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MicroRNAs: new players in heart failure
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Abstract MicroRNAs (miRNAs) are a class of non-
coding small RNAs representing one of the most exciting
areas of modern medical science. miRNAs modulate a
large and complex regulatory network of gene expression
of the majority of the protein-coding genes. Currently,
evidences suggest that miRNAs play a crucial role in the
pathogenesis of heart failure. Some miRNAs as miR-1,
miR-133 and miR-208a are highly expressed in the heart
and strongly associated with the development of cardiac
hypertrophy. Recent data indicate that these miRNAs as
well as miR-206 change their expression quickly in
response to physical activity. The differential regulation of
miRNAs in response to exercise suggests a potential value
of circulating miRNAs (c-miRNAs) as biomarkers of
physiological mediators of the cardiovascular adaptation
induced by exercise. Likewise, serum levels of c-miRNAs
such as miR-423-5p have been evaluated as potential bio-
markers in the diagnosis and prognosis of heart failure. On
the other hand, the manipulation of miRNAs levels using
techniques such as ‘miR mimics’ and ‘antagomiRs’ is
becoming evident the enormous potential of miRNAs as
promising therapeutic strategies in heart failure.
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Introduction

In the last two decades, one family of regulatory RNAs
called microRNAs (miRNAs), because of their short length
(~22 nucleotides), has fundamentally transformed our
understanding of how gene networks are regulated repre-
senting one of the most exciting areas of the modern car-
diology research. Unlike the wide range of RNAs encoded
by the human genome this RNA variety has been noted for
its unique ability to modulate an enormous and complex
regulatory network of gene expression.

To date, more than 1,500 miRNAs have been identified
in the human genome (www.mirbase.org) and this number
is expected to grow further due to the recent development
of sequencing technologies and computational prediction
methods [1]. Recently, several studies have shown that
miRNAs modulate a wide spectrum of cardiac functions
not only in heart development but also in pathogenic
conditions such as heart failure (HF).

MicroRNAs in cardiac and skeletal muscles

Although the biological functions of miRNAs are not fully
understood, studies have shown that some miRNAs are
specifically expressed in certain tissues or cell types [1].
Four miRNAs are highly expressed in the heart: miR-1,
miR-133, miR-208 and miR-499. The miR-1 family is the
most expressed miRNA in the heart while miR-208 is the
only cardio-specific miRNA known until now. However,
some miRNAs such as miR-128, miR-302, miR-367 and
miR-499 are potentially cardio-specific, but more studies
are needed to confirm.

In skeletal muscle, miR-1, miR-133a, miR-133b and
miR-206 together account for approximately 25 % of the
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expression of miRNAs and are sometimes referred to as
myomiRs [2]. These miRNAs are not only expressed in
skeletal muscle but also in the heart and induced during
muscle differentiation playing a critical role in this process
[3]. Moreover, miRNAs whose expression is not restricted
to the heart may have important cardio-specific functions.
To date, many cardiovascular miRNAs were described
as dynamically regulated in response to acute cardiac stress
and in some cases during long-term compensatory response
of the heart to a chronic injury or hemodynamic overload
[4, 5]. Thus, there is growing evidence that the expression
of miRNAs is an important part of the response mechanism
of the heart to acute stress and contributes to the homeo-
stasis and cardiac pathology. The analyses of deregulated
miRNAs in distinct disease conditions may help the diag-
nosis and prognosis as well as guide the development of
drugs targeting the normalization of miRNAs levels [6].

MicroRNAs in myocardial hypertrophy and heart
failure

In recent years, many miRNAs were shown to be deregu-
lated in specific tissues playing critical roles in pathogen-
esis and progression of the HF (Table 1). During cardiac
hypertrophy, it seems to be an exchange of the genetic
program leading to a reactivation of cardiac genes normally
expressed in fetal heart during embryonic development. In
2007, an impressive similarity was observed between the
expression pattern of miRNAs in the adult hearts with HF
and fetus hearts at 12—-14 weeks of gestation. About 80 %
of miRNAs analyzed were found similarly regulated in
both hearts. The most notable changes were associated to
an increased expression of miR-21, miR-29b, miR-129,
miR-210, miR-211, miR-212, miR-423, and reduced
expression of miR-30, miR-182 and miR-526 [7].

