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Abstract Cardiovascular diseases represent one of the
major causes for increasing rates of human morbidity and
mortality across the world. This reinforces the necessity for
the development of novel diagnostics and therapies for the
early identification and cure of heart diseases. MicroRNAs
are evolutionarily conserved small regulatory non-coding
RNAs that regulate the expression of large number of
genes. They are involved in several cellular pathophysio-
logical pathways and have been shown to play a significant
role in the pathogenesis of many disease states. Recent
studies have correlated dysregulated miRNA expressions to
diseased hearts and also shown the relevance of miRNA in
growth, development, function, and stress responsiveness
of the heart. The possibility of exploiting miRNAs to
develop diagnostic markers or manipulating them to obtain
therapeutic effects is very attractive since they have very
specific targets in a particular cellular pathway. In this
review we will summarize the role played by miRNAs in
the heart and discuss the scope of utilizing miRNA-based
strategies in the clinics for the benefit of mankind.
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Introduction

Diseases of the heart are the number one cause of death
globally in the industrialized world. These are projected to
remain the single leading cause of death around the world
due to aging, sedentary lifestyle, obesity, and diabetes. Life
in its entirety is dependent on the second-to-second
function of the heart. Even subtle perturbations during
cardiac development in the embryo or during transmission
of electric impulses in the adult heart can be catastrophic.
Several studies have highlighted the need for precise
regulation of key molecular pathways during embryonic
development especially in the cardiovascular system.
Despite a detailed understanding of the molecular mecha-
nisms underlying cardiac development, cardiac malforma-
tions are the most prevalent birth defect and the number one
cause of noninfectious infant mortality [41]. Thus there is
an innate need for innovative new therapies and diagnostic
tools for cardiovascular diseases. Recent studies have
unveiled a novel class of gene regulators called microRNAs
(miRNAs) that have been demonstrated to play unexpected
and powerful roles in diverse aspects of cardiac develop-
ment and function. In addition, miRNAs have also been
implied in the pathogenesis of diverse disease states of the
heart thereby opening up new avenues for the development
of miRNA-based diagnostics and therapeutics for cardio-
vascular diseases. In this review, we will briefly discuss
miRNA biology and the role of miRNAs in the heart. We
will also briefly analyze the opportunities and challenges
that we face by translating this knowledge into the clinical
setting.
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miRNA Biogenesis

Mature miRNAs are an evolutionarily conserved class of
small non-coding RNAs typically 22 nucleotide long that
have gained status as important regulators of cardiac
development and pathological processes [22, 64]. In
general, they are transcribed by RNA polymerase II as
primary transcripts (pri-miRNAs) [67], though some miR-
NAs that are interspersed among repetitive DNA elements
like Alu repeats can also be transcribed by RNA polymer-
ase III [10]. A significant number of pri-miRNAs are
expressed as polycistronic RNAs [3]. The pri-miRNAs
are subsequently processed by Drosha and DGCR8
(Pasha) complex resulting in an ∼70 nucleotide long-
stem loop structure called precursor-miRNA (pre-
miRNA). From the nucleus, the pre-miRNAs are then
exported to cytoplasm by exportin-5, where they are
processed by Dicer, an RNAse III enzyme, and bound to
miRNA-induced silencing complex (RISC) to form the
mature miRNAs of 18–23 nucleotide length. The key
proteins in the RISC complex are Argonaute 2 and
transactivation-responsive RNA-binding protein. In the
RISC complex, the active strand is selectively retained and
the passenger or star (*) strand is degraded. The mature
miRNA along with the RISC binds to complementary sites
in the mRNA transcripts and negatively regulate gene
expression [6, 33, 66]. miRNAs that bind to mRNA targets
with imperfect complementarity, regulate the target gene at
the level of protein translation, while miRNAs that bind to
their mRNA targets with perfect complementarity induce
target mRNA cleavage [33, 133]. miRNA biogenesis is
shown in Fig. 1.

miRNA-Mediated Target Gene Regulation

miRNAs regulate gene expression at the post-transcriptional
level by mRNA degradation, translational repression, or
miRNA-mediated mRNA decay. About 700 miRNAs have
been identified so far and about 1,000 are predicted in
humans [39]. Each miRNA is able to regulate expression
of multiple target genes often involved in the same cellular
pathway [37]. Therefore, it can be safely presumed that
about 50% of human genes are regulated by miRNAs.
Conversely, each gene can be target of multiple miRNAs
thereby providing wide regulatory potential [37, 68]. In
general, miRNA interacts with the 3′ untranslated region
(UTR) of their target gene. However, recent reports
demonstrate that miRNA targeting can occur in 5′UTR,
open reading frames as well as in promoter regions [54,
65, 77, 90]. In some instances miRNAs can also
upregulate gene expression and positively impact protein
translation [125].

In mammals, miRNA-mediated gene regulation is gener-
ally accomplished by imperfect base pairing of miRNAs
to their target genes. Several mechanisms that occur such
as protein translation pre-initiation [81, 89] and post-
initiation [88] translational repression of target genes have
been put forward. Cytoplasmic structures such as P-bodies
or processing bodies have been implicated in miRNA
regulation [69]. These P-bodies store the repressed mRNA
and restrict the access of protein translational machineries
to mRNA [33]. Understanding miRNA–mRNA associa-
tion is a complex task. A single miRNA can regulate or
fine tune multiple genes. On the other hand, a mRNA
transcript can be regulated by one or more miRNAs,
depending on the number of miRNA complementary sites
in the 3′UTR of the target gene [51]. Details on miRNA
target prediction and regulation is reviewed by Bartel
[6].

