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Abstract: Myocardial infarction is the most prevalent cardiovascular disease worldwide, and it is
defined as cardiomyocyte cell death due to a lack of oxygen supply. Such a temporary absence of
oxygen supply, or ischemia, leads to extensive cardiomyocyte cell death in the affected myocardium.
Notably, reactive oxygen species are generated during the reperfusion process, driving a novel wave
of cell death. Consequently, the inflammatory process starts, followed by fibrotic scar formation.
Limiting inflammation and resolving the fibrotic scar are essential biological processes with respect to
providing a favorable environment for cardiac regeneration that is only achieved in a limited number
of species. Distinct inductive signals and transcriptional regulatory factors are key components that
modulate cardiac injury and regeneration. Over the last decade, the impact of non-coding RNAs has
begun to be addressed in many cellular and pathological processes including myocardial infarction
and regeneration. Herein, we provide a state-of-the-art review of the current functional role of
diverse non-coding RNAs, particularly microRNAs (miRNAs), long non-coding RNAs (lncRNAs),
and circular RNAs (circRNAs), in different biological processes involved in cardiac injury as well as
in distinct experimental models of cardiac regeneration.
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1. Introduction

Myocardial infarction (MI) represents the most prevalent cardiovascular disease world-
wide [1]. From a pathological perspective, MI is defined as cardiomyocyte (CM) cell death
due to lack of oxygen supply, i.e., an ischemic event [2]. Ischemia leads to the necrosis
and cell death of the affected myocardium. Moreover, during the reperfusion process,
the sudden influx of oxygenated blood drives the generation of reactive oxygen species
(ROS), promoting oxidative stress and an extra wave of cell death [3]. As it is well known,
the adult human heart has low levels of cardiomyocyte proliferation, thereby limiting its
healing capacity. However, it must be considered that if the ischemic process is shorter
than 20 min, CMs can survive after the restoration of coronary flow, while longer ischemic
periods facilitate a process wherein millions of CMs lose their contraction potential and die.
These events promote pro-inflammatory scenarios within the infarcted area and cardiac
fibroblasts (CFs) become activated, generating a fibrotic scar. More concretely, when MI
occurs and the necrosis process has started, an inflammatory response is prompted by the
CMs death. Pointedly, in the first wave of heart healing, necrotic cells must be cleared away
by the proinflammatory extracellular-matrix (ECM)-degrading component; this process is
known as efferocytosis [4]. Afterwards, inflammation is deactivated, and ECM deposition
is activated to form the new scar [4]. These two processes are well coordinated and involve
fine-tuned cross-talk among different cell types, such as cardiac myocytes, neutrophils,
macrophages, fibroblasts, endothelial cells, and nerve cells, among which macrophages and
fibroblasts are the two cell populations with the most important roles during the post-MI
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response. Finally, inflammation and scar formation lead to a loss of contractile function,
which eventually induces heart failure (HF) [3,5].

2. The Process of Inflammation during Cardiac Injury

In injured cardiac cells, an inflammatory process is triggered as a consequence of the
activation of the Toll receptor (TLR) and/or nuclear factor-κB (NF-κB signaling pathways
through the modulation of SOCS3 (suppressor of cytokine signaling 3) [6–8]. In the in-
flammatory phase, necrotic CMs release danger-associated molecular patterns (DAMPs).
These molecules bind to their receptors in the surviving parenchymal cells and infiltrat-
ing leukocytes, thereby triggering the delivery of inflammatory actors, i.e., inflammatory
cytokines such as CXC chemokines for neutrophil chemoattraction, CC chemokines that at-
tract monocytes and T-lymphocytes, cell adhesion molecules, and complement factor B [4].
The expression of the pro-inflammatory genes is driven by DAMP–receptor binding, which
induces an intracellular signaling pathway that leads to the activation of mitogen-activated
protein kinases (MAPKs) and NF-κB [4].

At the cellular level, CMs, immune cells, vascular cells, and fibroblasts are key actors in
the inflammatory response, although their precise roles remain largely unknown. Necrotic
CMs are responsible for DAMPs’ release in the infarcted area, while the activation of en-
dothelial cells is needed for the extravasation of leukocytes as neutrophils [9]. Emigrated
neutrophils become the predominant cell type in the infarct zone within the first 24 h after
MI and aid in the clearance of dead cells and matrix debris from the infarct zone. After
7 days post-MI, neutrophil levels decline due to the reduction in neutrophil extravasation
by an anti-inflammatory process; however, the fibrotic response is enhanced, promoting
HF [4,10]. Monocytes are immune cells that can differentiate into macrophages [11], and
phagocytosis is one of their principal functions [12]. Resident macrophages are a hetero-
geneous population within the adult heart [13]. Like neutrophils, macrophages have a
polarized status depending on their function. M1 macrophages play a pro-inflammatory
role on day 1 post-MI, with phagocytic and proteolytic functions. Later, M1 macrophages
change into M2 macrophages, which perform an anti-inflammatory and reparative role
around day 7 post-MI due to the release of cytokines [10,14–17]. It is essential to highlight
that M1 macrophages induce a positive effect by producing pro-inflammatory exosomes
(M1-exos) that accelerate injury repair after MI and promote angiogenesis [18]. However, if
such M1 macrophages’ effect is maintained over time, it can trigger ECM degradation [19],
thus decreasing the capacity for regeneration [20,21].

Concerning CFs, it is important to highlight that they represent an abundant pop-
ulation of cells in the adult mammalian myocardium that maintain homeostatic ECM
conditions. However, after the release of DAMPs, CFs become activated, secreting cy-
tokines and chemokines that may prevent fibrotic scar formation before cell death, and
matrix debris are eliminated from the infarct zone [4]. Furthermore, several studies have
demonstrated tight cross-talk among macrophages, neutrophils, fibroblasts, and endothe-
lial cells [10]. Finally, during the inflammation process, the ECM plays an essential role
as a structural scaffold and in the transduction of molecular signals, wherein it induces
cytokine and chemokine segregation by endothelial and immune cells [4].

3. The Process of Fibrosis during Cardiac Injury

As mentioned before, the infarct zone is cleared of dead cells and matrix debris during
the inflammation process. This step is followed by a proliferative phase that leads to
cardiac repair, in which anti-inflammatory pathways are activated and myofibroblasts
and vascular cells infiltrate the wounded area. It is necessary to suppress the inflam-
matory process for cardiac repair because a lack of optimal preservation of the cardiac
structure could entail worse effects at the functional level [5]. During the clearance of
dead cells, anti-inflammatory cytokines are released; concomitantly, infiltrated neutrophils
undergo apoptosis [5]. After the inflammatory response, CFs are the main cell type within
the infarcted area, and a phenotypic change occurs, where CFs transdifferentiate into
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myofibroblasts. These cells, which undergo increased synthesis of both structural and
matricellular ECM proteins, present a proliferative phenotype and high expression of
contractile proteins, such as α-smooth muscle actin (SMA) [22]. This transdifferentiation
process is mediated by the activation of the transforming growth factor β (TGF-β), the de-
position of fibronectin and other matrix proteins, and the removal of the pro-inflammatory
inductor IL-1β [22].

4. Inductive and Transcriptional Regulatory Mechanisms Driving Cardiac Injury
and Regeneration

Transcriptional regulation and its associated regulatory mechanisms are key compo-
nents of cardiac regeneration. Several laboratories have deciphered the role of different
transcription and growth factors that have the ability to maintain, in neonatal mice, or
diminish, in adult mice, cardiac regenerative capacity [23]. A few years ago, Porrello’s lab
analyzed the different transcriptional networks as well as signaling pathways and cellular
processes in adult and neonatal injured hearts [24]. They found that neonatal CMs were
enriched in transcription factors related to the cell cycle, such as E2f1 and Foxm1. In con-
trast, adult CMs were enriched in transcription factors related to autophagy, such as Tfeb
(transcription factor EB), Amfr (autocrine motility factor receptor), Gabarap (GABA-type-
A-receptor-associated protein), and oxidative stress-related genes such as Sod1 (superoxide
dismutase 1) [24].

Interestingly, follistatin-like 1 (Fstl1) is expressed in the normal epicardium in mice,
although its expression is reduced after cardiac injury is triggered in the myocardium.
It has been evidenced that Fstl1 derived from epicardial cells promotes the proliferation
of CMs. However, Fslt1 from the myocardium have lost this ability, probably due to
post-translational modifications [25]. In the same line, Neuregulin1 (Nrg1) modulates CM
proliferation in mammals, and its administration improves cardiac regeneration. This
process seems to be mediated by an NRG1 receptor, namely, Erbb2 (erb-b2 receptor tyro-
sine kinase 2), whose expression dramatically diminishes in neonatal mice one week after
birth [26]. In contrast, Erbb2 levels in adult zebrafish are maintained, thereby contributing
to the preservation of cardiac regeneration via the modulation of Nrg1 levels [26]. More-
over, it must be considered that chromatin remodeling is associated with the inability of
adult CMs to recapitulate neonatal proliferative programs. In neonatal injured CMs, a
euchromatic state was found within genomic regions related to the cell cycle and inflam-
mation genes; however, these euchromatic regions become more condensed in postnatal
and adult injured CMs [24]. Overall, these studies provide an initial demonstration of the
important contributions of inductive and transcriptional regulatory mechanisms during
cardiac regeneration.

5. The Emerging Impact of Non-Coding RNAs’ Regulation of Cardiac Injury
and Regeneration

The molecular bases that govern cardiac regeneration are very complex, including
both coding RNAs and non-coding RNAs (ncRNAs) as pivotal modulators. Researchers
began addressing the impacts of non-coding RNAs some years ago, and it was through such
research that it was discovered that they are powerful regulators of a multitude of cellular
and pathological processes such as MI, hypertrophy, HF, and arrhythmias [27]. ncRNAs
are functional RNA molecules (without protein-coding functions) that play an essential
role in distinct biological and physiological processes as well as pathological disorders [28].
According to the number of nucleotides contained and their characteristics [28], ncRNAs are
classified into (i) small non-coding RNAs (≤200 nucleotides), including microRNAs (miR-
NAs), small nucleolar RNAs (snoRNAs), piwi-interacting RNAs (piRNAs), and transfer
RNA (tRNAs); (ii) long non-coding RNAs (>200 nucleotides), including intronic, enhancer,
circular, and intergenic lncRNAs; and (iii) circular RNA (circRNA), which lacks free ends
and comprises a wide range of ncRNAs. This third emerging class is produced by a non-
canonical splicing event (back-splicing), a process in which a downstream splice-donor
site is covalently linked to an upstream splice-acceptor site. The canonical function of
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miRNAs is to modulate gene expression at the post-transcriptional level by recognizing
and binding to target mRNAs and triggering their degradation [29,30]. Several studies have
demonstrated that miRNAs are closely related to inflammation, fibrosis, and angiogenesis
after MI [31,32]. The molecular mechanisms of long non-coding RNAs (lncRNA) are more
complex than those of miRNAs because lncRNAs can exert their functions both at the
transcriptional and post-transcriptional levels, interacting with all types of RNA molecules,
proteins, and different chromatic modulators [33]. The participation of lncRNAs in MI has
been recently evidenced. The genome-wide profiling of the cardiac transcriptome after MI
has evidenced deregulated heart-specific lncRNAs [34]. Finally, circRNAs act by binding to
proteins or miRNAs, interfering with them and blocking their function [35]. Evidence has
demonstrated that circRNAs’ expression is impaired after MI [36]. Scientists from different
countries found that circulating ncRNAs are sensitive biomarkers for cancer and other
kinds of disease, including MI. These findings indicate that the identified biomarkers for
MI offer great potential for clinical applications [37].

Within the MI context, the ability to link ncRNAs with the main cardiac gene-regulatory
networks that drive the main biological processes activated after injury, such as inflam-
mation and fibrosis, may provide a new opportunity for therapeutic intervention via
regenerative medicine applied to the heart. The generation of new knowledge about this
pathological process has become the primary concern within the field of cardiovascular
research due to the high socioeconomic burden of acute MI and its chronic consequences
in surviving patients. The current manuscript provides a comprehensive review of the
roles of ncRNAs (miRNAs, lncRNAs, and circRNAs) during ischemic myocardial injury, in
post-infarction remodeling, and in cardiac repair mechanisms.

