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The benefits of cardiac rehabilitation (CR) have been demonstrated in patients after myocardial infarction (MI),
and in patients with chronic heart failure (HF). The core components of the CR program include improvement in
exercise tolerance and optimization of coronary risk factors (i.e., lipid and lipoprotein profiles, body weight,
blood glucose levels, blood pressure levels, and smoking cessation). Indeed, CR has been shown to improve
exercise capacity, control of cardiovascular risk factors, quality of life, hospital readmission, and mortality rates.
Nonetheless, pre- and clinical CR and exercise training models are an enormous source of potential beneficial

mechanisms that can be exploited for cardiac disease therapy. Consequently, in this review, we aim to explore
the unique benefits of CR in HF and coronary artery disease, focusing on the epigenetic mechanisms involved and
their translational relevance. These mechanisms may represent novel therapeutic targets to promote functional
recovery after cardiac injury, and non-coding RNAs could be predictive biomarkers for CR success in patients.

1. Introduction

Cardiac rehabilitation (CR) is a multicomprehensive intervention
involving patient evaluation, education, risk factor modification, and
psychological support [1-4]. All available data have shown that CR
programs improve essential patient outcomes, such as exercise capacity,
cardiovascular (CV) risk factors, quality of life (QoL), hospital read-
mission, and mortality rates [5-7]. Experimental evidence obtained in
murine models of cardiac stress, such as mice with surgical-induced
heart failure (HF) or myocardial ischemia/reperfusion (IR) injury,
demonstrated that exercise training exerts beneficial CV effects by
regulating several epigenetic mechanisms, both in cardiomyocytes and
in non-cardiomyocytes [8-11]. Several non-coding RNAs, including
microRNAs (miRNAs) and long non-coding RNAs (InRNAs) were re-
ported to be modulated by exercise training, and histone modifications
and DNA methylation also represent additional epigenetic mechanisms
that mediate the cardioprotective effects of exercise. The improvement
of cardiomyocyte survival, regeneration, and cardiac contractility and
the reduction of maladaptive hypertrophy and apoptosis represent the
main effects regulated by the epigenetic modifications induced by ex-
ercise. Notably, epigenetic changes observed in preclinical models are
often recapitulated in patients undergoing exercise, where epigenetic
mediators may represent potential biomarkers of CR. This review dis-
cusses the relevant literature regarding the effects of CR in clinically
relevant models of HF and coronary artery disease (CAD), focusing on
exercise-induced epigenetic signatures and their translational relevance,
highlighting the gaps in knowledge and future research perspectives.

2. Overview of epigenetic mechanisms

Epigenetics studies inheritable changes in phenotypes and gene
expression that happen without modifications to the DNA sequence
[12]. Accumulating evidence suggests that alterations of epigenetic
mechanisms are linked to the onset and development of several car-
diovascular diseases (CVDs), such as HF, and several drugs were re-
ported to improve cardiac function in mouse models of cardiac diseases,
by acting on epigenetic mechanisms [12,13]. Epigenetic mechanisms
include chromatin remodelling through DNA modifications (i.e.,
methylation) and histone modifications (i.e., acetylation), and post-
transcriptional gene regulation mediated by non-coding RNAs (i.e.,
miRNAs, InRNAs, circRNAs) [14] (Fig. 1).

2.1. DNA methylation

DNA methylation is a reversible process usually linked to gene
silencing and occurs through a stable chemical modification performed
by DNA methyltransferase (DNMT), in the presence of the methyl donor
adenosyl-methionine. DNMT mediates the addition of a methyl group
(-CH3) to the 5 position of cytosine in a gene promoter to form 5-meth-
yleytosines (5mCs). Genes can be hypermethylated or hypomethylated

in response to exogenous stimuli, and DNA methylation typically occurs
at cytosine followed by guanine, the so-called CpG islands. Methylation
results in reduced interaction between transcription factors and their
specific binding sites, with a consequent decrease in gene expression
[15]. Several studies reported a different pattern of methylation in the
aorta of patients with atherosclerosis or the left ventricle of patients with
HF, compared to healthy subjects, as well as in animal models of cardiac
stress [16]. The latter suggests that cardiovascular stress may operate
through DNA methylation.

2.2. Histone modification

Histone proteins, which form the nucleosome around which DNA is
wound, undergo different chemical modifications, among which acety-
lation and methylation are the most characterized [17,18]. Histone
modifications may occur at many amino acid residue positions and are
linked to the activation or repression of gene expression, resulting in the
modulation of histone-DNA interactions that ultimately influence
chromatin accessibility to transcription factors and DNA-binding ele-
ments [16]. For example, acetylation of histone 3 generally is linked to
the activation of transcription [19]. Histone acetylation is mediated by
histone acetyltransferases (HATs), whereas histone deacetylation is
mediated by histone deacetylases (HDACs) [16]. The modulation of
HATs and HDAGCs has a significant role in CVD since HDACs and HATs
modulate many genes involved in cardiovascular function. For example,
class II HDACs act as suppressors of the transcriptional program
involved in cardiac hypertrophy and HF, and HDAC inhibition was re-
ported to exert cardioprotective effects in several preclinical models of
heart disease [20,21]. Histone methylation can either activate or inhibit
the gene expression, usually occurring at the arginine residues [22].