Cardiac Development and Regeneration

miRNAs in Normal Heart

The expression of miRNAs is dynamic, and is largely
dependent on tissue or cell types, metabolic status and
disease state. As in any other tissue, cardiac tissue also
displays a ‘signature expression’ pattern for miRNAs. The
most abundant miRNAs in heart are miR-1, let-7, miR-133,
miR-126-3p, miR-143, miR-30c, and miR-22 [60]. Among
these, miR-1 accounts for 45% of all mouse miRNAs found
in heart, suggesting a role for these miRNAs in tissue
specification or cell lineage decisions [60]. Recently, Rao
and coworkers performed deep sequencing of miRNAs
from heart tissue in male and female mice [94] and
observed striking abundance of miR-1 (that accounted for
nearly 40%) compared to other known miRNAs in heart. In
addition, they also observed other miRNAs, including miR-
29a, miR-26a, let-7 family members, to be more abundant
than miR-133a, although miR-1 and miR-133 are coregu-
lated. This suggests a role for mechanisms other than
transcription (e.g., processing or stability) to dramatically
alter steady state levels of mature miRNAs. Furthermore,
they performed cardiomyocyte-specific deletion of dgcr8, a
gene required for miRNA biogenesis. This revealed a fully
penetrant phenotype that begins with left ventricular
malfunction, progressing to a dilated cardiomyopathy and
premature lethality [94]. The reported phenotype is similar
to that described for the knockout of Dicer in the adult
myocardium [25]. Taken together, this suggests that the
dramatic cardiac phenotype observed in the absence of
dicer or dgcr8, maybe contributed by just a handful of
miRNAs [94]. However, one cannot rule out the contribu-
tion of low abundance or temporally regulated miRNAs in
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the heart. This further implies that to develop therapies
against cardiovascular diseases, we need to decipher the
molecular function of these specific miRNAs associated
with heart.

The heart is derived from multiple cell lineages and
must differentiate into unique regions, each possessing
different physiological, electric and anatomic properties.
Distinct patterns of gene expression, resulting from tight
temporal and spatial regulation, guide the differentiation
of each region of the heart. One approach to study the
importance of miRNAs in the normal development of

vertebrates has been to create loss-of-function mutations
in Dicer. These studies in zebrafish and mice revealed the
importance of miRNAs in development including cardio-
genesis [8, 128]. Both zebrafish and mice lacking Dicer
died at gastrulation indicating the essentiality of miRNAs
for normal development. Further studies aimed at gener-
ating cardiac-specific deletion of Dicer in mice, using Cre
recombinase under the control of the endogenous Nkx2.5
regulatory elements [137]. This resulted in embryonic
lethality by E12.5 due to poorly developed ventricular
myocardium. It will be interesting to determine whether

Fig. 1 Biogenesis of microRNAs: (A) transcription of primary
microRNAs (pri-miRNAs) by RNA polymerase II in the nucleus.
(B) Pri-miRNA is processed by Drosha and DGCR8 to form a
precursor-miRNA (pre-miRNA) of about 70 nucleotides in length. (C)
Pre-miRNA is exported to cytoplasm by exportin 5. (D) Final
processing of pre-miRNA to mature duplex miRNA by RNase
enzyme Dicer. (E) Incorporation of mature duplex into RNA-

induced silencing complex where miRNA* strand is selectively
degraded. (F) Binding of complex to the target mRNA guided by
mature miRNA. (G) Negative regulation of protein translation or
degradation of the mRNA transcript based on the complementarity of
the miRNA to the target sequence. Some figure templates were
adopted from Ambion website
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miRNAs play a role in cardiac lineage specification by
deleting Dicer during earlier steps of cardiogenesis. It is
also understood that Dicer activity is required for nor-
mal function of mature heart, as adult mice lacking
Dicer in the myocardium have high incidence of sudden
death, cardiac hypertrophy and reactivation of fetal cardiac
gene program [25]. Further studies aiming at targeted
deletion of Dicer in specific regions of the heart will
unravel the role of miRNAs in distinct aspects of cardiac
development.

Of the 700 mammalian miRNAs identified to date,
miR-1, miR-133 and miR-208 are considered muscle
specific, being primarily expressed in cardiac and skeletal
muscles [15, 59, 93, 105, 121, 137, 138]. miR-1 and miR-
133 are derived from a common precursor transcript
(bicistronic) and multiple highly conserved loci encode
mature miR-1 (miR-1-1 and miR1-2) and miR-133 (miR-
133a-1, miR-133a-2, and miR133b) transcripts, which
appear to be genetically redundant. miR-208 is encoded
by an intron in the α-MHC gene [121]. Cardiac muscle-
specific expression of miR-1 and miR-133 are controlled
by serum response factor/myocardin while miR-208
expression is associated with the expression of α–MHC
gene. Recently, three myosin genes (Myh6, Myh7, and
Myh7b) were shown to encode related intronic miRNAs
(miR-208a, miR-208b, and miR-499) that control muscle
performance [119].

In contrast, the skeletal muscle-specific expression of miR-
1 and miR-133 are controlled by MyoD/MEF2 [15, 70].
These data suggest that transcription factors play a predom-
inant role in the tissue-specific expression of miRNAs. In
addition, these miRNAs also show differential cis-regulation,
which in turn modulates their regulation of target mRNAs in
the muscle differentiation pathway downstream of MEF2.
For instance, the upstream miR-1/133 enhancer directs
expression within the ventricular chambers [138], while the
intragenic miR-1/133 enhancer is active in the atrial and
ventricular chambers [70].

