in atherosclerosis, ageing, type 2 dia-
betes mellitus and chronic kidney disease, thus, increasing morbidity and mortality 
from these conditions. Vascular calcification shares similar mechanisms with bone 
mineralization, with smooth muscle cells playing a critical role in both processes. In 
the last decade, a variety of microRNAs have been identified as key regulators for 
the differentiation, phenotypic switch, proliferation, apoptosis, cytokine production 
and matrix deposition in vascular smooth muscle cells during vascular calcification. 
Therefore, this review mainly discusses the roles of microRNAs in the pathophysi-
ological mechanisms of vascular calcification in smooth muscle cells and describes 
several interventions against vascular calcification by regulating microRNAs. As 
the exact mechanisms of calcification remain not fully elucidated, having a better 
understanding of microRNA involvement in vascular calcification may give impe-
tus to development of novel therapeutics for the control and treatment of vascular 
calcification.
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Vascular smooth muscle cells (VSMCs) have been proven to play 
an essential role in both intimal and medial vascular calcification. This 
is characterized by VSMCs reprogramming and transdifferentiating 
into osteoblast-like cells, VSMCs apoptosis and VSMCs-derived 
calcifying matrix vesicle release. Besides VSMCs dysfunction, loss 
of calcification inhibitors, oxidative stress, endoplasmic reticulum 
stress and disturbed calcium-phosphate homeostasis contribute to 
the development of calcification.8

MicroRNAs (miRs) are small non-coding RNAs with 18-25 nucle-
otides that bind to the 3’-untranslated region of target messenger 
RNA (mRNA) to silence gene expression by destabilizing the mRNA 
or compromising mRNA translation. MicroRNAs regulate the ex-
pression of many genes and a multitude of cellular functions.8 In 
bone metabolism, miRs regulate the differentiation of bone precur-
sor cells into mature bone cells. Likewise, a variety of miRs have been 
implicated in the development of vascular calcification. This review 
paper will introduce the role of miRs in the pathophysiological pro-
cess of vascular calcification in VSMCs in order to identify potential 
therapeutics for vascular calcification associated diseases.

1.1 | MicroRNAs in VSMCs osteochondrogenic 
transdifferentiation

During bone formation, bone marrow-derived mesenchymal stem 
cells (MSCs) differentiate into chondrocytes or osteoblasts that are 
capable of synthesizing bone matrix and turning into osteocytes. 
Osteoblastic differentiation is regulated by hormones and various 
transcription factors. Bone morphogenetic proteins (BMPs), which 
are members of the transforming growth factor beta (TGF-β) su-
perfamily, mediate transdifferentiation of MSCs into osteoblasts 
through BMP/Smad signalling pathway.9 The BMPs were identified 
to target Runx2 and Osterix in the process of bone formation.9 As a 
member of the Runt-related transcription factors, Runx2 is the mas-
ter upstream osteoblast transcription factor that regulates opulent 
bone matrix proteins expression.10 In the transcriptional cascade of 
osteoblast differentiation, Msx2 and Osterix act as the upstream 
and downstream connectors of Runx2, respectively.10,11 Moreover, 
BMPs can activate Wnt/β-catenin signalling pathway to promote 
alkaline phosphatase (ALP) expression and matrix mineralization.12

Vascular calcification and bone mineralization share similar 
mechanisms.2 At the molecular level, the signature of active osteo-
genic processes is found in virtually all calcified arterial segments.13 
The VSMCs normally express contractile molecules, including 
smooth muscle actin-α (α-SMA), transgelin (SM22a), smooth muscle 
myosin heavy chain (SM-MHC) and calponin 1 (CNN1).14 However, 
when exposed to atherogenic or uraemic stimulus, they are capa-
ble of transdifferentiating into osteo/chondrocyte-like cells. This 
induces increased expression of bone-related transcription factors 
such as Msx2, Sox9, Runx2, Osterix, tissue non-specific alkaline 
phosphatase (TNAP), osteocalcin and osteopontin (OPN).9,15,16

Studies have demonstrated that MiRs are essential regulators for 
osteoblast transdifferentiation of VSMCs. The majority of reported 

miRs are down-regulated during the process of SMCs transdifferen-
tiation whereas some of them are up-regulated in this process. The 
regulation of osteogenic transdifferentiation of VSMCs by miRs is 
illustrated in Figure 1.

Upon BMPs binding to the receptor complex, Smad proteins 
translocate into the nucleus and modulate gene expression tran-
scriptionally by directly interacting with the promoter region of 
target genes or post-transcriptionally through regulating miRs syn-
thesis. The BMPs suppress miR-302 transcription via a Smad protein 
complex in a histone deacetylase (HDAC)-dependent manner. This 
results in elevation in the expression of BMP receptor II, which con-
sequently improves BMP signalling in VSMCs.17 Sun et al18 found 
that overexpression of miR-302b in mice with chronic renal failure 
regulated calcium-phosphorus metabolism and inhibited VC through 
down-regulating BMP receptor II expression, which inhibits BMP-2/
Runx2/Osterix pathway.

