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Abstract: Cardiovascular diseases (CVDs) are the leading
causes of death and disability worldwide, despite the
wide diversity of molecular targets identified and the
development of therapeutic methods. MicroRNAs (miRNAs)
are a class of small (about 22 nucleotides) non-coding
RNAs (ncRNAs) that negatively regulate gene expression
at the post-transcriptional level in the cytoplasm and play
complicated roles in different CVDs. While miRNA over-
expression in one type of cell protects against heart
disease, it promotes cardiac dysfunction in another type
of cardiac cell. Moreover, recent studies have shown that,
apart from cytosolic miRNAs, subcellular miRNAs such
as mitochondria- and nucleus-localized miRNAs are
dysregulated in CVDs. However, the functional properties
of cellular- and subcellular-localized miRNAs have not
beenwell characterized. In this review article, by carefully
revisiting animal-based miRNA studies in CVDs, we will
address the regulation and functional properties of
miRNAs in various CVDs. Specifically, the cell–cell
crosstalk and subcellular perspective of miRNAs are
highlighted.Wewill provide the background for attractive
molecular targets that might be useful in preventing the
progression of CVDs and heart failure (HF) as well as
insights for future studies.
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Introduction

Cardiovascular diseases (CVDs) are the leading causes of
death and disability in developed as well as in developing
countries, and their incidence is on the rise globally. The
annual mortality due to CVD is expected to reach 23.6
millionby 2030 [1]. CVDsareagroupofdisorders of theheart
and blood vessels including hypertension, heart diseases
(such as coronary heart disease [CHD], rheumatic heart
disease, congenital heart disease, hypertrophic cardiomy-
opathy [HCM], dilated cardiomyopathy, and diabetic car-
diomyopathy [DCM]), cerebrovascular disease (stroke),
peripheral vascular disease, deep vein thrombosis, pulmo-
nary embolism, and arrhythmias [2]. Heart failure (HF) is
one of the most common and often unavoidable outcome of
CVDs. HF is a complex syndrome in which the ability of the
heart to maintain blood circulation is impaired owing to
structural or functional impairment of ventricular filling
or ejection. Despite the best medical therapy, 50% of all HF
patients die within five years of diagnosis, thus stressing the
importance ofunderstanding the underlyingmechanismsof
CVDs and HF thereby calling for innovative treatments.

Non-coding RNAs (ncRNAs) are a class of functional
RNA molecules that are transcribed from DNA but are
not translated into proteins. Epigenetic-related ncRNAs
include microRNAs (miRNAs), short interfering RNAs
(siRNAs), PIWI-interacting RNAs (piRNAs), and long non-
coding RNAs (lncRNAs). miRNAs are a subclass of small
(about 22 nucleotides) ncRNAs that negatively regulate
gene expression at the post-transcriptional level. How-
ever, recent studies suggest that miRNAs may also regu-
late gene expression in a positive manner in subcellular
organelles such as the mitochondria and nucleus. miR-
NAs are the most well-studied ncRNAs in CVDs. Emerging
studies have linked altered miRNA expression to various
CVDs such as hypertension, CHD, arrhythmia, DCM, and
HF [3, 4]. Over the last two decades, molecular in-
vestigations have revealed numerous signaling pathways
involved in the underlying mechanisms of heart diseases.
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miRNAs usually act as nodes of signaling networks that
regulate the progression of CVDs. Although numerous
studies have revealed the potential function of several
miRNAs, most of these studies are preliminary. There is
still a lack of high-quality data and in-depth mechanistic
insights into CVD-related miRNAs.

In this review, we carefully describe the in vivo studies
regarding miRNAs in CVDs, as well as the dynamic inter-
play between CVD-related pathways mediated by miRNAs.
Specifically, the cell–cell crosstalk and subcellular
perspective of miRNAs are highlighted. This overview will
provide a background for attractive molecular targets that
might be beneficial in preventing the progression of CVDs
and HF.

miRNAs in CHD and myocardial
ischemia

Coronary artery disease almost always occurs due to
atheromatous narrowing and subsequent occlusion of
the vessel [5]. Pathophysiological processes such as

oxidative stress, inflammation, and apoptosis are involved
in coronary atherosclerosis, myocardial ischemia injury,
and post-ischemia cardiac remodeling. miRNAs may serve
asfine-tuning tools and play regulatory roles in virtually all
these signaling pathways (Figure 1).

During the early stageof CHD (atherosclerosis), damaged
endothelial cells (ECs), macrophages, and vascular smooth
muscle cells (VSMCs) are frequently observed. As the
interface between the bloodstream and the vessel wall,
the endothelium plays a critical role in sensing and trans-
ducing the stimulus that induces vascular remodeling. The
endothelium maintains homeostasis within the vasculature
by a balance between growth inhibitors and growth
promoters [6, 7]. Dysfunction of the endothelial lining of
lesion-prone areas is an important contributor to the path-
ophysiology of atherosclerosis. Among the available
models, apolipoprotein E-deficient (ApoE (−/−)) mice are
frequently used because of their propensity to spontane-
ously develop atherosclerotic lesions. miRNAs are potently
involved in the initiation and progression of atherosclerosis.
Inparticular,miR-1 preventedhigh-cholesterol diet-induced
endothelial permeability and endothelial barrier dysfunc-
tion in ApoE-deficient mice. Detailed mechanistic studies

Figure 1: miRNAs with key roles in the process of atherosclerosis and ischemic cardiomyopathy. Cardio-detrimental miRNAs and
cardio-protective miRNAs are presented as red and green, respectively, with their known targets. EC, endothelial cell; Mø, macrophage;
VSMC, vascular smooth muscle cell; CF, cardiac fibroblast; CM, cardiomyocyte; SRF, serum response factor; TGF-β, transforming growth
factor beta; ERK, extracellular signal regulated kinase; Dlk1, Notch1 inhibitor delta-like 1 homolog; NF-κB, nuclear factor kappa-B; HBP1,
HMG box-transcription protein1; Dusp-8, dual specificity protein phosphatase 8; MMP-14, type-1 matrix metalloproteinase; LRP6, low
density lipoprotein receptor-related protein 6; HSP20, heat-shock protein 20; Dyrk1a, specificity tyrosine-phosphorylation-regulated
kinase 1A; PDCD4, programmed cell death 4; YES1, YES proto-oncogene 1; SOCS2, suppressor of cytokine signaling 2; Adamts1, ADAM
metallopeptidase with thrombospondin type 1 motif 1; SIRT3, sirtuin 3; PTEN, phosphatase and tensin homolog; Drp1, dynamin-related
protein-1; egr2, zinc-binding transcription factor induced by ischemia; p2x7r, pro-inflammatory ATP receptor; SMAD1, SMAD Family
Member 1.
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showed that high-cholesterol-induced extracellular signal
regulated kinase (ERK) activation is enhanced by miR-1
antagomir and attenuated by miR-1 mimic [8]. Our group
showed that miR-320a was markedly elevated in the pe-
ripheral blood vessels of patients with CHD. Overexpression
ofmiR-320a inApoE (−/−)mice attenuated endothelium cell
function and promoted atherogenesis. Mechanistically,
miR-320a post-transcriptionally downregulate the expres-
sion of serum response factor (SRF), a key regulator of EC
function and essential for VGEF signaling [9]. Circulating
levels of miR-181b were reduced in human subjects with
CHD. However, systemic delivery of miR-181b inhibited the
activation of nuclear factor kappa-B (NF-κB) and athero-
sclerosis through cell-specific mechanisms in the vascular
endothelium. Specifically, miR-181b inhibited the expres-
sion of the target gene importin-α3 and thereby reduced
NF-κB nuclear translocation specifically in the vascular
endothelium of lesions [10]. Amilestone study reported that
miR-126-5p promoted endothelial proliferation and limited
atherosclerosis by suppressing Notch1 inhibitor delta-like 1
homolog (Dlk1). The miR-126-5p mimic potently reduced
atherosclerosis and increased EC proliferation in the aortic
root of Mir126(+/+) ApoE(−/−) mice, suggesting that
miR-126-5p mimics may have therapeutic value in human
atherosclerosis [11]. Wiese and colleagues found that dual
inhibition of endothelialmiR-92a-3p andmiR-489-3p reduce
renal injury-associated atherosclerosis in ApoE (−/−) mice.
Tgfβ2 and Fam220a were identified as targets of miR-489-3p
and miR-92a-3p, respectively [12]. Yébenes et al. used an
inducible endothelium-specific knock-in mouse model to
investigate the role of miR-217 in vascular function and
atherosclerosis. They found that increased endothelial
miR-217 expression led to exacerbated atherosclerosis in
proatherogenic ApoE (−/−) mice [13]. Conversely, inhibition
of endogenous vascular miR-217 in ApoE (−/−) mice
improved vascular contractility and diminished athero-
sclerosis [13]. In an angiotensin II (Ang II)-induced and
aging-related atherogenesis mouse model, locked nucleic
acid-modified antisense miR-92a attenuated inflammasome
formation, improved vasodilation, and ameliorated
atherogenesis. Mechanistically, sterol regulatory element
binding protein 2 (SREBP2)-induced miR-92a targets key
molecules involved in endothelial homeostasis, including
sirtuin 1 (SIRT1), Krüppel-like factor 2, and Krüppel-like
factor 4, leading to NOD-like receptor family pyrin domain-
containing three inflammasome activation and endothelial
nitric oxide synthase (eNOS) inhibition [14]. miR-29 inhibi-
tion by a locked nucleic acid-miR-29 (LNA-miR-29) in an
atherosclerotic ApoE (−/−) mouse model increased fibrous
cap thickness and SMA staining and reduced necrotic zones

in lesions. Interestingly, LNA-miR-29 increased the secretion
of ECM proteins from VSMCs that induced intra-plaque
collagen gene expression but not systemic fibrosis [15].

Atherosclerosis also exhibits a continuous inflamma-
tory response mediated by macrophages and other in-
flammatory cells. Macrophages actively participate in
lipoprotein ingestion and accumulation giving rise to foam
cells filled with lipid droplets. Accumulation of foam cells
contributes to lipid storage and atherosclerosis [16, 17].
In macrophages, silencing miR-24 significantly increased
type-1 matrix metalloproteinase (MMP-14) expression and
enhanced their invasive capacity. In atherosclerotic ApoE
(−/−) mice, miR-24 inhibition increased plaque size by
increasing macrophage membrane MMP-14 expression [18].
miR-155 expression was also increased in both plasma and
macrophages isolated from ApoE(−/−) mice with athero-
sclerosis. Inhibition of miR-155 systemically by antagomir-
155 decreased lipid loading in macrophages and reduced
atherosclerotic plaques in ApoE(−/−) mice. HMG box-
transcription protein1 (HBP1), a repressor of macrophage
migration inhibiting factor, is a novel target of miR-155 [19].
HBP-1 is also a target gene of miR-19a, and miR-19a antag-
onist delivery via the caudal vein decreased atherosclerotic
plaques and lipid load inApoE(−/−) mice fedwith a high-fat
diet [20]. ApoE(−/−) mice fedwith a high-fat diet and treated
with miR-126 overexpressed endothelial microparticles
(EMPs), reduced macrophage infiltration, neointima for-
mation and VSMC proliferation by targeting low-density
lipoprotein receptor-related protein 6 (LRP6) [21]. In a
recent study, reduced atherosclerotic plaque formation and
inactivated macrophage adhesion were observed in
miR-21(−/−) ApoE(−/−) (double knockout, DKO) mice.
miR-21 increased macrophage infiltration mediated by the
dual specificity protein phosphatase 8 (Dusp-8) gene, a
potent negative regulator of the mitogen-activated protein
kinase (MAPK) signaling pathway [22]. By regulating the
inflammatory response in macrophages, these miRNAs
determine the progression of atherosclerosis and could
serve as potential therapeutic targets. Together, ECs, mac-
rophages and VSMCs disorders collectively contributed to
progression of atherosclerosis. Interestingly, we have
observed that inhibiting of miR-3201 increased apolipopro-
tein A5 (APOA5) expression in hepatic cells [4]. Therefore,
it’s very likely that hepatic cell-derived miRNAs are also
involved in atherosclerosis, which require further
investigations.