Experiment in mice showed that one of the earliest
changes observed after a pressure overload to the heart is the
reduction of miR-1, even before the increase in cardiac mass
[4]. This result suggests that the reduction in the expression
level of miR-1 may be cause rather than consequence of the
underlying pathogenesis. Thus, both in vitro [8] and in vivo
[9] data suggest that reduced expression of miR-1 is required
for increased cell mass. On the other hand, the behavior of
miR-1 in HF has divergent findings. While some authors [10,
11] observed a reduced expression of miR-1 in dilated and
ischemic cardiomyopathy, others [7, 12] reported an
increase. Han et al. [13] suggest the possibility that the
expression of miR-1 is reduced in hypertrophy, but it returns
to baseline or above when it progresses to heart failure.

In addition to miR-1, another muscle-specific miRNA,
miR-133, has also reduced expression during cardiac hyper-
trophy [9, 14]. Mice with reduced expression of miR-133
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showed cardiomyopathy, heart failure and an abnormal pro-
liferation of cardiomyocytes [15]. In arecent study, the expres-
sion of miR-133 was induced in a mice model subjected to
acute hypertrophic stimulus. Although the weight of the heart
has not been standardized, other aspects of hypertrophy such
as apoptosis and fibrosis were restored to baseline levels [5].

Some miRNAs may be differentially expressed in specific
types of disease. In a study by Ikeda et al., the expression
patterns of miRNAs in samples of myocardium of patients
with ischemic cardiomyopathy, idiopathic cardiomyopathy
and aortic stenosis was analyzed. Interestingly, their results
show that subsets of miRNAs are differentially regulated in
each of etiologies [10]. Similar results were also found by
Sucharov et al. [11]. These data show that differences in
expression patterns of miRNAs may be clinically important
if used for diagnosis and/or prognosis purposes.

On the other hand, not only the miRNAs subsets have
influence on the phenotype, but also some specific miRNAs
appear to be key regulators. In 2006, van Rooij et al. showed
that increased expression of miR-195 in the mice myocar-
dium was sufficient to induce a pathological cardiac growth
and heart failure within several weeks after birth. Moreover,
while no phenotype was obtained by increasing expression
of miR-214, miR-24 resulted in embryonic lethality. This
study indicates that some specific miRNAs can play crucial
roles in the cardiac hypertrophy program [14].

Cardiac contractility depends on the expression of the two
MHC isoforms a- and B-MHC and changes in their proportions
may lead to hypertrophy, fibrosis and serious effects on the
contractile function of the heart. Indeed, increased expression
of B-MHC in the myocardium, a common feature of cardiac
hypertrophy and heart failure, may decreases power output and
can contributes to depressed systolic function in end-stage heart
failure [16]. Recently, the increase of f-MHC was associated to
an overexpression of miR-208a (encoded by a intronic region of
the same B-MHC encoding gene) in the heart leading to
arrhythmia, fibrosis and hypertrophic growth in mice and poor
clinical outcomes in human dilated cardiomyopathy [17, 18].

The miR-21 is one of the few miRNAs that has shown a
regular overexpression pattern in HF. The expression of
miR-21 seems to be induced in endothelial cells by shear
stress and regulate the function of vascular smooth muscle
cells by modulating the nitric oxide synthase (eNOS) activity
[7,19]. MiR-21 is also highly expressed in many cancers and
cell lines, suggesting that this miRNA have a common
behavior in response to stress and pathological cells growth.