5.1. The Functional Roles of miRNAs in the Cardiac Inflammatory Response

In recent years, an increasing number of miRNAs have been reported to play distinct
roles during the inflammatory response in MI. Among these miRNAs, six, namely, miR-181,
miR-155, miR-21, miR-146, miR-133, and miR-130, have been considerably well studied
in multiple reports, as detailed below, including through in vitro and in vivo models.
Importantly, the functional roles of these miRNAs can be exerted, via their secretion into
extracellular vesicles, in remote cells, wherein they directly modulate transcription factors
and/or growth factors in the targeted cells. In addition, their function can be mediated by
their interaction with other non-coding RNA molecules such as lncRNAs and circRNAs.
In the following paragraphs, we will summarize the current state-of-the-art knowledge of
those miRNAs involved in cardiac inflammatory processes during cardiac injury.

5.1.1. The Role of miR-181

As previously stated, the functional role of miR-181 in cardiac inflammation is par-
ticularly well documented. Several in vitro and in vivo studies have demonstrated that
high levels of miR-181 lead to the inhibition of myocardial inflammation via the modu-
lation of pro-inflammatory markers (such as tumor necrosis factor-α (TNF-α) and IL-1β)
and oxidative stress; through the regulation of ROS components such as SOD1 (super-
oxide dismutase 1) and SOD2; and by targeting ATF2 (activating transcription factor 2)
(Figure 1) [38,39]. Moreover, LUCAT1 and MIAT lncRNAs are regulators of miR-181a-5p,
thereby modulating inflammation (TNF-α, IL6, and IL1β), oxidative stress (SOD levels),
apoptosis, and cell viability in vitro, which was demonstrated in an in vitro model of CM
injury or ischemia–reperfusion, as well as in vivo by modulating the JAK/STAT signaling
pathway (Figure 1) [40,41].

5.1.2. The Role of miR-155

miR-155 is also one of the main non-coding RNAs involved in the inflammatory
process occurring after MI [42,43]. miR-155’s biogenesis is regulated by MCPIP (mono-
cyte chemotactic protein-induced protein), which negatively modulates inflammation [44].
MCPIP is not only expressed in CMs but plays an essential role in myocardial cells during in-
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flammation after MI by down-regulating miR-155 and NF-κB signaling (Figure 1) [45]. miR-
155 regulates the differentiation and polarization of macrophages through the JAK2/STAT3
signaling pathway, particularly targeting SOC3 (Figure 1) [46–50].
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Figure 1. Cardiac inflammation. Schematic representation of the main miRNA, lncRNA, and circRNA
gene-regulatory networks reported to play a role in distinct signaling pathways leading to cardiac
inflammation. Green arrows delineate the ncRNAs that activate the signaling pathway while those
depicted in red inhibit such signaling pathways. Note that many ncRNAs preferentially modulate
NF-κB signaling, thus influencing M1 to M2 macrophage activation. circRNAs are depicted in
green, microRNAs are depicted in yellow, and the different signaling pathways modulating the
inflammatory response are depicted in blue.

M1-macrophage-produced exosomes are loaded with miR-155 [18,51]. In mice, M2
macrophage polarization is necessary for cardiac regeneration that is mediated by a decrease
in miR-155; however, the inflammatory process is maintained due to an increase in miR-
155 and the conversion of M2 to M1 mediated by CCL2 (C-C motif chemokine ligand 2)
expression (Figure 1) [52–54]. A similar scenario is observed in human patients, where miR-
155 expression is correlated with the absence (upregulation) or presence (downregulation)
of ventricular rupture [18,55,56]. Curiously, while there is ample evidence of the direct
involvement of miR-155 in the inflammatory process during cardiac infarction through
its pro-inflammatory role, no evidence has been reported on its regulation by distinct
non-coding RNAs, such as lncRNAs and/or circRNAs.

5.1.3. The Role of miR-21

Several in vitro studies have demonstrated an anti-inflammatory response regu-
lated by miR-21 [57,58]. In this context, miR-21 overexpression inhibits M1 polarization
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by reducing ROS production and the levels of some pro-inflammatory markers (IL-6
and TNF-α) while promoting high levels of anti-inflammatory markers (Arg-1 and IL-
10) (Figure 1) [59,60]. In vivo analysis has recapitulated the anti-inflammatory and pro-
angiogenic roles of miR-21 [61,62]. In an ischemia/reperfusion mouse model, extracellular
vesicles (EVs) loaded with CD47 and miR-21 were observed to exert an anti-inflammatory
effect by decreasing the expression of IL-1 and IL-6 and increasing the expression of the
anti-inflammatory cytokine, IL-13. Moreover, this treatment was also associated with a
decrease in the levels of CD68+ macrophages, which number among the main markers of
M0 macrophage differentiation. Therefore, these EVs reduce the number of macrophages
with the capacity to differentiate into M1 or M2 forms (Figure 1) [63–65].

The anti-inflammatory action of miR-21 has been demonstrated in miR-21 knock-out
mice, in which IL-1, IL-6, and TNF-α are increased as a consequence of the activation
of p38 and NF-κB signaling mediated by the interaction of KBTBD7 (Kelch repeat and
BTB-domain-containing protein 7) with MKK3/6 (Figure 1) [22,57]. Curiously, miR-21 is
elevated in human patients with MI [66].

5.1.4. The Role of miR-146

miR-146 also participates in the inflammatory response after MI, acting as a nega-
tive regulator [67]. Several studies have observed high levels of miR-146 after MI that
control inflammation by the regulation of NF-κB signaling through the modulation of
TNF-receptor-associated factor 6 (TRAF6), thus promoting M1 macrophage polarization
(Figure 1) [55,66,68–74]. miR-146 also downregulates IRAK1 (interleukin-1 receptor-associated
kinase 1), thereby decreasing the production of pro-inflammatory cytokines (Figure 1) [75].
Several studies have also reported a relationship between miR-155 and miR-146 [55,76] given
the role of miR-146 in dampening excessive inflammation [67]. miR-146 downregulates
(while miR-155 upregulates) CCL2 and also inhibits the IRAK1/TRAF6 signaling pathway,
thus leading to pro-inflammatory cytokine production (Figure 1) [16,18,77–79].

5.1.5. The Role of miR-133

The role of miR-133 has not been directly linked to cardiac inflammation. However,
it has been indirectly linked to cardiac inflammation throughout the regulation of this
microRNA by distinct circRNAs, i.e., circMAT2b and circHelz (Figure 1). Both circRNAs
act in vitro as endogenous sponges of miR-133, reducing its expression. Thus, high lev-
els of these circRNAs in MI decrease cardiac injury [80]. Furthermore, circHelz in vivo
essays demonstrated a regulation of the miR-133/NLRP3 (NLR family protein pyrin do-
main containing 3) axis (Figure 1), leading to low levels of NLRP3 inflammasome that,
therefore, decreased myocardial infarct size, pyroptosis, and inflammation and increased
cardiac function [81].

5.1.6. The Role of miR-130

In vitro and in vivo experiments have shown that miR-130 targets PPAR-γ (peroxi-
some proliferator-activated receptor γ). miR-130 downregulates PPAR-γ, increasing the
expression levels of proteins associated with fibrosis and inflammation. Therefore, the
inhibition of this miRNA confers a cardioprotective effect by inhibiting NFκB-mediated
inflammation (Figure 1) [82]. Evidence of miR-130 regulation by lncRNAs has also been
reported. For example, lncRNA KCNQ1OT1 plays an important role in MI given that its
expression is upregulated in vitro. This lncRNA upregulates the expression of ZNF791
through the miR-130a/ZNF791 axis, exerting an inhibitory effect on this miRNA and thus
ameliorating injury in CMs (Figure 1) [83].

In addition to those previously described miRNAs, other miRNAs (miR-24, miR-223,
miR-23, miR-22, miR-30, miR-499, and miR-486) have also been reported during cardiac
inflammation in different experimental contexts, i.e., MI, ischemia/reperfusion, and HF,
yet the current reported evidence is more limited.
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5.1.7. The Role of miR-24

In in vivo models of MI, miR-24 improves cardiac function through its negative reg-
ulation of S100A8 (S100 calcium-binding protein A8). Due to this inhibition, the arrival
of inflammatory cells to the injury zone is reduced by the action of the S100A8/Toll-like
receptor 4/MyD-88/NF-κB axis (Figure 1) [84–86]. Additionally, miR-24 can also inhibit
CCR2 (C-C motif chemokine receptor 2), which is involved in monocyte recruitment [87].
Thus, miR-24 reduces inflammation and fibrosis by inhibiting the S100A8/Toll-like recep-
tor 4/MyD-88/NF-κB and TGF-β pathways, respectively (Figure 1). Furthermore, this
miRNA also regulates fibroblast and CM apoptosis, although the mechanism of this process
is unclear.

5.1.8. The Role of miR-223

MI also reduces miR-223 levels both in vitro and in vivo, thereby increasing cytokine
production (IL-6, IL10, and TNF-α) [88]. This effect is caused by miR-223’s inhibition of
FBXW7 (F-box and WD repeat domain containing 7), a key molecule that participates in
the inflammatory response regulating the TLR4 (Toll-like receptor 4) signaling pathway
(Figure 1) [89,90]. In addition, non-coding RNAs that regulate this miRNA have also been
described, for example, lncRNA FGD5-AS1, which negatively regulates miR-223 [91]. Since
miR-223 regulates PI3K/AKT, the effect of lncRNA FGD5-AS1 has been related to decreased
production of cytokines. Therefore, miR-223 drives an anti-inflammatory situation in MI
since low levels of miR-223 increase FBXW7 expression and thus inhibit the TLR4/NF-κB
pathway (Figure 1) [92].

5.1.9. The Role of miR-23

miR-23-3p downregulation in acute HF promotes macrophage polarization [93]. In par-
ticular, the deletion of 12/15 lipoxygenase (LOX) downregulates miR-23a-3p during acute
HF in mice, altering cardiac remodeling by promoting the polarization of macrophages due
to a switch in inflammatory (M1) and reparative (M2) cytokines, i.e., due to the activation
of the EP4 (prostaglandin E2 receptor 4) receptor. The reduction in the expression of this
enzyme suggests an increase in the number of macrophages with a reparative phenotype
and a shift towards reparative signaling and improved post-MI survival (Figure 1) [93].

5.1.10. The Role of miR-22

miR-22 confers a cardioprotective effect against inflammation after a myocardial is-
chemic/reperfusion injury [94]. In this context, miR-22 overexpression significantly reduces
creatine kinase and lactate dehydrogenase serum levels, which are two enzymes that allow
for the monitoring of myocardium damage. miR-22 upregulation in the myocardium also
decreases infarct size and significantly reduces p38 MAPK, CBP (CREB binding protein), c-
Jun-AP-1, and p-c-Jun-AP-1 expression levels. In addition, miR-22 decreases the production
of proinflammation mediators such as TNF-α and IL-6 (Figure 1) [94].

5.1.11. The Role of miR-30

miR-30a [95] and miR-30e-5p expression is decreased in in vitro and in vivo myocar-
dial injury [96–98]. PTEN (Phosphatase and tensin homolog), a tumor suppressor gene that
promotes IL-1, IL-6, and TNF-α production, is a direct target of miR-30e-5p [98–100]. On the
other hand, miR-30c-5p increased expression in in vitro and in vivo experiments and upreg-
ulated Nrf2 (nuclear factor erythroid-2-related factor 2) through the inhibition of the tran-
scription factor Batch1, which is a direct target of miR-30, thus decreasing the production
of pro-inflammatory cytokines. Thus, miR-30c downregulates pro-inflammatory cytokine
production via Batch/Nrf2 (Figure 1) [96,97]. However, despite this anti-inflammatory role,
some authors propose that miR-30c performs a pro-inflammatory function by activating
NF-kB signaling via SIRT1. Therefore, additional studies are required to elucidate the dual
function of miR-30c in the cardiac inflammatory process.
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5.1.12. The Role of miR-499

miR-499 has been associated with a cardioprotective effect due to cytokine produc-
tion [101] since high levels of this miRNA reduced the expression of TLR2 (Tol-II receptor)
in an in vivo model of MI and thus decreased the level of pro-inflammatory cytokines
(Figure 1) [102–104]. However, the increase in miR-499 in MI upregulates α7-nAchR
(alpha-7 nicotinic receptor) expression, increasing the inflammatory response in endothe-
lial cells [105].