Abrupt release of atherosclerotic thrombi is the most
common cause of myocardial ischemia. Adverse cardiac
remodeling post-myocardial infarction (MI) directly dam-
age the recovery of cardiac function and survival rate of
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patients withMI. Cardiac fibroblasts are themost prevalent
cell type in the heart and play a pivotal role in cardiac
remodeling. Many of the functional effects of fibroblasts
are mediated through differentiation to a myofibroblast
phenotype that exhibits increased migratory, proliferative,
and secretory properties [23]. The function offibroblasts are
potently regulated by various miRNAs. The expression of
miR-29 family members was downregulated in the region
of MI as well as in the heart region adjacent to the infarct.
The miR-29 family targets several genes including multiple
collagens, fibrillin, and elastin. Downregulation of miR-29
induced the expression of collagens, whereas its over-
expression in fibroblasts reduced collagen expression
and post-ischemia cardiac remodeling [24]. In addition,
miR-101a expression was decreased in the peri-infarct area.
Adenovirus-mediated overexpression of miR-101a in rats
with MI improved cardiac performance and decreased
fibroblast proliferation and collagen production by impair-
ing c-Fos and its downstream protein, transforming growth
factor-β1 [25]. In a pig model of ischemia-reperfusion (IR)
injury, anti-miR-21 and anti-miR-132 treatment protected
against cardiacfibrosis, cardiac hypertrophy, andHF [26, 27].

Cardiomyocytes are another major cell type that play a
critical role in cardiac remodeling. Immediately following
an ischemic insult, irreversible injury and subsequent cell
death occurs to the cardiomyocytes, leading to cardiac
dysfunction [28, 29]. Ren and colleagues found that miR-320
expression level was significantly decreased in the hearts
after IR. Overexpression of miR-320 enhanced car-
diomyocyte apoptosis and death, whereas knockdown (KD)
by antagomir-320 reduced infarct size. Heat-shock protein
20 (Hsp20), a known cardio-protective protein, is the
downstream target of miR-320 in cardiomyocytes [30]. In a
coronary microembolization (CME)-induced pig model, ul-
trasound microbubble-mediated miR-21 transfection effec-
tively improved CME-induced cardiac dysfunction via
inhibition of the PDCD4/NF-κB/TNF-α signal transduction
pathway in cardiomyocytes [31]. Consistently, another study
revealed that localized injection of miRNA-21-enriched
extracellular vesicles effectively restored cardiac function
after MI. miRNA-21-loaded EVs effectively delivered
miRNA-21 into cardiomyocytes and ECs, thereby drastically
inhibiting cell apoptosis and resulting in significant
improvement of cardiac function [32]. Recently, Hinkel et al.
found that miR-21 knockdown by intracoronary infusion of
anti-miR-21 prevented inflammatory response and MAPK
signaling andprotected againstmyocardial dysfunction in a
pig model of IR Injury [27]. These two completely opposite
conclusions might be explained by the different targeting
cells by miRNA-21-loaded EVs and antisense micro-
ribonucleic acid based antimir-21 treatment. Another

apoptosis-related miRNA, miR-140, is downregulated after
IR injury. Overexpression of miR-140 in myocytes reduced
infarct size by inhibiting mitochondrial-mediated apoptosis
by targeting YES proto-oncogene 1 (YES1) [33]. Li and col-
leagues noticed that bone marrow mesenchymal stem cell
(BMSC)-derived exosomal miR-185 could repress apoptosis
of cardiomyocytes and ventricular remodeling in mice with
MI by inhibiting suppressor of cytokine signaling 2
(SOCS2) [34]. Genetic knockout of miR-181a in a murine
model of MI deteriorated cardiac function, promoted
cardiac remodeling, and activated the aldosterone-
mineralocorticoid receptor (Aldo-MR) pathway. However,
AAV9-mediated miR-181a overexpression improved cardiac
function and deactivated the Aldo-MR pathway by targeting
ADAM metallopeptidase with thrombospondin type 1 motif
1 (Adamts1) in cardiomyocytes [35]. miR-133 overexpression
could reduce cardiomyocyte apoptosis, inflammation, and
oxidative stress through the SIRT3/AMPK pathway, thereby
improving the cardiac function in mice with MI [36]. Izarra
et al. also reported that miR-133a cardiac progenitor cells
clearly improved cardiac function in a rat model of MI by
increasing cardiomyocyte proliferation and vasculariza-
tion [37]. Transplantation of miR-1-transfected mesen-
chymal stem cells (MSCs) reportedly repaired infarct injury
and improved heart function [38]. Delivery of miR-214 by
adenovirus improved cardiac remodeling and decreased the
apoptosis of myocardial cells through phosphatase and
tensin homolog (PTEN) [39]. Glass and colleagues reported
that miR-1-transfected embryonic stem cells enhanced car-
diac myocyte differentiation and inhibited apoptosis by
modulating the PTEN/Akt pathway in the infarcted
heart [40].Wang et al. found thatmiR-499 preventedMI and
cardiac dysfunction induced by IR. Mechanistically, both α
and β isoforms of the calcineurin catalytic subunit are direct
targets of miR-499, which inhibits cardiomyocyte apoptosis
by suppressing calcineurin-mediated dephosphorylation of
dynamin-related protein-1 (Drp1), thereby decreasing its
accumulation in the mitochondria and Drp1-mediated acti-
vation of themitochondrial fission program [41]. Transgenic
animals with cardiomyocyte-restricted overexpression of
miR-199b-5p displayed enhanced cardiac hypertrophy and
fibrosis after MI by specifically targeting the notch1 receptor
tyrosinephosphorylation-regulated kinase 1A (DYRK1a) and
its ligand jagged1 [42]. miR-150 is downregulated in patients
with acute myocardial infarction (AMI). Genetic deletion
of miR-150 in mice causes structural and functional abnor-
malities in cardiac remodeling after MI through the EGR2
(zinc-binding transcription factor induced by ischemia)
and P2X7R (pro-inflammatory ATP receptor) pathways in
cardiomyocytes [43]. Bayoumi et al. showed that miR-125b-
5p, in response to ischemic stress, protects against
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cardiomyocyte apoptosis by targeting the pro-apoptotic
genes Bak1 and Klf13. Moreover, loss-of-function of
miR-125b-5p in MI-induced mouse heart caused abnormal-
ities in cardiac function [44]. Collectively, these apoptosis-
related miRNAs play crucial roles in post-MI cardiac
remodeling, and have considerable therapeutic potential.

The formation of new blood vessels through neo-
angiogenesis is also essential for cardiac repair following
MI. miRNAs regulate the formation of new blood vessels
by affecting the homeostasis of ECs. Transplantation of
MSCs overexpressing miR-126 enhanced angiogenesis and
cardiac function in the infarcted myocardium of mice by
activating the AKT/ERK-related pathway [45]. The expres-
sion level of miR-26a is increased in mice with AMI and
in human subjects with acute coronary syndrome. Sys-
temic intravenous administration of an miR-26a inhibitor
increased SMAD1 expression level in ECs and rapidly
induced robust angiogenesis, thereby reducingmyocardial
infarct size and improving heart function [46]. Interest-
ingly, in an adult pig model of reperfused AMI, a single
intracoronary administration of antagomir-92a encapsu-
lated in specific microspheres resulted in significant vessel
growth, reduced regional wall-motion dysfunction, and
prevented adverse remodeling in the infarct area [47].
While systemic inhibition of anti-miR-21 did not impede
re-endothelialization, local miR-21 suppression using anti-
miR-21-coated stents effectively reduced in-stent restenosis
(ISR) [48]. Blocking of endothelial miR-24 limited myocar-
dial infarct size in mice via prevention of endothelial
apoptosis and enhanced vascularization, thereby main-
taining cardiac function and survival through the
endothelium-enriched transcription factor GATA2 and the
p21-activated kinase PAK4 pathways [49].

However, it should be noted that although knockdown
of a specific miRNA might reduce cardiac dysfunction, it
does not imply that overexpression of this miRNA at any
dosage would naturally protect against cardiac dysfunc-
tion. The effects of miRNAs vary at different dosages.
Therefore, in this review, the cardio-protective miRNAs or
cardio-detrimental miRNAs that are applicable in a specific
pathophysiological stage of CVDs have been discussed
with the particular miRNA concentration detailed in each
study.

miRNAs in hypertension and
hypertensive heart disease

Hypertensive heart disease comprises several changes
including hypertrophy in the left ventricle and left atrium

as a result of chronic blood pressure elevation [50], which
can progress to HF [51]. Loss of nitric oxide (NO), increase
in ROS, excessive Na+ and H2O reabsorption, and renin-
angiotensin-aldosterone system activation have been
reported to cause impaired endothelium-dependent
relaxation and hypertension [51, 52]. miRNAs determine
the progression of hypertension and cardiac complica-
tions by targeting various organs through different path-
ways (Figure 2).

It is generally accepted that hypertension is driven by
chronic hyperactivity of the sympathetic nervous system
(SNS) [53]. Friese et al. demonstrated that in vivo adminis-
tration of miR-22 antagomir to spontaneous hypertensive
rats (SHRs) caused substantial reduction in blood pressure.
Interestingly, miR-22 appeared to regulate its target gene
chromogranin A (CgA) in brainstem cardiovascular control
nuclei to influence the pathogenesis of hypertension in
SHRs [54].