Cardiac Regeneration

Myocardial regeneration provides one of the most attractive
therapeutic options to restore myocardial function. Several
studies have shown the existence of multiple sources of
stem cells for myocardial regeneration [7, 52]. Cardiac
injury also promotes homing of circulating hematopoietic
progenitor cells to sites of ischemia [55, 109]. The role of
miRNAs in determining cardiac differentiation of mouse
embryonic stem cells was addressed by Ivey and coworkers
[47]. They observed miR-1 and miR-133 to be highly
expressed in mouse cardiomyocytes derived from mouse
embryonic stem cells. These miRNAs were potent repress-
ors of nonmuscle gene expression and cell fate while

enhancing mesodermal gene expression during mouse and
human ES cell differentiation. Further they attributed the
effects of miR-1 in part to be mediated by translational
repression of the Notch ligand Delta-like 1 (Dll-1). miR-
126 is another miRNA expressed in hematopoietic stem
cells which can potentially contribute to myocardial
regeneration [61]. Recently, miR-145 and miR-143, which
are direct transcriptional targets of serum response factor,
myocardin and Nkx2-5, were shown to regulate smooth
muscle cell fate [21]. While miR-145 was shown to be
sufficient to induce differentiation of multipotent neural
crest stem cells into vascular smooth muscle, miR-145 and
miR-143 function to regulate the quiescent versus prolifer-
ative phenotype of smooth muscle cells. In an earlier study,
miR-145 was shown to be a novel vascular smooth muscle
cell phenotypic marker and modulator that is capable of
controlling vascular neointimal lesion formation [18].

Aberrant miRNA Function in Diseased Heart

miRNA expression profiles in a given tissue is also
dependent on the disease state. A particular pathological
process is often associated with a particular gene expression
pattern as depicted in various disease conditions [11, 73,
106]. These signature patterns can aid in the diagnosis and
prognosis of human diseases, as evidenced by recent
studies in cancer and cardiovascular diseases. The implica-
tions of miRNA in cardiovascular diseases have become a
rapidly evolving field and have been extensively reviewed
recently [5, 13, 22, 64]. Hence in this review we will briefly
explain the recent findings with special focus on the clinical
significance of these studies. A summary of the different
miRNAs implicated in cardiovascular diseases are listed in
Table 1 with their potential targets and functions in heart.

Cardiac Hypertrophy

The adult heart is susceptible to many biomechanical
stresses and pathologic stimuli and even slight perturbations
during cardiogenesis can lead to catastrophe. In order to
adapt to the workload and impaired cardiac function, the
heart may respond by undergoing extensive cardiac
remodeling known as cardiac hypertrophy [43]. This
process involves redeployment of the molecular events
controlling cardiac gene expression during development.
Though this is an adaptive mechanism that is beneficial in
the short-term, prolonged hypertrophy can lead to heart
failure and sudden death [36].

To date, there had been several studies on the role of
miRNAs in cardiac hypertrophy [14, 17, 97, 112, 115, 120,
121]. The common finding of these studies is that an array
of miRNAs is significantly altered in their expression in
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either direction, and that single miRNAs can critically
determine the progression of this disease [63]. Furthermore,
using both gain- and loss-of-function approaches in mice,
different groups have established a correlation between
miRNAs and hypertrophy by demonstrating that stress-
regulated miRNAs can trigger both positive and negative
influence on the hypertrophic growth response [14, 120,
121]. For instance, cardiac-specific overexpression of miR-
195, which is upregulated in both human and mouse
hypertrophic hearts, can result in dilated cardiomyopathy
and heart failure in mice within 2 weeks of birth [120].
However, the mechanisms underlying this regulation are
still not clear.

On the other hand, deletion of miR-208, which is
essential for expression of genes involved in cardiac
hypertrophy, but not cardiogenesis, resulted in aberrant
response to cardiac stress [121]. This miRNA targeted
expression of a thyroid hormone signaling pathway
component, Thrap1, and provides an example for miRNA
function linked to classical hormone-regulated muscle
physiology. Recently, miR-208a was found to be sufficient
to induce cardiac arrhythmias and was identified as a key
regulatory molecule necessary for proper cardiac conduc-
tion [12].

Another miRNA, miR-21, implicated in tumor-related
cell growth and apoptosis [4, 83], is consistently induced by
stress signals in vitro and in vivo [17, 97, 112, 120].
However, there is some controversy regarding its exact role
in cardiac hypertrophy. Recently, Thum and coworkers
[116] validated miR-21 as a disease target for heart failure,
which has therapeutic implications. miR-21 regulates the
ERK–MAP kinase signaling pathway through inhibition of
sprouty homologue 1 (Spry1), in cardiac fibroblasts, which
has impact on global cardiac structure and function. They
further demonstrated that in vivo silencing of miR-21 by a
chemically modified antagomir in a mouse pressure-
overload-induced disease model reduced cardiac ERK–
MAP kinase activity and inhibited interstitial fibrosis and
attenuated cardiac dysfunction.

Heart Failure

Heart failure is a frequent and fatal outcome of hypertrophy
developed under pathological circumstances. Most of our
current knowledge on miRNAs in heart failure comes from
miRNA expression analyses performed using microarrays
in either experimental models that lead to pathologic
remodeling of the heart [14, 97, 120] or in cultured
cardiomyocytes that have been stimulated with peptides
that mimic neurohormonal activation and/or have been
shown to provoke myocyte hypertrophy in vitro [14, 17,
112, 120]. Studies on miRNA expression profiling in heart
failure in humans is largely limited by the lack of

standardized protocols, the small number of patients and
the high degree of variability in expression levels between
patients. A comparison of the altered expression profiles of
miRNAs in various animal models of heart disease and in
human heart failure [46, 115] revealed good concordance
between these two sources of heart failure, especially for
miRNAs that show increased levels of expression [26].
Twenty-five miRNAs were upregulated in one or more
myocardial samples from failing human hearts and exper-
imental models. This indicates that changes in miRNA
expression profiles in experimental models may provide
further insights into our understanding of heart failure. On
the other hand, there was far less concordance in the
expression of downregulated miRNAs, which may be due
to the different microarray platforms used in the above
studies.

