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Chronic heart failure (CHF) has long been a major medical care burden on society due to its high morbidity and
mortality. Although lots of evidence has demonstrated the beneficial impacts of exercise on CHF, termed
exercise-induced cardioprotection (EIC), the underlying mechanisms and applicability of EIC are elusive and con-
troversial, and thus, clinical applications are difficult. Noncoding RNAs (ncRNAs) are potential therapeutic targets
for CHF. Increasing number of ncRNAs were found to play a role in EIC and CHF. The purpose of this review is to
illustrate the current knowledge of ncRNAs in EIC for CHF as well as their prospective and limitations in clinical
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1. Introduction

Despite the development of drugs and interventional treatments,
chronic heart failure (CHF), including HF with reduced ejection fraction
(HFrEF) and HF with preserved ejection fraction (HFpEF), is still the
leading cause of death and will increase medical care burden in the
coming decades [1,2]. Therefore, identification of more effective thera-
peutic approaches is urgently needed.

* Corresponding author at: Department of Cardiology, Nanfang Hospital, Southern
Medical University, 1838 Guangzhou avenue north, Guangzhou 510515, China.
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In contrast to the consensus in the 1970s that CHF patients should
rest and reduce their exercise, exercise has now been validated to ben-
efit the symptoms and outcomes of CHF patients and highly recom-
mended as a non-pharmacological intervention for CHF by the
European Society of Cardiology (ESC), American College of Cardiology
(ACC) and American Heart Association (AHA) [1,3]. The cardi-
oprotective effect induced by exercise, termed exercise-induced
cardioprotection (EIC), has therefore become a hot research topic. How-
ever, although exercise has been demonstrated to improve the exercise
capacity and quality of life of HFpEF patients, due to the limited knowl-
edge of HFpEF, how exercise affects cardiac structure and function in
HFpEF patients remains much more controversial than in HFrEF patients
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[4]. Pearson et al. reported that exercise improved cardiac diastolic func-
tion of HFpEF patients [5], but Fukuta et al. found exercise had no signif-
icant impact on both cardiac function and structure [4]. To avoid
conceptual confusion, we focus only on HFTEF in this review, all the
‘CHF below represent HFTEF if not specified.

Over the years, the underlying mechanisms of EIC have been gradu-
ally revealed to be relevant with cardiac hypertrophy, cardiac fibrosis,
vascular alteration and cardiac contractility [6,7], paradoxically, the de-
velopment of clinical therapeutic translation is not consistent with basic
science, the applicability of exercise to treat CHF is still in question due
to poor compliance and low exercise tolerance of CHF patients, espe-
cially elder patients with comorbidities. In this context, finding key reg-
ulators in EIC for CHF and mimicking its function are prerequisite for
benefiting more CHF patients.

Noncoding RNAs (ncRNAs) have been verified to participate in EIC
and CHF, and they should have potential therapeutic value due to
their high quantities and diversified functions [6]. Until now, the best-
known related ncRNAs are microRNAs (miRNAs), a group of small
ncRNAs that have been shown to regulate cardiac physiology and pa-
thology by targeting genes related to cardiac hypertrophy, cardiac fibro-
sis, angiogenesis and many other signaling as reviewed by Bernardo BC
et al. and Liu X et al. [6,7]. Besides, miRNAs have also been found in the
circulation system and are incorporated into extracellular vesicles, RNA-
binding proteins or high-density lipoproteins, a form called circulating
miRNAs (c-miRNAs) which are easier to detect than intracellular
miRNAs and are considered to be potential biomarkers [8]. Long non-
coding RNAs (IncRNAs) have also received much attention because of
their greater cardiac specificity and higher correlation with cardiac
physiological traits than miRNAs [9]. However, due to the weak se-
quence conservation across species and express at a relatively low
level compared to miRNAs, few of IncRNAs are well defined in EIC and
CHF. Additionally, circular RNAs (circRNAs) are shown to regulate car-
diac alteration with higher stability than linear RNAs [10], but the num-
ber of functional circRNAs sharply declines with regard to EIC because
they are relatively newer than the other types of ncRNAs.

2. Cardiac alterations in the context of exercise and CHF

Understanding the biological basis of cardiac alterations in the con-
text of exercise and CHF is the initial step to find therapeutic break-
through, we therefore give a brief overview of relevant content in this
section (Fig. 1). To cope with physiological stimuli including exercise
training, the sympathetic nervous system (SNS) is initially activated
and results in the vasoconstriction in the periphery and increase of car-
diac output, while the local vasodilators subsequently come into play to
allow more blood flow into the heart and skeletal muscle to meet the in-
creased metabolic requirement in these tissues [6,11]. Consistent with
the redistribution of blood and energy requirement, the heart un-
dergoes morphological and functional alterations, of which physiologi-
cal cardiac hypertrophy, adaptive vascular alteration, enhanced
cardiac contractility and normal or enhanced cardiac function are best
known [6,7]. Conversely, CHF inducers, such as pressure overload and
myocardial infarction (MI), always damage the adaptability of the
heart and eventually lead to an irreversible impairment of cardiac struc-
ture and function [11]. This process of decompensation starts with a
short compensatory period which is similar to physiological stimuli-
induced cardiac alteration, and then turns into maladaptive period as
the pathological stress sustains [12]. The mechanisms behind it mainly
include the abnormal response of cardiomyocytes, noncardiomyocytes
and electrophysiological activity, which collectively cause pathological
hypertrophy, unmatched vascular change, cardiac fibrosis, organelles
dysfunction and reduction of cardiac contractility [13]. Meaningfully, al-
though the cardiac phenotypes are different in the context of exercise
and CHF, the underlying mechanisms of physiological and pathological
alteration are not mutually independent and show some degree of in-
terplay [6], implying the possibility of finding signaling molecules and

pathways which have an impact on both two conditions and utilizing
them to treat CHF by the method of mimicking the effects of EIC. To con-
firm this claim, we aim to initially delineate and discuss the major
mechanisms of exercise- and CHF-induced cardiac alteration as follows,
and then focus on ncRNAs specifically in these processes to understand
their therapeutic value.

3. Physiological and pathological cardiac hypertrophy and relevant
ncRNAs

Cardiac hypertrophy, induced mostly by the enlargement of cardio-
myocyte, is the most obvious alteration in response to stimuli. While ex-
ercise causes physiological hypertrophy with preserved or enhanced
cardiac function, CHF is generally accompanied by pathological hyper-
trophy with an impaired function [6,12] (Fig. 2).

The most canonical pathway of physiological hypertrophy is the
insulin-like growth factor 1 (IGF1) - IGF1 receptor (IGFIR) -
phosphoinositide 3-kinase (PI3K)-protein kinase B (Akt1)-mammalian
target of rapamysin (mTOR) signaling axis, and activating this pathway
promotes physiological hypertrophy induced by swimming and pro-
tects the heart against MI and ischemia-reperfusion injury (IRI) [12].
Other regulators, such as the mitogen-activated protein kinase
(MAPK) cascade, CCAAT/enhancer binding protein- (C/EPBR), CBP/
p300-interacting transactivator 4 (CITED4) also play a role [12]. In con-
trast, the calcineuirn-calcineurin-nuclear factor of the activated T cells
(NFAT) axis and the Ca?™/calmodulin-dependent kinase II (CaMKII)-
myocyte-specific enhancer factor 2 A (MEF2A) axis are two signaling
pathways responsible for promoting pathological hypertrophy. Patho-
logical stresses, including angiotensin II (Ang II), endothelin 1 (ET-1),
B-adrenergic receptor (3-AR) and transient receptor potential channels
(TRPCs), are reported to activate either one or both of them in the con-
text of transverse aortic constriction (TAC) and MI [12].