Hypertension and kidney diseases are closely linked,
and hypertension is both the cause and effect of kidney
diseases. Modification of kidney-localized miRNAs enabled
in determining the outcomes of hypertension and cardiac
complications. Inhibition of miR-429 in the renal medulla
increased the salt sensitivity of blood pressure in Sprague
Dawley rats. Mechanistically, miR-429 is the upstream
mediator in PHD2/HIF-1α-associated renal adaptation to
high salt intake [55]. Kidney-specific inhibition of miR-214-
3p significantly attenuated salt-induced hypertension
in Dahl salt-sensitive (SS) rats [56]. miR-214-3p directly
targeted eNOS and the effects of its inhibition in hyperten-
sion were abrogated by heterozygous loss of eNOS [56].
miR-192-5p targeted ATP1B1 mRNA (β1 subunit of Na+/K+-
ATPase), which drives renal tubular reabsorption. Anti-
miR-192-5p delivered through renal artery injection in
uninephrectomized SS rats significantly increased hyper-
tension [57]. Carr et al. found that miR-153 level was
increased in renal and mesenteric arteries (MAs) of SHRs,
whereas its direct target Kv7.4, a voltage-dependent potas-
sium channel expressed throughout the vasculature that
controls arterial contraction, was decreased [58]. Functional
assays revealed that delivery of miR-153 to MAs increased
vascular wall thickening and downregulated Kv7.4
expression/Kv7 channel function [58]. Inflammatory cells
in the kidneys also regulate blood pressure. Notably, Ang
II-induced hypertension resulted in increased expression
level of miR-31 in the kidney leukocytes, aorta, and
splenic CD4+ T cells. miR-31 deficiency markedly reduced
blood pressure and attenuated vascular damage through
protein phosphatase 6C (PPP6C)-mediated Treg cell dif-
ferentiation [59]. miR-181a was decreased in BPH/2J mice,
a genetic model of hypertension with overactivity of the
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SNS and renin-angiotensin system. Overexpression of
miR-181a mimic reduced blood pressure in BPH/2J mice
partially through an interaction between the renal sym-
pathetic nerves and miR-181a-mediated regulation of
RAS [60]. These studies linked kidney-localized miRNAs
directly with hypertension. Our group has revealed that
miR-21 delivered via recombinant adeno-associated virus
(rAAV) is sufficient to lower blood pressure and prevent
hypertensive hypertrophy as well as cardiac fibrosis in
the SHR model. Interestingly, miR-21 directly targeted
mitochondrial cytochrome-b (mt-cytb) to enhance its
translation, thereby decreasing mitochondrial ROS pro-
duction in cardiomyocytes. Moreover, rAAV-delivered
miR-21 targeted the kidney and liver and may collectively
contribute to the observed reduction in blood pressure [61].
Interestingly, genetic ablation ofmiR-21 increased Sprouty 2
(Spry2) expression level and promoted aldosterone/salt-
mediated cardiac dysfunction. However, it did not affect
aldosterone/salt-mediated hypertension [62], indicating
that different approaches to modify miR-21 expression
in vivo might exert conflicting effects.

In the peripheral blood vessels, phenotypic trans-
formation of VSMCs is a major initiating factor for vascular
remodeling in hypertension. We revealed the protective
role of miR-21* (miR-21-3p) in hypertension by showing
that intravenous delivery of rAAV-mediated miR-21-3p
induced a persistent attenuation of hypertension, with
marked amelioration of target organ damage, including
cardiac hypertrophy, cardiac fibrosis, and kidney fibrosis
in SHRs.Mechanistically,miR-21-3p-mediated hypotensive
reduction effect was accomplished by regulating the
phenotypic switch of VSMCs via suppression of the adrenal
α2B-adrenergic receptor (ADRA2B) in arteries [63]. The
miR-181 family has also been reported to be involved
in blood pressure regulation. Hori et al. demonstrated a
progressive increase in pulse wave velocity and elevated
systolic blood pressure in miR-181a1/b1(−/−) mice
compared to those in wild-type (WT) controls. Mechanis-
tically, miR-181b targeted TGF-βi (TGF-β-induced) in aortic
VSMCs to modify vascular stiffness, but endothelial func-
tion was unaltered [64]. In VSMCs, miR-431-5p targeted
ETS homologous factor (Ehf) and in vivo miR-431-5p

Figure 2: miRNAs with key roles in hypertension and hypertensive heart disease. Cardio-detrimental miRNAs and cardio-protective miRNAs are
presented as red and green, respectively, with their known targets. Chga, Chromogranin A; CTRP6, C1q/tumor necrosis factor-related protein 6;
ADRA2B, adrenal α2B-adrenergic receptor; TGF-βi, TGF-β induced; IP3R1, type 1 Inositol 1, 4, 5-trisphosphate receptor; eNOS, endothelial nitric
oxide synthase; Ppp6C, protein phosphatase 6c; PHD2, prolyl hydroxylase domain-containing protein 2; HIF-1α, hypoxia-inducible factor -1α;
Cytb, cytochrome b; EZH2: zeste homolog 2; IL-6, interleukin 6; HP1B, heterochromatin protein 1 homolog beta; HSF2-IGF-IIR, heat shock factor
2-insulin-like growth factor receptor II; THBS1, thrombospondin 1; Ednra, endothelin A receptor; NLRP3, NOD-like receptor pyrin domain
containing 3; EC, endothelial cell; VSMC, vascular smooth muscle cell; CF, cardiac fibroblast; CM, cardiomyocyte.
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knockdownby injectingmiR-431-5p inhibitors delayedAng
II-induced blood pressure elevation and reduced vascular
injury [65]. Gabani et al. reported amarked increase inblood
pressure in Ang II-treated miR-204−/− mice compared to
that in control animals. miR-204 protected against VSMC
contractility and blood pressure through regulating sarco-
plasmic reticulum (SR) calcium (Ca2+) release by targeting
type 1 inositol 1, 4, 5-trisphosphate receptor (IP3R1) [66].

ECs in the peripheral blood vessels also play an
important role in vascular remodeling in hypertension. Sun
and colleagues demonstrated that miR-29b was highly
upregulated in SHRs. Intraventricular injection of miR-29b
inhibitor decreased arterial systolic pressure, reduced
serum Ang II and endothelin 1 (ET-1) concentrations, and
enhanced serum NO content through the C1q/tumor
necrosis factor-related protein 6 (CTRP6) pathway. In
accordance, CTRP6 recombinant protein could antagonize
the suppressive effect of miR-29b by activating the ERK/
PPARγ axis and function of aortic ECs [67].

In the heart, miRNA treatment might directly deter-
mine the progression of hypertensive complications
(cardiomyopathy) without affecting blood pressure.
Huang et al. reported that transgenic overexpression of
miR-18, specifically in cardiomyocytes, using the myosin
light chain promoter was sufficient to protect against
hypertrophy andfibrosis in SHRs [68].Mechanistically, their
study revealed that the p53-miR-18-HSF2-IGF-IIR axis is a
critical regulatory pathway of cardiomyocyte hypertrophy,
suggesting that miR-18 is a therapeutic target for alleviation
of cardiomyopathy during hypertension-induced HF [68].
It has been suggested that cardiac-specific miRNA over-
expression can reverse blood pressure levels, which might
bedue to the translocationofmiRNAs from theheart to other
tissues. For example, Chiasson et al. reported that cardiac-
specific miR-1954 overexpression using the α-myosin
heavy chain (α-MHC) promoter significantly reducedcardiac
mass and blood pressure in Ang II-infused mice. By target-
ing thrombospondin 1 (THBS1), miR-1954 decreased fibrotic
and inflammatory gene expression level and restored
the expression of the calcium-regulated gene, ATPase
sarcoplasmic/endoplasmic reticulum Ca2+ transporting 2
(SERCA2), without affecting apoptotic genes [69]. Expres-
sion level of miR-26a was decreased in the myocardium of
SHRs, andoverexpressionofmiR-26aby rAAV9significantly
prevented the increase in blood pressure and inhibited
myocardial fibrosis in Ang II-treated mice by directly
targeting connective tissue growth factor (CTGF) and
Smad4. In addition, miR-26a overexpression inhibited car-
diac fibroblast proliferation by the enhancer of the zeste
homolog 2 (EZH2)/p21 pathway [70]. Wang et al. reported
that delivery of let-7i by an agomir significantly inhibited

Ang II-induced cardiac inflammation and fibrosis without
affecting blood pressure. Mechanistically, let-7i protected
against Ang II-induced cardiac inflammation and fibrosis by
suppressing the expression of interleukin-6 (IL-6) and
multiple collagens [71]. Montgomery et al. demonstrated
that, during hypertension-induced HF in Dahl hypertensive
rats, therapeutic inhibition of cardiac-specific miR-208a by
subcutaneous delivery of anti-miR-208a dose-dependently
prevented pathological myosin switching, cardiac remod-
eling, and cardiac dysfunction. Anti-miR-208a treatment
resulted in the derepression of the characterized miR-208a
target, heterochromatin protein 1 homolog beta (HP1B) [72].
In C57BL/6 mice with hypertension induced by murine
cytomegalovirus (MCMV), the expression level of miR-1929-
3p was decreased. Overexpression of miR-1929-3p by rAAV
vector in MCMV-infected mice protected against hyperten-
sion and myocardial remodeling through downregulating
the expression of endothelin receptor type A (EDNRA)
and NOD-like receptor pyrin domain containing 3 (NLRP3)
inflammasome activation [73].

Collectively, these miRNAs are promising candidates
for the treatment of hypertension and hypertensive
cardiomyopathy.

miRNAs in diabetic cardiomyopathy

DCM is defined as structural and functional abnormalities
of the myocardium in diabetic patients without coronary
artery disease or hypertension [74]. Mechanistically,
lipotoxicity, ROS,mitochondrial dysfunction, impaired Ca2+

handling, advanced glycation end-products, endothelial
disorders, inflammation, autophagy, and apoptosis/necro-
sis are involved in thedevelopment andprogressionofDCM.
miRNAs effectively determine the cardiac function in dia-
betic models by regulating the function of myocytes, ECs,
and fibroblasts in the heart (Figure 3).

Hyperglycemia-induced endothelial injury is a key
pathogenic factor in DCM. Feng et al. generated
endothelial-specific miR-146a-overexpressing transgenic
mice (Tg) using the tie-2 promoter and investigated the
role of miR-146a in DCM. miR-146a overexpression pro-
tected against streptozotocin (STZ)-induced inflammatory
markers and extracellular matrix proteins (IL6, TNFα,
IL-1β, MCP-1, NF-κB, Col1α1, and Col4α1) and cardiac
dysfunction [75]. Zheng et al. demonstrated the upregula-
tion of miR-195 in STZ-treated and db/db mouse hearts.
Systemic delivery of a nanoparticle-based anti-miR-195
construct reduced caspase-3 activity, decreased ROS,
and improved myocardial function in STZ-induced mice
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by targeting Sirt1 and Bcl-2 mRNA in ECs and cardiomyo-
cytes [76].

Cardiomyocyte hypertrophy, apoptosis, and fibrosis
are critical pathogenic events that occur due to DCM. Chen
et al. reported a marked decrease in miR-133a in the hearts
of STZ-induced diabetic mice. Transgenic overexpression
of miR-133a under the α-myosin heavy-chain promoter
prevented cardiac fibrosis, at least partly through the
TGF-β1 signaling pathway [77]. Xu et al. found that
lentivirus-based inhibitors of miR-223 attenuated NLRP3
inflammasome activation, fibrosis, and apoptosis in
STZ-induced DCM [78]. The expression level of cardiac
miR-144 was decreased in the STZ-treated mouse heart
tissues. Systemic overexpression of miR-144 using an
agomir improved cardiac function and mitochondrial
biogenesis by targeting the Rac family small GTPase 1
(Rac-1) pathway [79]. A study by Wang et al. revealed that
intravenous injection of Ad-miR-222 inhibited cardiac
fibrosis in STZ-treated mice by regulating Wnt/β-catenin-
mediated endothelial-to-mesenchymal transition
(EndMT) [80]. Kuwabara et al. found that miR-451 levels
were significantly increased in the hearts of mice with type
2 diabetes mellitus (DM). Moreover, HFD-induced cardiac
hypertrophy and contractile reserves were ameliorated in
cardiomyocyte-specific miR-451 knockout mice compared
to those in controls [81]. Mechanistically, miR-451 inhibits
the expression of its target gene, the calcium-binding

protein 39 (Cab39), which is a scaffold protein of liver
kinase B1 (LKB1), an upstream kinase of AMP-activated
protein kinase (AMPK) [81]. Kambis et al. demonstrated
that in the Akita model, which exhibits insulin resistance
and deficiency (double DM), miR-133a was decreased.
Crossbreeding of cardiac-specificmiR-133a transgenicmice
with Akita mice prevented DM-induced cardiac fibrosis,
hypertrophy, and impaired contractility without affecting
glucose levels [82].