2.3. RNA editing

Adenosine-to-inosine editing is an RNA modification catalyzed by
the adenosine deaminase acting on RNA (ADAR) family of enzymes, in
which adenosines in double-stranded or structured RNAs are deami-
nated. RNA editing influences coding potential, translation efficiency,
and splicing, and several sites that undergo RNA editing have been
characterized prevalently in introns and untranslated regions (UTRs)
[23]. Several studies further demonstrated that alterations of RNA
editing mediated by ADAR-1 and ADAR-2 are involved in several CVDs,
such as atherosclerosis and adverse cardiac remodelling [24,25].

2.4. Non-coding RNAs

miRNAs and IncRNAs are well-characterized non-coding RNA mol-
ecules that participate in a myriad of biological functions, acting as post-
transcriptional regulators of gene expression. miRNAs are small single-
stranded noncoding RNAs of 18 to 22 nucleotides that, once matu-
rated, interact with the 3'-untranslated region of a mRNA target (3’-
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UTR), generally inhibiting protein synthesis. The latter occurs either by
mRNA degradation or inhibition of translation. A single miRNA may
regulate different genes depending on its base complementarity with the
3’-UTR of a target gene. In the cardiovascular system, several miRNAs
have emerged to play a fundamental role in cardiomyocytes and non-
cardiomyocytes, regulating several processes such as cellular growth,
apoptosis, contractility and angiogenesis [26].

LncRNAs represent another interesting class of non-coding RNAs that
have garnered significant interest due to their stronger relevance in
cardiac pathophysiology. They include transcripts >200 nucleotides
long that share many similarities with mRNA transcripts since they are
transcribed by RNA polymerase II and can undergo capping, poly-
adenylation, and splicing [27]. LncRNAs regulate gene expression by
different mechanisms, which include chromatin modifications and the
regulation of translation at different levels (splicing, stability and
translation) [28]. LncRNAs also interact with transcription factors or act
as a sponge for miRNAs [28]. Different studies suggest a link between
genetic variants in genes coding for IncRNA and CVDs, such as
myocardial infarction (MI) and coronary artery disease [29,30] and to
date several IncRNAs were reported to be associated with cardiac hy-
pertrophy and HF in experimental models (for a detailed review, see
[31D).

Circular RNAs (circRNAs) are non-coding RNAs characterized by a
covalent bond between the 3’ end of an exon and the upstream 5’ end of
the same or another exon. Although the molecular mechanism by which
circRNAs regulate gene expression is not entirely characterized, due to a
lower expression compared to miRNAs and IncRNAs, it has been sug-
gested that they act via sponging miRNAs or binding RNA-binding
proteins [32]. Other reports also indicate the role of several circRNAs
in the pathogenesis of CVDs, since they can regulate cardiac hypertro-
phy, inflammation, and cardiac fibrosis [33].

Since its possibility to detect non-coding RNAs in the blood, they are
also emerging as potential diagnostic or prognostic circulating
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biomarkers for patients with CVDs [26,32,34].
3. Heart failure

Cardiac rehabilitation (CR) plays a crucial role in managing chronic
heart failure (HF) patients, especially those who have recently been
hospitalized due to exacerbations and disease progression [35,36]. CR
programs and optimal medical therapy can reduce hospitalizations and
improve QoL and exercise tolerance, although uncertainty persists about
their effects on mortality [37-42]. The impact on hospitalization is
predominantly seen in patients who are highly adherent to the exercise
program [43].

Specifically, CR programs should assist HF patients in developing the
skills to successfully self-manage their long-term condition [44],
improve exercise capacity and health-related QoL, and complement the
impact of drugs and devices in reducing hospitalizations [4,44].

A careful baseline assessment is required, and exercise intervention
should only be initiated in clinically stable individuals [45]: there must
be no contraindications to exercise, such as symptomatic hypotension or
severe hypertension at rest or during exercise, unstable cardiac disease,
uncontrolled arrhythmias, or deteriorating symptoms of HF [45].
Moreover, cardiopulmonary exercise testing (CPET) is essential to
evaluate functional capacity, exercise-induced arrhythmias, and hemo-
dynamic abnormalities and for the prescription of exercise intensity
based on peak oxygen uptake (VO2peak) or resting and maximal heart
rate (HR) during exercise [46-48]. However, in patients unable to
perform a CPET, a 6-min walk test (6MWT) can be performed, while a
sit-to-stand test could be necessary for patients unable to walk [49-51].
Furthermore, the exercise should be supervised through an exercise-
based CR program, while non-supervised home-based sessions should
be gradually added [52].

Exercise prescriptions usually follow a standardized protocol, such as
the FITT (frequency, intensity, time duration, and type of exercise)
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Fig. 1. Overview of epigenetic mechanisms. The figure illustrates the main epigenetic mechanisms regulated by exercise training: Histone acetylation, DNA
methylation, non-coding RNAs and RNA editing. Legend: ADAR, adenosine deaminase acting on RNA; circRNA, circular RNA; DNMT, DNA methyltransferase;
dsRNA, double strand RNA; HAT, histone acetyltransferase; HDAC, histone deacetylases; IncRNA, long non-coding RNA; miRNA, microRNA; RBP, RNA binding
protein. See the text for details. This figure was generated in part using pictures from Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative
Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).
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model, which can also facilitate comparisons of different real-world
experiences; however, variance and disagreement among clinicians
still exist [53].