MicroRNAs in the diagnosis and prognosis of heart
failure

Due to the fact of many miRNAs are tissue-specific, most
clinical studies have based on the measurement of miRNAs
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Table 1 MiRNAs expression profile in human heart failure (HF) and their functions in the cardiovascular system

miRNA  Expression in HF  Function in the cardiovascular system References

1 Downregulated Development and function of cardiac and skeletal muscle [4, 8, 9]

10a,b Downregulated Involved in vascular inflammation [10, 11, 43]

15/16 Upregulated Apoptosis induction [3, 10, 11, 14]

19a,b Downregulated - [3]

21 Upregulated Induced in endothelial cells by shear stress; modulates [7, 19, 31]
the apoptosis and eNOS activity

23a,b Upregulated Involved in the regulation of cardiac hypertrophy [3, 11, 14, 31]

24 Upregulated Regulates the vasculature after myocardial infarction; [3, 14, 31, 44]
inhibit apoptosis in cardiomyocytes

27a,b Upregulated Induces cardiac hypertrophy [3, 31]

34a,b Upregulated Induces senescence of endothelial progenitor cells and prevents its angiogenesis  [7, 45]

92 Downregulated Angiogenesis inhibitor [11]

100 Upregulated Involved in the regulation of beta-adrenergic receptors [3, 11]

101a,b Downregulated Promotes angiogenesis [3, 46]

103 Upregulated Induced in response to hypoxia [3, 31]

125a,b Upregulated Regulates the endothelin-1 expression in endothelial cells [3, 7, 10, 11, 14, 31, 47]

130a Upregulated Translational control of FOG-2 expression in cardiomyocytes [7, 31, 48]

132 Upregulated Involved in angiogenesis [7, 49]

133 Downregulated Development and function of cardiac and skeletal muscle; [9, 11]
Regulation of beta-adrenergic receptors

139 Downregulated - [11]

143/145  Upregulated Induce differentiation of vascular smooth muscle. [3, 10, 31, 44]

150 Downregulated Critical for the endothelial cells differentiation [10]

181 Upregulated - [3, 10, 11]

195 Upregulated Involved in myocyte hypertrophy and dilated cardiomyopathy [3, 11, 14, 32]

199a Upregulated Essential for maintaining the cardiomyocytes size [11, 14, 32]

214 Upregulated Inhibits angiogenesis [3, 10, 14]

221/222  Downregulated Involved in angiogenesis, function and proliferation of vascular [3, 11, 50]
smooth muscle cells; involved in vascular inflammation

320 Upregulated Involved in the regulation of cardiac ischemia injury [3, 7, 51]

330 Upregulated - [7]

342 Upregulated - [3, 10, 11]

365 Upregulated - [7]

422b Downregulated - [3, 11]

423 Upregulated - [7]

424 Upregulated - [3, 11, 14, 31]

451 Downregulated Confer protection against cardiomyocytes death [3,52]

483 Downregulated - [11]

486 Downregulated - [11]

497 Upregulated - [3, 11, 14, 31]

638 Upregulated - [31]

expression levels in samples of origin tissue. However,
numerous studies have demonstrated that some miRNAs
are not only found intracellularly, but also detectable outside
cells, including various body fluids such as blood, saliva,
urine and etc. [20]. These miRNAs were named circulating
miRNA or c-miRNAs. Interestingly, ~90 % of extracellular

miRNAs are packed with proteins (i.e. Ago2, HDL, and other
RNA-binding proteins) and ~ 10 % are wrapped in small
membranous particles (i.e. exosomes, microvesicles, and
apoptotic bodies) [20]. Recent evidences reveal that some
proportion of c-miRNAs is secreted from normal healthy or
damaged cells as microvesicles. The fact that these
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c-miRNAs can be detected in peripheral blood make them
potentially useful to aid diagnosis or to guide therapy
through rapid and easy tests eliminating the necessity of
performing an invasive procedure such as biopsies [6].

The first study in mice has shown that the plasma level
of the cardio-specific miR-208a is increased after myo-
cardial injury induction [21]. In humans, miR-208a [22]
and miR-499 [23] were proposed as good biomarkers of
acute myocardial infarction with plasma levels signifi-
cantly higher when compared to control group. Plasma
level of miR-208a could detect with 90.9 % sensitivity at
100 % specificity, although the level of miR-499 was less
sensitive (36.4 %) for acute myocardial infarction diag-
nosis [22]. In addition, miR-208a presented a similar
diagnostic accuracy to troponin with the advantage of
detected early in plasma [22].