Our group has systematically investigated the role of
miRNAs in DCM. Our recent study revealed that miR-320 is
significantly upregulated in the hearts of mice and patients
with DM. Interestingly, miR-320 translocates into the
nucleus to directly enhance CD36 transcription [83]. CD36
is responsible for increased fatty acid uptake and cardiac
lipid accumulation, thereby causing lipotoxicity in the
heart. The miR-320/CD36 pathway links glucose toxicity to
lipotoxicity in the heart. In another study, we found that
miR-92a-2-5p and let-7b-5p were downregulated in the
mitochondria of db/db hearts. Re-expression of miR-92a-2-
5p and let-7b-5p in cardiomyocytes led to reduced ROS
production via enhanced translation of the mitochondrial
gene, cytochrome-b (mt-cytb). In vivo, rAAV-mediated de-
livery of miR-92a-2-5p, but not let-7b-5p, rescued cardiac
diastolic dysfunction in db/db hearts. Mechanistically, let-
7b-5p not only upregulated mt-cytb in the mitochondria,
but also downregulated insulin receptor substrate 1 (IRS1)

Figure 3: miRNAs with key roles in DCM. Cardio-detrimental miRNAs and cardio-protective miRNAs are presented as red and green,
respectively, with their known targets. DCM, diabetic cardiomyopathy; EC, endothelial cell; Mø, macrophage; CF, cardiac fibroblast; CM,
cardiomyocyte; ECM proteins, extracellular matrix proteins; EndMT, Wnt/β-catenin-mediated endothelium to mesenchymal transition; Sirt1,
sirtuin 1; Bcl-2, B-cell lymphoma 2; TGF-β1, transforming growth factor beta 1; Rac-1, Rac Family Small GTPase 1; Cab39, calcium-binding
protein 39; Cytb, cytochrome b;
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in the cytosol, leading to unaltered cardiac function in db/
db mice [84]. We also reported downregulation of miR-21
and miR-30c in db/db diabetic hearts. miR-30c or miR-21
overexpression using rAAV9 vector rescued functional and
structural cardiac changes via targeting beclin-1-regulated
autophagy and gelsolin-mediated bioavailable NO,
respectively [85, 86].

miRNA-mediated regulation of inflammatory cells has
been observed in DCM. Jia et al. reported that delivery of
miR-155 antagonist using gold nanoparticles (AuNPs)
preferentially released the nucleic acids into macrophages
via phagocytosis, increased M2 ratio, reduced inflamma-
tion, and protected against cell apoptosis and cardiac
dysfunction [87].

Taken together, targeting these miRNAs might protect
the heart from diabetes-induced cardiomyopathy in the
future.

miRNAs and cardiac arrhythmias

Cardiac arrhythmia is defined as abnormal heart rate or
rhythm. miRNAs regulate cardiac rhythm through key ion
channels, transporters, and cellular proteins in arrhyth-
mogenic conditions [88].

In animal studies, arrhythmia is usually induced by
MI. Yang et al. found that the muscle-specificmiRNAmiR-1
is overexpressed in individuals with CHD, and when
overexpressed in normal or infarcted rat hearts, it exacer-
bates arrhythmogenesis.miR-1 knockdownby anantisense
inhibitor relieved arrhythmogenesis in infarcted rat hearts.
Mechanistically, miR-1 overexpression slowed conduction
and depolarized the cytoplasmic membrane by post-
transcriptionally repressing the K+ channel subunits
KCNJ2 and GJA1, which might be the possible reason for its
arrhythmogenic potential [89]. Terentyev et al. found that
adenoviral-mediated overexpression of miR-1 enhanced
Ca2+ release and promoted cardiac arrhythmogenesis by
targeting the PP2A regulatory subunit B56alpha, and
causing CaMKII-dependent hyperphosphorylation of RyR2
in cardiomyocytes [90]. Cardiac-specific miR-1 transgenic
(Tg) mice showed a higher incidence of atrioventricular
(AV) block than controls [91]. In guinea pigs treated with
the anti-promyelocytic leukemia drug arsenic trioxide
(As2O3), QT interval and QRS complex were significantly
prolonged. Forced expression of miR-133 and miR-1
widened the QT interval and QRS complex and increased
the mortality rate by targeting the ether-a-go-go related
gene (ERG) and K(+) channel subunits such as IKr, Kir2.1,
and IK1. Knockdown of miR-1 and miR-133 abolished these
electrical disorders induced by As2O3 [92].

miR-1231 is overexpressed in human and rat hearts after
MI. Functionally, inhibition of miR-1231 in vivo ameliorates
arrhythmias in rat hearts caused by MI by targeting the cal-
cium channel gene CACNA2D2 [93]. The miR-206 inhibitor
alleviated IR-inducedarrhythmias by regulating connexin43
(Cx43) [94]. Osbourne et al. reported that cardiac-specific
miR-130a transgenic mice developed sustained ventricular
tachycardia, six weeks after overexpression, by targeting
Cx43 [95]. Constitutive expression of miR-17-92 in cardiac
and smooth muscle tissues led to defective heart function
and arrhythmogenic susceptibility, partly through direct
repression of PTEN and Cx43 [96]. Upregulation of miR-223-
3p in AMI repressed KCND2/Kv4.2 expression, leading to a
reduction in transient outward K+ current (Ito density) that
could cause prolongedaction potential duration and thereby
promote ischemic arrhythmias [97]. miR-130a transgenic
mice demonstrated right ventricular dilation and an
arrhythmogenic phenotype (spontaneous premature ven-
tricular complexes) by downregulating desmocollin2 (DSC2),
an important protein required for cell adhesion [98].

In a rat atrial fibrillation (AF) model established by tail
vein injection of acetylcholine- (ACh-)CaCl2, miR-27b-3p
level was decreased. miR-27b-3p overexpression by tail
vein injection of rAAV reduced AF incidence and duration,
alleviated atrial fibrosis, and increased atrial Cx43
expression by targeting the Wnt3a pathway [99]. miR-328
levels were elevated in dogs and patients with AF relative
to those in non-AF subjects. Overexpression of miR-328
through adenovirus infection in canine atrium and a
transgenic approach recapitulated the phenotypes of AFby
targeting CACNA1C and CACNB1, which encode cardiac
L-type Ca2+ channel α1c- and β1 subunits, respectively.
Inhibition of miR-328 levels with an antagomir or genetic
knockdown dampened AF vulnerability [100]. Luo et al.
demonstrated that knockdown of miR-26 promoted AF,
whereas adenovirus-mediated expression of miR-26 reduced
AF vulnerability in mice through potassium inwardly recti-
fying channel subfamily J member 2 (KCNJ2) [101]. Chiang
et al. reported that genetic knockdown of the miR-106b-25
cluster promoted AF via enhanced RyR2-mediated SR Ca2+

leak [102]. Reilly et al. showed that upregulation of miR-31 in
human AF leads to arrhythmia by depleting dystrophin
and neuronal nitric oxide synthase (nNOS) [103]. Atrial
overexpression of miR-27b by adeno-associated virus atten-
uated Ang II-induced fibrillation and atrial fibrosis by tar-
geting activin-like kinase 5 (ALK5) [104]. In zinc finger
homeobox 3 (ZFHX3) knockdown (KD)-inducedAF,miR-133a
and miR-133b were significantly downregulated. Of note,
miR-133a/b mimic treatment diminished ZFHX3 KD-induced
atrial ectopy in mice, possibly by targeting adrenergic,
Wnt/calcium, and fibroblast growth factor receptor 1
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signaling [105]. Wang et al. found that both miR-17-92-and
miR-106b-25-deficient mice exhibited sinoatrial node
dysfunction and pacing-induced AF. Mechanistically,
miR-17-92 and miR-106b-25 directly repressed the genes
Shox2 and Tbx3, which are required for sinoatrial node
development [106].

Callis et al. found significantly prolonged PR interval
rates in miR-208a transgenic mice compared to those in
controls. Interestingly, approximately 30% of miR-208a Tg
mice also had second-degree AV blocks, causing failure of
ventricular contraction. In contrast, the ECGs of approxi-
mately 80% of miR-208a(−/−) mice lacked P waves pre-
cedingQRS complexes, suggesting that thesemice suffered
fromAF [107]. Mechanistically,miR-208a is required for the
expression of connexin 40 (Cx40), a potent cardiac
conduction regulator that is restricted to the atria and
specialized cardiomyocytes constituting the His bundle
and Purkinje fibers [107, 108].

Knockdown of miR-423-5p with anti-miR-423-5p
reversed training-induced bradycardia via rescue of
hyperpolarization-activated cyclic nucleotide gated
channel 4 (HCN4), and the corresponding ionic current, If,
in mice [109]. Yanni et al. observed sinus bradycardia in
mice with transverse aortic constriction (TAC)-induced
HF. Upregulation of miR-370-3p resulted in down-
regulation of the pacemaker ion channel HCN4, and the
corresponding ionic current, If. Functionally, intraperi-
toneal injection of miR-370-3p anti-miR into mice with

TAC restored HCN4 expression and If in the sinus node,
thus diminishing sinus bradycardia [110]. Decrease in
Cav1.2 and Cav1.3 Ca2+ channels have been linked to
sick sinus syndrome. Moreover, miR-1976 levels in
rabbit SAN tissues were negatively correlated with
Cav1.2 and Cav1.3 expression but positively correlated
with corrected sinus node recovery time. Functionally,
miR-1976 transgenic mice displayed attenuated Cav1.2
and Cav1.3 protein expression, which led to sinus node
dysfunction [111].

Most studies regarding cardiac arrhythmias have
focused on the roles of myocyte-localized miRNAs
(Figure 4). Reports regarding the role of ECs or fibroblast-
enriched miRNAs in arrhythmias are scarce and require
further investigation.

TAC-induced HF

In animal models, TAC and thoracic aortic banding (TAB)
are commonly used to investigate the mechanism of
pressure overload-induced hypertrophy, fibrosis, and car-
diac dysfunction, which are clinically exhibited by many
patients with CVDs. Therefore, examination of miRNAs
using the TACmodel might also have therapeutic potential
in general (Figure 5).

Fibrosis is critical in pressure-overload-induced car-
diac remodeling. miR-21 levels are increased selectively in

Figure 4: miRNAs with key roles in cardiac arrhythmias. Cardio-detrimental miRNAs and cardio-protective miRNAs are presented as red and
green, respectively, with their known targets. KCNJ2, Potassium Inwardly Rectifying Channel Subfamily J Member 2 (which encodes the K+

channel subunit Kir2); GJA1, gap junction protein alpha 1 (which encodes connexin 43); PP2A, protein phosphatase 2A regulatory subunit; ERG,
ether-a-go-go related gene; CACNA2D2, calcium voltage-gated channel auxiliary subunit alpha 2 delta 2; Cx43, Connexin 43; PTEN, phos-
phatase and tensin homolog; KCND2, potassium voltage-gated channel subfamily Dmember 2 (which encodes voltage-gated channel Kv4.2);
DSC2, desmocollin2; CACNA1C, calcium voltage-gated channel subunit alpha1 C; CACNB1, calcium voltage-gated channel auxiliary subunit
beta 1; RYR2, ryanodine receptor type 2; ALK5, activin like kinase 5; Shox2, short stature homeobox; Tbx3, T-box transcription factor 3; Cx40,
connexin 40; HCN4, hyperpolarization-activated cyclic nucleotide gated channel 4.
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fibroblasts of TAC-induced failing heart. In vivo silencing of
miR-21 by antagomir in a TAC model reduced cardiac
ERK-MAP kinase activity, inhibited interstitial fibrosis, and
attenuated cardiac dysfunction [112]. Bang et al. reported
that fibroblast exosomal-derived miR-21-3p induced car-
diomyocyte hypertrophy. Proteome profiling identified
sorbin and SH3 domain-containing protein 2 (SORBS2)
and PDZ and LIM domain 5 (PDLIM5) as targets of
miR-21-3p [113]. However, our group has observed a
decrease in miR-21-3p levels in cardiac hypertrophy
induced by TAC and Ang II infusion in mice. Over-
expression of miR-21-3p by rAAV9 markedly suppressed
TAC-induced cardiac hypertrophy and cardiac dysfunc-
tion. Mechanistically, the effects of miR-21-3p on myocyte
hypertrophy are dependent on histone deacetylase-8
(HDAC8) [114]. Interestingly, Ramanujam et al. found that
in the TACmodel, cardiac function was maintained only in
mice with miR-21 deficiency in nonmyocyte cardiac cells
but not in mice with global or cardiac myocyte-specific
ablation. These data demonstrated that miR-21 exerts its

pathologic activity differently in CMs and non-CMs [115].