Ikeda and coworkers [46] were the first group to do a
global analysis of miRNA expression in human heart
disease and to show the commonalities in expression
between distinct disease etiologies. They compared miRNA
expression in three different types of failing hearts
(ischemic or dilated cardiomyopathy and aortic stenosis)
with nonfailing heart. Among the 87 miRNAs detected in
the heart, ∼50% were differentially expressed in at least one
disease group, while seven miRNAs showed similar
regulation in all three disease states. By classifying samples
by etiological diagnosis, this study provides proof-of-
concept that miRNA expression profiles may be useful in
other more challenging and clinically relevant etiology
prediction problems and supports further studies on
miRNAs as potential biomarkers for determining prognosis
and response to therapy.

A hallmark of heart failure is the reactivation of fetal
gene program. A study by Thum and coworkers [115]
compared miRNA expression profiles from failing, non-
failing, and fetal human hearts and concluded that miRNA
levels may contribute to this reactivation. They observed
that a large fraction (>80%) of miRNAs were either up- or
downregulated in the same direction in fetal and failing
heart in comparison with normal heart. In yet another recent
study involving miRNA profiling in 70 patients [86], two
novel miRNAs, miR-7, and miR-378 were observed to be
downregulated in end-stage heart failure (dilated cardiomy-
opathy). Furthermore, they performed network analysis that
suggested that a major process affected by miRNA
regulation associated with heart failure progression is
probably through NFκB target genes. Using transfected
cells and mice, they show that NFκB, which is not a
predicted target for miR-378, is altered following changes
in miR-378. Thus, they show for the first time that
perturbation in miRNAs leads to modulation in the network
by a feed-in mechanism thus indicating a pivotal role for
miRNAs in altering global signaling networks during
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progression of cardiac pathology. This study lays a
foundation for the concept that therapeutic interventions
with miRNAs would have global effects on signaling
networks.

Cardiac Fibrosis

After myocardial infarction (MI), cardiac fibroblasts under-
go negative remodeling by excessive secretion of extracel-
lular matrix. Myocardial fibrosis leads to mechanical
stiffness leading to contractile dysfunction and prevents
myocardial repair. It also predisposes to cardiac arrhythmias
through abnormalities in cardiac conductance. Van Rooij
and coworkers [122], in a seminal work, elucidated the role
of miRNAs in cardiac fibrosis following MI by profiling
expression in the border zone of the infarct and remote
myocardium at two time points (3 and 14 days). They
observed dramatic downregulation of miR-29 family in the
border zone and implicated miR-29 in the induction of
collagens and other extracellular matrix genes. miR-29 is
also downregulated in cardiac hypertrophy and failure [120]
suggesting that therapeutic upregulation of miR-29 in
response to ischemic event or cardiac stress may prevent
onset of cardiac fibrosis. Earlier, we and others have shown
significant downregulation of miR-29 family miRNAs in
rhabdomyosarcoma (skeletal muscle tumors), implicating
miR-29 in muscle cell differentiation [106, 127]. miR-21 is
another miRNA that was found to be enriched in cardiac
fibroblasts compared to cardiomyocytes [114]. miR-21 was
shown to augment ERK/MAP kinase signaling thereby
controlling interstitial fibrosis and inhibition of miR-21
using antagomirs reversed the effect [116]. Recently, miR-
133 and miR-30 were shown to directly downregulate
connective tissue growth factor (CTGF), a key molecule in
the process of fibrosis and a potential therapeutic target
[28]. By overexpression and knockdown in cultured
cardiomyocytes and fibroblasts, the authors establish an
important role for these miRNAs in the control of structural
changes in the extracellular matrix of the myocardium by
targeting CTGF.

Arrhythmias

Arrhythmias arise from a perturbation in the electrophysi-
ological properties of heart muscle. Though arrhythmias
arise as a result of cardiac disease or mutation in ion
channel genes, miRNAs, miR-1 and miR-133 have recently
been implicated to function in cardiac conduction system
[75, 76, 132, 137]. Targeted deletion of miR-1-2 in mice
resulted in 50% lethality attributed to ventricular septal
defects [137]. Mutant mice that survived until birth
experienced sudden death following electrophysiological
defects. This effect was attributed to the upregulation of

Irx5 transcription factor that regulates the cardiac ventric-
ular repolarization gradient. The involvement of miR-1 in
cardiac conductance was further confirmed by over expres-
sion studies in normal and infarcted rat hearts by Yang and
coworkers, who also reported upregulation of miR-1 in
individuals with coronary heart disease [132]. Arrythmias
are common after heart attack and decreasing miR-1 levels
using an antisense oligonucleotide in rat infarct model
reverses predisposition to arrythmias by upregulation of ion
channel genes, KCNJ2 and GJA1 [132]. Recent studies
have focused on using miR-1 as therapeutic target for the
prevention of ischemic arrhythmias [74, 101]. These studies
analyzed whether the beneficial effects of beta-blockers and
tanshinone IIA in reducing ischemic arrhythmias and
cardiac mortality are related to downregulation of miR-1.
miR-208a has also been shown to be sufficient to induce
arrhythmias in mice [12].