Treadmill running is known to enhance autophagy by increasing
microtubule-associated protein 1 light chain 3 (LC3B) II/I ratio, reducing
the p62 level and disrupting the B-cell CLL/lymphoma 2 (Bcl-2)-beclin 1
complex, thereby exerting a protective effect on the heart [14]. In
regards to how exercise enhances autophagy, please refer to a recent re-
view by Sanchez et al. [15]. Recent studies have highlighted the central
role of AMPK (AMP activated protein kinase)/Fox O (forkhead box class
O subfamily protein) transcription factors axis and AMPK/mTORC axis
in autophagy during exercise [15]. The former axis, which is commonly
activated by exhaustive and moderate intensive exercise, has been ver-
ified to promote the autophagy genes involved in autophagosome bio-
genesis and maturation thereby promoting the autophagy flux, while
the latter axis, which exert effect differently in response to different ex-
ercise protocol, mediates autophagy mainly by modulating protein syn-
thesis [15]. In contrast, CHF inducers inhibit autophagy and promote
apoptosis by mediating the Bcl-2/beclin 1 complex and PI3K/Akt signal-
ing pathway [6]. This phenomenon implies reciprocal inhibition be-
tween autophagy and apoptosis as well as exercise and CHF.

In addition, exercise such as treadmill running and swimming has
also been demonstrated to induce cardiomyocyte proliferation with a
relatively small proportion compared to cardiomyocyte enlargement
(3,28). However, although enhanced cardiomyocyte proliferation is
regarded as an adaptive alteration, the relationship between cardio-
myocyte proliferation and CHF development remains debatable because
some studies reported decreased cardiomyocyte proliferation in the
TAC model, while others observed an increased alteration [12].

3.1. MicroRNAs are involved in cardiac hypertrophy

The muscle-specific miR-1 regulates cardiac hypertrophy by mediat-
ing IGF1 and Bcl-2, but whether it exerts a protective or detrimental ef-
fect on heart remains controversial considering that its expression level
presents a similar decreasing trend in both treadmill exercise training
and TAC condition [16,17]. Karakikes I et al. demonstrated that miR-1
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Fig. 1. Cardiac alterations in the context of exercise and CHF. Exercise induces beneficial alteration such as physiological hypertrophy, enhanced vascular alteration and cardiac contractility,
adaptive organelle alteration especially mitochondria and endoplasmic reticulum. Conversely, CHF inducers cause maladaptive alteration including pathological hypertrophy, mismatched

vascular alteration, increased cardiac fibrosis, impaired contractility and organelle function.

restoration reversed adverse cardiac remodeling caused by pressure
overload via inhibiting cardiac hypertrophy and apoptosis [18], while
Zhai et al. indicated that inhibiting miR-1 attenuated hypoxia/re-oxy-
genation (H/R)-induced apoptosis of cardiomyocytes by targeting Bcl-
2 [19]. Interestingly, one study stated that the decline in miR-1 occurs
earlier than cardiac mass alteration, suggesting that miR-1 is more likely
the cause but not the consequence of pathogenesis [ 16]. Mooren FC et al.
reported that c-miR-1 correlates with left ventricular fractional shorten-
ing and maximum oxygen (VO,max) in a marathon protocol, suggest-
ing its potential role as a biomarker for assessing cardiac alteration

and cardiopulmonary fitness during exercise. Another muscle-specific
miRNA, miR-133, is also arguable in its regulatory role [20]. While
Dong et al. noted that the decrease of miR-133 is positively related to
the activation of calcineurin/NFAT signaling [21], indicating its role in
promoting pathological hypertrophy, the decrease of miR-133 was
also found in 8 weeks of treadmill training and 10 weeks of swimming
training mice as reported by and Care et al. and Soci et al. [16,22], this
similar variation trend under both physiological and pathological condi-
tion raises the question that whether miR-133 exerts anti-hypertrophic
effect under any circumstances with same degree or not. Interestingly,
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Fig. 2. Mechanisms of physiological and pathological hypertrophy. IGF1-IGF1R-PI3K-Akt1 pathway plays the major role in physiological hypertrophy, while VEGF, PDGF, HGF and NRG1

also play a part. In response to exercise, cell proliferation and autophagy are enhanced while apoptosis is inhibited. Oppositely, calcineuirn-NFAT pathway and Ca®™*

-calmodulin contribute

to pathological hypertrophy, accompanied by increased apoptosis and impaired cardiac function. Several miRNAs, IncRNAs (symbolized by square with name in it) and circRNAs
(symbolized by circle with name in it) regulate hypertrophic response via targeting different molecules.

one study found an increase of miR-133 in the mice heart after 8 weeks
of swimming training [23], which further make it more difficult to study
the role of miR-133 in EIC for CHF because the exercise protocol may in-
fluence the impact of miR-133 on heart.

MiR-124 is a potential regulator in EIC for CHF as it has been reported
to aggravate MI-induced cardiac hypertrophy by promoting apoptosis
via downregulating STAT3 [24] and the downregulation of it promoted
swimming-induced cardiac hypertrophy by upregulating PI3K3a [25].
Besides, upregulated levels of miR-21, miR-144 and miR-145 after
8 weeks of swimming training are also thought to promote physiologi-
cal cardiac hypertrophy via mediating phosphatase and tensin homolog
(PTEN) or TSC2, two main inhibitors of the PI3K-Akt-mTOR pathway
[25]. However, Zhao Y et al. failed to observe the same results for miR-
21 as it only slightly increased with intensive swimming protocol
(30 min at the beginning and increased by 10 min per week, one time
a day until the fifth week and increased to twice a day, 5 days/ week,
8 weeks), and one of its targets, programmed cell death 4 (PDCD4),
which aggravates MI [26], exhibited no change in either moderate
(30 min at the beginning and increased by 10 min per week, one time
a day, 5 days/ week, 8 weeks) or intensive swimming protocol [27].
This paradox reminds us again that the functional hypothesis of ncRNAs
in EIC may associated with types of exercise protocols. MiR-16 is also
thought to participate in EIC for CHF because its increased expression
along with a decreased level of Bcl-2 was found in hypertension, while
swimming training conversely normalized this change [28]. Similarly,
miR-222 was also demonstrated to induce exercise-induced cardiac hy-
pertrophy and protect the heart against ischemic injury mainly by me-
diating cardiomyocyte proliferation regulators, including p27, Hipk1
and Hmbox1 [29]. Intriguingly, its function has been found to be closely
associated with other miRNAs. For example, similar variation trends of
miR-222, miR-34a and miR-210 were observed in both PI3K-induced

cardiac hypertrophic and dnPI3K transgenic mice, and physiological hy-
pertrophy could be promoted only by overexpressing both miR-222 and
miR-17-3p, not by either alone [29,30]. Collectively, these findings sug-
gest that several miRNAs may have impact on EIC for CHF with the help
of other miRNAs. To elucidate the interactive mode among different
miRNAs, studies involving co-forced expression of miRNAs (such as
miR-222 and miR-17-3p) are needed.