5.1.13. The Role of miR-486

Finally, miR-486 was downregulated in an ischemia–reperfusion rat model while
in vitro overexpression increased cell viability and reduced inflammation and apoptosis,
partly by regulating Foxd3 (forkhead box D3) (Figure 1) [106].

In summary, the NF-kB signaling pathway is primarily modulated by different miR-
NAs, which play both pro-inflammatory (miR-155, miR-133, miR-130, and miR-23) or
anti-inflammatory (miR-181, miR-21, miR-146, miR-24, miR-223, miR-22, and miR-486)
roles. Most of these miRNAs are related to the inflammatory process through macrophage
polarization and direct cytokine production. Although most of these miRNAs’ roles in car-
diac inflammation have been well studied, there are some controversial findings, i.e., those
related to miR-30; thus, additional studies are required. Overall, these data highlight the
relevant functional role of a large number of miRNAs modulating distinct signaling path-
ways that ultimately lead to the regulation of the pro-inflammatory and anti-inflammatory
responses during cardiac injury. Importantly, the activity of these miRNAs can also be
modulated by other non-coding RNAs, such as lncRNAs and circRNAs, thus establishing
complex regulatory networks (as summarized in Figure 1).

5.2. The Functional Role of miRNAs in Cardiac Fibrosis Response

An increasing amount of evidence is also emerging on the functional roles of distinct
miRNAs in cardiac fibrosis. Particularly, a handful of miRNAs have been extensively
reported in this context, i.e., miR-34, miR-145, miR-181, miR-155, miR-133, miR-22, miR-21,
miR-26, miR-29, and miR-30, as described in detail below (Figure 2). Importantly, several
of them also have an impact on the inflammatory process, such as miR-181, miR-155, mi2-
133, miR-22, miR-21, and miR-30, supporting the notion of the pivotal dual roles of these
miRNAs in MI and regeneration (Figures 1 and 2).

5.2.1. The Role of miR-34

To date, the contributions of miR-34 have exclusively been described in cardiac fibrosis
(Figures 1 and 3). Huang et al. [107] reported in vitro and in vivo that miR-34a inhibition
reduces fibrosis in the post-MI heart while miR-34 overexpression produces the opposite
effects. After Mi was induced in mice, miR-34a was predominantly expressed in the
infarcted regions, and collagen I, α-SMA, TGF-β1, and Smad4 were also upregulated.
Furthermore, it was determined that TGF-β1 modulated miR-34a during cardiac fibroblasts’
activation since Smad4 is a direct target of miR-34a. Thus, miR-34a can activate the TGF-β1
signaling pathway to induce cardiac fibrosis [107].

Additional evidence on the role of miR-34 in TGF-β1 signaling was more recently
reported by Zhang et al. [108] using rat CFs and a rat MI model. In these contexts, miR-34a
and miR-93 modulate TGF-β1, inducing fibroblast proliferation and ECM deposition by
targeting c-ski and altering CM proliferation (Figure 2) [108]. However, in recent years,
Wang et al. [109] have described an anti-fibrotic effect of miR-34-5p, whose expression level
was decreased, mediated by the regulation of the lncRNA SNHG7, in the infarcted or peri-
infarcted area of cardiac tissues and CFs treated with TGF-β [109]. After MI-induced cardiac
fibrosis in mice, lncRNA SNHG7 levels were elevated, CFs’ viability was increased, and the
fibroblast–myofibroblast transition was promoted. However, SNHG7 silencing experiments
increased miR-34-5p expression (Figure 2), thereby diminishing the promotive effect of
ROCK1 (Rho associated protein kinase 1) toward the cardiac fibroblast–myofibroblast
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transition (Figure 2). Thus, SNHG7 enhances cardiac fibrosis after MI in mice by targeting
miR-34-5p and promoting ROCK1 expression, thus inducing CFs′ proliferation and the
fibroblast–myofibroblast transition [109].
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Figure 2. Cardiac fibrosis. Schematic representation of the main miRNAs’ and lncRNAs’ gene-
regulatory networks reported to be involved in distinct signaling pathways leading to cardiac
fibrosis. Green arrows delineate the ncRNAs that activate the signaling pathways while those
depicted in red inhibit such signaling pathways. Note that ncRNAs can influence multiple and
distinct signaling pathways leading to the activation of fibroblasts in myofibroblasts and thus ECM
deposition. circRNAs are depicted in green, microRNAs are depicted in yellow, and the different
signaling pathways modulating the inflammatory response are depicted in blue.

5.2.2. The Role of miR-145

miR-145 is another microRNA whose action has been defined in the context of cardiac
fibrosis following an MI. Although in vitro studies show that hypoxic conditions lead to
the downregulation of miR-145 expression in CFs, after miR-145 transient transfection, the
number of α-SMA-positive cells is increased, indicating that the conversion of fibroblasts
into myofibroblasts has occurred [110,111]. This process is modulated through the KLF5
(Krüppel-like factor 5)-myocardin pathway as miR-145 enhances myocardin expression by
inhibiting KLF5, a negative regulator of myocardin (Figure 2) [110,111].

Similarly, in vivo assays reported that three days after MI, miR-145 expression de-
creases as a result of large-scale fibroblast death and the stimulation of an inflammatory
response; however, between days 7 and 14 after MI, miR-145 expression gradually increases,
promoting the conversion of fibroblasts into functional contractile myofibroblasts by down-
regulating KLF4 (Krüppel-like factor 4) until 28 days post-MI (Figure 2) [110]. Furthermore,
the in vivo delivery of miR-145 antagomiR one day before MI and two and six days af-
ter MI decreases myofibroblast formation and increases scar size (110). Such expression
changes suggested that miR-145 might participate in post-infarction remodeling, as it is a
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necessary factor in the mediation of fibroblast-to-myofibroblast transdifferentiation and the
promotion of the migration and polarization of CFs for subsequent scar contraction [111].
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Figure 3. Schematic representation of the distinct miRNAs reported to be involved in distinct
biological processes during MI. microRNAs are depicted in large, intermediate, and small sizes
according to the number of biological events in which they are involved, e.g., miR-23 is larger since it
is involved in inflammation, fibrosis, apoptosis, and autophagy, while miR-30 is only involved in
fibrosis. Note that there is increasing information available about the role of microRNAs in three
critical biological processes involved in MI, i.e., inflammation, fibrosis, and apoptosis, while the
information on their roles in other biological processes, such as proliferation, cell viability, autophagy,
angiogenesis, and oxidative stress, is still incipient.

In addition to its pro-fibrotic potential, Cui et al. [112] demonstrated that miR-145
can attenuate cardiac fibrosis through the AKT/GSK-3β/β-catenin signaling pathway by
directly targeting SOX9 in fibroblasts. The negative regulation of SOX9 mediated by miR-
145 in the infarcted rat heart increases PTEN and exerts anti-fibrotic effects via the negative
regulation of SOX9, which increases PTEN, thereby inhibiting the PI3K/AKT pathway
(Figure 2) [112]. This microRNA also inhibits hypoxic CF survival in neonatal rat CFs and
promotes apoptosis via SOX9 and β-catenin downregulation, which was accompanied by
a reduction in GSK-3β phosphorylation, proliferation, migration, and collagen synthesis
in CFs [112].

The contribution of miR-145 to cardiac fibrosis is also regulated through lncRNAs.
Huang et al. [113] reported that MALAT1 lncRNA promotes cardiac fibrosis and dete-
riorates cardiac function post-MI in mice by regulating TGF-β1 activity via miR-145
(Figure 2) [113]. At the cellular level, MALAT1 knockdown promotes AngII-induced
neonatal mouse CF proliferation, collagen production, and myofibroblast transdifferentia-
tion [113]. In both approaches, MALAT1 lncRNA directly regulates miR-145, acting as a
sponge of this microRNA that can enhance TGF-β1 activity and increase the expression of
Furin, of which the latter promotes cardiac fibrosis [113]. Overall, these data support the
idea that miR-145 has a dual role in cardiac fibrosis.
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5.2.3. The Role of miR-181

Indirect evidence on the role of miR-181 in cardiac fibrosis was reported by Vaskova
et al. [114] who observed that the downregulation of miR-181a results in the attenuation
of myocardial fibrosis and hypertrophy, thereby restoring an injured rodent heart after
MI [114]. Additional evidence was reported by Chen et al. [115] who demonstrated that
miR-181 upregulation in an MI rat model is associated with ECM deposition, a process
that can be downregulated using microRNA inhibitors, partly by targeting TGF-β receptor
III (TβRIII) (Figure 2) [115]. However, the molecular mechanisms that contribute to the
attenuation of myocardial fibrosis have not yet been fully elucidated.

5.2.4. The Role of miR-155

After myocardial injury, miR-155 not only regulates the inflammatory process but also
participates in the proliferation and differentiation of myofibroblasts after myocardial injury,
performing a pro-fibrotic role [42,116]. In a recent study using mice with dyslipidemia and
without the expression of miR-155 (Apo E−/−, miR155−/−), the fibroblast density in the
post-ischemic scar was increased after MI was significantly reduced [117]. Such an effect of
miR-155 was corroborated by an inhibition of miR-155-downregulated α-SMA in fibrob-
lasts and decreased myofibroblast differentiation and proliferation (Figure 2) [118–120].
Nevertheless, an opposite role of this microRNA has been described in an in vitro assay
on human CFs where the interaction between lncRNA XIST and miR-155 downregulates
microRNA expression, producing high levels of fibrotic proteins such as Col1α1, Col1α3,
and α-SMA and regulating the proliferation and apoptosis of fibroblasts (Figure 2) [121].
Therefore, miR-155 seems to play a dual role in fibrosis. Additional studies will be required
to elucidate the triggering causes of its pro-fibrotic vs. anti-fibrotic effects.

5.2.5. The Role of miR-133

The role of miR-133 during cardiac fibrosis has been reported in several distinct exper-
imental approaches. Dakhlallah et al. [122] demonstrated that miR-133a-transfected mes-
enchymal stem cells administered to a mouse model of MI led to increased cell engraftment,
decreased fibrosis, improved cardiac function, and reduced expression of proapoptotic
genes [122]. Yu et al. [123] demonstrated a reduction in miR-133a levels in the infarct border
zone after MI in mice and that forced miR-133a expression improves cardiac function and
reduces fibrosis, providing evidence that the expression of TGF-β1, CTGF (connective tissue
growth factor), Col1α1, Col1α3, and α-SMA were decreased (Figure 2) [123]. Additional
evidence on the role of miR-133 was reported in a study by Zhu et al. [124] wherein miR-
133a-3p-containing exosomes enhanced proliferation, migration, and angiogenesis while
inhibiting CM apoptosis in vitro in H9c2 CMs and HUVEC cells, respectively [124]. Fur-
thermore, miR-133a-3p-enriched exosomes also significantly inhibit CM apoptosis, reduce
fibrotic area, and improve cardiac function as measured via echocardiography in infarcted
rats in vivo by modulating Akt phosphorylation [124]. The role of miR-133 in cardiac
fibrosis, particularly miR-133b, is also modulated by lncRNAs; for instance, complementary
patterns of TUG1 (taurine-upregulated gene 1) lncRNA, and miR-133b were identified in
a rat model of myocardial fibrosis. TUG1 lncRNA knockdown decreases myofibroblast
activation, while forced expression increases proliferation and collagen deposition by acting
through miR-133 and its downstream targets, i.e., CTGF (Figure 2) [118]. In sum, these
studies demonstrate that miR-133 exerts anti-fibrotic effects during MI.