In a study conducted by Widera et al. [24], the plasma
levels of miR-1, miR-133a/b, miR-208a/b, and miR-499
were measured in a large acute coronary syndrome (ACS)
cohort. As result, miR-1, miR-133a/b and miR-208b were
independently associated with high-sensitivity troponin T
(hsTnT) levels (all P < 0.001). Patients with myocardial
infarction presented higher levels of miR-1, miR-133a and
miR-208b compared with patients with unstable angina.
However, all six investigated miRNAs showed a large
overlap between patients with unstable angina or myocardial
infarction. miR-133a and miR-208b levels were significantly
associated with the risk of death in univariate and age- and
gender-adjusted analyses. Both miRNAs lost their indepen-
dent association with outcome upon further adjustment for
hsTnT. However, contrasting results are observed compar-
ing the results of three studies. In the Widera et al. study [24],
the plasma levels of miR-208a were not elevated in ACS
patients and Fichtlscherer et al. [25] have shown that plasma
levels of miR-208a tend to be high in patients with coronary
artery disease (CAD). However, De Rosa et al. [26] have
shown that the plasma levels of miR-208a, as well as miR-
499 and miR-133a, were significantly elevated in ACS
patients compared with CAD patients.

In 2009, Matkovich et al. evaluated the miRNAs
expression profile in HF patients before and after treatment
with left ventricular assist devices. Interestingly, 71.4 % of
miRNAs differentially regulated in HF were normalized
after treatment [12]. These results suggest that miRNAs
may be useful as myocardial recovery markers in patients
with advanced HF. However, the need for an invasive
procedure to obtain myocardium samples makes the clini-
cal application very limited. Recent evidence has shown
that the c-miRNA miR-423-5p displays increased levels
during the HF and can be used as a biomarker. Tijsen et al.
[27] evaluated the plasma levels of several miRNAs in
patients with acute HF. It was observed that the increase of
miR-423-5p was a strong diagnosis predictor of HF.
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The mechanisms involved in increasing circulating levels
of miR-423-5p in patients with HF are unknown.

The use of some miRNAs in the fight against heart
failure is summarized in Table 2.

MicroRNAs in the treatment of heart failure

Currently, two therapeutic strategies involving the knowl-
edge of miRNAs have been studied: the use of antagomirs
and miR mimics. These strategies are based on the nor-
malization of the tissue-specific miRNAs levels in patho-
logical processes inhibiting miRNAs upregulated or
replacing miRNAs downregulated.

In a pathological process where certain miRNAs are
overexpressed the first thing we ponder is how to intervene
in the effect caused by the excessive increase in the
expression of these miRNAs. For this purpose it was
developed a class of anti-miRNAs called antagomirs.

The antagomirs are small single-strands antagonistic
nucleotide sequences artificially synthesized to be perfectly
complementary to a specific mature miRNA. When injec-
ted systemically or locally, antagomirs interact with miR-
NAs in the cytoplasm and hybridize specifically with the
mature miRNA target hindering the binding of miRNA
with their corresponding mRNA. Thus, antagomirs act as
competitive inhibitors of miRNA and lead to a decrease in
the effect caused by the excessive increase in the expres-
sion of certain miRNAs [28].

Far from utopian, this therapeutic strategy has already
been studied by many researchers. In a pioneering study,
Thum et al. used as model cardiac hypertrophy induced by
pressure overload in mice. After 3 weeks, it was adminis-
tered an antagomir functionally designed to inhibit miR-21
(miRNA upregulated in fibroblasts during cardiac hyper-
trophy). As a result, it was observed that the mice showed a
significant regression of cardiac hypertrophy and fibrosis
and attenuation of impairment of cardiac function [29].
Another successful approach was published in 2011 by
Montgomery et al. where the antimiR-208a was systemi-
cally administered during the HF-induced hypertension in
mice leading to a potent miR-208a silencing in the heart.
The therapeutic inhibition of miR-208a avoided the path-
ological myosin changes and cardiac remodeling, improv-
ing cardiac function and increasing their survival [30].