Many other miRNAs have also been recognized as modulators in car-
diac hypertrophy. Nevertheless, due to lack of conclusive functional ev-
idence from both exercise and pathological protocols, their roles in EIC
for CHF remain to be clarified. For instance, miR-22, which is abundantly
expressed mainly in the heart, was shown to promote cardiac hypertro-
phy induced by isoproterenol infusion via targeting histone deacetylase
4 (HDAC4). The miR-212/132 family was also reported to aggravate car-
diac hypertrophy induced by TAC via modulating Fox03, a well-known
antihypertrophic and proautophagic factor, while antagomir-mediated
knockdown of miR-132 weakened this effect and alleviated the progres-
sion to CHF [31].

3.2. Effects of IncRNAs and circular RNAs on cardiac hypertrophy

Myosin heavy chain associated RNA transcript (Mhrt) is widely
known as a cardiac-specific IncRNA that protects the heart against path-
ological hypertrophy via binding to the helicase domain of Brgl, a
chromatin-remodeling factor that triggers maladaptive alteration [32],
however, no exercise protocol was used to clarify the role of Mhrt in
EIC for CHF. Another cardiac-associated IncRNA named Braveheart
(Bvht) has also been verified to have a critical role in the epigenetic reg-
ulation of cardiac development by mediating mesoderm progenitor 1
(Mesp1), a transcription factor for cardiac differentiation [33]. However,
since no human homolog has been identified, the value of Bvht may be
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lower than expected. Two other IncRNAs, cardiac mesoderm enhancer-
associated noncoding RNA (Carmen) and fetal-lethal non-coding devel-
opmental regulatory RNA (Fendrr), were reported to regulate cardiac
differentiation by modifying the chromatin structure of related genes
through interacting with polycomb repressive complex 2 (PRC2)
[34,35]. Recently, Kontaraki and colleagues discovered significantly
higher expression levels of Carmen, Fendrr and Mhrt in peripheral
blood mononuclear cells of hypertensive patients than in healthy con-
trols, and Carmen was revealed to have a positive correlation with left
ventricular mass index, while Fendrr and Mhrt had a negative correla-
tion with hypertrophy [35]. Moreover, cardiac hypertrophy-associated
transcript (Chast) and cardiac hypertrophy-associated epigenetic regu-
lator (Chaer) were also demonstrated to promote TAC-induced patho-
logical hypertrophy by impeding autophagy and modifying epigenetic
changes of hypertrophic genes respectively [36,37].

In addition to acting as epigenetic regulators as above, IncRNAs also
exert biological functions as competitive endogenous RNAs (ceRNAs).
For example, cardiac hypertrophy related factor (Chrf) was found to
be increased in TAC mice and CHF patients and to promote pathological
hypertrophy via targeting miR-489 [38], while autophagy-promoting
factor (Apf) and IncRNA-Ror were demonstrated to regulate autophagy
and the hypertrophic response via targeting miR-188-3p and miR-133
[39,40]. Metastasis-associated lung adenocarcinoma (Malatl), a
tumor-associated IncRNA, has been shown to act as a sponge of miR-
320, miR-204 and miR-150, and inhibiting its expression was reported
to alleviate cardiac injury induced by IRI and MI by mediating cell
death [41,42]. These findings collectively indicated the therapeutic po-
tential of IncRNAs in treating CHF, nevertheless, due to lack of the exer-
cise research, whether these IncRNAs play a role in EIC for CHF via
mediating cardiac hypertrophy or not need to be clarified.

With regard to circular RNAs, circ-Amotl1 was found to be highly
expressed in neonatal human cardiac tissue, and its overexpression po-
tentiates the nuclear translocation of pAKT, thereby playing a protective
role in cardiovascular disease (CVD) [43]. Moreover, heart-related
circRNA (Hrcr) has been shown to inhibit TAC-induced pathological hy-
pertrophy by acting as a miR-223 sponge [44], while Cdr1as aggravates
MI-induced cell apoptosis via regulating miR-7a [45]. Similar to
IncRNAs, there has been little evidence concerning the role of circRNAs
in exercise-induced physiological hypertrophy.

4. Vascular alteration and relevant ncRNAs

Vascular alteration is the main response for maintaining perfusion
and adequate supply in the context of cardiac hypertrophy, while
exercise-induced hypertrophy accompanies by an adaptive vascular al-
teration with vasodilation of the coronary vasculature and an increased
angiogenesis at a similar increased rate of cardiomyocyte enlargement,
pathological cardiac hypertrophy always couples with an impaired vas-
cular alteration and a subsequently impaired cardiac function [6,46].
Vascular alteration involves functional and structural changes, in
which the SNS, renin-angiotensin-aldosterone system (RAAS) and
growth factors such as vascular endothelial growth factor (VEGF) are in-
volved mostly by mediating 33-AR, PI3K-Akt signaling and NO
synthases (NOSs) (3,13) (Fig. 3), the details of mechanisms could be ob-
tained in reference 6 and 46.

One of the master regulators of vascular alteration is miR-126, a
miRNA that is enriched in endothelial cells (EC) and mediates angiogen-
esis from the embryonic to adult stage [47]. Silva et al. showed that an
increase in miR-126 induced by swimming training contributed to en-
hanced angiogenesis via targeting sprout-related protein 1 (Spred-1)
and phophoinositol-3 kinase regulatory subunit 2 (PI3KR2), two nega-
tive regulators of the VEGF pathway [48]. The author also demonstrated
that a single miR-126 is sufficient to guide vascular alteration. However,
this viewpoint needs further confirmation because current evidence is
insufficient to affirm the existence of a “president miRNA” located at
the top of a pathway without being influenced by other factors. MiR-
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Fig. 3. Vascular alteration in the context of exercise and CHF. SNS and RAAS are activated
and induce vasoconstriction in response to stimuli. While exercise stimulates beneficial
regulators which further increases activities of PI3K-Akt, 33-AR, Ca?*-calmodulin, eNOS
and NO, CHF always induces a much longer stimulation of SNS and RAAS with lower
activities of vasodilative factors, thus breaking the balance between heart mass and
blood vessels and ultimately resulting in an irreversible cardiac damage.

27a/b also plays a role in vascular alterations because a similar change
of increased miR-27a/b and decreased angiotensin converting enzyme
(ACE) has been revealed during swimming training, implying its func-
tional role in mediating exercise-induced vascular alteration [49].
Meaningfully, miR-27 has also been found to be highly associated with
atherosclerosis and some metabolic processes such as lipid metabolism,
implying its role as a biomarker or therapeutic target for atherosclerosis
[50]. Moreover, miR-143/145 cluster, an another widely characterized
regulator in the vasculature, has been proved to be associated with car-
diovascular development and CVD especially hypertension and pulmo-
nary arterial hypertension [51], while miR-143 was reported to regulate
vasodilation by upregulating ACE2 after intensive swimming training
[49] Considering they all play a regulatory role in both exercise and car-
diac disease, miR-27 and miR-143 may become valuable therapeutic
target for EIC for CHF, but further researches involving more typical car-
diac pathological models such as TAC and Ml are needed in order to con-
firm their role in the process of CHF. In addition to regulating cardiac
hypertrophy as described in section 3.1, miR-16 and miR-21 were also
shown to participate in vascular alteration via mediating VEGF signaling
and nNOSs as a decrease of miR-16 and miR-21 paralleled an increase of
capillary supply was observed by Fernandes and colleagues in swim-
ming protocol [28], this finding further indicated their research value
in EIC for CHF.