In another study, miR-125b was reported to regulate cell prolifera-
tion during osteoblast differentiation in mouse MSCs.19 Additionally, 
Goettsch et al20 uncovered that miR-125b expression was signifi-
cantly reduced in calcifying human coronary artery smooth muscle 
cells (HCASMCs) cultured in an osteogenic medium and in calcified 
aortas of apolipoprotein E (ApoE) deficient mice. However, mRNA 
expression of Runx2 and ALP was increased in these cells. ALP pro-
motes vascular calcification by reducing the production of inorganic 
pyrophosphate, which is a potent inhibitor of VC.21 Similarly, Wen 
et al22 reported down-regulation of expression of miR-125b in rat 
aortic VSMCs calcification induced by β-glycerophosphate (β-GP). 
Knock-down of miR-125b aggravated osteogenic transdifferenti-
ation and calcium deposition in VSMCs via increasing Osterix and 
Ets-1 protein expression.20,22 The Ets1 is a potent transcription fac-
tor that promotes VSMCs remodelling through regulating genes en-
coding extracellular matrix proteins, such as osteopontin.23

Rangrez and colleagues24 found that miR-143 and miR-145 were 
down-regulated whereas miR-223 was markedly up-regulated in 
calcified VSMCs treated with high Pi and calcified aorta samples 
derived from ApoE deficient mice. However, circulating levels of miR-
223 were significantly lower in CKD mice and in a cohort of patients 
with advanced CKD, while the expression of miR-223 increased in 
the calcified vascular SMCs, which indicated an accumulation of 
this microRNA in the vascular wall.25,26 In VSMCs that were treated 
with high Pi, overexpression of miR-223 markedly inhibited α-SMA, 
improved VSMCs migration and induced calcification by targeting 
myocyte enhancer factor 2C (Mef2c) and ras homolog gene family 
member B (RhoB).24 The Mef2c is involved in VSMCs differentiation 
and regulates myocardin(MYOCD) expression27 whereas RhoB is a 
member of the Rho guanosine triphosphatases family of proteins 
and has been shown to increase VSMCs contractility and mediate 
adaptational changes to hypoxia.28 Another microRNA, MiR-143, 
suppresses osteogenic differentiation via targeting transcription 
factor Osterix and is potentially related to VC29 whereas MiR-145 
was reported to target core-binding factor-beta (Cbfβ), which is the 
hetero-dimeric partner of Runx2, to transactivate molecular target 
of Runx2 in osteoblast differentiation.30
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There are several miRs that have been demonstrated to regu-
late VSMCs transdifferentiation during VC via targeting the osteo-
blastic marker Runx2. When treated with β-GP, VSMCs showed 
increased Runx2 expression along with increased calcium deposi-
tion, while expression of miR-133a and miR-204 were significantly 
inhibited.31,32 Notably, Lin et al33 elucidated that down-regulation of 
miR-204 in calcified arteries was associated with DNA methylation 
induced by DNA methyltransferase 3A (DNMT3a). Knock-down of 
DNMT3a restored the expression of miR-204 and successfully sup-
pressed the expression of osteoblastic markers expression induced 
by high-phosphate medium in the human aortic vascular smooth 
muscle cell line (HAVSMCs). Similarly, down-regulation of miR-133b 
and miR-211 was suggested to target osteoblastic marker Runx2 in 
VC processes in uraemic mouse and high Pi-cultured murine VSMCs 
models.34

Down-regulation of miR-221 induces osteogenic differentiation 
in human MSCs, highlighting the potential involvement of this mi-
croRNA in VC.35 A study by Mackenzie et al36 demonstrated that 
miR-221, miR-222, miR-24-2, miR-27a and miR-31 were significantly 
down-regulated in cultured murine VSMCs treated with phos-
phate-rich medium. Nonetheless, transfected VSMCs with mimics 
of miR-221 and miR-222 were reported to synergistically improve 
the transdifferentiation of VSMCs and calcium deposition in vitro, 
independent of Runx2 and Msx2 expression. Mackenzie et al36 spec-
ulated miR-221 and miR-222 mainly exert a mediating role in the ini-
tial stage of cellular transdifferentiation and then degenerated when 

cells progress towards an osteochondrogenic phenotype. Besides, 
Chistiakov et al37 speculated that chronic inflammation within vascu-
lature promotes osteogenic/chondrogenic phenotype transition of 
VSMCs partly through inhibiting miR-221/222 expression and then 
induces neointimal formation, intimal thickening and ectopic calcifi-
cation of atherosclerotic arteries. Additionally, miR-31 was reported 
to suppress TNAP activity in differentiating human bone marrow 
multipotent MSCs via regulating Runx2 and BMP2 expression, sug-
gesting down-regulation of miR-31 in calcified vessels may similarly 
regulate osteo-transdifferentiation of VSMCs.38

Members of the miR-30 family were reported to suppress os-
teoblast differentiation in mouse bone marrow MSCs induced by 
BMP-2 through targeting Smad1 and Runx2.39 For instance, MiR-
30e is reciprocally associated with osteoblast and adipocyte differ-
entiation.40 Overexpression of miR-30e improved adipogenesis but 
repressed osteoblast differentiation in mouse bone marrow stromal 
cells by down-regulating Wnt/β-catenin signalling.40 Additionally, 
significantly reduced expression of miR-30e and up-regulated 
Runx2, OPN and insulin-like growth factor 2 (IGF-2) were reported 
in aortas from aged ApoE deficient mice. As one of the targets of 
miR-30e, IGF-2 promotes OPN expression and calcium deposition.41 
It is probable that BMPs mediates phenotype switch of VSMCs 
during VC by regulating the expression of miRs. However, miRs are 
also capable of influencing BMPs-induced osteoblast differentiation 
by targeting osteoblastic transcription factors. Balderman et al42 
proved that BMP-2 markedly improved Runx2 protein expression by 