Coronary Angioplasty

Percutaneous coronary intervention (PCI) is a key thera-
peutic tool for the treatment of various forms of ischemic
heart diseases. Though a successful technique, PCI yields
the risk of restenosis, i.e., the recurrence of obstruction in
the treated segment and efforts are ongoing to overcome
this phenomenon. Ji and coworkers [49] demonstrated for
the first time aberrant expression of miRNAs in the
vascular walls after carotid artery balloon angioplasty in
rats. They showed that miR-21 knockdown increased cell
apoptosis and induced significant negative effect on neo-
intimal lesion formation and identified PTEN and Bcl-2,
two pro-apoptotic proteins as targets for miR-21. Although
some of these observed effects of miR-21 may depend on
the culture conditions of vascular smooth muscle cells
[104], these data suggest that miRNAs could be potential
targets for anti-restenotic therapies. More recently, the same
group has indicated miR-221 and miR-222 as additional
regulators for vascular smooth muscle cell proliferation and
neointimal hyperplasia [71]. Using both gain-of-function
and loss-of-function approaches, they identified p27 (Kip1)
and p57 (Kip2) as potential targets for these miRNAs in
these cells. Further by knocking down miR-221 and miR-
222 in rat carotid arteries, they demonstrated therapeutic
potential for these miRNAs in suppressing cell proliferation
in vivo and neointimal lesion formation after angioplasty.

Ischemia/Reperfusion

Yet another risk associated with PCI is reperfusion injury.
The rapid restoration of blood flow following coronary
intervention often results in significant reperfusion injury to
the myocardium and microvasculature. Following reperfu-
sion, there is an immediate rise in oxygen tension leading to
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the production of free radicals from the electron transport
chain and other sources that in many cases cause
irreversible damage to cell membranes. In addition, the
initiation of apoptosis contributes to progressive loss of
myocytes and adverse left ventricular remodeling. The
molecular mechanisms that regulate gene expression during
myocardial ischemia/reperfusion (I/R) are not clearly
understood.

Muscle-specific miR-1 was found to be upregulated in
response to I/R injury in rat heart [111] and in a rat model of
MI [102, 132]. miR-1 has been shown to elicit pro-apoptotic
responses by post-transcriptional repression of HSP60 and
HSP70 in cardiomyocytes induced by oxidative stress [131].
miR-1 is involved in apoptotic cell death induced by cardiac
ischemia through the post-transcriptional repression of the
anti-apoptotic proteins Bcl2 and IGF-1 [102, 111]. Recently
miR-320 was shown to be involved in the regulation of I/R-
induced cardiac injury and dysfunction via targeting heat
shock protein 20 [95]. In this study, they performed miRNA
arrays to detect miRNA expression in murine hearts
subjected to I/R in vivo and ex vivo and found miR-320 to
be the only miRNA that is significantly downregulated.
Gain-of-function and loss-of-function studies confirmed the
role of miR-320 in reducing infarct size by preventing
apoptosis and thus constitute a new therapeutic target for
ischemic heart diseases [95].

It has been shown that preconditioning hearts to stresses
such as sub-lethal ischemia or mild heat shock improves
myocardial survival after subsequent prolonged I/R injury
[24, 45, 79]. Recently, efforts have been made to understand
the mechanisms underlying preconditioning at transcriptional
level. Roy and coworkers [96] provided the first evidence for
the global changes in miRNA expression following I/R in
murine heart. They characterized miRNA expression profiles
following 2 and 7 days of I/R. Their analyses revealed 13
miRs to be upregulated on day2 post-I/R, nine miRs to be
upregulated on day7, and six miRs to be uniquely down-
regulated on day7 post-I/R. Furthermore, using tissues from
infarct site, captured by laser micro dissection and pressure
catapulting, they showed that miR-21, which was rapidly
induced in cardiac fibroblasts following I/R, regulates
MMP2 expression via PTEN pathway. The significance of
miR-21 in influencing myocardial infarction outcomes was
also pointed out in two independent studies [27, 135]. The
first study was using mice subjected to cytoprotective heat
shock [135]. Here the authors showed reduction in infarct
size following injection of chemically synthesized exogenous
miR-21 whereas co-treatment with a miR-21 inhibitor
abolished the effect. They observed downregulation of pro-
apoptotic proteins suggesting a potential role of miRNAs in
reducing MI through repression of apoptosis. The same
group, in yet another study showed that ischemic precondi-
tioning induced miRNAs that trigger cardioprotection (viz.,

miR-1, miR-21, and miR-24), possibly through upregulating
eNOS, HSP70, and heat shock transcription factor, HSF-1,
that are implicated in the delayed phase of ischemic
preconditioning in the heart [134].

The second group examined miRNA expression signa-
ture in the early phase of acute myocardial infarction (AMI)
[27] in rat hearts 6 h after AMI. They observed 38 miRNAs
to be differentially expressed in infarcted areas and 33
miRNAs to be aberrantly expressed in the border areas as
compared to the expression signature in the noninfarcted
areas. Remarkably, miR-21 expression was found to be
significantly downregulated in infarcted areas, but upregu-
lated in border areas. The downregulation of miR-21 in the
infarcted areas was inhibited by ischemic preconditioning.
Furthermore, overexpression of miR-21, in rat models of
AMI using adenovirus expressing miR-21, decreased
myocardial infarct size by 29% at 24 h after AMI. Using
both gain-of-function and loss-of-function approaches in
cultured cardiac myocytes, they identified programmed cell
death 4 and activator protein 1 pathway to be targeted by
miR-21 to provide the protective effect on ischemia-
induced cell apoptosis.