Consequently, to optimize exercise prescription, the European As-
sociation of Preventive Cardiology (EAPC) has introduced a digital,
interactive decision support tool: the EXPERT (EXercise Prescription in
Everyday practice & Rehabilitation Training) Tool (https://www.esca
rdio.org/Education/  Practice-Tools/CVD-prevention-toolbox/expert-
tool) [54]. Overall, no exercise component significantly predicts mor-
tality; only adherence to the whole intervention improves outcomes
[55]. Consequently, identifying novel biomarkers associated with CR
could be essential for effective biomarker-guided CR in HF patients.

3.1. From preclinical models to clinical scenario

The cardioprotective effects of exercise mediated by epigenetic
mechanisms were extensively studied in clinically relevant models of
HF, such as in rodents subjected to MI induced by permanent ligation of
the left anterior descending artery (LAD), in those subjected to pressure
overload (PO) induced by transverse aortic constriction (TAC), as well as
in models of myocardial ischemia followed by reperfusion [8-11]
(Fig. 2). These models resemble a condition of HF with reduced ejection
fraction (HFrEF). Few studies also reported the involvement of epige-
netic mechanisms in animal models of HF with preserved ejection
fraction (HFpEF) undergoing exercise [56-58].

3.1.1. Molecular pathways activated by exercise in post-MI models

The epigenetic effects of exercise as a post-MI rehabilitation were
documented in experimental models of MI.

Exercise lowers blood pressure and prevents microvascular rarefac-
tions in hypertensive rats by rescuing levels of miRNA-16, —21, —126,
three miRNAs targeting markers of apoptosis and angiogenesis, such as
the antiapoptotic protein Bcl-2 and the vascular endothelial growth
factor, respectively [59]. These findings suggest that a potential
approach for preventing the progression of left ventricular hypertrophy
could involve the modulation of specific miRNAs. Along with this evi-
dence, the reduction of circulating levels of miR-21 was also observed in
hypertensive patients undergoing moderate endurance training [60],
while lower levels of miR-16-5p were reported in endurance and
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resistance athletes compared to sedentary individuals [61].

Another study demonstrated that miR-222 is involved in the ability
of 8 weeks of running exercise to increase the endogenous capacity of
the adult heart to regenerate. Exercise increases cardiomyogenesis in an
extended border zone of the infarcted area of mice undergoing MI [11]
through the upregulation of miR-222 [11,62]. Remarkably, miR-222
was reported to be upregulated in healthy young athletes immediately
post-exercise (within 1 min of completion of exercise testing) [63] and in
the serum of patients with HFpEF or HFrEF [64] undergoing CPET.
Serum levels of miR-222 were also found to be lower in patients with MI,
compared to healthy patients, and to correlate with increased rehospi-
talization or death during 1-year follow-up [62,63]. These results sug-
gest that miR-222 may be considered a valid biomarker for evaluating
the effects of cardiac rehabilitation in patients. The reduction of infarct
size mediated by miR-122 following exercise is mediated by inhibition
of Homeodomain-Interacting Protein Kinase 1 and 2 (HIPK1/2), a
serine/threonine kinase involved in promoting apoptosis and suppress-
ing cell proliferation. The downregulation of p53 mediates the cardiac
protection observed in knockout mice for HIPK2 undergoing MI [65].

In addition to miR-222, another study found that 4-week swim
training reduces apoptosis and improves cardiac function in mice un-
dergoing MI via miR-1192 up-regulation [66]. The reduced expression
in cardiomyocytes of caspase-3, a pro-apoptotic factor mediates the anti-
apoptotic effects of miR-1192. However, the role of miR-1192 as a
circulating biomarker should be validated in patients undergoing car-
diac rehabilitation.

Diabetes increases the risk of developing HF following an ML In
diabetic mice undergoing MI, exercise was reported to reduce ventric-
ular arrhythmias and restore cardiomyocyte calcium handling [67]. The
beneficial effects in lowering diabetic cardiomyopathy are mediated by
the up-regulation of miR-126, which in turn contributes to reducing its
target, the anti-angiogenic factor sprout-related EVH1 domain-
containing 1 (SPRED-1) [68]. Of interest, lower levels of miR-126
were observed in patients with myocardial infarction [69] whereas
endurance aerobic exercise with moderate intensity or above was re-
ported to increase circulating levels of miR-126. The protective effects of
miR-126 in the cardiovascular system are mediated by multiple mech-
anisms, including anti-inflammatory, anti-apoptotic, pro-autophagic
effects, and angiogenesis [70].
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Fig. 2. Modulation of epigenetic mechanisms by exercise training in preclinical models of heart failure induced by pressure overload (PO) or myocardial infarction
(MI). Exercise modulates different non-coding RNAs, such as microRNAs (miRNAs) and long non-coding RNAs (IncRNAs). The net result is the increase in cardiac
regeneration and the reduction of apoptosis and maladaptive hypertrophy. Other epigenetic mechanisms include RNA editing and histone modifications. See text for
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Yamada et al. [71] demonstrated that expression levels of two
miRNAs regulating cell proliferation and apoptosis were significantly
different in patients before CR compared with controls and patients after
CR. Precisely, the expression of hsa-miR-125b-1-3p was significantly
downregulated and that of hsa-miR-1290 was significantly upregulated
in patients before CR. Consequently, CR could restore the expression of
specific circulating miRNAs in HF patients.