F I G U R E  1   Schematic representation of microRNAs in osteogenic transdifferentiation of VSMCs. Upon BMPs binding to the receptor 
complex, Smad proteins translocate into the nucleus and modulate gene expression transcriptionally by directly interacting with the 
promoter region of target genes (such as Runx2 and Osterix) or post-transcriptionally through regulating miRs synthesis. Then, these 
osteoblast transcription factors regulate opulent bone matrix proteins expression and promote transdifferentiation of VSMCs to osteoblast-
like cells. MicroRNAs regulate osteogenic transdifferentiation of VSMCs through targeting key factors in the BMP/Smad/Runx2 signalling 
pathway and several inhibitors of osteoblastic differentiation. Besides, some miRs are able to regulate the expression of proteins involved 
in VSMCs differentiation, migration and contractility. ADAMTS-7, a disintegrin and metalloproteinase with thrombospondin motifs 7; 
ACVR2A, A receptor type IIA; ALP, alkaline phosphatase; BMPR, Bone morphogenetic proteins receptor; BMPs, Bone morphogenetic 
proteins; Cbfβ, core-binding factor beta; COMP, cartilage oligomeric matrix protein; CTNNBIP1, b-catenin interacting protein 1; DNMT3a, 
DNA methyltransferase 3A; Ets1, endothelial transcription factor 1; HDAC2, histone deacetylase 2; HDAC4, histone deacetylase 4; Hoxa2, 
Homeobox A2; IGF-2, Insulin-like growth factor 2; Mef2c, myocyte enhancer factor 2C; MMP2, matrix metallopeptidase 2; RhoB, ras 
homolog gene family member B; SATB2, Special AT-rich sequence-binding protein 2; Wnt, wingless-type MMTV integration site; α-SMA, 
smooth muscle actin-α.  stimulation;  inhibition
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decreasing miR-30b and miR-30c expression in calcified HCASMCs, 
whereas another study reported that miR-30b inhibited BMP2-
induced osteoblast differentiation via down-regulating Runx2 and 
Msx2 gene expression.43

In BMP2-induced murine bone osteoblast differentiation, the 
increased expression of miR-34 significantly suppressed osteo-
blasts proliferation by targeting the Notch signalling pathway to 
inhibit Cyclin D1, CDK4 and CDK6 accumulation. It also reduces 
osteoblasts terminal differentiation through repressing spe-
cial AT-rich sequence-binding protein 2 (SATB2) and increased 
osteoclastogenesis.44,45 SATB2 positively regulates osteoblast 
differentiation via promoting Runx2 transcription during bone 
formation.46 Hao et al47 identified that miR-34b/c expression 
was significantly decreased whereas SATB2/Runx2 protein, ALP 
activity, osteocalcin secretion and calcium content were up-reg-
ulated in VSMCs treated with aldosterone. Furthermore, they 
demonstrated that overexpression of miR-34b/c attenuates aldo-
sterone-induced VSMCs calcification via SATB2/Runx2 pathway. 
Similar to miR-204, down-regulation of miR-34b in calcified aortas 
was also consequence of upstream DNA methylation regulated by 
DNMT3a, and restoring miR-34b expression attenuated vascular 
calcification in vitro through Notch1.48

Several studies showed that miR-29a/b expression was markedly 
decreased while a disintegrin and metalloproteinase with throm-
bospondin motifs 7 (ADAMTS-7) and matrix metallopeptidase 2 
(MMP2) were significantly increased in rat VC models and VSMCs 
induced by β-GP, high calcium or cholecalciferol.49-51 These two 
genes, ADAMTS-7 and MMP2, are members of the metalloprotein-
ase family. The former mediates degradation of cartilage oligomeric 
matrix protein (COMP) in injured vessels.52,53 COMP inhibits VSMCs 
calcification via suppressing BMP2 expression and inhibiting osteo/
chondrogenic transdifferentiation. Hence, studies have reported 
down-regulated COMP in calcifying arteries.54 Down-regulation of 
miR-29a/b led to ADAMTS-7 overexpression, excess COMP deg-
radation, enhanced BMP-2 osteogenic signalling and aggravated 
calcium deposition in high-phosphate-induced human VSMCs and 
calcium chloride (CaCl2) induced rat VSMCs.51 MMP2 induces os-
teoblastic transdifferentiation of VSMCs via increasing BMP-2 ex-
pression, and subsequently increasing the expression of Runx2 and 
Msx-2.55 However, overexpression of miR-29b-3p was reported to 
repress MMP2 expression and then ameliorate VSMC calcifica-
tion.49,50 Besides, in human aortic smooth muscle cells (HASMCs) 
calcification model, miR-29b mimics were demonstrated to mark-
edly attenuate Wnt7b/β-catenin protein overexpression, suppress 
Runx2 osteogenic signalling and osteopontin (OPN) expression.56 
Nonetheless, another two studies reported notable up-regulation 
of miR-29b in the process of osteoblastic transdifferentiation in 
uraemic mouse and high Pi-treated VSMCs models. Overexpression 
of miR-29b was found to reduce the expression of elastin mRNA57 
and several inhibitors of osteoblastic differentiation including ac-
tivin A receptor type IIA (ACVR2A), β-catenin interacting protein 1 
(CTNNBIP1) and histone deacetylase 4 (HDAC4).31 Added together, 
the differences in the expression patterns of miR-29 reported in 

different studies imply that miR-29 might play essential role in Pi-
mediated calcification.

The Runx2/miR-3960/miR-2861 positive feedback loop also con-
tributes to osteoblast differentiation. During the process of osteo-
blast differentiation, Runx2 transactivates miR-3960/miR-2861 and 
induces genes requisite for osteoblast differentiation. In turn, miR-
3960 targets Homeobox A2 (Hoxa2) and miR-2861 targets histone 
deacetylase 5 (HDAC5) to increase Runx2 expression and acetylation, 
resulting in improvement of osteoblast differentiation.58 In confor-
mity with that of bone mineralization, it is reported that up-regulation 
of miR-2861 and miR-3960 in β-GP induced mice VSMCs improve the 
expression of osteoblastic markers through decreasing HDAC5 and 
Hoxa2 expression. Additionally, Runx2 activation could directly en-
hance the expression of miR-2861 and miR-3960 in VSMCs.59

1.2 | MicroRNAs in VSMCs apoptosis

Apoptosis of VSMCs is a key process in vascular calcification. The 
intrinsic cellular apoptosis pathway is initiated by caspases activa-
tion and mitochondrial changes, which are regulated by Bcl-2 fam-
ily members.60 These Bcl-2 family members include anti-apoptotic 
proteins such as Bcl-2, Bcl-x, Bcl-XL, Bcl-XS, Bcl-w, BAG and pro-
apoptotic proteins such as Bcl-10, Bax, Bak, Bid, Bad, Bim, Bik and 
Blk. Matrix vesicles are regarded as the nucleation sites for calcium 
crystal formation in bone. Apoptotic bodies derived from VSMC act 
similarly as nucleating structures for calcium crystal formation dur-
ing vascular calcification.61 Series of studies have reported that miRs 
are pivotal regulators of VSMCs apoptosis in the process of vascular 
calcification. The process through which miRs regulate apoptosis of 
VSMCs is shown in Figure 2.