Nishiga et al. observed upregulation of miR-33a/b in
human failing hearts and TAC-treated mouse hearts. miR-33

KO mice showed impaired systolic function despite amelio-

ration of cardiac fibrosis. Mechanistically, miR-33 deficiency

impaired cardiacfibroblast proliferation through altered lipid
raft cholesterol content. Therefore, targeting cardiac

fibroblast-localized miR-33 rather than global miR-33 might

be promising for HF treatment in the future [116].
Myocyte apoptosis and hypertrophy are also closely

regulated by miRNAs. Ucar et al. found that miR-212/132
knockout mice were protected from TAC-induced HF,
whereas cardiomyocyte-specific overexpression of the
miR-212/132 family led to pathological cardiac hypertrophy
and HF. Both miR-212 and miR-132 directly target the
anti-hypertrophic and pro-autophagic FoxO3 transcription
factor and overexpression of these miRNAs leads to
hyperactivation of pro-hypertrophic calcineurin/NFAT
signaling [117]. Targeted deletion of miR-29 in cardiac
myocytes in vivo prevented cardiac hypertrophy and

Figure 5: miRNAs with key roles in TAC-induced heart failure. Cardio-detrimental miRNAs and cardio-protective miRNAs are presented as red
and green, respectively, with their known targets. Mø, macrophage; CF, cardiac fibroblast; CM, cardiomyocyte; ERK, extracellular signal
regulated kinase; MAPK, mitogen-activated protein kinase; SORBS2, sorbin and SH3 domain-containing protein 2; PDLIM5, PDZ and LIM
domain 5; Mfn2, mitofusin 2; FoxO3, forkhead transcription factors of the O class; EZH2, zeste homolog 2; Fbln2, fibulin 2; HDAC8, histone
deacetylase-8; SRF, serum response factor; Socs1, suppressor of cytokine signaling 1.
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fibrosis through Wnt signaling in a TAC-induced model of
HF [118]. A study by Liu et al. revealed that transgenic mice
that overexpress miR-150 in the heart were resistant to
cardiac hypertrophy and fibrosis through downregulation
of SRF in the TAC model [119]. miR-208, a cardiac-specific
miRNA encoded by an intron of the aMHC gene, is required
for cardiomyocyte hypertrophy, fibrosis, and expression of
bMHC in response to stress, TAB and hypothyroidism.
Although genetic deletion of miR-208 in mice failed to
induce an overt phenotype at baseline in response to
cardiac stress, miR-208 knockout mice showed virtually no
cardiomyocyte hypertrophy or fibrosis [120]. Ganesan et al.
found a significant decrease inmiR-378 in the failing hearts
of mice. Functionally, cardiomyocyte-targeted expression
of miR-378 by AAV9 partially prevented cardiac hypertro-
phy by regulating the MAPK pathway [121]. In Sprague
Dawley rats subjected to ascending aortic stenosis,
AAV9-mediated miR-1 overexpression reduced cardiac
hypertrophy and prevented fibrosis by targeting fibulin-2
(Fbln2) [122]. Knockdown of miR-106a by an antagomir
through tail vein injection nearly completely reversed the
hypertrophic phenotypes induced by TAC and Ang II pre-
treatment by targeting mitofusin 2 (Mfn2) [123]. Gurha et al.
reported the induction of miR-22 expression due to TAC
stress during the early phase(s) of cardiac remodeling.
Genetic ablation of miR-22 sensitized mice to cardiac
decompensation and left ventricular dilation after long-
term stimulation with TAC-induced pressure overload.
Mechanistically, miR-22 knockdown led to a decrease in
Serca2a and muscle-restricted genes, encoding proteins in
the vicinity of the cardiac Z disk/titin cytoskeleton, which
partly regulate the SRF pathway [124]. Yang et al. reported
that cardiomyocyte-specific overexpression of miR-214
resulted in enlarged left ventricular internal diameter,
wall thinning, and reduced ejection fraction by zeste
homolog 2 (EZH2). In vivo silencing of miR-214 using an
antagomir prevented cardiac hypertrophy and dysfunction
in a TAC model [125]. Raso et al. showed that antagomir-
mediated silencing of miR-148a caused wall thinning,
chamber dilation, increased left ventricle volume, and
reduced cardiac performance in mice with TAC-induced
HF. Overexpression of miR-148a prevented the transition
from TAC-induced concentric hypertrophic remodeling
to eccentric hypertrophy [126]. Systemic delivery of
miR15a/miR16-1 by nanoparticles prevented the hypertro-
phic phenotype and cardiac dysfunction induced by TAC
through multiple targets, including INSR, IGF-1R, AKT3,
and serum/glucocorticoid regulated kinase 1 (SGK1) [127].

Inflammatory cells are also involved in the progres-
sion of pressure overload-induced HF. Heymans et al.
demonstrated that macrophage-derived miR-155, but not

cardiomyocyte-specificmiR-155, promoted cardiac inflamma-
tion, hypertrophic growth, and systolic dysfunction in the
TAC model by inhibiting the suppressor of cytokine
signaling 1 (SOCS1). SOCS1 knockdown in miRNA-155
knockout macrophages largely restored their hypertrophy-
stimulating potency [128].

Kawasaki disease

Kawasaki disease is an acute febrile illness and systemic
vasculitis of unknown etiology that predominantly afflicts
young children, causing coronary artery aneurysms and
long-term cardiovascular sequelae [129]. Mechanistically,
it is characterized by infiltration of the coronary artery wall
by a broad variety of innate and adaptive immune cells,
vascular EC damage, VSMC proliferation, and endothelial-
mesenchymal transition [129].

Patients with kawasaki disease with the most severe
coronary pathology (giant coronary artery aneurysms)
exhibited lack of miR-223 induction. In a mouse model of
kawasaki disease (induced by Lactobacillus casei cell wall
extract injection), Zhang et al. found that miR-223 knockout
mice exhibited increased medial thickening, loss of con-
tractile VSMCs in the media, and fragmentation of medial
elastic fibers compared with WT mice. Mechanistically,
reduced platelet-derived miR-223 induction in kawasaki
disease led to persistent VSMC dedifferentiation via the
miR-223/PDGFRβ-VSMC axis [130]. In another mouse model
of kawasaki disease generated using Candida albicans
water-soluble fraction, miR-223-3p levels were increased
during the acute stage of kawasaki disease. Systemic
miR-223-3p overexpression alleviated vascular endothelial
damage and decreased inflammation inmicewith kawasaki
disease by targeting interleukin-6 receptor subunit beta
(IL-6ST) [131]. Despite these findings, the role of miRNAs in
kawasaki disease is still largely unknown which might be
due to lack of appropriate animal models of kawasaki dis-
ease. Therefore, further in vivo studies are the need of the
hour.

miRNAs and myocarditis

The pathogenesis of viral myocarditis (VMC) is based on an
adverse immune response evoked by infection of the car-
diac muscle by cardiotropic viruses, which results in viral
elimination as well as cardiomyocyte destruction, cardiac
fibrosis, and HF [132]. Recent studies have revealed that
miRNAs regulate the progression of myocarditis by
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affecting the function of inflammatory cells, viral replica-
tion, and myocyte apoptosis (Figure 6).

In mice with coxsackievirus B3 (CVB3)-induced VMC,
miR-155 was consistently and strongly upregulated pri-
marily in infiltrating macrophages and T lymphocytes.
Inhibition of miR-155 by systemic delivery of an LNA-anti-
miR attenuated cardiac inflammatory cell infiltration and
reduced myocardial damage during VMC through regu-
lation of PU.1, an E26 transformation-specific family
transcription factor and an inhibitor of dendritic cell
(DC) antigen presentation to T cells [132]. Corsten et al.
demonstrated that miR-221 and miR-222 levels were
significantly elevated during acute VMC caused by CVB3.
Systemic inhibition of miR-221/-222 by antagomirs in mice
increased cardiac viral load and strongly aggravated
cardiac injury and inflammation. Viral replication and
inflammation-related targets of miR-221/-222 were identi-
fied including ETS1/2, IRF2, BCL2L11, TOX, BMF, and
CXCL12 [133]. miR-223 expression was downregulated
in heart tissues and heart-infiltrating macrophages of
CVB3-infected mice. miR-223 overexpression using a len-
tiviral vector protected the mice against CVB3-induced
myocardial injuries and cardiac dysfunction by directly
targeting PBX/Knotted 1 Homeobox 1 (Pknox1), thereby
suppressing the expression of M1 markers (iNOS, TNF-α,
and CD 86), and promoting the expression of M2 markers
(Arginase-1, Fizz-1, and CD 206) [134]. miR-30a-5p was

found to be highly expressed in mice with VMC, and
silencing its expression using antagomir polarized mac-
rophages toward the M2 phenotype to alleviate cardiac
dysfunction by targeting suppressor of cytokine signaling
1 (SOCS1) [135]. miR-21 and miR-146b were upregulated in
a mouse model of CVB3-induced VMC. Inhibition of
miR-21 and miR-146b ameliorated myocardial inflamma-
tion by decreasing the expression of Th17 through
regulating retinoic-acid-receptor-related orphan nuclear
receptor gamma-t (RORγt) expression [136]. However,
He et al. demonstrated that mice injected with plasmid
encoding miR-21 (pMDH-miR-21) showed reduced
myocardial injury, lowered myocarditis score, and
increased survival rate by repressing PDCD4-mediated
myocyte apoptosis [137]. Another study showed that
miR-21 overexpression by lentiviral vectors inactivated
MAP2K3/P38/MAPK signaling in VMC, leading to pro-
longed survival time without affecting the viral load
within host cells [138]. Therefore, miR-21 seems to play
a dual role in VMC. Moreover, it might have conflicting
roles in different target cells such as myocytes and
inflammatory cells.