Among IncRNAs, exercise training was reported in rats undergoing
MI to rescue the expression of three IncRNAs regulating fibrosis and
apoptosis, such as IncRNAs H19, myocardial infarction association
transcript (IncMIAT), and growth arrest-specific 5 (IncGAS5) [72].
Another report found that exercise training improves cardiac function in
rats subjected to MI by inhibiting IncRNA metastasis-associated lung
adenocarcinoma transcript 1 (MALAT-1). The protective effects medi-
ated by MALAT-1 inhibition include restoring autophagy and reducing
apoptosis via the increased expression of miR-150-5p and the PI3K/Akt
signaling [73]. Remarkably, higher levels of MIAT and MALAT-1 were
found to be associated with cardiac ischemic events in patients [74].
MALAT-1 levels also correlate with the increase of endothelial
dysfunction in obese children, while exercise decreases MALAT-1 levels
[75]. Other post-transcriptional mechanisms modulated by exercise
include RNA editing. 3 weeks of swimming were reported to upregulate
the cardiac expression of ADAR2 in mice, an enzyme that edits adeno-
sine to inosine nucleotides in double-stranded RNA. ADAR2 over-
expression improves cardiac function in a model of MI and reduces
doxorubicin-induced cardiomyopathy. Mechanistically, ADAR2 re-
duces miR-34a level, an inhibitor of genes exerting pro-survival and
antiapoptotic effects, such as Sirtl, Cyclin D1, and Bcl2 [76]. These
results suggest that ADAR2 mediates the beneficial effects of exercise in
models of MI. However, it would be interesting to test whether ADAR2
inhibition mitigates the protective effects of exercise in this context.

The impact of exercise on histone modifications was also observed.
In this regard, exercise was reported to improve mitochondrial function
and increase glucose uptake in the heart of mice undergoing MI. The
latter is mediated by AMP-activated protein kinase (AMPK)-induced
phosphorylation of histone deacetylase 4 (HDAC4). Once phosphory-
lated, HDAC4 increases GLUT1 expression via upregulating GLUT1
promoter H3K9ac modification [77].

3.1.2. Molecular pathways activated by exercise in pressure overload-
induced heart failure models

The effects of exercise were also studied in rodents undergoing
pressure overload-induced by TAC, representing a relevant experimental
model of HF caused by chronic arterial hypertension.

Exercise also modulates non-coding RNAs in this context. miR-133
was reported to be downregulated in the hearts of rats undergoing
endurance exercise [78] and also in mice undergoing TAC. MiR-133
inhibition causes adverse remodelling and hypertrophy even without
hypertrophic stimuli, suggesting that miR-133 mediates adaptive
mechanisms of exercise. miR-133 exerts its effects through different
targets, such as RhoA, a GDP-GTP exchange protein regulating cardiac
hypertrophy, cell division cycle 42 (Cdc42), a signal transduction kinase
involved in hypertrophy; and negative elongation factor complex
member A, Whsc2 (Nelf-A/WHSC2), a nuclear factor participating in
cardiogenesis.

A recent study showed that the improvement of myocardial remod-
elling by exercise in mice undergoing pressure overload was mediated
by the increased expression of miR-574-3p, which in turn contributes to
the inhibition of interleukin-6, a pro-inflammatory cytokine [79]. Ex-
ercise activates adaptive hypertrophy also through the upregulation of
CITED4 (CBP [CREB-binding protein]/p300-interacting transactivators
with E [glutamic acid]/D [aspartic acid]-rich-carboxyterminal domain),
a transcription factor whose inhibition accelerates HF in models of
pressure overload. CITED4 mediates adaptive hypertrophy by upregu-
lating miR30d (microRNA 30d), which acts as a paracrine factor to
suppress myofibroblast activation [80].
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Finally, microR-423-5p might be a potential biomarker for assessing
the therapeutic effect of cardiac rehabilitation on hypertensive patients
with HF with a moderately reduced ejection fraction [81]. Precisely, in
these patients, CR reduces the expression of circulating microRNA-423-
5p, which plays a key role in cardiac development, acts as a biomarker of
cardiac injury, and is implicated in left ventricular hypertrophy [81,82].
Moreover, Huang et al. showed a clear association between miR-423-5p
expression and NT-proBNP, NYHA classification, 6BMWT scores, LV pa-
rameters, and LVEF [81]. Nevertheless, a previous study excluded
circulating miR-423-5p as a biomarker of systemic ventricular function
after atrial repair in adults with transposition of the great arteries [83].
Consequently, miR-423-5p may only be effective in detecting the cardiac
function of patients with HF.

Accordingly, Tijsen et al. [84] showed higher miR-423-5p serum
levels in HF patients, compared to healthy individuals. Li and colleagues
[85] compared the cardiac IncRNA landscape between sedentary mice,
mice undergoing exercise, and mice subjected to TAC for 2 or 8 weeks to
induce pathological cardiac hypertrophy or HF, respectively. Data
showed that the long noncoding exercise-associated cardiac transcript 1
(IncExACT1) is downregulated by exercise while upregulated by TAC.
Forced overexpression of IncEXACT1 induces maladaptive hypertrophy
and HF, whereas its inhibition rescues cardiac dysfunction in mice.
Mechanistically, the authors observed that IncEXACT1 binds to the
promoter region of the dachsous cadherin-related 2 (DHCS2) and posi-
tively regulates its expression. DHSCS2 up-regulation inhibits yes-
associated protein (YAP), a Hippo pathway component, exerting pro-
liferative effects. Indeed, DHCS2 inhibition rescues YAP activity and
inhibits STK4 serine/threonine kinase (MST1/2), the Hippo pathway’s
core kinases, and YAP inhibitors. These results suggest that exercise
induces cardiomyogenesis and physiological hypertrophy, at least in
part through YAP activation. In the same study, IncEXACT1 expression
was higher in heart samples from HF patients than in healthy subjects.