Several miRs have been identified to positively regulate 
VSMCs apoptosis. Overexpression of miR-34 family members 
was reported to promote apoptosis of VSMCs and Umbilical 
Vein Endothelial Cells (UVECs) in a caspase-3-dependent man-
ner.62 Choe et al63 demonstrated that transfection of miR-34c to 
VSMCs induced apoptosis accompanied by up-regulation of p21, 
p27 and Bax in an animal model. Another study using high Pi-
cultured mice SMCs and proliferative/young HASMCs found that 
miR-34a overexpression induced VSMCs apoptosis and promoted 
calcium deposition through negatively regulating the expression 
of longevity-associated gene sirtuin 1 (SIRT1) and anti-apoptotic 
receptor tyrosine kinase Axl.64 Zong et al65 reported that overex-
pression of miR-30e promoted VSMCs apoptosis and suppressed 
their proliferation and migration in vitro. Furthermore, miR-132 
induced VSMCs apoptosis and blocked proliferation through leu-
cine-rich repeat (in Flightless 1) interacting protein-1 (LRRFIP1).66 
It is also noteworthy that miR-29b positively modulates apopto-
sis of VSMCS in primary cultured HASMCs through promoting 
caspase-3 activity.67 In addition, Chen et al68 revealed that exoge-
nous miR-125b promoted VSMCs apoptosis and inhibited cell pro-
liferation and migration in arterial specimen medium via targeting 
serum response factor (SRF).
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On the contrary, some miRs prevent apoptosis of VSMCs, thus 
possibly play a role in ameliorating vascular calcification.

A few miRs are capable of suppressing oxidative stress-in-
duced apoptosis. During atherogenesis, reactive oxygen species 
(ROS) generated by oxidized LDL (oxLDL) activate protein kinase 
Cδ (PKCδ), which regulates oxLDL-induced endoplasmic reticulum 
(ER) stress-mediated apoptosis in VSMCs, mainly via the IRE1α/JNK 
pathway.69 Mitogen-activated protein kinase kinase 4 (MKK4) was 
found to directly phosphorylate and activate JNK in response to 
environmental stress and pro-inflammatory cytokines.70 A study re-
ported that expression of miR-92a was suppressed by H2O2-induced 
oxidative stress and that overexpressing miR-92a protected VSMCs 
against apoptosis from oxidative stress partly via down-regulating 
MKK4/JNK1 signalling pathway.71 Similarly, Peng et al72 demon-
strated that decreased expression of miR-26a was associated with 
severe apoptosis and increased ROS production in H2O2-treated 
VSMCs. Up-regulation of miR-26a attenuated VSMCs apoptosis via 
targeting phosphatase and tensin homologs (PTEN), which signifi-
cantly induced apoptosis through promoting cleavage of caspase-3 
in primary rabbit VSMCs.73 Nevertheless, Lin et al74 reported that 
high H2O2 accelerated VSMC apoptosis and up-regulated the ex-
pression of miR-21. Overexpression of miR-21 was demonstrated to 
suppress H2O2-regulated VSMCs apoptosis via pro-apoptotic pro-
tein PDCD4.

Zhang et al75 indicated that corticosterone also induced ROS 
production and apoptosis of VSMCs, coincident with significantly 
decreased expression of miR-25. Notably, the up-regulation of miR-
25 attenuates corticosterone-induced apoptosis in VSMCs by tar-
geting pro-apoptotic protein Modulator of apoptosis 1 (MOAP1) and 

inhibiting p70S6K activity.75 MOAP1 induces caspase-dependent 
apoptosis in mammalian cells via binding pro-apoptotic BAX through 
its Bcl-2 homology-3- like motif.76

Hyperglycaemia and advanced glycation end products (AGEs) 
were reported to down-regulate the expression of miR-133a 
and then aggravate apoptotic susceptibility of VSMCs via inhib-
iting insulin growth factor 1 receptor (IGFR-1R) activity and ac-
tivation of NF-κB. This indicated miR-133a may protect against 
VSMCs apoptosis in diabetes mellitus.77 In addition, diabetic 
serum-derived-extracellular vesicles (DCD31EVs) enriched with 
platelet-derived growth factor B-chain (PDGF-BB) were shown 
to increase miR-296-5p level, which down-regulates apoptosis of 
VSMCs through diminishing the expression of pro-apoptotic pro-
tein Bak.78

Another gene, MiR-34c-5p, was verified to be directly inhib-
ited by lncRNA-ES3 (an endogenous RNA that competes with 
miR-34c-5p) to aggravate high glucose-induced HAVSMCs cal-
cification via promoting its target Bcl-2 modifying factor (BMF) 
expression.79 There was up-regulation of BMF in mice renal 
proximal tubular cells (RPTCs) treated with high glucose to pro-
mote apoptosis of RPTCs.80 This suggested that BMF might sim-
ilarly mediate apoptosis of VSMCs during vascular calcification 
targeted by miR-34c-5p. Exogenous overexpression of miR-155 
notably improved SMCs proliferation via reducing apoptosis 
in HASMCs through targeting endothelial nitric oxide synthase 
(eNOS).81 Another study showed that increased expression miR-
574-5p in the sera and VSMCs of patients with coronary artery 
disease suppressed apoptosis of VSMCs but improved VSMCs 
proliferation.82