Compared to miRNAs, there are much less IncRNAs and circRNAs
which were revealed to have an impact on exercise and CHF via
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mediating vascular alteration. SENCR, a vascular-enriched IncRNA, was
demonstrated to stimulate angiogenesis of EC similar to miR-126, and
its expression was found to be decreased in the vessel wall of patients
with coronary artery disease (CAD) [52]. To better understand this do-
main, more studies including either exercise or pathological condition
are needed in order to clarify the exact role of SENCR in EIC for CHF as
well as find more functional ncRNAs.

5. Cardiac fibrosis and relevant ncRNAs

Cardiac fibrosis, which arising from extracellular matrix (ECM) with
an excessive amount of collagen content and an imbalanced collagen I/
Il ratio, is a common feature of damaged hearts and induces cardiac
stiffness and cardiac dysfunction, thereby leading to CHF [6]. Meaning-
fully, Exercise training not only alters cardiac morphology without de-
veloping fibrosis but also attenuates cardiac fibrosis induced by
pressure overload, aging and M, indicating its therapeutic value in re-
versing cardiac fibrosis [53]. Numerous regulators, including norepi-
nephrine, Ang II, ET-1, MAPKSs, calcineurin-NFAT and transforming
growth factor 3 (TGF-B) signaling, are reported to participate in this
process [6,53].

MiR-29 is a well-known fibroblast-enriched miRNAs [26]. While the
downregulation of miR-29 was found to be accompanied by upregula-
tion of ECM-related genes in MI [54], swimming training increased
miR-29 thereby improving cardiac function [22], indicating the poten-
tial role of miR-29 in EIC for CHF. MiR-208a, known as the cardiac-
specific miRNA with the highest expression, was found to regulate the
myosin heavy chain (MHC) with a tendency to isoform B-MHC under
pathological conditions [54]. Swimming training induced a decrease in
miR-208a along with a decrease in 3-MHC and an increase in o.-MHC,
while inhibition of miR-208a suppressed 3-MHC expression and cardiac
fibrosis [55], implying the role of miR-208a in impairing ventricular
compliance.

Moreover, the miR-15 family, involving miR-15a, miR-15b, miR-16,
miR-195, miR-497 and miR-322, has also been revealed to regulate car-
diac fibrosis by mediating the TGF-3 pathway, and using locked nucleic
acid-modified (LNA-modified) anti-miRs to inhibit miR-15 indeed re-
sulted in serious fibrosis in TAC mice [56], which manifested the feasi-
bility of targeting miR-15 to alleviate cardiac fibrosis in some degree.
Similarly, miR-34a was also shown to aggravate MI-induced cardiac fi-
brosis via the TGF-3 pathway by targeting Smad4 [57], while miR-
199b was reported to inhibit TAC-induced fibrosis by suppressing
calcineurin-NFAT pathway [58]. However, the role of miR-15 family
and miR-34a in cardiac fibrosis was only explored and shown in patho-
logical condition, in order to verify whether they also work in exercise,
more studied are needed. Besides, there is much less evidence for the
roles of functional IncRNAs and circRNAs in cardiac fibrosis than there
is for miRNAs, with only one circRNA, circRNA_010567 shown to inhibit
cardiac fibrosis induced by Ang Il via mediating the TGF-> pathway [10].

6. Cardiac contractility and relevant ncRNAs

Action potential (AP) and excitation-contraction coupling (E-C cou-
pling) contribute jointly to cardiac contractility by regulating ion chan-
nels and Ca?™ cycling, while the 3-ARs pathway is highly associated
with the initial change of contractility [6]. In response to stresses, stim-
ulated 3-ARs couples to the stimulatory G protein (Gs) - cyclic adeno-
sine monophosphate (cAMP) - protein kinase A (PKA) signaling which
induces the phosphorylation of several regulators including L-type cal-
cium channels (I.. ), ryanodine receptors 2 (RyR2) and phospholamban
(PLB). This alteration along with the subsequently enhanced activity of
sarcoplasmic reticulum Ca®*-ATPase 2a (SERCA2a), Na™-Ca®" ex-
changer (NCX), mitochondrial calcium uniporter (MCU) and CaMKII
collectively improve Ca®™ cycling, thereby promoting cardiac contractil-
ity. The number and type of ion channels also change to meet the energy
requirement [6]. As for our concern, exercise enhances cardiac

contractility by transiently stimulating (-ARs signaling and
transforming ion channels adaptively as reviewed by Bernardo and col-
leagues [6], while CHF inducers impair contractility on account of mal-
adaptive alteration, including long-term activated B-ARs and
intracellular Ca%* overload [6]. Notably, exercise has also been shown
to ameliorate impaired Ca®™ cycling and contractility induced by path-
ological stimuli, indicating its therapeutic value for treating CHF [6].

MiR-214 has been found to protect heart against IRI via regulating
Ca%™ cycling-related factors including NCX1 and CaMKII [59], while
Melo et al. indicated that the down-regulation of miR-214 induced by
resistance training contributed to the enhanced expression level of
SERCA2a, thereby improving cardiac contractility [60], which further
suggests a role of miR-214 in EIC for CHF. Through the combined utiliza-
tion of high throughput and gain- and loss- of function method,
Wahlquist and colleagues noted that upregulated miR-25 which ap-
peared in HF patients and mice, contributed to impaired cardiac con-
tractility by suppressing SERCA2a [61]. Moreover, a IncRNA termed
ZNFX1 antisense RNA 1 (ZFAS1) has been demonstrated to be markedly
increased in MI mice and induce intracellular Ca®>™ overload and con-
tractility dysfunction by inhibiting SERCA2a [62]. However, the exact
role of miR-25 and ZFAS1 in EIC for CHF should be further clarified
using both exercise protocols and pathological models.

7. Organelles alterations and relevant ncRNAs

Organelles are the basis for cellular activity, among which mitochon-
dria and the endoplasmic reticulum (ER) are important due to their ca-
pacity to supply energy and process protein. Normally functioning
mitochondria and ER are essential to maintain biological function.
While mitochondrial function is influenced by the state of mitochon-
drial fusion and fission, the functional effect of ER is closely linked
with unfolded protein response (UPR) [63]. The effect of exercise and
CHF on these two organelles has been gradually revealed. Jiang et al. in-
dicated that MI caused mitochondrial dysfunction by disrupting the bal-
ance between mitochondrial fusion and fission via increasing the fusion
protein mitofusin (mfn2) and type 1 optic atrophy (OPA1), decreasing
the fission protein dynamin-related protein1 (DRP1) and suppressing
the extracellular signal-regulated kinase (ERK)1/2- c-Jun NH2-
terminal protein kinase (JNK) —P53 signaling pathway, while treadmill
training rescued these alterations via readjusting proteins and signaling
pathways [64]. Moreover, treadmill training also blunted MI- induced
maladaptive ER stress by suppressing UPR markers including GRP78,
DERLIN-1 and CHOP, as reported by Bozi et al. [65].

The number of ncRNAs related to organelles alteration is limited, not
to mention their role in EIC for CHF, as thus, more researches focus on
this topic need to be established. At present, cardiac-apoptosis related
IncRNA (Carl) and mitochondrial dynamic related IncRNA (Mdrl) are
proved to inhibit mitochondrial fission and apoptosis induced by MI
or IRI via suppressing miR-539 and miR-361 [66], while mitochondrial
fission and apoptosis-related circRNA (MFCR) regulate mitochondrial
alteration by suppressing miR-652-3p [67].