Ischemic preconditioning was also attempted with two
cycles of 30-min ischemia/re-oxygenation in bone-marrow-
derived mesenchymal stem cells (MSCs) [53]. In this study,
the authors observed that preconditioning significantly
reduced apoptosis in MSCs through nuclear translocation
of HIF-1α and concomitant induction of miR-210. Notably,
multiple I/R cycles regulated miR-210 more effectively and
hence promoted MSCs survival as compared with single
cycle hypoxia of an equal duration. Using a rat model of
acute myocardial infarction, they further showed that
preconditioning induced miR-210 plays a key role in
bone-marrow-derived MSC survival by regulating FLICE-
associated huge protein/caspase-8-associated protein-2
(Casp8ap2) which has a regulatory role in Fas-mediated
apoptosis.

Angiogenesis

One of the endogenous mechanisms for efficient repair
following MI is through the formation of new blood vessels
that provide collateral circulation. Myocardial vasculariza-
tion requires signaling by angiogenic growth factors like
vascular endothelial growth factor (VEGF) and fibroblast
growth factor (FGF) [99, 108]. miRNAs have been shown
to participate in angiogenesis and vascular development
(reviewed in [57, 117]). The role of miRNAs in angiogen-
esis was demonstrated by inducing silencing of two key
enzymes Dicer and Drosha [58] in murine endothelial cells.
Genetic silencing of Dicer and Drosha significantly reduced
capillary sprouting of endothelial cells and tube forming
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activity in vitro. However, silencing of Dicer but not of
Drosha significantly decreased migration of endothelial
cells and reduced angiogenesis in vivo. This study further
showed that silencing of these enzymes caused reduction of
endothelial let-7f and miR-27b which promote angiogenesis
by targeting antiangiogenic genes like thrombospondin-1.
miR-17-92 cluster is another family that is highly expressed
in human endothelial cells [9]. miR-92a, a component of
this cluster, has been shown to control angiogenesis.
Overexpression of miR-92a in endothelial cells blocked
angiogenesis in vitro and in vivo while systemic adminis-

tration of antagomir designed to inhibit miR-92a in mouse
models of limb ischemia and MI, led to enhanced blood
vessel growth and functional recovery of damaged tissue.
Several proangiogenic proteins, including the integrin
subunit alpha5, are potentially targeted by miR-92a. These
studies reflect miR-92a as another valuable therapeutic
target in the setting of ischemic disease.

miR-126 is another positive regulator of angiogenic
signaling in endothelial cells and has an essential role in
neoangiogenesis following MI and in maintenance of
vascular integrity in vivo [35, 123, 126]. Following

miRNA Targets Pathogenic role References

let-7 Thrombospondin1 Angiogenesis [58]

miR-1 KCNJ2, GJA1 Arrhythmias [132]

Igf1 MI [102]

Bcl2 I/R injury [111]

Ischemic preconditioning [134]

Ischemic arrhythmia [74]

Irx5 Arrhythmias [137]

Dll-1 Cardiac stem cell fate [47]

Cdk9 Cardiac stem cell fate [110]

miR-7 – End-stage heart failure [86]

miR-21 Spry 1 Cardiac fibrosis [114, 116]

I/R injury [135]

Ischemic preconditioning [134]

PTEN I/R injury [96]

PTEN, Bcl-2 Post-angioplasty restenosis [49]

miR-24 Ischemic preconditioning [134]

miR-27 Thrombospondin1 Angiogenesis [58]

miR-29 Col1α1, Col1α2, Col3α1, Fbn1, Eln Cardiac fibrosis [28, 122]

miR-30 CTGF Cardiac fibrosis [28]

miR-92a Integrinα5, Sirt1, S1pr1, Map2k4 Angiogenesis [9]

miR-126 Spred1 Angiogenesis [126]

PIK3R2 Angiogenesis [35]

miR-133 Dll-1 Cardiac stem cell fate [47]

KLF15 Metabolic control [28, 42]

CTGF Cardiac fibrosis [28]

miR-143 Klf4, myocardin, Elk-1 Smooth muscle cell fate [21]

miR-145 Klf4, myocardin, Elk-1 Smooth muscle cell fate [21]

miR-199a HIF 1α, Sirt1 Ischemic preconditioning [91]

miR-206 MET Myogenic differentiation [113]

miR-208a THRAP1 Cardiac hypertrophy [121]

Arrhythmias [12]

miR-210 Ephrin A3 Angiogenesis [34]

miR-217 – Angiogenesis [84]

miR-221/222 – Neointimal hyperplasia [71]

miR-320 Hsp20 I/R injury [95]

miR-378 – End-stage heart failure [86]

Table 1 MicroRNAs implicated
in cardiovascular diseases with
their validated targets
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coronary ligation, a model for MI, miR-126 mutant mice
showed reduced vascularization of infarcted myocardium,
more extensive fibrosis and loss of functional myocardium
and were more prone to cardiac rupture. miR-126 enhances
the proangiogenic actions of VEGF and FGF and promotes
blood vessel formation by repressing the expression of
Spred-1 [35, 126] and PIK3R2 [35]. Both Spred-1 and
PIK3R2 are intracellular inhibitors of angiogenic signaling by
acting as negative regulators of MAP kinase and phosphati-
dylinositol 3-kinase pathways, respectively. These findings
suggest that strategies to elevate endothelial specific miR-126
expression to promote new blood vessel formation in ischemic
myocardium can enhance cardiac repair.