5.2.6. The Role of miR-22

The study of the functional role of miR-22 in cardiac fibrosis has generated controver-
sial results. Hong et al. [125] described miR-22 as a negative regulator of cardiac fibrosis
following induced MI in mice and angiotensin II treatment in CFs due to its effects on colla-
gen deposition and Col1α1, Col1α3, and TGFβR1 expression (Figure 2) [125]. However,
a pro-fibrotic role of miR-22 was identified in similar experimental models in which this
microRNA accelerated cardiac fibrosis through the miR-22–Cav3–PKCε pathway, inducing
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the proliferation and differentiation of CFs into myofibroblasts and collagen deposition
due to the activation of PKCε (Figure 2) [126]. More recently, in CFs isolated from mouse
hearts treated with Angiotensin II, miR-30-5p and miR-22-3p were downregulated, whereas
the levels of PTAFR (platelet activating factor receptor) were increased [127]. miR-22-3p
mimic transfection reduces the expression of proliferation markers, such as cyclin D1 and
PCNA (proliferating cell nuclear antigen), as well as collagen-deposition-inhibiting Col1α1,
Col1α3, and α-SMA expression [127]. It also represses the mRNA and protein levels of
PTAFR, which decrease CFs viability, suggesting an anti-fibrotic effect mediated by miR-22-
3p in AngII-treated CFs (Figure 2) [127]. Therefore, additional efforts are required to fully
elucidate the plausible dual role of miR-22 in cardiac fibrosis.

5.2.7. The Role of miR-21

Despite the anti-inflammatory effect of miR-21 after MI, this miRNA has also been
implicated in fibrosis, in which it plays a pro-fibrotic role [128,129]. In plasma samples
taken from MI patients, the levels of miR-21 increased over time after cardiac injury, and the
same result was observed in the ischemic area after coronary artery ligation in mice [128].
Furthermore, in vitro TGF-β-treated CFs promoted increased expression of miR-21, col1α1,
α-SMA, and F-actin [128]. A luciferase assay demonstrated that Smad7, a negative regulator
of TGF-β factor, is a target of miR-21, thus providing further evidence of a role of miR-21
in fibrosis via the regulation of the TGF-β/Smad7 pathway (Figure 2) [128,130]. miR-21
also regulates other signaling pathways, such as pERK/ERK and Spry1/Erk/Map, with
the latter contributing to fibrosis (Figure 2) [131,132]. In H9c2 cells, the expression of
TGF-β and miR-21 was increased, establishing that miR-21 promotes fibrosis by regulating
TGF-β/Smad3 signaling [133]. Therefore, miR-21 has anti-inflammatory and pro-fibrotic
roles because it participates in inflammation by inhibiting the p38 and NF-kB pathways,
thus decreasing pro-inflammatory cytokine production, and in fibrosis by downregulating
TGF-β pathway inhibitors (Figure 2).

5.2.8. The Role of miR-26

In both cell cultures, namely, oxygen-glucose-deprivation (OGD)-treated CMs and
H9c2 cells and an in vivo MI mouse model, miR-26a overexpression decreases collagen 1,
CTGF, and ATM (Ataxia-telangiectasia mutated) expression levels, reducing cardiac fibrosis
and apoptosis [134]. miR-26b is another member of the miR-26 family that plays a role
in MI. This miRNA negatively targets PTGS2 (prostaglandin-endoperoxidase synthase 2),
activating the MAPK signaling pathway and thus reducing the inflammatory response and
improving myocardial remodeling after MI in mice (Figure 2) [135].

5.2.9. The Role of miR-29

Several studies suggest that miR-29 family members can target mRNAs involved
in fibrosis, such as collagens, fibrillins, and elastin [136]. In vitro assays in CFs have re-
ported that miR-29a overexpression decreases the expression of FOS, thereby reducing
cell proliferation and migration induced by TGF-β1 [137]. The implication of the miR-29
family in fibrosis has also been studied in animal models with hypertension; for instance,
the overexpression of miR-29b in a mouse heart prevents AngII-mediated cardiac fibro-
sis and cardiac dysfunction by targeting the TFG-β/Smad3 pathway (Figure 2) [138]. In
another pathological context, as with MI, miR-29b overexpression in rat myocardial tis-
sues significantly improves cardiac function by reducing collagen volume fractions and
downregulating the expression of Col1α1 and α-SMA through the targeting of SH2B3
(SH2B adapter protein 3) [139]. Curiously, the ability to attenuate fibrosis after an MI via
targeting the TGF-β/Smad3 pathway with several drugs, such as carvedilol, tanshinone
IIA, and leonurine, is associated with miR-29 overexpression. The cardioprotective effect
of these drugs is lost if an miR-29 antagonist is administered [140–142]. Furthermore, this
role as a fibrogenic repressor is shared by another member of the miR-29 family, miR-29a,
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which is regulated by lncRNA MIAT in human patients with hypertrophic cardiopathy
(Figure 2) [143].

5.2.10. The Role of miR-30

Several members of the miR-30 family are involved in cardiac fibrosis after MI, such
as miR-30a, miR-30b-5p, and miR-30d. It has been demonstrated that miR-30a directly
regulates CTGF, inhibiting its expression and reducing cardiac fibrosis (Figure 2) [144,145].
The fibrotic process and collagen production are also related to miR-30b-5p, which has been
reported to be downregulated in cardiac fibroblasts from rat hearts that were treated with
angiotensin II to induce MI; at the same time, an upregulation of PTARF (platelet-activating
factor receptor) was also reported [127]. This situation produces an increase in fibroblast
proliferation and collagen deposition, suggesting that miR30b-5p controls fibrogenesis by
regulating PTAFR (Figure 2) [127]. In rats with HF, CMs’ production of EVs enriched with
miR-30d downregulates fibroblast proliferation and reduces fibrosis. However, reduced
levels of miR-30d in a chronic phase are related to increased fibrosis and inflammation
markers, suggesting that the effect of the miR-30 family in fibrosis depends on the phase
of the cardiac injury [146]. The MiR-30 family can also be regulated by other non-coding
RNAs, for instance, lncRNAs. In an MI study using murine models, high levels of n379519
lncRNA, which negatively regulates miR-30, were associated with lower levels of fibrosis
and collagen synthesis (Figure 2) [147].

Besides those miRNAs that have been widely documented to play pivotal roles in
cardiac fibrosis, there is emerging evidence for the involvement of an additional handful,
e.g., miR-24, miR-433, miR-146, miR-486, miR-132, miR-130, and miR-195; some of which
also modulate the inflammatory response (i.e., miR-24, miR-146, miR-130, and miR-486)
during cardiac injury (Figures 1–3).

5.2.11. The Role of miR-24

Several in vitro and in vivo studies have reported that an upregulation of miR-24
reduces the proliferation and differentiation of CFs through the downregulation of TGF-
β, which, in turn, occurs through the action of Furin and Smad2/3 phosphorylation
(Figure 2) [148].

5.2.12. The Role of miR-433

miR-433 was consistently elevated in three models of heart disease with prominent
cardiac fibrosis, and it was enriched in fibroblasts compared to CMs. miR-433 forced
expression in neonatal rat CFs enhances proliferation and differentiation into myofibroblasts
through the targeting of AZIN1 (antizyme inhibitor 1) and JNK1. AZIN1 downregulation
promotes TGF-β1 activation, while JNK1 downregulation leads to ERK and p38 kinase
activation, thus promoting cardiac fibrosis (Figure 2) [149].

5.2.13. The Role of miR-146

Several studies, both in vitro and in vivo, have reported that miR-146 promotes fi-
broblast proliferation and myofibroblast differentiation. Furthermore, MI mice treated
with anti-miR-146b displayed high levels of TIMP4 (TIMP metallopeptidase inhibitor 4)
and showed a significant reduction in fibrosis in the injured zone (Figure 2) [150]. In the
same way that miR-146 and miR-155 have a synergic role in the context of inflammation,
a combined mode of action for miR-146 and miR-126 has also been described in fibrosis.
MI rats treated with exosomes derived from adipose mesenchymal stem cells containing
miR-146 and miR-126 showed less fibrosis and more collagen fibers [151].

5.2.14. The Role of miR-486

Chen et al. [152] demonstrated that miR-486 targets SRSF3 (serine/arginine-rich splic-
ing factor 3)/p21 and thereby mediates cardiac myofibroblasts’ senescence (Figure 2). Thus,
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an improvement in their fibrotic activity was observed, which benefits the regeneration of
MI by limiting scar size and post-MI remodeling in mice [152].

5.2.15. The Role of miR-132

In cardiac progenitor cells cultured under hypoxia, exosomes with miR-132 have been
reported to reduce the expression of fibrotic proteins and stimulate angiogenesis [153].
Furthermore, miR-132 overexpression in a rat MI model and in AngII-treated CFs decreases
the expression levels of col1α1, col1α3, TGF-β, and α-SMA. miR-132 inhibits PTEN expres-
sion, a key gene involved in PI3K/Akt signal pathway, thereby decreasing cardiac fibrosis
(Figure 2) [154].

5.2.16. The Role of miR-130

In mouse CFs cultured under hypoxic conditions and after MI, miR-130a expres-
sion decreases, whereas the expression of TGF-β, α-SMA, col1α1, and TGF-β receptor 1
(TGFBR1) increases. In contrast, overexpression of miR-130a decreases the expression of
these factors and reduces the area of cardiac fibrosis, thus improving cardiac function in
post-MI mice [155].

5.2.17. The Role of miR-195

Secreted by injured CMs within cardiosomes in a murine model of MI, miR-195 can
activate primary isolated CFs triggering, via the targeting of SMAD7, the transcription of
collagen, FAP (fibroblast activation protein), fibronectin ED-A, CXCL1, and IL-6, promoting
the activation of α-SMA and leading to myofibroblast differentiation (Figure 2) [156]. Thus,
miR-195-enriched cardiosomes activate cardiac myofibroblasts [156].

As mentioned above, several miRNAs participate in cardiac fibrosis regulation, which
is a complex event characterized by increased fibroblast proliferation and ECM deposition.
Some of them have been shown to favor fibrogenesis, among which are profibrotic miRNAs
such as miR-21, miR-181 miR-195, miR-24, miR-433, or miR-146, whereas others, including
miR-133, miR-26, miR-29, miR-30, miR-486, miR-132, or miR-130a, have been reported to
have an anti-fibrotic role. In addition, it is important to consider that the posttranscriptional
regulations mediated by miRNA are so complex that some of these miRNAs, e.g., miR-34,
miR-145, miR-155, or miR-22, seem to have a dual role in cardiac fibrosis.

5.3. The Role of miRNAs in Other Biological Processes during MI

While it is highly documented that inflammation and fibrosis represent the paramount
hallmarks of cardiac infarction, additional concomitant and intermingled biological pro-
cesses such as apoptosis, cell proliferation, ROS modulation, and angiogenesis, which
number among the most representative events, also occur during cardiac infarction. A
large body of evidence has demonstrated that miRNAs are also involved in these processes,
namely, miR-145, miR-34, miR-23, miR-126, miR-146, miR-22, miR-21, miR-155, miR-24,
miR-208, and miR-590. Among them, apoptosis has been reported to be modulated by a
large number of miRNAs (miR-145, miR-23, miR-34, miR-22, miR-126, miR-21, and miR-24),
as detailed below (Figure 3). Cell proliferation is also modulated by distinct miRNAs
such as miR-145, miR-34, and miR-126 associated with different cardiovascular cell types,
while ROS signaling and angiogenesis are modulated by miR-145, miR-146, and miR-34,
respectively (Figure 3).

Importantly, many of these miRNAs are also implicated during cardiac inflammation
(miR-23), cardiac fibrosis (miR-145), or simultaneously in both events (miR-155, miR-21,
miR-146, miR-24, and miR-22), supporting the notion of a pivotal role of these miRNAs
with respect to orchestrating different aspects of cardiac infarction (Figure 3). In the next
few paragraphs, we will summarize the current information on the functional roles of these
miRNAs, ranging from those modulating multiple processes during cardiac infarction to
those that, to date, have only been involved in discrete processes.
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5.3.1. The Role of miR-145

Several studies have identified a cardioprotective role of miR-145-5p through both
in vitro and in vivo ischemic approaches. For instance, in a model of myocardial hy-
poxic/ischemic injury, after exposing H9c2 cardiac cells to hypoxia, miR-145-5p was notably
downregulated, while CD40, inflammatory response cytokines, and apoptotic genes were
highly expressed. However, miR-145-5p mimic transfection effectively suppressed CD40
expression, decreased inflammatory factor production, and significantly augmented the
expression of Bcl-2 [157]. Similarly, in vitro assays reported a significant increase in miR-145
expression, which was dependent on HIF-1α overexpression. miR-145 overexpression was
positively related to cell viability, that is, the protection of CMs against apoptosis, i.e., the
inhibition of the expression levels of cleaved caspase-9, cleaved caspase-3, and cleaved
PARP while increasing Bcl-2 expression, via the modulation of SGK1 (serum/glucocorticoid
regulated kinase 1) and some factors of the PI3k/AKT signaling pathway. However, in a
rat MI model, the significantly increased expression levels of miR-145 and SGK1 suggest
that SGK1 signaling might occur in parallel with the miR-145 effect [158]. After rat heart
infarction, miR-145 overexpression promotes left ventricular systolic function improve-
ment and significantly reduces the size of infarcted myocardial tissues [159]. Furthermore,
miR-145 overexpression decreases the levels of the pro-apoptotic protein Bax and that of
cleaved caspase-3 and increases the expression of the anti-apoptotic protein Bcl-2, thereby
reducing the level of CM apoptosis induced by MI. Importantly, PDCD4 (programmed
cell death protein 4), an upregulated gene during apoptosis, is a direct target of miR-145
in CMs. In hypoxia-treated CMs, miR-145 overexpression causes a reduction in apoptosis
through the attenuation of mitochondrial dysfunction after targeting PCDC4. Thus, the
overexpression of miR-145 has a cardioprotective function against rat MI through the
targeting of PDCD4 [159].