8. Limitations and prospective

At present, drugs are still the main therapeutic approaches for CHF.
Although pharmacological interventions indeed benefit CHF patients,
they are not able to reverse or radically solve the pathogenesis of CHF
[9,68]. A growing number of studies have demonstrated the beneficial
effect of exercise on the heart and regarded exercise as a non-
pharmacological intervention for CHF patients; however, although ex-
ercise indeed represses and reverses the progression of CHF, how to
achieve the widespread utilization of the benefit of exercise and timely
evaluation of its effectiveness has not yet been established. With the de-
velopment of bioinformatics and technologies, ncRNAs have gained in-
creasing attention and are considered to be potential therapeutic targets
in several areas, including cardiovascular disease.
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Fig. 4. Main mechanisms and functional ncRNAs in EIC for CHF. Vascular alteration in response to exercise and CHF inducers. ICardiac hypertrophy, vascular alteration, cardiac fibrosis and
contractility, organelle alteration especially mitochondrial and endoplasmic reticulum alteration are six domains we mainly concern. Here we group ncRNAs along with their related

function which we mentioned in this review.

As mentioned before, knowledge about ncRNAs in EIC for CHF has
gradually increased (Fig. 4). However, several issues still need to be elu-
cidated. Firstly, the time effect is an unsolved question because the bio-
logical function of exercise, the pathogenesis of CHF and the regulatory
role of ncRNAs are different at different stages. Considering that the
therapeutic goal varies from stage to stage, finding molecules that
have specific functions in a specific situation is a practical approach. Sec-
ondly, lacking of unified exercise standards and comprehensive super-
vised settings is also a major obstacle. Although studies have accepted
that aerobic moderate-intensity exercise is the most effective exercise
for CHF patients, while resistant and strenuous exercise, such as long-
term high-level endurance exercise, is not beneficial for the heart and
may even put the heart at risk [69]. Current exercise protocol is still un-
likely to produce uniform outcomes due to individual differences.
Therefore, a supervised setting during exercise training for CHF patients
is urgently needed to ensure the efficacy of exercise and the safety of pa-
tients. In this case, finding effective indicators of the intensity of exercise
are a prerequisite because exercise intensity is thought to be more im-
portant than duration in reducing mortality of CHF and the currently
used parameters heart rate and rated perceived exertion scale (RPE)
do not provide sufficient information [70]. Additionally, we should
note that current human studies are far from perfect on account of the
confounding factors, including selection bias, methodological and indi-
vidual difference, lifestyle and medical intervention, gender and age,
are difficult to eliminate, and their impact on the heart result in uncer-
tain outcomes [7].

MiRNAs are considered ideal therapeutic targets because their struc-
tural features and biological function are liable to imitate and validated

in physiological and pathological conditions. At present, there are two
methods to manipulate miRNAs. One is to deliver miRNA mimics to aug-
ment the beneficial effect of miRNAs, another is to inhibit the activities
of miRNAs by injecting antagomiRs [71]. As for clinical application, an
inhibitor against miR-122, miravirsen, has already been used to treat
hepatitis C virus, while other manipulated miRNAs associated with
CHF, such as antagomiRs against miR-34a, miR-21 and miR-208a, are
still far from being tested in clinical trials [71]. Given that different ad-
ministration and distribution methods could affect the efficacy and
safety of miRNAs product in an uncontrollable manner, coupled with
the fragile system in a state of CHF, the road to using miRNAs to treat
CHF is indeed more difficult than that for other diseases [71].
C-miRNAs can be cell- or- tissue specific and reflect the physiological
and pathological status to some extent and thus may serve as bio-
markers. Several studies have illustrated the c-miRNAs profile in exer-
cise and CHF, but the interrelationship between these two has not yet
been elucidated [8,72]; Also, on account of heterogeneity of methodo-
logical approaches and different nomenclature of ncRNAs and diverse
results, the reliability and validity of c-miRNAs as biomarkers need fur-
ther elucidation [73]. In addition, c-miRNAs showed different changes in
different exercise modalities. For example, c-miR-20a was altered only
with sustained training, with a higher correlation with VO,max, while
c-miR-146a was increased only with acute exercise [74]. C-miR-1, c-
miR-133a/b and c-miR-208b were also found unchanged during con-
centric exercise but increased during early recovery of eccentric exer-
cise, while c-miR-181b and c-miR-214 increased during concentric but
not eccentric exercise. Moreover, marathon runs significantly upregu-
lated c-miR-1, c-miR-133a, c-miR-499, and c-miR-208a, while only the
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last two returned to pre-exercise levels after twenty-four hours [72].
Some studies indicated that c-miR-1, c-miR-34a, c-miR-126, c-miR-
133a/b, c-miR-192, c-miR-194, c-miR-208b and c-miR-423-5p could
be biomarker for CHF, but these findings have not been further verified
[71,72].

Although targeting IncRNAs is thought to have fewer off-target ef-
fects than targeting miRNAs based on their higher tissue and cell speci-
ficity [9], due to their relatively low expression level and unsatisfactory
depth of sequencing, current knowledge of IncRNAs is still scarce. In ad-
dition, current approaches of manipulating IncRNAs, such as gain- and
loss-of-function protocols, also have issues need to be concerned. For
one, deleting IncRNA genes that overlap a coding gene could have inex-
plicable consequences. For another, overexpressing IncRNAs may over-
state their real function because IncRNAs always act in a dose-
dependent manner [9]. Besides, several genome-wide studies have re-
cently demonstrated that numerous functional micropeptides are
encoded in IncRNAs, suggesting the exact function of IncRNAs is confus-
ing [75]. Furthermore, because most IncRNAs are not conserved and
some cardiac-specific IncRNAs have failed to be found in the human ge-
nome, identifying IncRNAs that acts both in primates and humans
should be given priority. As for circRNAs, although their function in ex-
ercise and CHF remains largely unknown, with the development of bio-
informatics and RNA sequencing techniques, plus the characteristics of
abundant quantity, higher stability and conservation among species,
this type of ncRNAs is expected to be a hotspot in EIC for CHF.

It is obvious that many ncRNAs were studied in either exercise or
diseases model with only a few of them were studied in both exercise
and pathological protocol. Nevertheless, even though the number of
functional ncRNAs in EIC for CHF is limited, we are still optimistic
about the prospect of this topic as technology advances, knowledge en-
riches and an urgently need for finding effective therapeutic target to
treat CHF in a method of mimicking the beneficial effect of EIC.

9. Search strategy and selection criteria

Data from this review were identified by searches of PubMed and
Web of Science and references from relevant articles using the following

” o«

keywords, alone or in combination: “exercise”, “chronic heart failure”,
“noncoding RNAs”, “ncRNAs”, “microRNAs”, “IncRNAs”, “circRNAs”.
Only articles and reviews published in English between 1990 and
2018 were included.

Acknowledgement

The authors have declared that no competing interest exists. This
work was supported by grants from the National Natural Science Foun-
dation of China (81570464 to Y.L.), the Key program of Natural Science
Foundation of Guangdong Province (2018B0303110008 to Y.L.), the
Municipal Planning Project of Scientific Technology of Guangzhou
(201804020083), Guangdong Province, China.