Another study demonstrated that exercise hypertrophic pre-
conditioning (EHP) in mice undergoing pressure overload reduces
myocardial hypertrophy by upregulating the IncRNA myosin heavy
chain-associated RNA transcript Mhrt779 in the heart. This transcript
acts as an inhibitor of the Hdac2 (histone deacetylase 2)/Akt/glycogen
synthase kinase 3 (GSK3p) and -MHC signaling pathways. Mechanis-
tically, exercise reduces the 3-methylation of histone 3 at the a4 pro-
moter of Mhrt779, enhancing its expression [9].

Exercise exerts cardiac effects through additional epigenetic mech-
anisms, such as DNA/RNA methylation and histone modifications. In
this regard, 2 weeks of aerobic running exercise increases the cardiac
levels of the N-terminal proteolytically derived fragment of histone
deacetylase 4 (HDAC4)-NT, a stress-responsive epigenetic repressor
[86]. Cardiac HDAC4-NT level is instead reduced in mice subjected to
pressure overload-induced HF. The latter indicates that HDAC4-NT is
differentially regulated by physiological and pathological stress. Mice
with cardiomyocyte-specific deletion of HDAC4-NT show a reduced
exercise capacity characterized by cardiac fatigue. HDAC4 upregulation
by exercise leads to downregulating NR4Al-induced hexosamine
biosynthetic pathway (HBP) [86], thereby decreasing O-GlcNAcylation
of fundamental proteins involved in cardiac contractility, such as
STIM1. A reduced level of HDAC4-NT and an increase of O-GlcNAcy-
lation were also reported in cardiac samples of patients with aortic
stenosis or hypertrophic obstructive cardiomyopathy [86].

Another study investigated the effects of exercise on changes in
methylation of adaptor protein apoptosis-associated speck-like protein
containing a caspase recruitment domain (ASC), a fundamental
inflammasome component [87]. Exercise increases ASC methylation in
patients with HF, and this effect was associated with the reduction of
interleukin-(IL)-1 level [87]. ASC methylation was also positively asso-
ciated with a 6-min walk test in patients. These results suggest that ex-
ercise protects from HF development through the epigenetic regulation
of inflammasomes [87].
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3.1.3. Heart failure with preserved ejection fraction

HFpEF is the most common form of HF observed in older people. In
aged mice, exercise training ameliorates diastolic dysfunction and pul-
monary congestion, which are common HFpEF features [57]. In a mouse
model of HFpEF, characterized by simultaneous metabolic and hyper-
tensive stress, the cardioprotective effects of exercise were associated
with changes in m6A RNA methylation of genes involved in myocardial
energy metabolism [56]. Exercise also regulates genes involved in
metabolic remodelling through epigenetic mechanisms in multiple tis-
sues, such as skeletal muscle and adipose tissue. In this regard, exercise
increases the expression of glucose transporter 4 (GLUT4) and peroxi-
some proliferator-activated receptor y coactivator 1 o (PGC1-a) through
histone modifications in skeletal muscle [88]. Another study found that
skeletal muscle of individuals undergoing exercise displays hypo-
methylation in promoters of genes involved in glycogen metabolism,
glycolysis, and tricarboxylic acid cycle [89]. Exercise also reduces in-
sulin resistance in mice by reducing the serum level of the InRNA
MALAT-1. The latter contributes to the increased expression of miR-382-
3p, which reduces resistin level, a hormone released by adipocytes and
responsible for insulin resistance in type 2 diabetes [90]. These results
suggest that the improvement of whole-body metabolism by exercise
may reduce the cardiovascular risk of individuals with lifelong physical
activity.

Other evidence suggests that circulating levels of miR-181c and miR-
126 may be considered biomarkers of the response to exercise training in
HFpEF patients undergoing an exercise rehabilitation intervention. High
miR-181c predicts reduced peakV-O2 response and low responders to
exercise [91], whereas miR-126 levels increased after exercise rehabil-
itation and were positively correlated with peak oxygen consumption
(peak VO) and the improvement of cardiac function [92]. miR-181c
reduces the expression of Parkin-1, a marker of mitophagy, and
SMAD-7 in cardiac fibroblast in vitro, suggesting that the reduction of
mitophagy and pro-fibrotic activation may represent the molecular
mechanisms by which miR-181c leads to HFpEF [93]. Further studies
should analyze the molecular mechanisms regulated by miR-181c and
miR-126 in experimental models of HFpEF. Nonetheless, further studies
are needed to increase the knowledge of CR benefits in HFpEF.

4. Coronary artery disease

CAD is a significant issue for human health globally, representing the
most prevalent CVD. According to the World Health Organization, CVD
represents the principal cause of death [94], and several therapeutic
advances have been made in recent decades to cope with the health
burden of CVD [95]. However, therapy efficacy is highly dependent on
post-acute phase recovery and vice-versa. For patients with CAD, CR is a
critical element of treatment and should be considered not only as a
supplement to treatment but also as a substantial component of the
therapy and its continuation in the post-acute phase of the disease [96].
CR can significantly improve patients’ physical strength and prevent or
delay the worsening of CAD. CR treatment models have been extensively
studied with each country’s specific conditions and cultural background.
Despite the well-recognized beneficial effects of CR on long-term CV and
global outcomes, CR is underutilized by a significant portion of patients
who, conversely, would widely benefit from it. Humphrey et al. found
that CR was performed in less than 30 % of patients 1 month after acute
MI in a cohort of 2096 patients [97].