In vitro and in vivo assays demonstrated that miR-145-5p mimics could induce a re-
duction in NADPH oxidase homolog 1 (NOH-1) levels and decrease the levels of TNF-α,
IL-1β, and IL-6 by stimulating oxygen and glucose deprivation/reperfusion (OGD/R),
increasing SOD activity, and reducing ROS [160]. Likewise, miR-145 mimic transfection
of murine embryonic CMs in a model of hypoxia/reperfusion significantly increased cell
proliferation, improved the release of SOD, upregulated ERK1/2 and p-AKT, and downreg-
ulated IL-1β, IL-6, P38MAPK, p53, and Bax. Furthermore, the overexpression of miR-145-5p
downregulated GIGYF1 (GRB10 interacting GYF protein 1), a direct target of this microRNA,
thereby promoting cell proliferation, inhibiting cell apoptosis, and alleviating inflammation
and oxidative stress. These results were also confirmed in an ischemia–reperfusion rat
model, suggesting that miR-145-5p plays a protective role in MI [161].

All these data highlight the role of miR-145 in apoptosis, cell proliferation, and cell
viability; its involvement in ROS modulation and mitophagy; and its previously mentioned
role in inflammation and fibrosis, suggesting that this miRNA is pivotal for multiple
biological processes during cardiac infarction.

5.3.2. The Role of miR-34

After birth, miR-34a expression is associated with a loss of regenerative potential,
which reduces the protein levels of Sirtl, Cyclin D1, and Bcl2. Additionally, in adult rat MI
models, the overexpression of miR-34a promotes CM cell death, reduces CM proliferation,
and enhances tissue fibrosis [162]. Furthermore, miR34a expression is increased in aging
mouse hearts following acute MI, aggravating hypertrophy, fibrosis, CM senescence, and
apoptosis. In vitro and in vivo assays have shown that the inhibition of miR-34a reverts
those effects and inhibits age-related and MI-induced CM cell death. The inhibition of
miR-34a in the heart upregulates PNUTS (protein phosphatase-1 nuclear targeting subunit),
which reduces telomere erosion, cardiac DNA damage response signaling, and CM apopto-
sis after acute MI. Therefore, during aging and after acute MI, miR-34a regulates cardiac
contractile function by directly targeting PNUTS [163].
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Another role for miR-34 is the modulation of endothelial tube formation. High-glucose-
insulted, human-bone-marrow-derived mesenchymal stem cells transfected with miR-34c
and injected into the peri-infarcted area after MI induction diminished the angiogenic
activity of BMCs due to their disability to form vasculature. miR-34c silences SCF (Stem cell
factor) and promotes KLF4 induction, which altered tube formation [164]. Thus, miR-34
can functionally modulate both CMs and endothelial cell behavior in the context of MI.

5.3.3. The Role of miR-23

In myocardial ischemia–reperfusion-injured rats and hypoxia/reoxygenation-exposed
293T cells, miR-23a expression is upregulated while the levels of CX43 (connexin 43), a direct
target of this microRNA, are remarkably decreased, correlating with autophagy activation
and significantly reduced cell viability. Importantly, miR-23a overexpression leads to the
upregulation of protein markers of mitophagy, such as PINK1 (PTEN-induced kinase 1),
Parkin, or LC-3. Thus, miR-23a, by directly targeting CX43, enhances mitophagy in cases of
myocardial ischemia/reperfusion injury [165]. In the context of cardiac infarction, however,
indirect roles of miR-23a and miR-92a have been reported. BM-MSC transplantation in
rat cardiac infarction models significantly reduces fibrosis, apoptosis, and miR-23a and
miR-92a expression. BM-MSC media, after exposure to hypoxic conditions, display higher
levels of VEGF (Vascular endothelia growth factor), MCP-1 (Monocyte chemoattractant
protein 1), IL-6, and ANG (Angiogenin). When hypoxia-exposed neonatal rat CMs were
treated with hypoxia-exposed BM-MSC-conditioned media, apoptosis was reduced, and
miR-23a and miR-92a were downregulated. Furthermore, the neutralization of VEGF, a
paracrine factor present in hypoxia-exposed BM-MSC-conditioned media, increases the
rates of apoptosis in CMs and miR-23a and miR-92a expression. Therefore, VEGF, derived
from transplanted bone-marrow-derived mesenchymal stem cells, plays an anti-apoptotic
role by regulating miR-23a and miR-92a in CMs after MI [166].

5.3.4. The Role of miR-126

The protective role of exosomes loaded with miR-126 from adipose-derived stem cells
(ADSC) has been analyzed in vitro and in vivo. In both cases, miR-126-enriched exosomes
reduced the expression of inflammatory cytokines, decreased the expression of fibrosis-
related protein, and promoted angiogenesis. In addition, these exosomes prevented CM
apoptosis and promoted cell proliferation. Thus, miR-126-enriched, ADSC-derived exo-
somes protect myocardial cells from apoptosis, inflammation, and fibrosis while promoting
angiogenesis [167].

5.3.5. The Role of miR-146

The role of miR-146a has also been studied in mice and rat CMs subjected to ischemia–
reperfusion [168]. In mice, fibrosis and the size of the injured area were simultaneously
reduced alongside inflammation and ROS after miR-146a overexpression, while in rat CMs
administered an anti-miR146a treatment, the opposite effects were observed. miR146a di-
rectly regulates NOX4 (NADPH oxidase 4), a NOX family enzyme that produces ROS [169],
leading to the inhibition of p38 phosphorylation in the MAPK pathway [168], which is
related to the anti-inflammatory effect [170].

5.3.6. The Role of miR-22

In an ischemia–reperfusion injury experimental rat model, miR-22 directly targeted
CREB binding protein (CBP), which attenuates p53 acetylation, leading to the downregula-
tion of p21 and Bax. Therefore, miR-22 could inhibit CM apoptosis by targeting CBP [171].

5.3.7. The Role of miR-21

As is the case with other miRNAs, miR-21 is also transported in exosomes [172,173].
In cardiac telocytes, exosomes with miR-21 were identified, which were directly regulating
Cdip1 (cell death inducing p53 target 1) and inhibiting p53 expression. Such effects cause
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decreased apoptosis in endothelial cells after MI [174]. Another study confirmed the
protective effect of the serum after MI mediated by extracellular vesicles carrying miR-21
since miR-21 downregulation leads to increased apoptosis in CMs through the regulation
of PDCD4 expression [175,176]. miR-21 is also regulated by lncRNAs such as GAS-5
lncRNA, which regulates apoptosis in CMs after MI by sponging miR-21. In H9c2 cells,
the inhibition of GAS-5 induces the downregulation of PI3K/AKT and an increase in the
rate of apoptosis. Furthermore, in an MI rat model, GAS-5 lncRNA and PDCD4 levels
were downregulated while miR-21 was over-expressed, thereby promoting greater fibrosis
and collagen synthesis. Therefore, through miR-21, GAS-5 controls PCDC4 expression,
which regulates the apoptosis of CMs [177]. Additional evidence of an miR-21/GAS-5
interaction was also reported in rats with MI induced by an isoproterenol treatment [178].
Thus, miR-21 seems to decrease levels of apoptosis in endothelial cells after MI, while
miR-21 overexpression mediated by GAS5 downregulation increases the levels of CM
apoptosis and fibrosis.

5.3.8. The Role of miR-155

In mice, miR-155 gain- and loss-of-function assays revealed a negative relationship
between this miRNA and TP53INP1 (tumor protein p53-inducible nuclear protein 1). In
addition, TP53INP1 promoted fibroblasts’ proliferation and conversion into myofibrob-
lasts, thereby supporting the notion that miR-155 enhances fibrosis [56]. However, such
mechanisms have not been described in the context of MI.

5.3.9. The Role of miR-24

In CMs and fibroblasts, low levels of miR-24 have been reported, which were as-
sociated with increased apoptosis. On the other hand, the levels of miR-24 increase in
endothelial cells after MI [179]. Furthermore, in another report, CM apoptosis was re-
duced by using exosomes with high levels of miR-24 cargo, thereby improving cardiac
function [180]. However, the molecular mechanism by which miR-24 influences apoptosis
in both cell types remains to be elucidated.

5.3.10. The Role of miR-208

miR-208a expression levels are increased in conditions of oxidative stress, fibrosis,
and inflammation after MI. An in vitro assay using H9c2 cells cultured under hypoxia
showed that miR-208 and TGF-β levels increase with time during incubation, which is
in line with similar findings in MI patients [133,181]. Additionally, in a healthy heart,
miR-208a overexpression promotes the expression of endoglin, a membrane glycoprotein
of the TGF-β receptor signaling pathway, whereas in an MI rat model, particularly high
levels of this miRNA can be observed in the fibrotic area [182].

5.3.11. The Role of miR-590

miR-590 administration after MI in neonatal and young mice reduces the infarction
area, recovers cardiac function, and decreases fibroblast proliferation, while CM prolifer-
ation is increased. Mechanistically, miR-590 targets the HOP homeobox, a transcription
factor that inhibits CM proliferation and chloride intracellular channel 5 (CLIC5), of which
the latter is an inhibitor of cell proliferation [183,184].

5.4. The Role of miRNAs during Cardiac Regeneration

After a cardiac injury, the heart is only capable of naturally healing in a subset of
species, as previously stated. Throughout this process, inflammation and fibrosis play
crucial roles in clearing out and stabilizing cardiac morphology and function. However,
healing requires additional processes, such as cell proliferation and scar resolution. The
comparison of species with and without cardiac regeneration capacity provides an ideal
basis from which to search for molecular mechanisms that can serve as therapeutic tools to
heal dysfunctional hearts without an innate regenerative capacity.
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Several experimental models have provided insights into the cellular and molecular
mechanisms that govern cardiac regeneration. In addition, as detailed in the following
paragraphs, within this context, several miRNAs have been identified to play essential
roles in cardiac regeneration with respect to processes such as inflammation, fibrosis,
angiogenesis, and apoptosis.

5.4.1. The Role of miR-195

One of the most representative microRNAs studied with regard to cardiac regeneration
is miR-195. In one study, mice overexpressing miR-195 developed congenital heart defects,
including ventricular septal defects, ventricular hypoplasia, and a reduction in ventricle
weight [185]. At P1, transgenic hearts overexpressing miR-195 showed a reduction in the
number of cells undergoing mitosis and an increased proportion of multinucleated my-
ocytes. These data indicate that the in vivo overexpression of miR-195 inhibits CM mitotic
progression and induces premature cell cycle arrest by suppressing the expression of cell
cycle genes such as checkpoint kinase 1 (Chek1). In addition, the overexpression of miR-195
prevents heart regeneration post-MI in P1 mouse hearts when cardiac tissue regeneration is
still possible. In cell cultures, using both myoblastic cell line H9c2 and neonatal rat CMs,
miR-195 overexpression was found to be associated with cellular hypertrophy and a greater
proportion of binucleate cells. Furthermore, cells that expressed miR-195 were accumulated
in the G2 phase, suggesting that this microRNA blocks the G2/M phase transition, thereby
altering mitotic progression. Therefore, miR-195 is upregulated in the postnatal (1–10 days
of age) ventricular chambers at the time of the mitotic arrest of CMs in mice. Thus, it is
probably involved in the transition to quiescence [184,185].