References

[1] Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats AJS, et al. 2016 ESC
guidelines for the diagnosis and treatment of acute and chronic heart failure: the
task force for the diagnosis and treatment of acute and chronic heart failure of the
European Society of Cardiology (ESC) developed with the special contribution of
the Heart Failure Association (HFA) of the ESC. Eur Heart ] 2016;37(27):2129-200.

[2] Liu F, ChenY, Feng X, Teng Z, Yuan Y, Bin ]. Effects of beta-blockers on heart failure
with preserved ejection fraction: a meta-analysis. PLoS One 2014;9(3):e90555.

[3] Eckel RH, Jakicic JM, Ard ]D, de Jesus JM, Houston Miller N, Hubbard VS, et al. AHA/
ACC guideline on lifestyle management to reduce cardiovascular risk: a report of the
American College of Cardiology/American Heart Association Task Force on Practice
Guidelines. ] Am Coll Cardiol 2013;63(25 Pt B):2960-84 2014.

[4] Fukuta H, Goto T, Wakami K, Kamiya T, Ohte N. Effects of exercise training on cardiac
function, exercise capacity, and quality of life in heart failure with preserved ejection
fraction: a meta-analysis of randomized controlled trials. Heart Fail Rev 2019;24(4):
535-47.

[5] Pearson MJ, Mungovan SF, Smart NA. Effect of exercise on diastolic function in heart
failure patients: a systematic review and meta-analysis. Heart Fail Rev 2017;22(2):
229-42.

[6] Bernardo BC, Ooi JYY, Weeks KL, Patterson NL, McMullen JR. Understanding key
mechanisms of exercise-induced cardiac protection to mitigate disease: current
knowledge and emerging concepts. Physiol Rev 2018;98(1):419-75.

[7] Liu X, Platt C, Rosenzweig A. The role of MicroRNAs in the cardiac response to exer-
cise. Cold Spring Harb Perspect Med 2017;7(12).

[8] Liang JQ, Bai SC, Su L, Li C, Wu ]D, Xia ZQ, et al. A subset of circulating microRNAs is
expressed differently in patients with myocardial infarction. Mol Med Rep 2015;12
(1):243-7.

[9] Ounzain S, Burdet F, Ibberson M, Pedrazzini T. Discovery and functional characteri-
zation of cardiovascular long noncoding RNAs. ] Mol Cell Cardiol 2015;89(Pt A):
17-26.

[10] Zhou B, Yu JW. A novel identified circular RNA, circRNA_010567, promotes myocar-
dial fibrosis via suppressing miR-141 by targeting TGF-betal. Biochem Biophys Res
Commun 2017;487(4):769-75.

[11] Schirone L, Forte M, Palmerio S, Yee D, Nocella C, Angelini F, et al. A review of the
molecular mechanisms underlying the development and progression of cardiac re-
modeling. Oxidative Med Cell Longev 2017;2017:3920195.

[12] Nakamura M, Sadoshima J. Mechanisms of physiological and pathological cardiac
hypertrophy. Nat Rev Cardiol 2018;15(7):387-407.

[13] Dong Q, Wu Z, Li X, Yan J, Zhao L, Yang C, et al. Resveratrol ameliorates cardiac dys-
function induced by pressure overload in rats via structural protection and modula-
tion of Ca(2+) cycling proteins. ] Transl Med 2014;12:323.

[14] He C, Bassik MC, Moresi V, Sun K, Wei Y, Zou Z, et al. Exercise-induced BCL2-
regulated autophagy is required for muscle glucose homeostasis. Nature 2012;481
(7382):511-5.

[15] Sanchez AM, Candau R, Bernardi H. Recent data on cellular component turnover:
Focus on adaptations to physical exercise. Cells 2019;8(6).

[16] Care A, Catalucci D, Felicetti F, Bonci D, Addario A, Gallo P, et al. MicroRNA-133 con-
trols cardiac hypertrophy. Nat Med 2007;13(5):613-8.

[17] Feng HJ, Ouyang W, Liu JH, Sun YG, Hu R, Huang LH, et al. Global microRNA profiles
and signaling pathways in the development of cardiac hypertrophy. Braz ] Med Biol
Res 2014;47(5):361-8.

[18] Karakikes I, Chaanine AH, Kang S, Mukete BN, Jeong D, Zhang S, et al. Therapeutic
cardiac-targeted delivery of miR-1 reverses pressure overload-induced cardiac hy-
pertrophy and attenuates pathological remodeling. ] Am Heart Assoc 2013;2(2):
e000078.

[19] Zhai C, Tang G, Peng L, Hu H, Qian G, Wang S, et al. Inhibition of microRNA-1 atten-
uates hypoxia/re-oxygenation-induced apoptosis of cardiomyocytes by directly
targeting Bcl-2 but not GADD45Beta. Am | Transl Res 2015;7(10):1952-62.

[20] LiuY, Liang Y, Zhang JF, Fu WM. MicroRNA-133 mediates cardiac diseases: mecha-
nisms and clinical implications. Exp Cell Res 2017;354(2):65-70.

[21] Dong DL, Chen C, Huo R, Wang N, Li Z, Tu Y], et al. Reciprocal repression between
MicroRNA-133 and calcineurin regulates cardiac hypertrophy A novel mechanism
for progressive cardiac hypertrophy. Hypertension 2010;55(4):946-U249.

[22] Soci UP, Fernandes T, Hashimoto NY, Mota GF, Amadeu MA, Rosa KT, et al.
MicroRNAs 29 are involved in the improvement of ventricular compliance pro-
moted by aerobic exercise training in rats. Physiol Genomics 2011;43(11):665-73.

[23] Ramasamy S, Velmurugan G, Shanmugha Rajan K, Ramprasath T, Kalpana K. MiRNAs
with apoptosis regulating potential are differentially expressed in chronic exercise-
induced physiologically hypertrophied hearts. PLoS One 2015;10(3):e0121401.

[24] He F, Liu H, Guo ], Yang D, Yu Y, Yu ], et al. Inhibition of MicroRNA-124 reduces car-
diomyocyte apoptosis following myocardial infarction via targeting STAT3. Cell
Physiol Biochem 2018;51(1):186-200.

[25] MaZ,Qi], Meng S, Wen B, Zhang J. Swimming exercise training-induced left ventric-
ular hypertrophy involves microRNAs and synergistic regulation of the PI3K/AKT/
mTOR signaling pathway. Eur ] Appl Physiol 2013;113(10):2473-86.

[26] Dai Y, Khaidakov M, Wang X, Ding Z, Su W, Price E, et al. MicroRNAs involved in the
regulation of postischemic cardiac fibrosis. Hypertension 2013;61(4):751-6.

[27] Zhao Y, Ma Z. Swimming training affects apoptosis-related microRNAs and reduces
cardiac apoptosis in mice. Gen Physiol Biophys 2016;35(4):443-50.

[28] Fernandes T, Magalhaes FC, Roque FR, Phillips MI, Oliveira EM. Exercise training pre-
vents the microvascular rarefaction in hypertension balancing angiogenic and apo-
ptotic factors: role of microRNAs-16, —21, and —126. Hypertension 2012;59(2):
513-20.

[29] Liu X, Xiao J, Zhu H, Wei X, Platt C, Damilano F, et al. miR-222 is necessary for
exercise-induced cardiac growth and protects against pathological cardiac remodel-
ing. Cell Metab 2015;21(4):584-95.