Cardiac-specific miR-1 and miR-133 decreased car-
diomyocyte apoptosis by mediating the expression of
apoptosis-related genes in the hearts of mice with CVB3-
induced VMC [139]. Another apoptosis-related miRNA,
miR-425-3p,was downregulated inVMC.Overexpression of

Figure 6: miRNAs with key roles in VMCs. Cardio-detrimental miRNAs and cardio-protective miRNAs are presented as red and green,
respectively, with their known targets. VMCs, viral myocarditis; CM, cardiomyocyte; Mø, macrophage; DCs, dendritic cells; MAP2K3,
mitogen-activated protein kinase 3; SOCS1, suppressor of cytokine signaling 1; RORct, retineic-acid-receptor-related orphan nuclear receptor
gamma; Pknox1, PBX/Knotted 1 Homeobox 1; ETS1/2, ETS proto-oncogene 1/2; IRF2, interferon regulatory factor 2; BCL2L11, BCL2-like 11; TOX,
thymocyte selection associated high mobility group box; BMF, Bcl2 modifying factor; CXCL12, C-X-C motif chemokine ligand 12.
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miR-425-3p agomir prevented cardiomyocyte apoptosis
and improved cardiac function by targeting transforming
growth factor β1 (TGF-β1) [140].

In experimental autoimmune myocarditis (EAM)
induced by subcutaneous injection of porcine cardiac
myosin, miR-590-3p was reduced, while the p50 subunit of
NF-κB was increased. In vivo, miR-590-3p overexpression
by adeno-associated virus decreased p50 expression, sup-
pressed NF-κB activity, and blocked IL-6/TNF-α expression,
leading to improved cardiac function in EAM [141]. miR-223-
3p expression level was reduced in mice with EAM. In vivo
transfer of miR-223-3p-overexpressing DCs attenuated
autoimmune myocarditis and improved cardiac perfor-
mance by inhibiting NLRP3 inflammasome expression,
which promoted the polarization of DCs toward a tolero-
genic DC phenotype [142]. Overexpression of miR-141-3p
by an agomir alleviated the inflammatory response
and improved cardiac function in mice with EAM by
inhibiting the STAT4 pathway [143]. A study by Mirna
et al. revealed that miR-21a-5p knockdown by antagomir-
21a-5p resulted in a significant reduction in the expression

of pro-inflammatory cytokines as well as attenuation of
fibrosis and cardiac performance of EAM [144].

miRNAs and chemotherapy-
induced HF

Doxorubicin (Dox) is one of the most powerful and widely
used anticancer anthracycline agents. Cardinale et al.
described a 9% incidence of cardiotoxicity among
anthracycline-treated patients [145]. The mechanism of
Dox-induced cardiotoxicity involves increased reactive
oxidative stress, DNA damage, and cardiomyocyte
apoptosis [146]. Cardiomyocyte-localized miRNAs and
EC-localized miRNAs have been reported to participate in
Dox-induced HF (Figure 7).

In a doxorubicin-treated cardiotoxicity mouse model,
significant decline in cardiac expression of miR-132 and
miR-212 was observed. Overexpression of AAV9-mediated
miR-212/132 cluster limited cardiac atrophy by increasing
left ventricular mass and wall thickness, decreasing

Figure 7: miRNAs with key roles in process of Dox induced heart failure. Cardio-detrimental miRNAs and cardio-protective miRNAs are
presented as red and green, respectively, with their known targets. Dox, doxorubicin; CM, cardiomyocyte; EC, endothelial cell; PDK1,
phosphoinositide-dependent kinase 1; AKT, AKT serine/threonine kinase; Cab39, calcium binding protein 39; PKB, protein kinase B; Bcl-2,
B-cell lymphoma 2; SIRT1, sirtuin 1; Fitm2, fat storage-inducing transmembrane protein 2; HMGB1, high mobility group box 1; Nrf2, nuclear
factor (erythroid-derived 2)-like 2; TAF9b, TBP associated factor 9b; TBP, TATA-binding protein; Bax, BCL2 associated X.
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doxorubicin-mediated apoptosis, and preventing myofi-
bril damage. Fat storage-inducing transmembrane pro-
tein 2 (FITM2) is a novel target and downstream effector
molecule of miR-212/132 [147]. miR-204 expression was
also decreased in doxorubicin-treated mice. miR-204
overexpression by rAAV prevented Dox-induced injury
in cardiomyocytes by directly decreasing high mobility
group box 1 (HMGB1) expression [148]. Hu et al. reported
that rAAV-miR-200a reduced ROS and cardiac apoptosis
by upregulating nuclear factor (erythroid-derived 2)-like
2 (Nrf2) expression, and without affecting matrix metal-
loproteinase and inflammatory factors in mice with acute
Dox injection [149]. miR-146a was reported to target
TATA-binding protein (TBP)-associated factor 9b (TAF9b),
a coactivator and stabilizer of p53, to attenuate apoptosis
and regulate autophagy levels. Therefore, miR-146a
knockout mice showed deteriorated cardiac dysfunction
under Dox stress [150]. Dox treatment upregulated miR-31-
5p expression in myocytes, and miR-31-5p antagomir
increased quaking (QKI) expression, attenuated myocardial
apoptosis, and improved cardiac function [151]. Inhibition of
miR-375 prevented ROS damage in Dox-treated mice
through the PDK1/AKT signaling pathway [152].

miR-451 was increased in the hearts of Dox-treated
mice, while miR-451 inhibitor delivered via the retro-
orbital plexus protected against ROS and myocyte
apoptosis via activation of the calcium binding protein 39
(CAB39) and AMPK signaling pathway [153]. miR-143
knockdown by antagomir reduced doxorubicin-induced
mortality through activation of the protein kinase B (PKB)
and AKT signaling pathway [154]. Ultrasound-targeted
microbubble destruction (UTMD)-assisted exosomal
miR-21 delivery into the heart decreased apoptosis and
restored cardiac function in a mouse model Dox-induced
cardiotoxicity [155]. Jing et al. demonstrated that miR-29b
was significantly downregulated in the myocardium
of Dox-treated rats. Local delivery of miR-29b agomir
to the myocardium prior to Dox treatment prevented
myocyte apoptosis and improved cardiac function by
decreasing BCL2-associated X (Bax) expression and cas-
pase activation [156]. Tony et al. found that Dox upregu-
lated miR-208a expression to promote cardiomyocyte
apoptosis. Silencing miR-208a by an antagomir attenu-
ated myocyte apoptosis and improved cardiac function
through the GATA4 signaling pathway [157]. Piegari et al.
reported improvement of cardiac function and alleviation
of myocyte apoptosis in rats with Dox-induced HF
by systemic antimiR-34a treatment. B-cell lymphoma 2
(Bcl-2) and sirtuin 1 (SIRT1) are the direct targets of
miR-34a [158].

Our group has reported enhanced cardiac miR-320a
expression and reduced cardiac microvessel density in ECs
of mice with Dox-induced HF. While rAAV-mediated
overexpression of miR-320a aggravated vessel abnormal-
ities and cardiac dysfunction, miR-320a knockdown
resulted in enhanced proliferation of ECs and attenuated
cardiac abnormalities [159]. Mechanistically, the negative
effects of miR-320a in vascular homeostasis and cardiac
function were alleviated by VEGF-A, the direct target of
miR-320a, re-expression in Dox treated mice [159].

Therefore, targeting these miRNAs might protect
against Dox-induced HF in the future.

miRNAs in genetic dilated
cardiomyopathy and hypertrophic
cardiomyopathy

Dilated cardiomyopathy is a heart disorder characterized
by enlarged diameter of the heart and weak pumping
function. In fact, there are many causes such as chronic
viral infection, chronic pressure overload, and genetic
variants that can lead to a dilated heart [160]. We have
previously elaborated regarding VMC and pressure
overload-induced dilated cardiomyopathy. Therefore, in
this section, we focus on reviewing the role of miRNAs in
animal models of genetic disorder-induced dilated
cardiomyopathy.

The inducible dilated cardiomyopathy mouse model
carries a human truncation mutation in the sarcomeric
protein, titin. miR-208b antagonization by LNA-modified
antimiR-208b prevented the transition from adaptive to
maladaptive remodeling in the dilated cardiomyopathy
mouse model, whereas miR-208b overexpression resulted
in cardiac hypertrophy [161]. Liu et al. showed that
miR-133a-1 and miR-133a-2 double-mutant mice that sur-
vived to adulthood succumbed to dilated cardiomyopathy
and HF, at least in part, through the regulation of SRF and
cyclin D2 [162]. Wei et al. generated mice lacking miR-1-1
and miR-1-2 and found that all miR-1 dKO mice developed
dilated cardiomyopathy and died before postnatal day 17.
Estrogen-related receptor β (ERRβ) was identified as the
direct target of miR-1 [163]. These data indicate that basal
levels of miR-133a and miR-1 are necessary for normal
structural and functional properties of the heart. Quat-
trocelli et al. demonstrated that long-term miR-669a ther-
apy using an AAV vector alleviated chronic dilated
cardiomyopathy in mice with Sgcb-null muscular dystro-
phy (MD). miR-669a treatment decreased hypertrophic
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remodeling, fibrosis, and cardiomyocyte apoptosis [164].
Another animal model for dilated cardiomyopathy has
been generated via the transgenic expression of mamma-
lian sterile 20-like kinase 1 (Mst1). Inhibition of miR-34a by
LNA-antimiR-34a attenuated heart enlargement and lung
congestion, decreased the expression of genes associated
with cardiac stress, and improved cardiac function [165].

HCM is a genetic disorder that is characterized by left
ventricular hypertrophy unexplained by secondary causes
and a non-dilated left ventricle with sustained or increased
ejection fraction [166]. MYH7 mutations are found in
approximately 20% of patients with HCM [167]. Transgenic
mouse models of HCM have been designed based onMYH7
mutations. Although many dysregulated miRNAs have
been reported in the human heart andmousemodels [168],
their functional relevance in vivo is largely unknown,
which requires further study.

Dynamic interplay between
pathways mediated by miRNAs

Signaling networks triggering apoptosis, hypertrophic
growth, fibrosis, and oxidative stress are common mech-
anisms underlying different types of CVDs.

miRNAs involved in the apoptotic pathway can deter-
mine the progression of various diseases, including MI,
DCM,myocarditis, and doxorubicin-induced HF (Figure 8).
In MI, miR-320 and miR-24 overexpression increased
apoptosis and promoted cardiac dysfunction, while mir-21,
miR-140, miR-185, miR-133, miR-214, miR-1, miR-499, and
miR-125b-5p protected against apoptosis and alleviated
cardiac dysfunction [30, 31, 33, 36, 39–41, 44]. In DCM,
miR-320 and miR-223 promoted apoptosis and cardiac
dysfunction [78, 83]. In VMCs, miR-21, miR-1, miR-133,

Figure 8: miRNAs involved in apoptosis pathway determining the progression of various diseases including MI, DCM, myocarditis and Dox
induced heart failure. Cardio-detrimental miRNAs and cardio-protective miRNAs are presented as red and green, respectively, with their
known targets.MI,myocardial infarction; DCM, diabetic cardiomyopathy; VMCs, viralmyocarditis; Dox-inducedHF, doxorubicin-inducedheart
failure; HSP20, heat-shock protein 20; PDCD4, programmed cell death 4; YES1, YES proto-oncogene 1; SOCS2, suppressor of cytokine
signaling 2; SIRT3, Sirtuin 3; PTEN, phosphatase and tensin homolog; Drp1, dynamin-related protein-1; Bak1, BCL2 antagonist/killer 1; NLRP3,
OD-like receptor pyrin domain containing 3; TGFβ1, transforming growth factor beta 1; QKI, Quaking; Cab39, calcium binding protein 39; PKB,
protein kinaseB; Fitm2, fat storage-inducing transmembrane protein 2; Nrf2, nuclear factor (erythroid-derived 2)-like 2; TAF9b, TBP associated
factor 9b.
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and miR-425-3p increased cardiac performance by
reducing apoptosis [137, 139, 140]. In Dox-induced HF,
miR-31-5p, miR-451, miR-143, miR-132/212, miR-208, and
miR-34a increased while miR-29b, miR-146, miR-200,
and miR-21 protected against apoptosis and
HF [147, 149–151, 153, 154, 156–158]. Though described in
different heart diseases, these apoptosis-related miRNAs
might play similar roles in various diseases. Indeed, miR-
320-mediated apoptosis attenuated cardiac function in MI
and DCM. miR-21 reduced apoptosis and improved cardiac
function in MI, VMC, and Dox-induced HF. miR-1 and
miR-133 are cardio-protective in MI and VMC. Therefore, it
is very likely that apoptosis-related miRNAs participate in
all CVDs and show consistent effects. These miRNAs are
intriguing targets for the treatment of CVDs. However,
it should be noted that increased apoptosis in car-
diomyocytes and non-cardiomyocytes (such as fibroblasts,
ECs, and inflammatory cells) might exhibit different out-
comes in CVDs. Targeting apoptosis-related miRNAs

requires cardiac-specific overexpression or repression
strategies. Notably, the cardiac-specific rAAV9 delivery
system using the α-MHC promoter might be a good
approach. However, lack of methods for high affinity, high
specificity, and safe delivery of miRNAs to cardiomyocytes
is still a major concern.