The role of miRNAs in regulating endothelial cells in
response to hypoxia was studied by Fasanaro and cow-
orkers [34]. They observed miR-210 upregulation in human
endothelial cells in response to hypoxia affecting cell
survival, migration, and differentiation. miR-210 over-
expression in normoxic endothelial cells stimulated angio-
genesis while the converse was observed with miR-210
blockade. Ephrin A3, a known regulator of angiogenesis
and VEGF signaling, was identified as a target for miR-
210. In another study, a Dicer knockdown approach was
used to test the significance of miRNA in regulating the
redox state and angiogenic response of human microvas-
cular endothelial cells [103]. Lowering of miRNA content
induced vascular endothelial growth factor expression but
diminished the angiogenic response of endothelial cells.
The reduced miRNA levels induced expression of the
transcription factor HBP1 that negatively regulates expres-
sion of p47phox of the NADPH oxidase complex. This
study provides the first evidence that redox signaling in
cells is subjected to regulation by miRNA. Recently, miR-
217 was identified in human atherosclerotic lesions and was
shown to induce premature senescence-like phenotype,
leading to impairment in angiogenesis [84]. These actions
were mediated by inhibition of silent information regulator
SIRT1 and modulation of FOXO1 (forkhead box O1) and
endothelial nitric oxide synthase acetylation. These studies
show miR-217 as potentially amenable to therapeutic
manipulation for prevention of endothelial dysfunction in
metabolic disorders.

miRNA-Based Strategies in the Clinics

The multitude of research in the field of cardiovascular
biology clearly emphasizes the profound role played by
miRNAs in the etiology and progression of cardiovascular
diseases. These in turn highlight the potential of miRNAs
as targets for development of diagnostic and prognostic
biomarkers and/or for therapeutic purposes. Through their
ability to regulate mRNA levels post-transcriptionally,

miRNAs bring about finer regulation of the protein factors
that regulate cardiogenesis. This is especially significant in
congenital heart defects that results from haploinsufficiency
or heterozygous point mutations [78, 92]. By fine tuning
target protein levels, miRNA can modulate critical path-
ways and allow restoration of protein levels to a point that
crosses the disease threshold. In addition, with miRNAs
implicated in cardiac biology, mutations in miRNA genes
or their target sequences can correlate to genetic disorders
as exemplified by a study where a SNP was identified in
the 3′UTR of myostatin transcript in Texel sheep that
created an aberrant miR-1 target site [20]. With the advent
of high-throughput sequencing of whole genomes, it will be
possible to decode allelic mutations in miRNA genes and/or
their target sites associated with congenital defects.

As a Diagnostic Tool

As discussed above, many diseases are characterized by an
abnormal miRNA expression pattern. Identification of
miRNA signature for specific diseases will be useful in
early and differential diagnosis of diseases characterized by
abnormal miRNA levels in tissues or in plasma. For
instance, we have showed earlier that unique miRNA
expression patterns in sarcoma can help identify misdiag-
nosed cases [106]. There has been increasing evidence
suggesting the potential utilization of circulating miRNAs
in various body fluids as biomarkers for disease diagnosis
[16, 19, 23, 38, 44, 62, 85, 87, 124]. For instance,
measurement of serum levels of miR-92 and miR-141 has
been suggested for screening for colorectal and prostate
cancer, respectively [85, 87]. In addition, miR-141 has also
been reported as a pregnancy associated marker [19]. The
potential of miRNAs as biomarkers for cardiovascular
diseases is only starting to be explored and will be an active
field of research for the next few years. Because of their
abundance and relative stability in plasma, miRNAs can serve
as easily accessible markers to monitor tissue injury. Due to
their small size and tissue specificity, miRNAs can leak into
the circulating plasma from injured cells and thereby aid in
identifying the injured cell type. Recently, miR-208 was
shown to be a useful indicator of myocardial injury [50]. The
authors used an isoproterenol-induced myocardial injury
model to confirm whether cardiac-specific miRNAs leak
out from injured cardiomyocytes in response to myocardial
injury. The plasma concentration of miR-208 in myocardial
injury model correlated to the concentration of cardiac
troponin 1 (cTn1). Circulating cTn1 is a validated marker
of isoproterenol-induced myocardial injury [136]. However,
cTn1 concentrations are commonly increased in end-stage
renal disease, even without acute coronary syndrome [1].
Hence in this study [50], the authors assessed miR-208 levels
in a renal-infarction model and observed no detectable levels
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of this miRNA in this model. Thus, miRNA-based markers
maybe superior to the currently available markers.

miR-1 has been earlier shown to exhibit aberrant
upregulation in ischemic myocardium [132]. By using
blood samples from 159 patients, and using real-time RT-
PCR technique for quantifying miRNAs in plasma, the
same group has now identified circulating miR-1 as a
potential independent biomarker for acute myocardial
infarction [2]. They found significantly higher miR-1 levels
in plasma from AMI patients compared to non-AMI
subjects. These elevated levels of miR-1 dropped to normal
by the time of patient discharge following medication.
Thus, miR-1 can be a useful novel marker for the diagnosis
and progression of AMI and its response to treatment.
These studies shed light on the potential of miRNAs in
assessing risk for developing a disease and also for early
diagnosis and to evaluate the efficacy of treatment.

Efforts are also underway to understand dynamic
regulation of miRNA during heart failure and treatment
[82, 100]. Matkovich and coworkers analyzed miRNA and
mRNA profiles in patients with or without biomechanical
support from left ventricular assist devices [82]. They
observed all the 28 miRNAs that were deregulated in
failing heart to get normalized in patients undergoing
treatment. However, of the 444 altered mRNAs, only 29
were normalized by as much as 25% in these failing hearts,
which were on support device. Based on their studies, the
authors suggest miRNAs to be more sensitive than mRNAs
to the actual functional status of end-stage heart failure
[82]. With the current knowledge on miRNA expression in
heart, future studies can be aimed at developing miRNAs as
diagnostic and prognostic markers.