[30] ShiJ, Bei Y, Kong X, Liu X, Lei Z, Xu T, et al. miR-17-3p contributes to exercise-
induced cardiac growth and protects against myocardial ischemia-reperfusion in-
jury. Theranostics 2017;7(3):664-76.

[31] Ucar A, Gupta SK, Fiedler ], Erikci E, Kardasinski M, Batkai S, et al. The miRNA-212/
132 family regulates both cardiac hypertrophy and cardiomyocyte autophagy. Nat
Commun 2012;3:1078.

[32] Han P, Li W, Lin CH, Yang ], Shang C, Nuernberg ST, et al. A long noncoding RNA pro-
tects the heart from pathological hypertrophy. Nature 2014;514(7520):102-6.

[33] Klattenhoff CA, Scheuermann JC, Surface LE, Bradley RK, Fields PA, Steinhauser ML,
et al. Braveheart, a long noncoding RNA required for cardiovascular lineage commit-
ment. Cell 2013;152(3):570-83.

[34] Ounzain S, Micheletti R, Arnan C, Plaisance I, Cecchi D, Schroen B, et al. CARMEN, a
human super enhancer-associated long noncoding RNA controlling cardiac specifi-
cation, differentiation and homeostasis. ] Mol Cell Cardiol 2015;89(Pt A):98-112.

[35] Kontaraki JE, Marketou ME, Kochiadakis GE, Maragkoudakis S, Konstantinou J,
Vardas PE, et al. The long non-coding RNAs MHRT, FENDRR and CARMEN, their


http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0005
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0005
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0005
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0005
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0005
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0010
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0010
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0015
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0015
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0015
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0015
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0020
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0020
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0020
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0020
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0025
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0025
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0025
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0030
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0030
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0030
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0035
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0035
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0040
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0040
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0040
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0045
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0045
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0045
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0050
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0050
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0050
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0055
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0055
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0055
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0060
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0060
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0065
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0065
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0065
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0070
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0070
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0070
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0075
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0075
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0080
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0080
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0085
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0085
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0085
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0090
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0090
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0090
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0090
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0095
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0095
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0095
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0100
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0100
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0105
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0105
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0105
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0110
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0110
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0110
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0115
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0115
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0115
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0120
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0120
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0120
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0125
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0125
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0125
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0130
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0130
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0135
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0135
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0140
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0140
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0140
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0140
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0145
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0145
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0145
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0150
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0150
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0150
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0155
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0155
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0155
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0160
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0160
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0165
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0165
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0165
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0170
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0170
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0170
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0175
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0175

540 S. Ma, Y. Liao / EBioMedicine 46 (2019) 532-540

expression levels in peripheral blood mononuclear cells in patients with essential
hypertension and their relation to heart hypertrophy. Clin Exp Pharmacol P 2018;
45(11):1213-7.

[36] Viereck ], Kumarswamy R, Foinquinos A, Xiao K, Avramopoulos P, Kunz M, et al. Long
noncoding RNA Chast promotes cardiac remodeling. Sci Transl Med 2016;8(326)
326ra22.

[37] Wang Z, Zhang X], Ji YX, Zhang P, Deng KQ, Gong ], et al. The long noncoding RNA
Chaer defines an epigenetic checkpoint in cardiac hypertrophy. Nat Med 2016;22
(10):1131-9.

[38] Wang K, Liu F, Zhou LY, Long B, Yuan SM, Wang Y, et al. The long noncoding RNA
CHREF regulates cardiac hypertrophy by targeting miR-489. Circ Res 2014;114(9):
1377-88.

[39] Wang K, Liu CY, Zhou LY, Wang JX, Wang M, Zhao B, et al. APF IncRNA regulates au-
tophagy and myocardial infarction by targeting miR-188-3p. Nat Commun 2015;6:
6779.

[40] Jiang F, Zhou X, Huang . Long non-coding RNA-ROR mediates the reprogramming in
cardiac hypertrophy. PLoS One 2016;11(4):e0152767.

[41] Yu SY, Dong B, Zhou SH, Tang L. LncRNA MALATT1: a potential regulator of autophagy
in myocardial ischemia-reperfusion injury. Int ] Cardiol 2017;247:25.

[42] HuH, Wu ], Li D, Zhou J, Yu H, Ma L. Knockdown of IncRNA MALATT1 attenuates acute
myocardial infarction through miR-320-Pten axis. Biomed Pharmacother 2018;106:
738-46.

[43] Zeng Y, DuWW, Wu Y, Yang Z, Awan FM, Li X, et al. A circular RNA binds to and ac-
tivates AKT phosphorylation and nuclear localization reducing apoptosis and en-
hancing cardiac repair. Theranostics 2017;7(16):3842-55.

[44] Wang K, Long B, Liu F, Wang JX, Liu CY, Zhao B, et al. A circular RNA protects the
heart from pathological hypertrophy and heart failure by targeting miR-223. Eur
Heart J 2016;37(33):2602-11.

[45] Geng HH, Li R, Su YM, Xiao J, Pan M, Cai XX, et al. The circular RNA Cdr1as promotes
myocardial infarction by mediating the regulation of miR-7a on its target genes ex-
pression. PLoS One 2016;11(3):e0151753.

[46] Laughlin MH, Bowles DK, Duncker DJ. The coronary circulation in exercise training.
Am ] Physiol-Heart C 2012;302(1):H10-23.

[47] Chistiakov DA, Orekhov AN, Bobryshev YV. The role of miR-126 in embryonic angio-
genesis, adult vascular homeostasis, and vascular repair and its alterations in athero-
sclerotic disease. ] Mol Cell Cardiol 2016;97:47-55.

[48] DA Silva Jr ND, Fernandes T, Soci UP, Monteiro AW, Phillips MI, DE Oliveira EM.
Swimming training in rats increases cardiac MicroRNA-126 expression and angio-
genesis. Med Sci Sports Exerc 2012;44(8):1453-62.

[49] Fernandes T, Hashimoto NY, Magalhaes FC, Fernandes FB, Casarini DE, Carmona AK,
et al. Aerobic exercise training-induced left ventricular hypertrophy involves regula-
tory MicroRNAs, decreased angiotensin-converting enzyme-angiotensin ii, and syn-
ergistic regulation of angiotensin-converting enzyme 2-angiotensin (1-7).
Hypertension 2011;58(2):182-9.

[50] Chen WJ, Yin K, Zhao GJ, Fu YC, Tang CK. The magic and mystery of microRNA-27 in
atherosclerosis. Atherosclerosis 2012;222(2):314-23.

[51] Vacante F, Denby L, Sluimer JC, Baker AH. The function of miR-143, miR-145 and the
MiR-143 host gene in cardiovascular development and disease. Vasc Pharmacol
2019;112:24-30.

[52] Boulberdaa M, Scott E, Ballantyne M, Garcia R, Descamps B, Angelini GD, et al. A role
for the long noncoding RNA SENCR in commitment and function of endothelial cells.
Mol Ther 2016;24(5):978-90.

[53] Creemers EE, van Rooij E. Function and therapeutic potential of noncoding RNAs in
cardiac fibrosis. Circ Res 2016;118(1):108-18.

[54] Boon RA, Seeger T, Heydt S, Fischer A, Hergenreider E, Horrevoets AJ, et al.
MicroRNA-29 in aortic dilation: implications for aneurysm formation. Circ Res
2011;109(10):1115-9.