Exercise training and the resulting enhancement of VO2peak and
endurance capacity contribute significantly to the numerous advantages
associated with CR. CR plays a fundamental role in extending the
duration of physical activity and increases exercise tolerance and overall
QoL in patients with CAD. Furthermore, CR mitigates angina and
ischemia, leading to a reduction in hospitalizations and mortality rates
[98-102].

CR also facilitates the rehabilitation of patients following Percuta-
neous Coronary Interventions (PCI) [103] and reduces cardiac events,
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hospital readmissions, and mortality after Coronary Artery Bypass Graft
(CABG) [104].

Kim et al. demonstrated the effectiveness of hospital-based CR model
in improving overall health status and minimizing rehospitalization.
Their study revealed that CR in individuals with CAD leads to increased
left ventricular ejection fraction and reduced mortality rates after 6
months of in-hospital CR [105].

In line with the same evidence, CR was reported to improve vascular
endothelial function and reduce blood pressure [106]. Simultaneously,
the utilization of early in-hospital CR can serve as a transitional phase
for heart transplantation.

4.1. Myocardial ischemia/reperfusion injury: From preclinical models to
clinical scenario

Myocardial ischemia/Reperfusion (I/R) injury occurs in patients
with acute MI undergoing urgent revascularization, cardiac arrest, or
during surgical procedures that require temporary cessation of coronary
blood supply, such as in the case of PCI, CABG or cardiac transplantation
[107,108]. The epigenetic mechanisms involved in the cardiac protec-
tion induced by exercise have been investigated in rodents undergoing
surgical-induced I/R protocols [8,10] (Fig. 3).

The modulation of non-coding RNAs by exercise was also observed in
models of I/R. Four-week swim training increased circulating levels of
miR-342-5p in exosomes in rats, and cardiac-specific inhibition of miR-
342-5p reduced the cardioprotective effects of swimming [8]. Mecha-
nistically, miR-342-5p reduced pro-apoptotic signals by inhibiting Cas-
pase 9 and Jnk 2 and increases pro-survival mechanisms by targeting
AKT phosphorylation. Another interesting finding is the increased
endothelial secretion of miR-342-5p following exercise, which exerted
protective effects in cardiomyocytes through paracrine mechanisms,
such as the reduction of apoptosis in response to hypoxia/reoxygenation
[8]. Experimental data regarding the exosomal secretion of miR-342-5p
were also confirmed in exercise-trained human volunteers [8]. It would
be interesting to assess whether miR-342-5p can be considered a prog-
nostic marker for patients undergoing CR after a surgical procedure.

Other miRNAs were also found to be regulated by exercise in models
of I/R. These include miR-17-3p, which increases in the heart of mice
undergoing exercise and contributes to cardiac growth by targeting
metallopeptidase inhibitor 3 (TIMP3). miR-17-3p agomir administration
mimics the protective effects induced by exercise in mice subjected to 1/
R injury [109]. Remarkably, an increased level of miR-17-3p was also
found in the serum of patients with chronic HF undergoing exercise. In a
recent paper [10], exercise was reported to increase the cardiac
expression of miR-486 in mice undergoing I/R injury and to alleviate
apoptosis by targeting PTEN and FoxO1 and activating the Akt/mTOR
pathway.

An interesting study showed that exercise reduces the infarct size in
mice undergoing myocardial I/R by increasing small extracellular ves-
icles (sEVs) secreted by brown adipose tissue. In particular, miR-125b-
5p, miR-128-3p, and miR-30d-5p were identified as the sEV compo-
nents mediating cardio protection by the suppression of the proapo-
ptotic MAPK (mitogen-associated protein kinase) pathway [110]. In line
with the same evidence, Barber and colleagues [111] found that 20
weeks of endurance exercise training increase circulating levels of miR-
125b-5p and miR-30d-5p in volunteers. These results suggest that also
non-cardiomyocyte cells may represent the source of microRNAs
mediating the cardioprotective effects exercise.

In a mouse model of CAD, obtained by feeding ApoE/LDLR double
knock-out mice with a western diet, exercise was observed to increase
miR-20a levels, which in turn contributes to increased endothelial cell
proliferation and to reduce molecular signaling involved in atheroscle-
rosis [112]. However, whether exercise reduces CAD progression
through miR-201 was not investigated in vivo [112]. Levels of miR-20a
were found to be lower in endothelial cells isolated from patients with
CAD [112]. In another model of atherosclerosis, the Apo E knockout
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Fig. 3. Modulation of epigenetic mechanisms by exercise training in preclinical models of ischemia/reperfusion (I/R) injury or coronary artery disease (CAD).
Exercise increases levels of several microRNAs (miRNAs). miRNAs exerts protective effects in both cardiomyocytes and endothelial cells. Exercise also modulates long
non-coding RNAs and circularRNAs, which in turn contribute to reduces I/R injury. See text for further details. This figure was generated in part using pictures from
Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/lice
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mouse fed with a high-fat diet (HFD), the long non-coding RNA
(IncRNA) nuclear paraspeckle assembly transcript 1 (NEAT1) was found
to be downregulated by exercise in atherosclerotic lesions [113]. The
reduced expression of NEAT1 leads to a decrease in endothelial pyrop-
tosis, which prevents the progression of atherosclerosis. Circulating
levels of NEAT1 were found to be lower in peripheral plasma samples
from patients with coronary heart disease (CHD) who exercise regularly
[113]. It would be interesting to evaluate the cardiac-specific role of
NEAT1 in future studies. CPhar is another IncRNA that was found
upregulated in the heart of mice undergoing swimming, promoting
physiological hypertrophy. CPhar overexpression reduces myocardial I/
R injury. At the molecular level, CPhar reduces the expression of ATF7, a
transcription factor that negatively regulates cell proliferation. How-
ever, whether the protective effects of exercise in models of I/R injury
are reduced in the presence of CPhar inhibition has not been investi-
gated yet [114].