F I G U R E  2   Overview of microRNAs in apoptosis of VSMCs. The intrinsic cellular apoptosis pathway is initiated by caspases activation 
and mitochondrial changes, which are regulated by Bcl-2 family members. MicroRNAs regulate apoptosis of VSMCs via targeting anti-/pro-
apoptotic proteins in the cellular apoptosis pathway or regulating factors of apoptosis. AGEs, advanced glycation end products; BMF, Bcl-2 
modifying factor; eNOS, endothelial nitric oxide synthase; IGFR-1R, insulin growth factor 1 receptors; MKK4, Mitogen-activated protein 
kinase kinase 4; MOAP1, Modulator of apoptosis 1; mTOR, mammalian target of rapamycin; PKCδ, protein kinase Cδ; PTEN, phosphatase 
and tensin homologs.  stimulation;  inhibition
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1.3 | MicroRNAs in the treatment of vascular 
calcification

In recent years, in-depth studies on the pathophysiological mecha-
nism of vascular calcification have reported several interventions 
to inhibit VC through regulating miRs expression.

Melatonin (MT) was shown to exert a biological role of clear-
ing free radicals, antioxidant, anti-inflammatory and playing 
epigenetic regulatory functions.83 Xu et al84 exhibited that exo-
somes secreted by melatonin-treated VSMCs repressed osteo-
genic differentiation and reduced vascular calcification through a 
paracrine effect of exosomal miR-204/miR-211. In another study, 
Guo et al85 confirmed that bone marrow mesenchymal stem cell 
(BMSC)-derived exosomes decreased calcium content and in-
hibited ALP activity in high phosphorus induced calcification of 
HASMCs via regulating mRNA and microRNA expression profiles. 
They speculated that miRs in BMSC-derived exosomes modulate 
wingless-type MMTV integration site (Wnt), mammalian target of 
rapamycin (mTOR) and mitogen-activated protein kinase (MAPK) 
signalling pathways, which are indispensable to the process of vas-
cular calcification.

Topoisomerase II inhibitor (Topo II inhibitor) was reported to im-
pair macrophage and SMCs invasion of the intima and inhibit the ex-
pression of inflammatory cytokines in the arterial wall.86 Liu et al87 
demonstrated that teniposide, one type of DNA Topo II inhibitors, in-
hibited BMP2/p-Smad1/5/8/Runx2 signalling pathway and decreased 
vascular calcium accumulation in ApoE deficient mice and HASMCs 
via up-regulating miR-203-3p expression. In addition, Han et al88 
found that when HASMCs were treated with teniposide there was 
enhanced expression of SMA and SM22α. However, they reported 
reduced osteopontin expression via promoting the expression of miR-
21. Notably, SRF is the main transcription factor controlling SMC phe-
notype switching, which can be activated by MYOCD.89 Teniposide 
up-regulates expression of SRF and MYOCD while suppressing Msx1 
and Msx2 expression, suggesting teniposide may inhibit SMC pheno-
type switch during VC through improving contractile genes expression 
and reducing Msx1/2 expression by activation of SRF-MYOCD activ-
ity and increase of miR-21 expression.88

Iron, which is capable of decreasing phosphate load and regulat-
ing phosphate exosome content, is used to treat hyperphosphatemia 
in CKD patients as the Pi-binder.90 A study found that high-phos-
phate-induced vascular calcification was suppressed by iron citrate 
via reducing phosphate load and up-regulating the expression of 
miR-30c. Researchers also demonstrated that iron both prevented 
and partially reversed collagen deposition and the elastin decrease 
in high-phosphate cultured rat aortic tissue.91

As shown before, patients with CKD are more susceptible to 
VC. Claudia et al92 discovered that plasma extracellular vesicles (EV) 
from bicarbonate hemodialysis (BHD) patients increased the expres-
sion of proatherogenic miR-223 and induced VSMC calcification 
when compared with that from healthy individuals. However, mixed 
online hemodiafiltration (mOL-HDF) treatment could reduce VSMC 

calcification via inhibiting the expression of miR-223 in plasma EV.92 
This result indicates that mOL-HDF treatment may be beneficial 
for reducing the morbidity of cardiovascular events among CKD 
patients.

Wang et al showed that Poly (ADP-ribose) polymerase 1 (PARP1) 
was up-regulated in radial artery samples from patients with chronic 
renal failure, in arteries from uraemic rats and in calcified VSMCs in 
vitro. Overexpression of PARP1 increased the expression of Runx2 
and exacerbated calcium deposition through suppressing miR-204 
expression via the IL-6/STAT3 pathway.93 As a result, therapeutic 
agents that regulate PARP1 activity may be used to relieve vascular 
calcification.

2  | CONCLUSION

In this review, we mainly discussed the involvement of miRs in 
osteogenic transdifferentiation and apoptosis of SMCs during 
the process of VC. It was found that numerous miRs regulate hy-
droxyapatite formation in the vasculature through targeting specific 
genes. In addition, the BMP/Smad/Runx2 signalling pathway is con-
sidered as the foremost pathway during VC. Therefore, the miRs 
regulating this pathway contribute to the process of VC. Some miRs 
are modulated through several interventions, which may be used 
in development of potential therapeutics in the future to control 
VC and prevent the development of cardiovascular diseases. Apart 
from playing a role in the reprogramming and transdifferentiating 
of SMCs, studies demonstrated that miRs are also associated with 
SMCs autophagy, increased SMCs oxidants and/or endoplasmic 
reticulum stress and loss of calcium-phosphate homeostasis.94-96 
To summarize, miRs involvement in vascular calcification is pretty 
complicated; hence, more studies are needed to fully explore the 
association between miRs and VC and discover more targets for VC 
therapeutic intervention.
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 23. Hultgårdh-Nilsson A, Cercek B, Wang J-W, et al. Regulated expres-
sion of the ets-1 transcription factor in vascular smooth muscle cells 
in vivo and in vitro. Circ Res. 1996;78:589-595.