[55] Bei Y, Tao L, Cretoiu D, Cretoiu SM, Xiao ]. MicroRNAs mediate beneficial effects of
exercise in heart. Adv Exp Med Biol 2017;1000:261-80.

[56] Tijsen AJ, van der Made I, van den Hoogenhof MM, Wijnen WJ, van Deel ED, de Groot
NE, et al. The microRNA-15 family inhibits the TGF beta-pathway in the heart.
Cardiovasc Res 2014;104(1):61-71.

[57] Huang Y, Qi Y, Du JQ, Zhang DF. MicroRNA-34a regulates cardiac fibrosis after myo-
cardial infarction by targeting Smad4. Expert Opin Ther Targets 2014;18(12):
1355-65.

[58] da Costa Martins PA, Salic K, Gladka MM, Armand AS, Leptidis S, el Azzouzi H, et al.
MicroRNA-199b targets the nuclear kinase Dyrkla in an auto-amplification loop
promoting calcineurin/NFAT signalling. Nat Cell Biol 2010;12(12):1220-7.

[59] Aurora AB, Mahmoud Al, Luo X, Johnson BA, van Rooij E, Matsuzaki S, et al.
MicroRNA-214 protects the mouse heart from ischemic injury by controlling Ca
(2)(+) overload and cell death. J Clin Invest 2012;122(4):1222-32.

[60] Melo SF, Barauna VG, Junior MA, Bozi LH, Drummond LR, Natali AJ, et al. Resistance
training regulates cardiac function through modulation of miRNA-214. Int ] Mol Sci
2015;16(4):6855-67.

[61] Wahlquist C, Jeong D, Rojas-Munoz A, Kho C, Lee A, Mitsuyama S, et al. Inhibition of
miR-25 improves cardiac contractility in the failing heart. Nature 2014;508(7497):
531-5.

[62] Zhang, JiaoL, SunL,LiY, GaoY, Xu C, et al. LncRNA ZFAS1 as a SERCA2a inhibitor to
cause intracellular Ca(2+) overload and contractile dysfunction in a mouse model
of myocardial infarction. Circ Res 2018;122(10):1354-68.

[63] Lu P, Struijs MC, Mei ], Witte-Bouma ], Korteland-van Male AM, de Bruijn AC, et al.
Endoplasmic reticulum stress, unfolded protein response and altered T cell differen-
tiation in necrotizing enterocolitis. PLoS One 2013;8(10):e78491.

[64] Jiang HK, Wang YH, Sun L, He X, Zhao M, Feng ZH, et al. Aerobic interval training at-
tenuates mitochondrial dysfunction in rats post-myocardial infarction: roles of mito-
chondrial network dynamics. Int ] Mol Sci 2014;15(4):5304-22.

[65] Bozi LH, Jannig PR, Rolim N, Voltarelli VA, Dourado PM, Wisloff U, et al. Aerobic ex-
ercise training rescues cardiac protein quality control and blunts endoplasmic retic-
ulum stress in heart failure rats. J Cell Mol Med 2016;20(11):2208-12.

[66] Wang K, Sun T, Li N, Wang Y, Wang JX, Zhou LY, et al. MDRL IncRNA regulates the
processing of miR-484 primary transcript by targeting miR-361. PLoS Genet 2014;
10(7):e1004467.

[67] Wang K, Gan TY, Li N, Liu CY, Zhou LY, Gao ]N, et al. Circular RNA mediates cardio-
myocyte death via miRNA-dependent upregulation of MTP18 expression. Cell
Death Differ 2017;24(6):1111-20.

[68] Chen Y, Duan C, Liu F, Shen S, Chen P, Bin J. Impact of etiology on the outcomes in
heart failure patients treated with cardiac resynchronization therapy: a meta-
analysis. PLoS One 2014;9(4):e94614.

[69] Ellison GM, Waring CD, Vicinanza C, Torella D. Physiological cardiac remodelling in
response to endurance exercise training: cellular and molecular mechanisms.
Heart 2012;98(1):5-10.

[70] Schnohr P, Marott JL, Jensen ]S, Jensen GB. Intensity versus duration of cycling, im-
pact on all-cause and coronary heart disease mortality: the Copenhagen City Heart
Study. Eur ] Prev Cardiol 2012;19(1):73-80.

[71] Ooi JY, Bernardo BC, McMullen JR. The therapeutic potential of miRNAs regulated in
settings of physiological cardiac hypertrophy. Future Med Chem 2014;6(2):205-22.

[72] Mooren FC, Viereck ], Kruger K, Thum T. Circulating microRNAs as potential bio-
markers of aerobic exercise capacity. Am J Physiol Heart Circ Physiol 2014;306(4):
H557-63.

[73] LiuY, Zheng L, Wang Q, Hu YW. Emerging roles and mechanisms of long noncoding
RNAs in atherosclerosis. Int ] Cardiol 2017;228:570-82.

[74] Baggish AL, Hale A, Weiner RB, Lewis GD, Systrom D, Wang F, et al. Dynamic regula-
tion of circulating microRNA during acute exhaustive exercise and sustained aerobic
exercise training. ] Physiol 2011;589(Pt 16):3983-94.

[75] Anderson DM, Anderson KM, Chang CL, Makarewich CA, Nelson BR, McAnally JR,
et al. A micropeptide encoded by a putative long noncoding RNA regulates muscle
performance. Cell 2015;160(4):595-606.


http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0175
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0175
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0175
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0180
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0180
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0180
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0185
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0185
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0185
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0190
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0190
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0190
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0195
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0195
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0195
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0200
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0200
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0205
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0205
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0210
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0210
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0210
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0215
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0215
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0215
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0220
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0220
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0220
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0225
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0225
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0225
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0230
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0230
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0235
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0235
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0235
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0240
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0240
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0240
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0245
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0245
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0245
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0245
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0245
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0250
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0250
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0255
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0255
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0255
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0260
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0260
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0260
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0265
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0265
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0270
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0270
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0270
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0275
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0275
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0280
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0280
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0280
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0285
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0285
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0285
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0290
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0290
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0290
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0295
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0295
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0295
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0300
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0300
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0300
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0305
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0305
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0305
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0310
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0310
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0310
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0315
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0315
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0315
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0320
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0320
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0320
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0325
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0325
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0325
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0330
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0330
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0330
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0335
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0335
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0335
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0340
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0340
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0340
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0345
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0345
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0345
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0350
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0350
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0350
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0355
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0355
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0360
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0360
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0360
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0365
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0365
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0370
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0370
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0370
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0375
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0375
http://refhub.elsevier.com/S2352-3964(19)30493-1/rf0375

	Noncoding RNAs in exercise-�induced cardio-�protection for chronic heart failure
	1. Introduction
	2. Cardiac alterations in the context of exercise and CHF
	3. Physiological and pathological cardiac hypertrophy and relevant ncRNAs
	3.1. MicroRNAs are involved in cardiac hypertrophy
	3.2. Effects of lncRNAs and circular RNAs on cardiac hypertrophy

	4. Vascular alteration and relevant ncRNAs
	5. Cardiac fibrosis and relevant ncRNAs
	6. Cardiac contractility and relevant ncRNAs
	7. Organelles alterations and relevant ncRNAs
	8. Limitations and prospective
	9. Search strategy and selection criteria
	Acknowledgement
	References