Long-term exercise in mice upregulates the expression of LncRNA
colorectal neoplasia differentially expressed (CRNDE) in exosomes and
CRNDE inhibition abrogates the protective effects of exercise in
response to I/R in mice. At the molecular level, CRNDE inhibition leads
to the reduction of Nrf2 via miR-489-3p, increasing oxidative stress and
apoptosis [115].

Another recent study also found that swimming exercise reduces I/R
in mice and pathological remodelling through the upregulation of the
circRNA circUtrn in cardiomyocytes. circUtrn interacts with protein
phosphatase 5 (PP5) and promotes its degradation via the ubiquitin
system [116]. The reduced activity of PP5 activates the MAPK/ERK
signaling, which in turn reduces cardiomyocyte apoptosis.

Finally, plasma samples of patients undergoing cardiac surgery on
cardiopulmonary bypass show postoperative changes in DNA methyl-
ation, which are associated with postoperative atrial fibrillation (POAF),
a common consequence of cardiac surgery. Loci with changes in DNA
methylation are found within genes regulating endoplasmic reticulum

stress, apoptosis, and glucose metabolism [117].
5. Cardiac aging

During aging, the heart undergoes an inevitable structural and
functional decline, leading to an increased risk of HF and mortality
[118]. The aged heart is characterized by telomere shortening, the
activation of pro-senescence pathways, and increased oxidative stress
and inflammation. In contrast, adaptive mechanisms, such as autophagy
and regeneration resulted impaired [118]. Epigenetic alterations
represent a hallmark of aging and several patterns of DNA methylation,
histone modifications, and different non-coding RNAs have been pro-
posed to contribute to cardiac aging in both animal models and older
individuals [119,120]. Exercise slows cardiac aging, through the
reduction of senescence factors, inflammation, and oxidative stress, and
the improvement of mitochondrial health and autophagy
[118,121-125]. To the best of our knowledge, few studies investigated
the effects of exercise on epigenetic signatures in older individuals.
Older men undergoing acute exercise show a differential expression of
circulating miRNA involved in cardiac hypertrophy and remodelling,
compared to sedentary individuals [126]. However, further mechanistic
studies to be performed in aged animal models should clarify which
epigenetic mechanism mediates the cardioprotective effects of exercise.

6. Conclusions

Exercise is recognized as a healthy lifestyle modification for pre-
venting CVD risk factors and represents the cornerstone of CR for pa-
tients with cardiac diseases. The fundamental role of exercise training in
reducing CV mortality and re-hospitalization in patients with HF or CAD
and subjects undergoing cardiac surgery for valve replacement or CABG
is well known and described. The importance of adopting standardized
exercise programs regarding the type of exercise, frequency, and
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intensity to achieve maximal beneficial cardiac effects is also well-
known and described.

Moreover, CR programs should assist CV patients in developing the
skills to successfully self-manage their conditions, improve exercise ca-
pacity and QoL, and complement the impact of drugs and devices in
reducing hospitalizations. CR programs confer cardiac protection by
suppressing inflammation and activating specific adaptive mechanisms.
Indeed, recent experimental evidence demonstrates that exercise has
beneficial effects by acting on specific signals in both cardiomyocytes
and non-cardiomyocytes, particularly on epigenetic mechanisms that
promote cardiac regeneration and growth and inhibit apoptotic and
inflammatory signals. Exercise rescues the level of specific miRNAs and
IncRNAs modulated by cardiac stress (Table 1). Remarkably, the mod-
ulation of specific miRNAs or IncRNAs was also observed in the serum of
patients undergoing CR or in exercise-trained healthy subjects, perfectly
recapitulating preclinical data [8,109,113]; precisely, exercise training
confers direct protection against myocardial I/R injury. Indeed, long-
term exercise-derived circulating exosomes protect the heart against
myocardial I/R injury via exosomal miR-342-5p® moreover, miR-17-3p
contributes to exercise-induced cardiac growth and protects against
adverse ventricular remodelling. Consequently, these miRNAs may
represent novel therapeutic targets to promote functional recovery after
cardiac injury, and non-coding RNAs could be predictive biomarkers for
CR success in patients.

7. Future perspectives

The role of biomarkers in CR is widely discussed in the literature, and
there is considerable evidence that exercise modifies inflammatory
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markers [127-130]. However, there is little evidence about using
ncRNA as biomarkers for patients’ stratification, prognosis, and follow-
up during rehabilitation programs [131]. Medical research and tech-
nology are exploring biomarkers to enhance risk stratification
[132,133], optimize treatment strategies [134-136], and tailor reha-
bilitation programs to individual needs.