While apoptosis has been widely studied in MI, VMC,
and Dox-induced HF, hypertrophic growth has been
frequently investigated in pressure overload-induced HF,
hypertensive cardiomyopathy, and DCM (Figure 9). Most
hypertrophy-related miRNAs are also involved in the
apoptotic process. For example, miR-212/132 and miR-208
increased cardiomyocyte hypertrophy in TAC pressure
overload-induced HF and promoted apoptosis in Dox-
induced HF [117, 120, 147, 157]. miR-1 protected against
hypertrophy in the TAC model [122], however, it decreased
apoptosis in MI and VMC [40, 139]. While miR-451
increased cardiomyocyte hypertrophy in DCM [81], it
induced apoptosis in Dox-induced HF [153]. miR-133

Figure 9: miRNAs involved in hypertrophic growth progression duringmultiple heart diseases includingMI, hypertensive heart disease, DCM
and TAC induced HF. Cardio-detrimental miRNAs and cardio-protective miRNAs are presented as red and green, respectively, with their known
targets. MI, myocardial infarction; DCM, diabetic cardiomyopathy; TAC, transverse aortic constriction; Dyrk1a, specificity tyrosine-
phosphorylation-regulated kinase 1A; HDAC8, histone deacetylase-8; HSF2, heat shock factor 2; Cab39, calcium binding protein 39; EZH2,
zeste homolog 2; Fbln2, fibulin 2; MAPK, mitogen-activated protein kinase; INSR, insulin receptor.
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prevented hypertrophy in DCM and decreased apoptosis
in MI and VMC [36, 82, 139]. Although several hypertrophy-
related miRNAs such as miR-378, miR-15a/16-1, and
miR-106 are very likely to be involved in apoptosis, they
need to be investigated in further animal studies. How-
ever, miR-214 promoted hypertrophy in TAC model by
targeting E2H2 and decreased apoptosis in MI by targeting
PTEN [39, 125], indicating that hypertrophy and apoptosis
might be regulated by parallel or converging signaling
pathways.

miRNAs associated with fibrosis are divided into
two main categories: 1. fibroblast-localized miRNAs
directly regulating fibrosis; 2. non-fibroblast (mainly
cardiomyocytes)-localized miRNAs indirectly regulating
fibrosis (Figure 10). In fact, most miRNAs are widely
expressed in various types of cardiac cells. Fibroblast-
specific miRNAs are rare. Wilson et al. reported that
miR-21,miR-132,miR-29, andmiR-222 were relativelymore
enriched in cardiac fibroblasts than in cardiomyocytes
among the several detected miRNAs [169]. Systemic
knockdown of these miRNAs seemed to directly affect
fibroblast function and fibrosis. Functionally, miR-21 and
miR-132 knockdown decreased fibrosis which further
improved cardiac function in the MI model [26, 27].

Overexpression ofmiR-29 andmiR-222 suppressed fibrosis
and protected against cardiac dysfunction [24, 80].
Another cluster of miRNAs involved in fibrosis is
cardiomyocyte-specific (such as miR-1, miR-133, miR-208)
or relatively enriched miRNAs (such as miR-18 and
miR-26). Cardiomyocyte-specific overexpression of these
miRNAs either by rAAV9 delivery system or by generation
of transgenic mice using α-MHC promoter predominantly
affect myocyte apoptosis or hypertrophy, which indirectly
lead to rearranged fibrosis. Specifically, cardiac-specific
overexpression of miR-1, miR-133 and knockdown of
miR-208 protected against fibrosis and cardiac dysfunc-
tion in MI or pressure overload-induced HF. Over-
expression of miRNAs such as miR-18 and miR-26 that
are relatively enriched in cardiac cells also decreased
fibrosis [68, 70, 77, 120, 122]. Interestingly, in fibroblasts,
miRNAs such as miR-21, miR-21*, let-7i, and miR-150 are
relatively enriched [169]. Cardiomyocyte-specific down-
regulation of these miRNAs (for example, miR-21 and
miR-21*) promoted fibrosis [114], while fibroblast-specific
or global knockdown of these miRNAs protected against
fibrosis [112, 113]. These studies reinforce the need for
cell-type-specific miRNA delivery systems to avoid side
effects in unintended target cells.

Figure 10: miRNAs involved in cardiac fibrosis pathway. Cardio-detrimental miRNAs and cardio-protective miRNAs are presented as red and
green, respectively, with their known targets. miRNAs are divided into two main categories including fibroblast localized miRNAs directly
regulating fibrosis and non-fibroblast (mainly cardiomyocytes) localized miRNAs indirectly regulating fibrosis. MI, myocardial infarction;
DCM, diabetic cardiomyopathy; AF, atrial fibrillation; HF, heart failure; Dyrk1, specificity tyrosine-phosphorylation-regulated kinase 1; TGF-β1,
transforming growth factor beta 1; Cx43, Connexin 43; ERK-MAPK, extracellular signal regulated kinase-mitogen-activated protein kinase;
SORBS2, sorbin and SH3 domain-containing protein 2; HDAC8, histone deacetylase-8; SRF, serum response factor; Fbln2, fibulin 2; Cytb,
cytochromeb; HSF2-IGF-IIR, heat shock factor 2-insulin-like growth factor receptor II; CTGF, connective tissue growth factor; IL-6, interleukin 6.
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The networks between apoptosis, hypertrophic
growth, and fibrosis are complicated. miRNAs have
provided new insights into these interactions (Figure 11).
Overexpression of cardiomyocyte-specific miRNAs (such
as miR-208) leads to increased myocyte hypertrophy and
apoptosis, thereby indirectly promoting fibroblast activa-
tion and fibrosis [120, 161]. Conversely, knockdown of
fibroblast-localized miRNAs (such as miR-21) decreased
myocyte hypertrophy [112]. There seems to be a malignant
link between cardiomyocyte dysfunction and fibroblast-
related disorders. miRNAs are one of the initial factors
that trigger these adverse events and therefore, targeting
miRNAs might be a potent therapeutic strategy against
CVDs. To summarize, cardiac-specific overexpression of
miR-1, miR-133, miR-21, and miR-21* and cardiac-specific
inhibition of miR-208, miR-212/132, and miR-29 might
protect against myocyte apoptosis, hypertrophy, and
fibrosis in various CVDs including MI, DCM, pressure
overload-induced HF, Dox-induced HF, and VMC. In
contrast,fibroblast-specific knockdown ofmiR-21,miR-21*,
miR-132, andmiR-33 and fibroblast-specific overexpression
of miR-29, miR-101, andmiR-222 might prevent the positive
cycle between apoptosis, hypertrophy, and fibrosis.

Cell–cell crosstalk mediated by
miRNAs

Many animal studies have revealed that cardiomyocyte-
specific miRNA overexpression or downregulation can

influence the functional properties of non-cardiomyocytes
and vice versa. Exosomes are small vesicles (30–150 nm in
diameter) enclosed by a lipid bilayer and are secreted
by most cells in the body. miRNAs are one of the most
abundant cargo molecules in the exosomes, in addition
to other biological molecules [170]. Cell–cell crosstalk
mediated by exosome-enriched miRNAs has been reported
to be involved in various CVDs (Figure 12).

miRNAs secreted from non-myocytes translocate into
recipient cardiomyocytes to regulate myocyte function.
Bang et al. reported that treatment with Ang II increased
the levels of miR-21* in fibroblast-derived exosomes.
Moreover, cardiac fibroblast-secreted exosomes enriched
with miR-21-3p induced cardiac hypertrophy by targeting
recipient cardiomyocytes. In vivo systemic antagonism
of miR-21* attenuated Ang II-induced cardiac hypertro-
phy [113]. Wang et al. demonstrated that macrophage-
derived exosomes enriched with miR-155 promoted
cardiomyocyte pyroptosis, cardiac hypertrophy, and
fibrosis by directly targeting FoxO3a in uremic mice [171].
Fang et al. found that miR-200a delivered by exosomes
from adipocytes downregulated TSC1 in recipient car-
diomyocytes and enhanced mTOR activation, leading to
cardiomyocyte hypertrophy [172]. Interestingly, Qiao et al.
demonstrated downregulation of miR-21 in exosomes
from explant-derived cardiac stromal cells (phenotypi-
cally resembling mesenchymal cells or fibroblasts)
isolated from patients with HF (FEXO). Notably, FEXO
therapy exacerbated cardiac function and left ventricular
remodeling in the MI model. However, restoring miR-21-
5p expression rescued the reparative function of FEXO

Figure 11: The networks between apoptosis,
hypertrophic growth and fibrosis in heart
diseases. Cardio-detrimental miRNAs and
cardio-protective miRNAs are presented as
red and green, respectively. CF, cardiac
fibroblast; CM,cardiomyocyte.
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by enhancing cardiomyocyte survival through the
PTEN/Akt pathway [173]. Exosomes enriched with miR-22
secreted by MSCs reduced cardiomyocyte apoptosis due
to ischemia. The anti-apoptotic effect of miR-22 was
mediated by direct targeting of methyl CpG binding
protein 2 (MeCP2) [174].

Fibroblasts are also regulated by exosome-containing
miRNAs secreted from non-CF cell types. Our group
reported that miR-217 aggravated pressure overload-
induced cardiac hypertrophy and fibrosis by targeting
PTEN, in vivo. Importantly, cardiomyocyte-derived miR-
217-containing exosomes enhanced the proliferation of
fibroblasts [175]. miR-208a-containing exosomes derived
from cardiomyocytes contributed to increased fibroblast
proliferation and differentiation into myofibroblasts. In
vivo transfusion of miR-208a-containing exosomes into
rats resulted in deteriorated cardiac function through
the Dyrk2 pathway [176]. Macrophage-derived exosomes
enriched with miR-155 can translocate into cardiac fibro-
blasts and inhibit cardiac fibroblast proliferation by
decreasing the expression of sevenless 1 (Sos1). In
addition, these exosomes activated inflammation by
downregulating the expression of suppressor of cytokine

signaling 1. Functionally, transfusion of WT macrophage-
derived exosomes tomir-155(−/−) mice exacerbate cardiac
rupture [177]. Overexpression of miR-26a in muscles
prevent chronic kidney disease (CKD)-induced cardiac
fibrosis via exosome-mediated miR-26a transfer by tar-
geting the FoxO1 and the insulin pathway [178].