These results demonstrate the use of antagomirs can be
useful in preventing and/or reversing cardiac hypertrophy.
However, most studies to date focused on “silence” only
isolated miRNAs. Then given that more than one miRNA
may be involved in the disease process probably several
miRNAs must be silenced to obtain an effective therapy.

As the increased expression of some miRNAs may be
related to the triggering of pathogenic processes, decreased
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Table 2 Use of some microRNAs in the fight against heart failure (HF)

microRNA Usefulness Effect References
miR-21 Therapy via inhibition by antagomir Significant regression of cardiac hypertrophy and fibrosis [29]
and attenuation of impairment of cardiac function.
miR-208a Biomarker of acute myocardial injury Its circulating levels increases after myocardial injury. [21, 22]
Detected earlier than cardiac troponin.
Therapy via inhibition by antagomir Therapeutic inhibition of miR-208a avoided the pathological [30]
myosin changes and cardiac remodeling, improving cardiac
function and increasing their survival
miR-423-5p Biomarker of HF Its increased levels during HF make them a strong predictor of HF. [27]
miR-499 Biomarker of acute myocardial injury Its circulating levels increases after myocardial injury. [23]

expression of specific miRNAs can also lead to a patho-
logical development. In these cases, the intervention to
normalize their expression levels is based on the adminis-
tration of molecules that will functionally mimic natural
miRNAs.

The miR-mimics are artificial small nucleotide sequen-
ces, double-strand, similar to miRNA precursors (pre-miR-
NA). When introduced into the cells the miR-mimics are
recognized by the miRNA biogenesis machinery and pro-
cessed by the enzyme Dicer and subsequently incorporated
into the RISC enzyme complex. Thus, the miR-mimics will
function as a replacement of some miRNAs downregulated
by setting the mRNA-target as endogenous miRNAs.

On the other hand, the miRNAs replacement is subject
to an additional obstacle: the specificity. The miR-mimics
should act only on the tissue-target. Otherwise, if they are
administered systemically, it could result in one or more
miRNAs carrying regulatory function in tissues which they
are not normally expressed. This erroneous adjustment
probably would lead to the onset of side effects.

To overcome this obstacle, management systems more
complex and accurate are needed. To this end, the use of
viral vectors has been promising. These vectors are pro-
duced by bioengineering from non-pathogenic viruses
belonging to the family Parvoviridae that have a high
affinity for the myocardium [31].

Likewise antagomirs, the therapeutic efficacy of miR-
mimics has also been studied. In a study by Suckau et al., a
viral vector optimized with miR-mimics has been used suc-
cessfully in mice with pressure overload. As a result, the
authors observed a normalization of cardiac dilation and a
significant reduction of cardiac hypertrophy and cardiac
fibrosis [32].

MicroRNAs and physical exercise

In a relatively recent past, bed rest and restricted physical
activity was recommended to patients with HF. Currently,

exercise training has been formally recommended by major
guidelines as an important and safe treatment for patients
with HF [33, 34]. There is evidence that physiological
adaptability to exercise has a parallel with gene expression
[35]. However, the complexity of genetic interaction limits
the identification of individual genes that may explain this
variability. Moreover, its expression changes according to
the stimulus that the organism receives and, in this setting,
the study of miRNAs has a promising role [36].

Until now, there are no studies linking miRNAs, phys-
ical exercise and HF. Future miRNAs studies may generate
hypotheses about the mechanisms by which exercise
affects the pathophysiology of HF. The signaling pathways
leading to hypertrophy resulting from physiological stim-
uli, such as exercise, are different from those that cause
pathological hypertrophy and therefore can trigger differ-
ent miRNAs expressions [37]. The ischemic precondi-
tioning and its relationship with the miRNA have already
been evaluated in experimental studies [38].

Skeletal muscle is an organ that has a high plasticity,
capable of altering the phenotype in response to mechani-
cal overload. Experimental studies have identified changes
in the profile of specific miRNAs involved in aerobic
exercise and strength training in skeletal muscle (Table 3).