5.4.2. The Role of miR-126 and miR-146

Evidence on the role of miR-146 in cardiac regeneration has been obtained by exosome-
mediated delivery. Using an MI rat model, Shafei et al. [151] demonstrated that miR-126-
and miR-146a-loaded exosome injections, derived from mesenchymal adipose stem cells, do
not reduce infarct size and fibrosis but promote angiogenesis, upregulating CD31 and CX43
expression in the infarcted area. Furthermore, in vitro cultures of HUVECs demonstrated
that exosomes loaded with miR-126 and miR-146a improve cell proliferation, cell migration,
and tube formation and induce VEGF expression. Thus, the co-administration of miR-146
and miR-126 in isolated exosomes promoted vascular integrity and reduced infarct size
in an MI model [151]. Importantly, additional evidence on the angiogenic capacities of
miR-126 has also been reported in other biological systems [186,187].

5.4.3. The Role of miR-98

Additional evidence on the role of microRNAs loaded into exosomes has been re-
ported. The injection of miR-98-5p-containing exosomes in vivo leads to the recovery of
oxidative stress, inflammation, and infarct size. Furthermore, Zhang et al. [188] reported
that miR-98-5p is downregulated in myocardial ischemia/reperfusion rat myocardial tissue.
However, an administration of hypoxia-induced bone marrow mesenchymal stem cell
(BMSC)-derived exosomes containing miR-98-5p enhanced cardiac function by suppressing
myocardial enzyme levels, oxidative stress, inflammatory responses, macrophage infiltra-
tion, and infarct size, modulating PI3K/Akt and TLR4 signaling [188]. Thus, these data
demonstrate the role of miR-98-5p in distinct biological processes involved in MI and
cardiac regeneration.

5.4.4. The Role of miR-22

Cardiac miR-22 expression levels are increased in aging mice and cultured neonatal
CMs through a p53-dependent mechanism. In vitro inhibition of miR-22 in aging CMs and
in vivo prevents post-infarction remodeling and improves cardiac function. On the other
hand, miR-22 overexpression increases the quantity of p62 aggregates, providing evidence
of a role of these microRNAs as regulators of cardiac autophagy [189].
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5.4.5. The Roles of miR-1 and miR-29

A microarray transcriptomic analysis of an MI mouse model identified differentially
expressed miRNAs that, if overexpressed, modulate myocyte growth, fibrosis, and inflam-
mation. In particular, a gene network analysis identified miR-1, miR-29b, and miR-98 as
key agents in MI. miR-1 regulates myocyte growth, while miR-29b and miR-98 are key
agents in fibrosis and inflammation, respectively [190].

Furthermore, evidence of the role of circRNA-modulated miRNAs has been reported
using in vitro hypoxia/reperfusion models as well as in vivo [191,192]. In an in vitro model
of hypoxia/reperfusion, the administration of exosomes with high amounts of circ_0001747
partially recovered CM dysfunction by targeting the miR-199b/MCL1 (induced myeloid
leukemia cell differentiation protein) signaling pathway. Exosomes with high levels of
circ_0001747 attenuate in vitro hypoxia/reperfusion-induced HL-1 dysfunction partly by
targeting miR-199b-3p/MCL1 signaling [191]. Similarly, lncRNA-modulated miRNAs are
also important in this context. Within hydrogen-peroxide-induced acute MI cell models
and acute MI mice, TTTY15 lncRNA is upregulated while miR-98-5p is downregulated.
The knockdown of TTTY15 lncRNA alleviates myocardial cell injury in vitro and AMI
progression in vivo, processes modulated by sponging miR-98-5p [192].

In addition, macrophage-derived EVs containing lncRNAs that modulate miR-25-3p
function can negatively influence MI recovery. In addition, M1 macrophage-derived EVs
containing MALAT1 lncRNA can competitively bind to miR-25-3p and thus inhibited
angiogenesis and myocardial regeneration in a mouse model of MI. MALAT1 sponges
miR-25-3p and upregulates CDC42 (cell division control protein 42 homolog). Importantly,
miR-25-3p overexpression promotes cell viability, proliferation, and angiogenesis [193].

6. LncRNAs in Cardiac Infarction and Regeneration

LncRNAs are structurally similar to mRNAs since they are transcribed by RNA poly-
merase II and have the same typical post-transcriptional modifications, i.e., a 5’ terminal
cap and a 3´ terminal poly (A) tail, yet they lack the capacity to encode proteins. Mechanis-
tically, they can act both as transcriptional regulators, modulating nuclear gene expression
in different ways such as epigenetic landscape control, transcriptional complex scaffolding,
or using decoy molecules, or as post-transcriptional regulators modulating microRNA
degradation, mRNA stability, and/or protein translation. It is worth mentioning that the
wide variety of functions that lncRNAs can perform may reflect the importance of this
class of RNAs in the regulation of multiple biological processes, including cardiac injury
and regeneration.

6.1. The Role of lncRNAs in Cardiac Inflammation

It has been suggested that many different lncRNAs play essential roles in cardiac
inflammation. Several lncRNAs modulate the expression of miRNAs that have been
widely reported to affect key signaling pathways involved in the inflammatory response,
as previously described in the preceding paragraphs. However, an increasing number
of lncRNAs are also being described as capable of modulating the expression of distinct
miRNAs with limited involvement in cardiac inflammation, as summarized herein (Table 1).

Table 1. List of lncRNAs and their corresponding sponged microRNAs affecting distinct proteins and
signaling pathways. Highlighted ncRNAs and proteins (in bold) correspond to those lncRNAs and
proteins with which they have been reported to physically interact, i.e., by means of pull-down assays.

Cardiac Inflammation

lncRNA miRNA Protein Signaling Functional Role Ref.

KCNQ1OT1 miR-130 ZNF91 - [83]
LUCAT1 miR-181 - - ROS, inflammation, apoptosis [40]
HULC miR-29 - - Inflammation, angiogenesis [194]
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Table 1. Cont.

Cardiac Inflammation

lncRNA miRNA Protein Signaling Functional Role Ref.

HULC miR-377 NLRP3/Caspase-1/IL-1β - Inflammation, apoptosis [195]
TTTY15 miR-98 CRP - Myocardial injury [192]
MIAT2 miR-15 - - Inflammation [196]
MIRT2 miR-377 - - [197]

GM2691 - - Akt Inflammation [198]
MIRT1 - - NF-kB Cardiomyocytes, inflammation [199]
NEAT1 - - - Myocardial inflammation [200]

LUNAR1 - - Inflammation [201]
SNHG8 - - - Inflammation [202]

Cardiac Fibrosis

lncRNA miRNA Protein Signaling Functional Role Ref.

SAFE - Sfrp2, HuR - Fibroblasts, fibrosis [203]
WISPER - Tia1-related protein Collagen Proliferation, fibrosis [204]

SAIL - Safb Collagen Fibrosis [205]
CFAST - Colt1, Trap1 - Fibrosis [206]
PCFL miR-378 Grb2 Collagen Fibrosis [207]

NORAD miR-577 Cobll1 Collagen Fibrosis [208]
PFL Let-7d Ptafr - Fibrosis [209]

MHRT miR-3185 - Collagen Fibrosis [210]
n379519 miR-30 - Collagen Fibrosis [147]

XIST miR-155 - - Fibrosis [121]
lncRNA554 - - TGF-β1 Fibrosis [211]
lnc-ANG362 - Smad7 - Fibrosis [212]
lncR-30245 - - TGF-β1, Pparg Fibrosis [213]

N1LR - TGF-β1, Smads - Fibrosis, Inflammation [214]

FGD5-AS1 miR-223 - Akt Cardiac fibrosis, inflammation,
apoptosis [91]

Other Biological Processes Related to Cardiac Infarction

lncRNA miRNA Protein Signaling Functional Role Ref.

MIRT1 - - NF-kβ Fibroblasts, apoptosis, ROS,
inflammation [215]

GAS5 miR-21 - - Myocardial apoptosis [178]
LNC_000898 miR-375 Pdk1 - Cardiac apoptosis [216]

Cardiac regeneration

lncRNA miRNA Protein Signaling Functional Role Ref.

MALAT1 miR-26 Mfn1 - Mitochondrial activity [217]
MALAT1 miR-25-3p CDC42 - - [193]
MALAT1 miR-125 Jmj6b - Endothelial cell viability [218]
MALAT1 miR-145 TGF-β1 - Fibroblast proliferation [113]

H19 miR-22-3p Kdm3a - Fibrosis [219]
H19 miR-200a-3p Sirt1 - Cardiac progenitor proliferation [220]

H19 miR-675 PPar - Cell viability, apoptosis, ROS,
inflammation [221]

H19 - YB-1 - Fibrosis [222]
MIAT - - PI3K/AKT - [223]

MIAT miR-181a-5p JAK2 - Cell proliferation, apoptosis,
inflammation [41]

MIAT miR-182-5p GPRC5A - - [224]
TUG1 miR-133b - - - [118]
TUG1 miR-590 Fgf1 TGF-β Fibrosis [225]

SNHG1 - PTEN PI3K/AKT - [226]
lncDACH1 - PPQA YAP1 - [227]
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Table 1. Cont.

Cardiac regeneration

lncRNA miRNA Protein Signaling Functional Role Ref.

NPPA-AS1 - SFPQ - - [228]

CPR - Mcm3 - Cardiomyocyte proliferation,
scar formation [229]

SARRAH - Nrf2 - - [230]
AIM - Igf2bp2, Rap1 - - [231]

CAREL miR-296 Trp53inp1, Itm2a - Cardiomyocyte replication [232]
AZIN2-sv miR-214 PTEN PI3K/AKT Cardiomyocyte proliferation [233]
AZIN2-sv - Tln1, ITGB1 - Angiogenesis [234]

In this context, several lncRNAs can modulate miRNAs and play essential roles in
cardiac inflammation, such as KCNQ1OT1 lncRNA, which sponges miR-130 and thus
modulates ZNF91 (zinc finger protein 91), and Lucat1 lncRNA, which sponges miR-181.
However, the molecular mechanisms relating them to cardiac inflammation remain largely
elusive [40,83]. Additionally, other lncRNAs modulating miRNAs have emerging roles in
cardiac inflammation, such as HULC lncRNA, which modulates the expression of miR-29
and miR-377, leading to the regulation of the NLRP3/Caspase-1/IL-1β signaling pathway,
while TTTY15 lncRNA modulates miR-98 and, thereafter, CRP expression [192,194,195].
Furthermore, several other lncRNAs have also been implicated in cardiac inflammation
due to their modulation of microRNA expression, such as MIAT2/miR-15 and MIRT2/miR-
377 [196,197]. However, in these cases, the downstream signaling pathways have yet to
be fully characterized. On the other hand, Gm2691 directly affects Akt signaling and,
consequently, inflammation, whereas MIRT1 lncRNA influences NF-kB signaling [198,199].
Finally, three additional lncRNAs, namely, NEAT1, LUNAR1, and SNHG8, have been
implicated in cardiac inflammation, although the molecular mechanisms underlying their
effects remain to be elucidated [200–202].

6.2. The Role of lncRNAs in Cardiac Fibrosis

Similarly, an increasing number of lncRNAs are reported to modulate cardiac fibrosis
in the MI context. Several of these lncRNAs have been used to identify partner proteins via
pull-down assays. For example, Safe lncRNA interacts with Sfrp2 (secreted frizzled related
protein 2) and HuR (human antigen R), Wisper interacts with Tia1-related protein, Sail
lncRNA interacts with Safb (scaffold attachment factor B), and Cfast interacts with Colt1
and Trap1 (TNF-receptor-associated protein 1) [203–206]. In all these cases, these lncRNAs
are critical regulators of signaling pathways that are involved in fibroblast/myofibroblast
activation and thus extracellular matrix deposition.

The modulation of distinct signaling pathways by the microRNA sponging of these
lncRNAs has also been reported. Pcfl lncRNA modulates miR-378 and thus Grb2 (growth
factor receptor bound protein 2) expression, while Norad lncRNA sponges miR-577, result-
ing in the modulation of Cobl1 (cordon-bleu protein-like 1), in both cases altering collagen
synthesis [207,208]. In addition, Plf regulates let-7d and, thereafter, Ptafr [209].