 24. Rangrez AY, M'Baya-Moutoula E, Metzinger-Le Meuth V, et al. 
Inorganic phosphate accelerates the migration of vascular smooth 
muscle cells: evidence for the involvement of miR-223. PLoS One. 
2012;7:e47807.

 25. Metzinger-Le Meuth V, Fourdinier O, Charnaux N, Massy ZA, 
Metzinger L. The expanding roles of microRNAs in kidney patho-
physiology. Nephrol Dial Transplant. 2019;34:7-15.

 26. Fourdinier O, Schepers E, Metzinger-Le Meuth V, et al. Serum levels 
of miR-126 and miR-223 and outcomes in chronic kidney disease 
patients. Sci Rep. 2019;9:4477.

 27. Pagiatakis C, Gordon JW, Ehyai S, McDermott JC. A novel RhoA/
ROCK-CPI-17-MEF2C signaling pathway regulates vascular smooth 
muscle cell gene expression. J Am Soc Nephrol. 2012;287:8361-8370.

 28. Wojciak-Stothard B, Zhao L, Oliver E, et al. Role of RhoB in the reg-
ulation of pulmonary endothelial and smooth muscle cell responses 
to hypoxia. Circ Res. 2012;110:1423-1434.

 29. Li E, Zhang J, Yuan T, Ma B. MiR-143 suppresses osteogenic differ-
entiation by targeting Osterix. Mol Cell Biochem. 2014;390:69-74.

 30. Fukuda T, Ochi H, Sunamura S, et al. MicroRNA-145 regulates os-
teoblastic differentiation by targeting the transcription factor Cbfb. 
FEBS Lett. 2015;589:3302-3308.

 31. Panizo S, Naves-Díaz M, Carrillo-López N, et al. MicroRNAs 29b, 
133b, and 211 regulate vascular smooth muscle calcification medi-
ated by high phosphorus. J Am Soc Nephrol. 2016;27:824-834.

 32. Cui R-R, Li S-J, Liu L-J, et al. MicroRNA-204 regulates vascular 
smooth muscle cell calcification in vitro and in vivo. Cardiovasc Res. 
2012;96:320-329.

 33. Lin X, Xu F, Cui R-R, et al. Arterial calcification is regulated via an 
miR-204/DNMT3a regulatory circuit both in vitro and in female 
mice. Endocrinology. 2018;159:2905-2916.

 34. Liao X-B, Zhang Z-Y, Yuan KE, et al. MiR-133a modulates osteogenic 
differentiation of vascular smooth muscle cells. Endocrinology. 
2013;154:3344-3352.

 35. Bakhshandeh B, Hafizi M, Ghaemi N, Soleimani M. Down-regulation 
of miRNA-221 triggers osteogenic differentiation in human stem 
cells. Biotechnol Lett. 2012;34:1579-1587.

 36. Mackenzie NC, Staines KA, Zhu D, Genever P, Macrae VE. miRNA-
221 and miRNA-222 synergistically function to promote vascular 
calcification. Cell Biochem Funct. 2014;32:209-216.

 37. Chistiakov DA, Sobenin IA, Orekhov AN, Bobryshev YV. Human 
miR-221/222 in physiological and atherosclerotic vascular remod-
eling. Biomed Res Int. 2015;2015:354517.

 38. Gao J, Yang T, Han J, et al. MicroRNA expression during osteogenic 
differentiation of human multipotent mesenchymal stromal cells 
from bone marrow. J Cell Biochem. 2011;112:1844-1856.

 39. Wu T, Zhou H, Hong Y, Li J, Jiang X, Huang H. miR-30 family mem-
bers negatively regulate osteoblast differentiation. J Biol Chem. 
2012;287:7503-7511.

 40. Wang J, Guan X, Guo F, et al. miR-30e reciprocally regulates the 
differentiation of adipocytes and osteoblasts by directly targeting 
low-density lipoprotein receptor-related protein 6. Cell Death Dis. 
2013;4:e845.

 41. Ding W, Li J, Singh J, et al. miR-30e targets IGF2-regulated os-
teogenesis in bone marrow-derived mesenchymal stem cells, 
aortic smooth muscle cells, and ApoE-/- mice. Cardiovasc Res. 
2015;106:131-142.

 42. Balderman JAF, Lee H-Y, Mahoney CE, et al. Bone morphoge-
netic protein-2 decreases microRNA-30b and microRNA-30c 



     |  13571WANG et Al.

to promote vascular smooth muscle cell calcification. J Am Heart 
Assoc. 2012;1:e003905.

 43. Zhang MI, Liu X, Zhang X, et al. MicroRNA-30b is a multifunctional 
regulator of aortic valve interstitial cells. J Thorac Cardiovasc Surg. 
2014;147:1073-1080.e2.

 44. Bae Y, Yang T, Zeng H-C, et al. miRNA-34c regulates Notch signal-
ing during bone development. Hum Mol Genet. 2012;21:2991-3000.

 45. Wei J, Shi YU, Zheng L, et al. miR-34s inhibit osteoblast prolifera-
tion and differentiation in the mouse by targeting SATB2. J Cell Biol. 
2012;197:509-521.

 46. Dobreva G, Chahrour M, Dautzenberg M, et al. SATB2 is a multi-
functional determinant of craniofacial patterning and osteoblast 
differentiation. Cell. 2006;125:971-986.

 47. Hao J, Zhang L, Cong G, Ren L, Hao L. MicroRNA-34b/c inhibits 
aldosterone-induced vascular smooth muscle cell calcification via a 
SATB2/Runx2 pathway. Cell Tissue Res. 2016;366:733-746.

 48. Lin X, Li F, Xu F, et al. Aberration methylation of miR-34b was in-
volved in regulating vascular calcification by targeting Notch1. 
Aging (Albany NY). 2019;11:3182-3197.