ECs can also receivemiRNAs fromnon-ECs.Wang et al.
reported that cardiomyocytes from type 2 diabetic rats
secretedmiR-320-containing exosomes into ECs to exert an
anti-angiogenic effect. Mechanistically, exosomal miR-320
targets IGF-1, Hsp20, and Ets2 in recipient mouse cardiac
ECs [179]. miR-21-containing exosomes from explant-
derived cardiac stromal cells also translocate into ECs to
promote angiogenesis and cardiac performance through
the TEN/Akt pathway in MI [173]. Macrophage-derived
exosomes containing miR-155 are transferred to ECs,
leading to impaired angiogenesis and deteriorated cardiac
dysfunction in MI by targeting Rac family small GTPase 1
(RAC1), p21 (RAC1)-activated kinase 2 (PAK2), sirtuin 1
(SIRT1), and protein kinase AMP-activated catalytic sub-
unit alpha 2 (AMPKα2) [180].

These in vitro and in vivo studies strongly indicate
the potent role of exosome-containing miRNAs in CVDs.

Figure 12: Cell–cell crosstalk mediated by miRNAs via exosomes. Exosomes localized miRNAs secreted from donor cells translocate into
recipient cells (cardiomyocytes, cardiac fibroblasts and endothelial cells), regulating the progression of heart diseases. Cardio-detrimental
miRNAs and cardio-protective miRNAs are presented as red and green, respectively. CF, cardiac fibroblast; CM, cardiomyocyte; Mø, macro-
phage; MSCs, mesenchymal stem cells; EC, endothelial cell.
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Exosomal miRNAs are novel tools for the diagnosis and
treatment of CVDs.

Crosstalk between subcellular-
localized miRNAs

miRNAs typically suppress gene expression at the post-
transcriptional level in the cytoplasm. However, recent
studies have shown that subcellular miRNAs, such as
nucleus-localized miRNAs and mitochondria-localized
miRNAs were dysregulated in CVDs such as DCM, hyper-
tensive heart disease, and pressure overload-induced HF
(Figure 13).

In fact, most miRNAs are present in both the nucleus
and cytoplasm, with some showing selective nuclear
enrichment [181]. Our recent study showed that approxi-
mately one-third of all miRNAs were more enriched in
cultured H9c2 cardiomyocytes [83]. Functionally, we
showed that miR-320 acts as a small activating RNA in the
nucleus at the transcriptional level. CD36 is a key target
gene of nuclear miR-320, but not cytoplasmic miR-320.
Moreover, we found that induced expression of CD36 was
responsible for increased cardiac fatty acid uptake and
lipid accumulation, thereby causing cardiac lipotoxicity

and increased myocyte apoptosis. This in vivo study is the
first example demonstrating a natural small activating
RNA to promote transcription, thereby uncovers a novel
mechanism for diabetes-induced cardiac dysfunction. In
the cytosol, miR-320 post-transcriptionally downregulated
the expression of SRF and promoted atherogenesis in ApoE
(−/−) mice [9]. We also reported upregulation of another
nucleus-localizedmiRNA,miR-665, in a pressure overload-
induced HF model. Overexpression of miR-665 aggravated
TAC-induced cardiac dysfunction by targeting PTEN, while
downregulation of miR-665 protected against cardiac
dysfunction [182]. In ECs, cytoplasmic localized miR-665
suppressed CD34 expression and rAAV-mediated delivery
of miR-665 reduced coronary microvessel angiogenesis
and cardiac microvessel density, which further impaired
cardiac function in the TAC model [183]. Interestingly, a
study by Santovito et al. revealed thatmiR-126-5p, bound to
argonaute-2 (Ago2), formed a complex with Mex-3 RNA
binding family member A (Mex3a), which is present on the
surface of autophagic vesicles and guides its transport into
the nucleus. In the nucleus, miR-126-5p dissociated from
Ago2 and targeted caspase-3 in an aptamer-like fashion
with its seed sequence, preventing caspase dimerization
and inhibiting its activity to limit apoptosis [184]. However,
the mechanisms underlying the translocation of miRNAs
into the nucleus need to be elucidated in detail.

Figure 13: Subcellular localized miRNAs in heart diseases including hypertensive heart disease, DCM, CHD, and HF. DCM, diabetic cardio-
myopathy; CHD, coronary heart disease; CF, heart failure; CM, cardiomyocyte; EC, endothelial cell; Cytb, cytochrome b; SHR, spontaneous
hypertensive rat; IRS1, insulin receptor substrate 1; SRF, serum response factor; PTEN, phosphatase and tensin homolog.
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miRNAs are also present in the mitochondria. As early
as 2009, nuclear-coded miRNAs were reported in rat liver
mitochondria and HeLa cells [185–187]. Das et al. reported
that rat mitochondrial miR-181c targeted themitochondrial
gene, COX1 in cardiomyocytes [188]. Subsequently, their
group demonstrated divergent effects of different miR-181
family members: cytosol miR-181a/b targeted PTEN and
causedan increase in infarct size inmiR-181a/b−/−micedue
to increased PTEN signaling, whereasmiR-181c targetedmt-
COX1 in themitochondria, resulting indecreased infarct size
inmiR-181c/d−/−mice [189]. Thesemicewere also protected
against HFD-induced DCM through the mitochondrial cal-
ciumuptake 1 protein (MICU1) pathway [190]. Our group has
demonstrated the upregulation of miR-21 in the mitochon-
dria of cardiomyocytes from SHRs. Delivery of miR-21 via
rAAV9 was sufficient to reduce blood pressure and atten-
uate cardiac hypertrophy in SHRs. Mechanistically, miR-21
directly targeted mitochondrial-encoded cytochrome-b
(mt-Cytb) to positively modulate mt-Cytb translation in the
mitochondria, which further decreased mitochondrial
ROS [61]. In db/db diabetic hearts, we found that 14miRNAs
were downregulated in themitochondria [84]. Among these
miRNAs, miR-92a-2-5p and let-7b-5p targeted mt-Cytb and
positively modulated its expression. Interestingly, rAAV9-
mediated delivery of miR-92a-2-5p, but not let-7b-5p, was
sufficient to rescue diabetic cardiac diastolic dysfunction.
Mechanistically,while let-7b-5pupregulatedmt-Cytb, it also
downregulated insulin receptor substrate 1 in the cytosol,
resulting in the failure to improve diastolic dysfunction
in db/db mice [61]. These investigations revealed a compli-
cated regulatory pattern of miRNAs in subcellular organ-
elles during CVDs.

Conclusion and perspectives

These in vivo animal-based studies strongly indicate that
miRNAs are an attractive and promising target for the
treatment of CVDs. Several chemically modified oligonu-
cleotides have been used in clinical trials. For example,
miR-122 antagomir is used to treat hepatitis C virus and
delivery of MRX34, which mimics miR-34, is used for the
treatment of primary liver cancer [3]. Recently, a first
clinical trial of an antisense drug in HF targeting miR-132
induced significant QRS narrowing and encouraging pos-
itive trends for relevant cardiac fibrosis biomarkers [191].
These encouraging results of miRNA applications in these
experiments suggest that these molecules have potent
therapeutic potential and negligible toxicity.

In addition to miR-132, we have summarized a cluster
of miRNAs suitable for the treatment of CVDs. As detailed

previously, cardiac-specific overexpression of miR-1,
miR-133, miR-21, and miR-21* while cardiac-specific inhi-
bition of miR-208, miR-212/132, and miR-29 might protect
against myocyte apoptosis, hypertrophy, and fibrosis in
various CVDs. In contrast, fibroblast-specific knockdown
of miR-21, miR-21*, miR-132, and miR-33 and fibroblast-
specific overexpression of miR-29, miR-101, and miR-222
might prevent myocyte apoptosis, hypertrophy, and
fibrosis in heart diseases. The challenge lies in developing
a cell type-specific delivery system to overexpress or
downregulate the miRNAs. For targeting myocytes,
rAAV-based delivery using cardiac troponin T, or the
α-MHC promoter might be a promising approach. Many
studies including ours, have indicated that rAAV9 is
nontoxic. In fact, several AAV-based gene therapies are
currently FDA-approved. For example, Luxturna was
approved in 2017 for rare inherited retinal dystrophy, and
Zolgensma was approved in 2019 for spinal muscular
atrophy. Therefore, rAAV9-based miRNA or tough decoy
(TuD) delivery provides a considerable theoretical basis for
developing therapeutics against CVDs. However, the pro-
duction and formulation of AAV products requires specific
conditions to ensure stability and yield. Furthermore,
storing AAV products can prove to be quite challenging.
Moreover, fibroblast-specific miRNA delivery by the rAAV
system is challenging. To date, the cardiac fibroblast-
specific promoter has not yet been identified. The suggested
fibroblast markers including fibroblast-specific protein-1
(FSP-1), periostin, and collagen type I alpha 1 chain (Col1a1)
are not unique to fibroblasts. For example, periostin and
Col1a1 are also expressed in cardiac myocytes [192, 193]. As
there is no consensus definition of the fibroblast and its
markers, further studies are needed to identify cell type-
specific promoters for cardiac fibroblasts and other cardiac
cell types.

miRNAs are well known to mediate translational
repression in the cytoplasm. miRNAs have also been
detected inmembrane-compartmentalized organelles such
as mitochondria and nucleus. These subcellular miRNAs
determined the outcomes of various CVDs [61, 83]. Very
recently, Yang and colleagues found that endogenous
miR-1 could physically bind with cardiac membrane
proteins, including a potassium channel Kir2.1 in car-
diomyocytes. Acute presence of miR-1 depolarized resting
membrane potential and prolonged final repolarization of
the action potential in cardiomyocytes [194]. Though the
functional significance in cardiac diseases has remained
elusive, this study revealed novel biophysical action of
endogenousmiRs inmodulating cardiac electrophysiology
and provided new insights into the pathogenesis of cardiac
arrhythmias. Moreover, it is possible that miRNAs also
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translocate into subcellular fractions such as endoplasmic
reticulum, golgis apparatus and autophagosome to paly
decisive roles in CVDs. However, one of the main draw-
backs of studying subcellular miRNA is the lack of
well-established mitochondrial-, membrane-, and nuclear
localization signals identified for miRNAs. Strategies to
directly and specifically overexpress or knockdownmiRNA
expression in the subcellular structures are needed
urgently.

Mechanistically, subcellular-localized miRNAs seemed
to function in auniquemanner compared to thewell-studied
cytosol-localized miRNAs. For example, mitochondrial-
localized miRNAs enhanced the translation of mitochon-
drial gene encoded transcripts, andnuclearmiRNAsaffected
gene transcription. It is still unclear as to how miRNAs
translocate into the mitochondria and the nucleus. More-
over, many studies have revealed the activation or repres-
sion effects of nuclear-localized miRNAs on gene
transcription, but the mechanistic details remain unclear,
and the full extent of nuclear miRNA function is currently
unknown. Amajor drawbackof currentmiRNA studies is the
absence of strategies to study cytosolic, mitochondrial, and
nuclear miRNAs independently and systemically. In the
future, studies identifying interactionsbetween cellular- and
subcellular-localized miRNAs are required which employ
more complicated and new biochemical assays, especially
when performed in an unbiased manner. Thus, more efforts
are required to deepen our understanding of the role of
miRNAs in CVDs.
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