Several other lncRNAs modulate the expression of distinct miRNAs that influence
signaling pathways leading to fibrosis, such as Mhrt/miR-3185, n379519/miR-30, and
Xist/miR-155, although the precise affected signaling pathways remain unclear [121,147,210].
Finally, a series of lncRNAs are reported to modulate TGF-β1/Smad signaling, such as
lncRNA554, Lnc-Ang362, LncR-30245, and NILR, yet the molecular mechanisms remain
to be elucidated [211–214]. Importantly, FGD5-AS1 lncRNA can modulate both processes,
i.e., inflammation and fibrosis, through miR-223 sponging and thus the modulation of
Akt signaling [91].
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6.3. The Role of lncRNAs in Other Biological Processes of Cardiac Infarction

In line with the reports previously mentioned, several lncRNAs can impact distinct
processes such as myocardial apoptosis and ROS signaling; moreover, in some cases, they
also affect cardiac inflammation and fibrosis. In this context, Liu et al. [215] described
that Mirt1 can directly affect NF-kB signaling, leading to the regulation of fibrosis, inflam-
mation, redox balance, and apoptosis, even though the molecular mechanisms driving
such effects remain largely elusive. Moreover, Gas5 modulates miR-21, leading to myocar-
dial apoptosis, while LNC_000898 lncRNA modulates miR-375 and thus Pdk1, leading to
cardiac apoptosis [178,216].

6.4. The Role of lncRNAs in Cardiac Regeneration

Several lines of evidence have demonstrated the pivotal role of a handful of lncR-
NAs during cardiac regeneration. For example, MALAT1 lncRNA is upregulated during
MI. Conversely, the downregulation of MALAT1 regulates the mitochondrial activity of
endothelial cells and the cell viability of cardiac progenitor cells [217,218]. Furthermore,
macrophage-M1-derived EVs carrying MALAT1 also have an impact on endothelial cell
viability [193]. In addition, in vitro experiments have also reported that MALAT1 can
influence CF proliferation and collagen deposition [113]. Interestingly, the reported mecha-
nisms of action mainly act as sponges of miRNAs, i.e., miR-26 and miR-25-3p in the case
of microvascular endothelial cells, miR-125 in cardiac progenitor cells, and miR-145 in
fibroblasts [113,193,217,218]. Importantly, the modulation of such miRNAs leads to the
deregulation of key components of mitochondrial activity such as Mfn1 (mitofusin-1) by
miR-26, proliferation modulators such as CDC42 (cell division control protein 42 homolog)
by miR-25-3p, epigenetic regulators such as Jmj6b by miR-125, or fibrotic inductors such as
TGF-β1 [113,193,217,218].

Discordant evidence has been provided for H19 lncRNA in MI. High levels of H19
have been detected in the plasma of MI patients [235], in a neonatal MI model [222],
and in an in vitro model of hypoxia/reperfusion CMs [221]. However, this lncRNA was
downregulated in a mouse model of MI [219]. Importantly, forced H19 expression, which
regulates miR-22-3p in CMs targeting Kdm3a (lysine demethylase 3A), reduces infarct
size and improves cardiac fibrosis and thus cardiac performance. Additional evidence
regarding H19 was provided by Li et al. [220] in cardiac progenitor cells after hypoxia, for
which it was reported that such downregulation decreases the proliferation and migration
of cardiac progenitor cells, a process mediated by miR-200a-3p and Sirt1 regulation.

Mechanistically, Luo et al. [221] related that H19 downregulation leads to increased cell
viability and reduced apoptosis, inflammatory release, and oxidative stress, in part by regu-
lating miR-675 and thus PPARα, in both in vitro and in vivo models of hypoxia/reperfusion
in CMs. Furthermore, Choong et al. [222] reported that H19 overexpression in a mouse
heart leads to cardiac dilation and fibrosis, whereas H19 genetic ablation significantly
reduces post-MI remodeling by interacting with YB-1 and thus modulating collagen expres-
sion and fibrosis [222]. While these data clearly demonstrate the pivotal role of H19 in MI,
supporting its functional role in different cell types and molecular cascades, the discordant
evidence remains to be elucidated.

The role of MIAT lncRNA in MI has been assessed in MIAT deficient mice. TAC
surgical procedures in MIAT-deficient mice reduced heart/body ratios and decreased CM
cross-sectional area and apoptosis as well as levels of cardiac fibrosis [236]. In addition,
inflammatory factors are significantly reduced by the silencing of MIAT throughout the
activation of PI3K/Akt signaling pathway [223]. Additional evidence in this vein was
reported in the study by Tan et al. [41], in which a MIAT knockdown led to the reversal
of cell proliferation, apoptosis, and inflammatory injury in miR-181a-5p-silenced or JAK2-
overexpressing OGD-included CMs; further evidence was provided by Dong et al. [224],
who reported that MIAT sponges miR-182-5p and thereby regulates GPRC5A expression
in vitro. Importantly, MIAT knockdown reduces myocardial injury caused by I/R treatment
in vivo [41].
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TUG1 lncRNA expression increases after MI. TUG1 knockdown inhibits Ang-II-
induced cardiac myofibroblast activation, acting as a sponge of miR-133b, which, in turn,
modulates CTGF expression and, therefore, myofibroblast activation [118]. Additionally,
Sun et al. [225] also reported that TUG1 knockdown suppresses cell viability and migration
and improves the collagen production of TGF-β1-treated CFs by sponging miR-590 and
thus regulating FGF1.

Besides those lncRNAs with widely reported influences on several aspects of car-
diac regeneration, the reported degree of involvement of additional lncRNAs is currently
limited, for which participation occurs through two distinct mechanisms. First, there are
those directly interacting with distinct proteins, as revealed by RNA–protein pull-down
assays, such as Sngh1/PTEN acting on PI3K/AKT signaling, lncDACH1/PPIA modulating
YAP1 signaling [227], Nppa-AS1/SFPQ, CPR/Mcm3, Sarrah/Nfr2, and Airn/Igf2bp2-
Rap1 [226,228–231]. Such regulatory mechanisms impact CM proliferation, as Ponnu-
samy et al. [229] reported for CPR. Second, two distinct lncRNAs, namely, Carel and
AZIN2-sv, modulate CM replication and proliferation by sponging miR-216 and miR-214,
thus regulating Trp53inp1/Itm2a and PTEN/PI3k/AKT signaling, respectively [232,234].
In addition, AZIN2-sv can also influence angiogenesis by directly associating with Tln1 and
ITFGb1 [234]. Overall, these data highlight the emerging functional role of lncRNAs during
cardiac regeneration, demonstrating complex regulatory mechanisms that can influence
distinct signaling pathways and thus biological responses.

7. circRNAs in Cardiac Infarction and Regeneration

Circular RNAs (circRNAs) comprise a large class of non-coding RNAs that are pro-
duced by a non-canonical splicing event called back splicing. During this process, a
downstream splice-donor site is covalently linked to an upstream splice-acceptor site. Vi-
roids were the first circRNA molecules to be discovered and, more recently, they have also
been identified in eukaryotic cell lines. CircRNAs display differential expression across
species, developmental stages, and pathologies. In addition, their lack of free ends confers
increased stability when compared with linear transcripts, rendering them good candidate
biomarkers. In this context, increasing evidence has been reported for circRNAs in the
pathogenesis of multiple cardiovascular diseases, including cardiac injury and regeneration,
as detailed in the following paragraphs.

7.1. The Role of circRNAs in Cardiac Inflammation

Within the context of inflammation, several studies have provided convincing evidence
of the differential levels of contribution of circRNAs to cardiac inflammation during MI.
Several of these circRNAs display increased plasma expression levels, while others are
downregulated. Furthermore, experimental evidence obtained using both in vitro and
in vivo systems has demonstrated that in most cases, these circulating circRNAs act as
microRNA sponges that subsequently modulate the expression of key signaling pathways
that impact the inflammatory response or even directly modulate inflammatory markers.
In the following paragraphs, we summarize the current knowledge of the functional roles
of the circRNAs that affect cardiac inflammation (Table 2).

Table 2. List of circRNAs and their corresponding sponged microRNAs that, accordingly, affect the
expression of distinct proteins and signaling pathways. circRNAs and proteins that are highlighted
(in bold) correspond to those circRNAs and proteins that have been reported to physically interact
with each other, i.e., by means of pull-down assays.

Cardiac Inflammation

circRNA miRNA Protein Signaling Ref.

circITGB1 miR-342-3p NFAM1 - [237]
circ_0023461 miR-370-3p PDE4D - [238]

circHelz miR-133a-3p NLRP3 - [81]
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Table 2. Cont.

Cardiac Inflammation

circRNA miRNA Protein Signaling Ref.

circ_0007059 miR-378, miR-383 - - [239]
circTRRAP miR-370-3p PAWR - [240]
circMAT2B miR-133 - PI3K/AKT, Raf/MEK/ERK [80]
circUBXN7 miR-622 MCL1 - [241]

circ_0001747 miR-199-3p MCL1 - [242]

Cardiac Fibrosis

lncRNA miRNA Protein Signaling Ref.

circPAN miR-221 Foxo3 TGF-β [243]

circ_LAS1L miR-125b SFRP5 - [244]

circNFIB miR-433 - TGF-β [245]

circ_0005019 miR-499-5p Kcnn3 - [246]

circCELF1 miR-636 Dkk2 TGF-β [247]

circUbe3a miR-138-5p - - [248]

Other Biological Processes Related to Cardiac Infarction

lncRNA miRNA Protein Signaling Ref.

circFoxo3 - KAT7 - [249]
circSLC8A1 miR-214 TEAD4 - [250]

Cardiac Regeneration

lncRNA miRNA Protein Signaling Ref.

circNfix - Neddl4, Ybx1 - [251]
circCDYL miR-4793-5p APP - [252]
circMdc1 - PABP/MDC1 - [253]
circSmad4 - - - [254]
circSmad4 miR-138-5p - - [255]
circHipk3 miR-133 - - [256]
cirHipk3 miR-17-3p - - [257]

Several circRNAs are upregulated in AMI patients, such as circITGB1 and circ_0023461,
while studies have shown that circHelz and circ_0007059 are elevated in MI in mice [81,237–239].
Additionally, numerous other circRNAs are upregulated in experimental hypoxia mod-
els in vitro, such as circ_0023461, circHelz, circ_0007059, circ_0001747, circTRRAP, and
circMAT2B [80,81,238,239,242].

CircITGB1 competitively binds to miR-342-3p and inhibits its expression, resulting
in the increased expression of NFAT-activating molecule 1 (NFAM1). circITGB1 controls
dendritic cell maturation by targeting miR-342-3p and NFAM1. circITGB1 also exacer-
bated cardiac damage and regulated miR-342-3p and NFAM1 expression in a mouse AMI
model [237]. Similarly, circ_0023461 expression is upregulated in AMI patients and hypoxia-
induced AC16 cells, and it can upregulate PDE4D expression by acting as a molecular
sponge for miR-370-3p in AC16 cells [238].

In mice, the overexpression of circHelz causes CM injury in neonatal ventricular CMs
by activating the NLRP3 inflammasome and inducing pyroptosis via inhibiting miR-133a-
3p function [81].

Circ_0007059 expression was elevated and miR-378 and miR-383 expression were
downregulated in H2O2-treated mouse CMs and the infarcted hearts of an MI mouse
model. Circ_0007059 knockdown improves CM viability, suppresses apoptosis after H2O2
treatment, and represses H2O2-induced inflammation, as assessed by IL1β, IL18, and CCL5
expression. Importantly, circ_0007059 acts as a miR-378 and miR-383 sponge. These data
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suggest that circ_0007059 expression is upregulated in mouse CMs, in response to oxidative
stress, and in the cardiac tissues of an MI mouse model, supporting its involvement in the
pathogenesis of MI by targeting miR-378 and miR-383 [239].

Circ_0001747 directly targets miR-199b-3p in HL-1 cells. miR-199b-3p overexpression
partly overturns exosomal circ_0001747-mediated protective effects in hypoxia/reperfusion-
induced HL-1 cells. miR-199b-3p silencing alleviates hypoxia/reperfusion-induced dam-
age in HL-1 cells partly by upregulating MCL1. Overall, these results indicate that
adipose-derived-stem-cell (ADSC)-derived exosomes with high amounts of circ_0001747
attenuate hypoxia/reperfusion-induced HL-1 dysfunction partly by targeting miR-199b-
3p/MCL1 signaling [242].