In healthy people miR-1, miR-133a, miR-133b and
miR-206 have significantly reduced their expression in
skeletal muscle after 12 weeks of aerobic exercise [39].
Interestingly, the expression levels of these miRNAs return
to baseline 14 days after cessation of physical training.
These results indicate that these miRNAs adjust quickly to
the level of physical activity.

The muscle mass gain of individuals subjected to resis-
tance exercise training is also highly variable. This vari-
ability is accompanied by differences in the miRNAs
behavior. In Davidsen et al. study [40], 56 men were sub-
mitted to resistance training for 12 weeks. By analyzing the
vastus lateralis muscle biopsies, it was observed significantly
reduction on miR-378 expression level and increasing of
miR-478 only in those individuals who less responded
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Table 3 Effects of exercise on

. microRNA  Correlation with exercise Population Sample type = References
expression of several
microRNAs in human 133a Reduction after 7 days of rest 12 healthy Biopsy of the [53]
young vastus
men lateralis
21, 146a,  Increase after 90 days of aerobic training 10 male Plasma [41]
221,222, athletes
146, 222 Increase in acute exercise before and after aerobic 10 male Plasma [41]
training for 90 days athletes
21, 221 Increase in acute exercise before but not after 10 male Plasma [41]
aerobic training for 90 days athletes
20a Increase in aerobic training, but does not modify 10 male Plasma [41]
in acute exercise; Its variation is linear athletes
correlation with the peak VO2 change
146 Linear correlation with peak VO2* 10 male Plasma [41]
athletes
1 Acute reduction after single resistance exercise (8§ 12 healthy Biopsy of the [54]
sets, 10 repetitions) in the young men men vastus
lateralis
378 Reduction just in few responders after 12 weeks 56 healthy Biopsy of the [40]
of resistance exercise. men vastus
lateralis
451 Increase just in few responders after 12 weeks of 56 healthy Biopsy of the [40]
resistance exercise. men vastus
lateralis
1, 133a, Reduced after aerobic exercise for 12 weeks 10 healthy Biopsy of the [39]
133b, stus
* Peak VO?2 peak oxygen 206 men ;:ltserl:hs

consumption

to the training. In addition, there was a strong correlation
between the variation in the miR-378 expression and the gain
in lean body mass. There were no changes in miR-1 and miR-
133 expression levels.

In a recent study, Baggish et al. [41] evaluated the
behavior of circulating miRNAs involved in angiogenesis
(miR-20a, miR-210, miR-221, miR-222, miR-328),
inflammation (miR-21, miR-146a), cardiac and skeletal
muscle contractility (miR-21, miR-133a) and muscular
adaptation to hypoxia and ischemia (miR-21, miR-146a,
and miR-210) in response to exercise. As a result, various
expression patterns were observed (summarized in
Table 3) indicating a potential value of c-miRNAs as
exercise biomarkers and physiological mediators of the
cardiovascular adaptation induced by exercise.

The miRNAs study may also contribute to the under-
standing of the exercise effects on immune response. By
studying the behavior of neutrophils in peripheral blood
after an exercise session, it was possible to observe changes
in the miRNAs expression profile. The results suggest that
miRNAs contribute to changes in neutrophils gene
expression in response to physical activity [42].

By the time of publication of this review, we have no
knowledge of studies that have evaluated the behavior of
miRNAs in response to physical training specifically in
patients with HF.
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Considerations

The understanding of the miRNAs biology and their role in
pathogenic processes is an exciting new frontier in car-
diovascular medicine. The differential regulation of miR-
NAs in response to physical exercise has an important role
in elucidating the mechanisms that govern the adaptation to
exercise and may in the near future be used as therapeutic
intervention. It is increasingly evident the potential of
miRNAs as new tools in the diagnosis and prognosis as
well as promising therapeutic strategies in many sub-areas
of cardiology such as HF. In fact, the involvement in
various pathological processes that lead to HF makes it
clear that the miRNAs are new players in HF.

Conflict of interest None declared.
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