 49. Jiang W, Zhang Z, Yang H, Lin Q, Qin X. The miR-29b/Matrix metal-
loproteinase 2 axis regulates transdifferentiation and calcification 
of vascular smooth muscle cells in a calcified environment. Blood 
Purif. 2020;49(5):524-534.

 50. Jiang WH, Zhang ZM, Yang H, Lin QN, Han CY, Qin X. The involve-
ment of miR-29b-3p in arterial calcification by targeting matrix 
metalloproteinase-2. Biomed Res Int. 2017;2017:6713606.

 51. Du Y, Gao C, Liu Z, et al. Upregulation of a disintegrin and metal-
loproteinase with thrombospondin motifs-7 by miR-29 repression 
mediates vascular smooth muscle calcification. Arterioscler Thromb 
Vasc Biol. 2012;32:2580-2588.

 52. Shanahan CM, Crouthamel MH, Kapustin A, Giachelli CM. Arterial 
calcification in chronic kidney disease: key roles for calcium and 
phosphate. Circ Res. 2011;109:697-711.

 53. Ossovskaya VS, Bunnett NW. Protease-activated recep-
tors: Contribution to physiology and disease. Physiol Rev. 
2004;84:579-621.

 54. Neven E, D'Haese PC. Vascular calcification in chronic renal 
failure what have we learned from animal studies? Circ Res. 
2011;108:249-264.

 55. Zhao Y-G, Meng F-X, Li B-W, et al. Gelatinases promote calcification 
of vascular smooth muscle cells by up-regulating bone morphoge-
netic protein-2. Biochem Biophys Res Commun. 2016;470:287-293.

 56. Zhang H, Chen J, Shen ZY, et al. Indoxyl sulfate accelerates vascular 
smooth muscle cell calcification via microRNA-29b dependent reg-
ulation of Wnt/beta-catenin signaling. Toxicol Lett. 2018;284:29-36.

 57. Sudo R, Sato F, Azechi T, Wachi H. MiR-29-mediated elastin 
down-regulation contributes to inorganic phosphorus-induced os-
teoblastic differentiation in vascular smooth muscle cells. Genes 
Cells. 2015;20:1077-1087.

 58. Hu R, Liu W, Li H, et al. A Runx2/miR-3960/miR-2861 regulatory 
feedback loop during mouse osteoblast differentiation. J Biol Chem. 
2011;286:12328-12339.

 59. Xia Z-Y, Hu Y, Xie P-L, et al. Runx2/miR-3960/miR-2861 positive 
feedback loop is responsible for osteogenic transdifferentiation of 
vascular smooth muscle cells. Biomed Res Int. 2015;2015:624037.

 60. Cory S, Adams JM. The BCL2 family: regulators of the cellular life-
or-death switch. Nat Rev Cancer. 2002;2:647-656.

 61. Proudfoot D, Skepper JN, Hegyi L, Bennett MR, Shanahan CM, 
Weissberg PL. Apoptosis regulates human vascular calcification in 
vitro - Evidence for initiation of vascular calcification by apoptotic 
bodies. Circ Res. 2000;87:1055-1062.

 62. Wang H, Wang F, Wang XU, et al. Friend or foe: a cancer suppressor 
microRNA-34 potentially plays an adverse role in vascular diseases 
by regulating cell apoptosis and extracellular matrix degradation. 
Med Sci Monit. 2019;25:1952-1959.

 63. Choe N, Kwon J-S, Kim YS, et al. The microRNA miR-34c inhibits 
vascular smooth muscle cell proliferation and neointimal hyperpla-
sia by targeting stem cell factor. Cell Signal. 2015;27:1056-1065.

 64. Badi I, Mancinelli L, Polizzotto A, et al. miR-34a promotes vascular 
smooth muscle cell calcification by downregulating SIRT1 (Sirtuin 
1) and Axl (AXL Receptor Tyrosine Kinase). Arterioscler Thromb Vasc 
Biol. 2018;38:2079-2090.

 65. Zong YU, Wu P, Nai C, et al. Effect of MicroRNA-30e on the behav-
ior of vascular smooth muscle cells via targeting ubiquitin-conjugat-
ing enzyme E2I. Circ J. 2017;81:567-576.

 66. Choe N, Kwon J-S, Kim J-R, et al. The microRNA miR-132 targets 
Lrrfip1 to block vascular smooth muscle cell proliferation and 
neointimal hyperplasia. Atherosclerosis. 2013;229:348-355.

 67. Bretschneider M, Busch B, Mueller D, et al. Activated mineralocor-
ticoid receptor regulates micro-RNA-29b in vascular smooth muscle 
cells. FASEB J. 2016;30:1610-1622.

 68. Chen Z, Wang M, Huang K, He Q, Li H, Chang G. MicroRNA-125b 
affects vascular smooth muscle cell function by targeting serum re-
sponse factor. Cell Physiol Biochem. 2018;46:1566-1580.

 69. Larroque-Cardoso P, Swiader A, Ingueneau C, et al. Role of protein 
kinase C δ in ER stress and apoptosis induced by oxidized LDL in 
human vascular smooth muscle cells. Cell Death Dis. 2013;4:e520.

 70. Whitmarsh AJ, Davis RJ. Role of mitogen-activated protein kinase 
kinase 4 in cancer. Oncogene. 2007;26:3172-3184.

 71. Zhang L, Zhou MI, Wang Y, et al. miR-92a inhibits vascular smooth 
muscle cell apoptosis: role of the MKK4-JNK pathway. Apoptosis. 
2014;19:975-983.

 72. Peng JL, He XQ, Zhang L, Liu P. MicroRNA-26a protects vascu-
lar smooth muscle cells against H2O2-induced injury through 
activation of the PTEN/AKT/mTOR pathway. Int J Mol Med. 
2018;42:1367-1378.

 73. Huang JH, Kontos CD. Inhibition of vascular smooth muscle cell 
proliferation, migration, and survival by the tumor suppressor pro-
tein PTEN. Arterioscler Thromb Vasc Biol. 2002;22:745-751.