Additionally, Zhang et al. [240] demonstrated that an experimental downregulation of
circTRRAP promotes cell growth but inhibits apoptosis, inflammation, and oxidative stress
in hypoxic cells. The regulatory effects of circTRRAP on the hypoxic cells were associated
with the sponge function of miR-370-3p. In addition, PAWR serves as the target for miR-
370-3p, and it is regulated by circTRRAP/miR-370-3p axis. Thus, a protective role of
miR-370-3p was achieved by downregulating the PAWR expression in the hypoxia-treated
AC16 cells [240].

CircMAT2B expression was notably upregulated in oxygen-glucose-deprivation (OGD)-
induced H9c2 cells. Moreover, circMAT2B knockdown effectively decreased OGD-induced
apoptosis, ROS generation, and the expression of IL-1β, IL-6, and TNF-α. Furthermore,
it was determined that miR-133 is positively regulated by si-circMAT2B. CircMAT2B
knockdown attenuates OGD-induced H9c2 cell damage and alleviates the OGD-induced in-
hibition of PI3K/AKT and Raf/MEK/ERK pathways through the upregulation of miR-133.
In brief, circMAT2B knockdown operates as an inflammatory inhibitor in OGD-induced
H9c2 cells through the upregulation of miR-133 [80].

Decreased expression of circRNAs in AMI patients and mice has also been reported,
specifically in reference to circUBXN7 [241]. CircUBXN7 was downregulated in patients
and mice with AMI as well as in hypoxia/reperfusion-treated cells. Overexpression of
circUBXN7 mitigates hypoxia/reperfusion-mediated apoptosis and the secretion of in-
flammatory factors including IL-6, TNF-α, and IL-1β. In addition, circUBXN7 suppresses
cell apoptosis and inflammatory reactions induced by hypoxia/reperfusion via targeting
miR-622. miR-622 targets MCL1 to restrain its expression in H9c2 cells. The knockdown of
MCL1 abrogates the circUBXN7-mediated alleviation of apoptosis and inflammation after
hypoxia/reperfusion treatment [241].

7.2. The Role of circRNAs in Cardiac Fibrosis

Within the context of cardiac fibrosis, additional supporting evidence on the functional
role of circRNAs is also emerging, including with respect to several circRNAs with increased
expression after MI, such as circPAN, or decreased expression, such as circ_LAS1L and
circNFIB, while in other cases only in vitro evidence of their functional role has been
reported (i.e., circ_0005019) [243–246]. Additionally, three distinct circRNAs can also
influence cardiac fibrosis in vivo: circCELF1, circRNA 010567, and circUbe3a [247,248,258].

CircPAN3 was upregulated in a rat MI model. Importantly, circPAN3 knockdown
attenuates cardiac fibrosis after MI and blunts in vitro cell proliferation and migration
mediated by TGFβ1 administration. miR-221 is a target involved in circPAN3-mediated
cardiac fibrosis after MI, wherein it negatively regulates FoxO3 and thus causes ATG7
transcription inhibition. Such molecular mechanisms were further validated in vivo [243].

Circ_LAS1L is downregulated in acute MI patients and CFs. In addition, it can directly
bind to miR-125b. It thus promotes the expression of downstream target genes such as
SFRP5, ultimately inhibiting the activation, proliferation, and migration of CFs in vitro and
promoting apoptosis [244]. However, it remains to be elucidated if such effects are also
observed in vivo.

Zhu et al. [245] reported that circNFIB was decreased in post-MI murine heart sam-
ples and in primary adult CFs treated with TGF-β. Moreover, circNFIB overexpression
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decreased fibroblast cell proliferation in vitro and sponged miR-433 [245]. While these
data support a plausible role of circNFIB in cardiac fibrosis, no evidence obtained in vivo
supports such a role.

In CFs, circ_0005019 presents inhibitory effects on cell proliferation and migration.
Circ_0005019 acts as a miR-499-5p sponge, regulating the expression of its target gene
Kcnn3 [246]. However, the molecular mechanisms that directly affect cell proliferation and
migration remain largely elusive.

CircCELF1 enhanced DKK2 expression by sponging miR-636, thereby inhibiting my-
ocardial fibrosis progression in a mouse model of acute MI, and circRNA010567 inhibition
improved cardiac function and alleviated myocardial fibrosis and apoptosis in a rat model
of acute MI, constituting processes that seem to be mediated by the inhibition of the TGF-β1
signaling pathway [247,258].

On the other hand, circUbe3a, which was loaded into M2-derived small EVs, led to
functional changes in CFs during progressive M2 macrophage infiltration after MI. The
manipulation of circUbe3a in small EVs generating conditions conducive to the silencing
or overexpression of circUbe3a altered the proliferation, migration, and phenotypic trans-
formation of CFs in vitro [248]. Such effects are provided, in part, by sponging miR-138-5p
and, consequently, repressing RhoC. In vivo, the administration of M2-derived SEVs or the
overexpression of circUbe3a significantly increases myocardial fibrosis after acute MI [248].
In summary, these data reveal the increasingly prominent and complex role of circRNA’s
gene-regulatory networks impacting cardiac fibrosis.

7.3. The Role of circRNAs in Other Biological Processes of Cardiac Infarction

While circRNAs can also influence several other biological processes that concomi-
tantly occur during cardiac infarction besides inflammation and fibrosis, such as au-
tophagy, apoptosis, and oxidative stress signaling, the evidence in this regard is still
limited. Among those circRNAs currently reported to play such roles are circFoxo3 and
circSLC8A1 [249,250].

CircFoxo3 was downregulated in a rat model of MI, and circFoxo3 overexpression
ameliorated MI-induced cardiac dysfunction and reduced MI-induced autophagy. Mecha-
nistically, circFoxo3 gain-of-function represses oxygen-glucose-deprivation (OGD)-induced
autophagy, apoptosis, inflammation, and injury of CM in vitro. In addition, it relieves my-
ocardial ischemia/reperfusion injury by suppressing autophagy via the inhibition of HMGB1
(high mobility group box 1) by repressing KAT7 (lysine acetyltransferase 7) in MI [249].

Exosomal circSLC8A1 exacerbates the hypoxia-induced repression of cell viability but
promotes cell apoptosis, inflammation, and oxidative stress. The knockdown of circSLC8A1
ameliorates hypoxia-mediated cell injury. circSLC8A1 directly targets miR-214-5p, and
miR-214-5p downregulation reverts the effects of si-circSLC8A1 on hypoxia-treated CMs.
TEAD1 (TEA domain transcription factor 1), a target of miR-214-5p, is thusly upregulated.
These results suggest that circSLC8A1 aggravates cell damage in hypoxia-treated CMs
through the regulation of TEAD1 via sponging miR-214-5p [250].

7.4. The Role of circRNAs in Cardiac Regeneration

Increasing evidence is being reported regarding the functional roles of circRNAs
during cardiac regeneration. Four distinct cirRNAs have been recently reported: circNfix,
circHFIB, circCDYL, and circMdc1 [245,251–253].

CircNfix is expressed in the adult hearts of mice, rats, and humans. CircNfix down-
regulation increases CM proliferation and angiogenesis while inhibiting CM apoptosis
following MI in mice, enhancing cardiac function and thus improving prognosis. At the
molecular level, circNfix enhances Nedd4l (NEDD4-like E3 ubiquitin protein ligase) and
Ybx1 (Y-box binding protein 1) interaction, inducing Ybx1 degradation through ubiquitina-
tion while repressing cyclin A2 and cyclin B1 expression. Furthermore, circNfix sponges
miR-214 and thus promotes Gsk3β (glycogen synthase kinase 3 β) expression, thereby
decreasing β-catenin activity [251].
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On the other hand, circCDYL is downregulated in myocardial tissues and hypoxic
myocardial cells in vitro. Importantly, gain- and loss-of-function assays of circCDYL per-
formed using a mouse model of acute MI improved and aggravated heart function, re-
spectively. Furthermore, circCDYL promoted CM proliferation in vitro. Molecularly, cir-
cCDYL can sponge miR-4793-5p and thus regulate its expression, thereby influencing
miR-4793-5p-targeted APP expression [252]. However, how circCDYL acts in vivo remains
to be established.

CircMdc1 levels are upregulated in the postnatal mouse heart, while they are down-
regulated during neonatal cardiac regeneration. Forced circMdc1 expression inhibits CM
proliferation, while silencing promotes CM cell cycle re-entry in vitro. In vivo, circMdc1
knockdown improves cardiac regeneration and heart repair accompanied by enhanced
heart function. Importantly, circMdc1 can block Mdc1 translation by binding to PABP, lead-
ing to DNA damage and CM chromosome instability [253]. Additional efforts are required
to fully elucidate this circRNA’s function in vivo in the context of cardiac regeneration.

Additionally, two circRNAs have been reported to play functional roles during car-
diac regeneration and cardiac inflammation (circSamd4) and fibrosis (circHipk3), respec-
tively [254–257].

In vivo, Zheng et al. [254] demonstrated that circSamd4 overexpression induces CM
proliferation while preventing apoptosis by modulating oxidative stress generation and
mitochondrial dynamics. In turn, a reduced size of the fibrotic area and improved cardiac
function after MI was observed. On the other hand, Hu et al. [255] reported that the
inhibition of circSAMD4A expression reduced hypoxia/reperfusion-induced apoptosis
and inflammation by inhibiting the expression of miR-138-5p. Thus, these data suggest that
circSAMD4 might have distinct functional roles, namely, a protective role during acute MI
and a negative role during hypoxia/reperfusion.

CircHipk3 overexpression attenuates cardiac dysfunction and decreases fibrotic area
after MI in mice by modulating Notch signaling and sponging miR-133. Importantly,
circHipk3 overexpression promotes coronary vessel endothelial cell proliferation, migration,
and tube-forming capacity and subsequent angiogenesis [256]. Deng et al. [257] provided
additional evidence for the functional role of circHipk3, demonstrating that circHipk3
affects the cytoplasmic calcium concentration by modulating miR-17-3p and thus Adcy6.
In vivo experiments showed that the downregulation of circHipk3 can alleviate fibrosis and
maintain cardiac function in post-MI mice. Therefore, it seems that either the overexpression
or downregulation of circHipk3 may improve cardiac function and decrease fibrotic scar
generation in mice. Additional experiments are required to reconcile such findings.

8. Conclusions and Perspectives

Cardiovascular diseases represent an enormous socioeconomic burden worldwide and
are the leading cause of mortality despite the increasing and significant efforts undertaken
to improve treatments [259,260]. In this context, MI is a major public health issue with
increasing prevalence [261,262]. Over the last decade, our understanding of the molec-
ular mechanisms that drive MI has greatly advanced in terms of searching for potential
therapeutic strategies to heal the damaged heart. The discovery that several species can
achieve complete cardiac regeneration, such as the axolotl and zebrafish, has provided
experimental models with which to faithfully test those therapeutic strategies, including
therein mammals with a temporal window of effective cardiac regeneration [22,263,264].
In the last few years, the research on the molecular mechanisms that drive cardiac injury
and regeneration has provided ample evidence that non-coding RNAs also play essential
roles in these biological processes. Within this review, we have provided a state-of-the-art
summary of the current contributions of miRNAs, lncRNAs, and circRNAs to distinct bio-
logical processes such as inflammation, fibrosis, apoptosis, and cell proliferation, which are
key elements of cardiac injury and regeneration. It is important to highlight the continuous
emergence of evidence relating the cross-talk between coding and non-coding RNAs, as
well as among non-coding RNAs (i.e., microRNA, lncRNAs and circRNAs) impacting key
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signaling pathways leading to inflammation, such as NF-kB and PI3K/AKT, or fibrosis,
such as Tgfβ1/Smads, as depicted in Figures 1 and 2, respectively. Over the next coming
years, we will witness the further elucidation of the functional roles of these non-coding
RNAs in cardiac injury and regeneration. In the meantime, we will deepen our understand-
ing of the complex regulatory networks intermingling non-coding- and protein-signaling
pathways, thus paving the way for the design of novel therapeutic tools with which to heal
dysfunctional hearts at the bedside.
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