Identifying novel biomarkers associated with CR may lay the foun-
dation for effective biomarker-guided CR, providing the molecular basis
for developing new approaches or using current pharmacological ther-
apies to improve functional recovery. Based on biomarkers, novel
pharmacological therapies that mimic some of the benefits of exercise
may be developed [137]. In this regard, the inhibition of miR-132 by
CDR132L, a specific antisense oligonucleotide, was reported to improve
cardiac function in patients on standard-of-care therapy for chronic
ischaemic HF [138]. At the molecular level, the inhibition of miR-132
was reported to improve FOX03-induced anti-hypertrophic and pro-
autophagic effects in cardiomyocytes [139]. It should be interesting to
test whether CR can rescue miR-132 levels in patients.

Gene therapy is one of the most promising ways to achieve this goal.
Indeed, cardiac-specific gene therapy is already possible [140]; there-
fore, the hypothesis of ‘delivering’ some aspects of the cardiac benefits
of exercise through pharmacological approaches can now be improved.
Moreover, another way to translate the basic science findings into
exercise-mimicking therapies would be through the modulation of
critical molecular targets of exercise adaptations. For instance, high
doses of certain natural extracts, such as resveratrol, can improve
endurance [141,142].

Conversely, other intrapersonal, interpersonal, clinical, logistical,
health system and CR program-related factors affect participation and

Table 1
Direct or indirect evidence of modulation of non-coding RNAs by exercise training in different preclinical models of cardiac disease and mechanism of
cardioprotection.
Exercise Experimental model Non-coding Target Cardiac effects PMID
RNA Reference
8 weeks — Running exercise 24 h post-MI Mice/MI 1miR-222 | HIPK1 tcardiac regeneration 29695718
8 weeks — Running exercise 1-week post-MI | HIPK2 | cardiomyocyte apoptosis 34837851
4 weeks- swim training 24 h post MI Mice/MI TmiR-1192 | caspase 3 | cardiomyocyte apoptosis 31733833
1Bcl-2
| Bax
| TGFp-1
Voluntary running for 8 weeks Mice/baseline | IncExACT1 | DCHS2 IncEXACT1 inhibition protects the heart against 35114812
tyap adverse remodelling
| MST1/MST2
Moderate-running for 4 weeks Rats/MI 1 IncH19 Not |fibrosis 32935227
| IncMIAT investigated lapoptosis
1IncGAS 5
Aerobic exercise training over an 8-week four ~ Rats/MI | IncMALAT 1 tmiR-150 lapoptosis 33708967
weeks post-surgery 1PI3K/AKT tautophagy
Swimming exercise for 1 week after surgery Mice/PO 1 miR-574-3p 1 IL-6 | inflammation 38410978
Intensive swim exercise protocol Mice/baseline 1 miR-30d Not |fibrosis 32418505
investigated miR-30d inhibition accelerates heart failure in mice
in response to TAC
Exercise hypertrophic preconditioning [EHP] Mice/PO tIncMhrt779 | p-Akt tantihypertrophic effects 33757294
| p-GSK3p
4 weeks- swim training before I/R Rats/myocardial I/R 1miR-3525p 1p-Akt | cardiomyocyte apoptosis 30879399
injury | caspase 9 | infarct size
| JNK-2
3 weeks — Swim training Mice/baseline tmiR-17-3p | TIMP-3 miR-17-3p mimic administration reduces I/R 28255358
injury
4 weeks - swim training Mice/IR injury tmiR-125b-5p | MAPK | apoptosis 35387487
1miR-128-3p
1miR-30d-5p
3 weeks- swim training before I/R Mice/IR injury 1tmiR-486 | PTEN | cardiomyocyte apoptosis 35077859
| FOX01 | infarct size
Long term exercise Mice/IR injury tIncCRNDE 1 Nrf-2 | apoptosis 37940009
| miR-489-3p | oxidative stress
3 weeks-swim training Mice/baseline tlncCPhar | ATF7 CPhar overexpression in vivo reduces I/R injury 34015936
4 weeks- swim training Mice/IR injury TcircRNA | PEG5 | pathological remodelling 37897547
circUtrn TMAPK/ERK | apoptosis
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adherence [143].

Consequently, there is still suboptimal uptake and inequities in ac-
cess to CR, and home and telehealth-based interventions are increas-
ingly used as alternatives to traditional center-based rehabilitation
programs [144-147] to overcome access, especially in rural areas [148].
Specifically, technological developments can potentially implement
other appropriate options to alleviate the limitations of conventional CR
interventions by providing individual real-time assistance to patients in
their environment [146].

Simultaneously, additional research is needed to extend access to
exercise-based therapy for HFpEF, HFmrEF, or subgroups often under-
represented in trials: women, ethnic minorities, and those with
multimorbidity.

Furthermore, few observational studies reported that cardiac surgery
also influences epigenetic mechanisms. In this regard, adult individuals
undergoing heart surgery exhibit elevated serum levels of histone 3
(tH3) that persist until 3 months later. Circulating levels of H3K4me3
and H3K27ac, two histone modifications, are also modulated by cardiac
surgery. tH3 levels correlate with post-operative features, such as the
length of stay in the hospital and with immune activation [149].

Further studies should investigate whether circulating levels of tH3
and DNA methylation may be considered prognostic biomarkers of CR in
patients undergoing cardiac surgery. It should also be tested whether CR
can faster rescue post-operative circulating levels of histone and DNA
methylation to pre-operative levels.

Finally, the effects of exercise should be tested in relevant and
translational preclinical models, such as in large animals (i.e., porcine
model). In all these settings, understanding non-coding RNAs and their
associated targets in patients undergoing CR can support the identifi-
cation of the specific phenotype and the development of personalized
patient-specific CR protocols.
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