 74. Lin Y, Liu X, Cheng Y, Yang J, Huo Y, Zhang C. Involvement of 
MicroRNAs in hydrogen peroxide-mediated gene regulation and 
cellular injury response in vascular smooth muscle cells. J Biol Chem. 
2009;284:7903-7913.

 75. Zhang B, Zhang G, Wei T, et al. MicroRNA-25 protects smooth mus-
cle cells against corticosterone-induced apoptosis. Oxid Med Cell 
Longev. 2019;2019:2691514.

 76. Tan KO, Tan KML, Chan S-L, et al. MAP-1, a novel proapoptotic pro-
tein containing a BH3-like motif that associates with Bax through 
its Bcl-2 homology domains. J Biol Chem. 2001;276:2802-2807.

 77. Casella S, Bielli A, Mauriello A, Orlandi A. Molecular pathways reg-
ulating macrovascular pathology and vascular smooth muscle cells 
phenotype in type 2 diabetes. Int J Mol Sci. 2015;16:24353-24368.

 78. Togliatto G, Dentelli P, Rosso A, et al. PDGF-BB carried by endo-
thelial cell-derived extracellular vesicles reduces vascular smooth 
muscle cell apoptosis in diabetes. Diabetes. 2018;67:704-716.

 79. Lin X, Zhan J-K, Zhong J-Y, et al. lncRNA-ES3/miR-34c-5p/BMF axis 
is involved in regulating high-glucose-induced calcification/senes-
cence of VSMCs. Aging (Albany NY). 2019;11:523-535.

 80. Lau GJ, Godin N, Maachi H, et al. Bcl-2-modifying factor induces 
renal proximal tubular cell apoptosis in diabetic mice. Diabetes. 
2012;61:474-484.

 81. Zhang J, Zhao F, Yu X, Lu X, Zheng G. MicroRNA-155 modulates the 
proliferation of vascular smooth muscle cells by targeting endothe-
lial nitric oxide synthase. Int J Mol Med. 2015;35:1708-1714.

 82. Lai Z, Lin P, Weng X, et al. MicroRNA-574-5p promotes cell growth 
of vascular smooth muscle cells in the progression of coronary ar-
tery disease. Biomed Pharmacother. 2018;97:162-167.

 83. Dominguez-Rodriguez A, Abreu-Gonzalez P, Sanchez-Sanchez JJ, 
Kaski JC, Reiter RJ. Melatonin and circadian biology in human car-
diovascular disease. J Pineal Res. 2010;49:14-22.



13572  |     WANG et Al.

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

 85. Guo Y, Bao S, Guo W, et al. Bone marrow mesenchymal stem 
cell-derived exosomes alleviate high phosphorus-induced vascular 
smooth muscle cells calcification by modifying microRNA profiles. 
Funct Integr Genomics. 2019;19:633-643.

 86. Tavares ER, Freitas FR, Diament J, Maranhao RC. Reduction of ath-
erosclerotic lesions in rabbits treated with etoposide associated with 
cholesterol-rich nanoemulsions. Int J Nanomed. 2011;6:2297-2304.

 87. Liu L, Zeng P, Yang X, et al. Inhibition of vascular calcification: a 
new antiatherogenic mechanism of topo II (DNA Topoisomerase II) 
inhibitors. Arterioscler Thromb Vasc Biol. 2018;38:2382-2395.

 88. Han H, Yang S, Liang YU, et al. Teniposide regulates the phenotype 
switching of vascular smooth muscle cells in a miR-21-dependent 
manner. Biochem Biophys Res Commun. 2018;506:1040-1046.

 89. Hayashi K, Nakamura S, Nishida W, Sobue K. Bone morphogenetic 
protein-induced Msx1 and Msx2 inhibit myocardin-dependent 
smooth muscle gene transcription. Mol Cell Biol. 2006;26:9456-9470.

 90. Negri AL, Torres PAU. Iron-based phosphate binders: do they offer 
advantages over currently available phosphate binders? Clin Kidney 
J. 2015;8:161-167.

 91. Ciceri P, Falleni M, Tosi D, et al. High-phosphate induced vascular 
calcification is reduced by iron citrate through inhibition of extra-
cellular matrix osteo-chondrogenic shift in VSMCs. Int J Cardiol. 
2019;297:94-103.

 92. Cavallari C, Dellepiane S, Fonsato V, et al. Online hemodiafiltration 
inhibits inflammation-related endothelial dysfunction and vascular 

calcification of uremic patients modulating miR-223 expression in 
plasma extracellular vesicles. J Immunol. 2019;202:2372-2383.

 93. Wang C, Xu W, An J, et al. Poly(ADP-ribose) polymerase 1 accel-
erates vascular calcification by upregulating Runx2. Nat Commun. 
2019;10:1203.

 94. Xu T-H, Qiu X-B, Sheng Z-T, et al. Restoration of microRNA-30b ex-
pression alleviates vascular calcification through the mTOR signal-
ing pathway and autophagy. J Cell Physiol. 2019;234:14306-14318.

 95. Gui T, Zhou G, Sun Y, et al. MicroRNAs that target Ca(2+) transport-
ers are involved in vascular smooth muscle cell calcification. Lab 
Invest. 2012;92:1250-1259.

 96. Chen M, Ma G, Yue Y, et al. Downregulation of the miR-30 fam-
ily microRNAs contributes to endoplasmic reticulum stress in 
cardiac muscle and vascular smooth muscle cells. Int J Cardiol. 
2014;173:65-73.

How to cite this article: Wang S-S, Wang C, Chen H. 
MicroRNAs are critical in regulating smooth muscle cell 
mineralization and apoptosis during vascular calcification. J Cell 
Mol Med. 2020;24:13564–13572. https://doi.org/10.1111/
jcmm.16005

https://doi.org/10.1111/jcmm.16005
https://doi.org/10.1111/jcmm.16005