As a Therapeutic Tool

miRNAs are also useful as targets for therapeutic applica-
tions mainly due to a few salient properties. For example,
miRNAs exhibit signature expression patterns in various
diseases. This will aid in identifying specific miRNAs as
targets that can be efficiently manipulated to fine tune gene
regulation. Another factor that contributes to the therapeutic
property of miRNA is their small size which makes their in
vivo delivery feasible [32, 56]. One other interesting and
most significant advantage of targeting miRNAs is due to
the fact that miRNAs are predicted to have multiple mRNA
targets [6], some of which seem to work in concert to
control a common pathway or biological function. Howev-
er, this can also be a major disadvantage in that it can bring
about “off-target” side effects. For instance, miR-133 is
significantly downregulated in cardiac hypertrophy and
thus increasing miR-133 levels by introducing synthetic
miR-133 can potentially control pathological hypertrophy
[14]. However, an increased level of miR-133 induces

cardiac arrhythmias [130]. Thus, it is important to under-
stand miRNA biology and function pertaining to the heart
in detail before considering it for clinical applications.

miRNA levels are either upregulated or downregulated
in different diseases. Hence miRNAs need to be finely
modulated so as to either knockdown pathogenic or
aberrantly expressed miRNAs or induce expression of
beneficial miRNAs to threshold levels. There are several
approaches to achieve these in vivo and in vitro as has been
exemplified by the several gain-of-function and loss-of-
function studies outlined in this review.

miRNA Mimics

One of the methods to upregulate cellular levels of specific
miRNAs is by using short double-stranded oligonucleotides
which serve as mimics. In this, one strand serves as the
guide and is the mature miRNA sequence while the
complementary strand is the passenger (Fig. 1) and is
complexed with the mature miRNA sequence [80]. The
double-stranded structure enables efficient recognition and
loading into the RISC. In order to ensure incorporation of
only the guide strand and to reduce off-target silencing,
position-specific chemical modifications has been sug-
gested [48]. These constructs are analogous to siRNA
molecules and are successfully utilized in vitro, though, to
date, there are no reports of its efficacy in vivo.

AntagomiRs

In scenarios where a miRNA is causal to disease state,
efficient reduction of the specific miRNA would be
therapeutically advantageous. This can be achieved by
using chemically modified single-stranded reverse comple-
ment oligonucleotides called antagomirs. They function
either as competitive inhibitors by binding to mature
miRNA within RISC or they can bind to pre-miRNA and
prevent its processing and entry into RISC or further
upstream by interfering with the processing and export of
pre- or pri-miRNA from the nucleus. The first successful
mammalian in vivo study using antagomiRs was reported
by Krutzfeldt and co workers [56], where they inhibited a
liver-specific miR-122. Here they used 2′-O-methyl modi-
fied cholesterol conjugated oligos to facilitate cellular
uptake. Further studies attempted modifying cellular uptake
by using high-density lipoproteins [129], MOE (2′-O-
methoxyethyl phosphorothioate) [32] and also using
locked-nucleic-acid-modified oligonucleotides [31], which
has also been tested in non-human primates [30]. With
respect to heart, in vivo inhibition in mice of miR-133 and
miR-29 with antagomiRs were performed to implicate their
roles in cardiac hypertrophy and cardiac fibrosis, respec-
tively [14, 122].
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Sponges and Erasers

In addition to modulating specific miRNAs, several
approaches to interfere miRNA-target mRNA interactions
have been developed. One way of modifying miRNA
function is by scavenging out specific miRNA and thereby
preventing it from interacting with its target mRNA. An
expression vector based approach was reported for miRNA
sponging wherein a series of perfectly and imperfectly
paired tandem binding sites of a miRNA of interest are
included in the 3′UTR of a reporter gene construct [29].
The multiplexed binding sites serve as competitive inhib-
itors and help in shutting off miRNA families, since a
single sponge can block all miRNAs that recognize same
sequence. In vivo, miRNA sponges has been used to inhibit
breast cancer metastasis by specifically inhibiting miR-31
[118]. miRNA erasers are comparable to sponges; however,
erasers use only two copies of the perfectly complementary
antisense sequence of the miRNA [98]. For instance,
Sprouty 2 was demonstrated to be the target for miR-21
using miR-21 eraser approach [98]. Though these
approaches have been proposed, their in vivo efficacy
needs to be tested. However, recently this approach was
tested in vivo in Drosophila to understand the function of
miRNAs at spatiotemporal resolution [72].

Future Directions

A major challenge in the advancement of miRNA-based
therapeutics is concerning its systemic delivery into
targeted sites, which can be specific organs or specific cell
types within an organ, as in the heart. Not much is known
regarding the pharmacokinetics and tissue distribution of
these synthetic small RNA molecules. Native nucleic acids
are rapidly degraded in blood by endogenous nucleases and
phosphodiesterases. This has been overcome by several
chemical modifications, but these are mostly demonstrated
only for liver. Moreover, there is always the risk of over-
saturating endogenous miRNA pathways thereby causing
deregulation of key miRNAs leading to undesired effects
[40]. Hence further work needs to be done to improve
efficacy of the available delivery systems. Cues can be
drawn from RNAi-therapeutics which has striking similar-
ities with miRNA-based approach. Recently, there has been
a report on targeted RNAi for the treatment of heart failure
[107]. The authors report a successful treatment strategy for
heart failure in a rat model of transaortic banding by RNAi
targeting a key regulator of cardiac Ca (2+) homeostasis,
phospholamban. One encouraging observation was that
there was no evidence for miRNA deregulation or
hepatotoxicity during these long-term RNAi therapies in
the heart.

To conclude, there is a definite need for more mecha-
nistic studies on miRNA-based therapeutics for a proper
transition of knowledge from bench to bedside. With the
advances in the understanding of the biology and function
of miRNA and the horizontal flow of information from
cancer and other infectious diseases to cardiovascular field,
the transition to miRNA-based therapies is in the foresee-
able future.
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