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Abstract: Myocardial infarction (MI) is a critical global health issue and a leading cause of heart
failure. Indeed, while neonatal mammals can regenerate cardiac tissue mainly through cardiomy-
ocyte proliferation, this ability is lost shortly after birth, resulting in the adult heart’s inability to
regenerate after injury effectively. In adult mammals, the adverse cardiac remodelling, which com-
pensates for the loss of cardiac cells, impairs cardiac function due to the non-contractile nature of
fibrotic tissue. Moreover, the neovascularisation after MI is inadequate to restore blood flow to the
infarcted myocardium. This review aims to synthesise the most recent insights into the molecular
and cellular players involved in endogenous myocardial and vascular regeneration, facilitating the
identification of mechanisms that could be targeted to trigger cardiac regeneration, reduce fibrosis,
and improve functional recovery post-MI. Reprogramming adult cardiomyocytes to regain their
proliferative potential, along with the modulation of target cells responsible for neovascularisation,
represents promising therapeutic strategies. An updated overview of endogenous mechanisms that
regulate both myocardial and coronary vasculature regeneration—including stem and progenitor
cells, growth factors, cell cycle regulators, and key signalling pathways—could help identify new
critical intervention points for therapeutic applications.

Keywords: Myocardial infarction; cardiac regeneration; cardiomyocytes; endothelial cells; stem/
progenitor cells; angiogenesis; tissue repair; regenerative capacity

1. Introduction
1.1. Main Causes and Consequences of Myocardial Infarction

Cardiovascular disease represents the leading cause of death worldwide, partly due
to the limited capacity of the adult mammalian heart to regenerate [1]. The heart is the
first organ formed during embryonic development and is composed not only of contractile
cardiomyocytes (CMs) but also of non-CMs, including endothelial cells (ECs), fibroblasts
(FBs), vascular smooth muscle cells (SMCs), immune cells, adipocytes, and neuronal cells,
all of which contribute to supporting cardiac function and homeostasis [2]. Myocardial
infarction (MI), commonly known as a heart attack, is a serious medical condition that
occurs when blood flow to a part of the heart is blocked or markedly reduced for an
extended period, causing damage or death of cardiac muscle tissue [3]. While timely
reperfusion of the infarct-related coronary artery by percutaneous coronary intervention is
life-saving, it may inflict some additional damage to the myocardium, so that final infarct
size is determined both by ischaemia and reperfusion-induced (I/R) injury [4].

The consequences of MI can be severe and life-threatening. The damage’s extent and
location determine the infarction’s severity and its consequences [5]. The main cause of MI
is atherosclerosis, a condition characterised by the accumulation of plaques composed of
cholesterol, fatty substances, calcium, and fibrin (a clotting material) within the walls of the
coronary arteries [6]. Over time, these plaques can become unstable, leading to rupture
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or erosion of the plaque surface. When one of these phenomena occurs, platelets in the
blood adhere to the injury site, forming a blood clot that can partially or completely block
the artery, causing an MI [7]. Several factors influence the development of atherosclerosis
and subsequent MI. Among these, high levels of low-density lipoprotein (LDL) cholesterol,
hypertension, smoking, diabetes (particularly type 2 diabetes), obesity and a sedentary
lifestyle, and, lastly, genetic factors, can lead to the buildup of plaques in the arteries,
narrowing the passages and increasing the risk of clot formation [8].

The first event following an MI is the death of millions of myocytes, which triggers the
activation of the innate immune response, resulting in tissue infiltration by leukocytes [5].
Neutrophils and macrophages are primarily responsible for extracellular matrix (ECM)
destruction. After 1 or 2 days, the tissue reaches the peak of the inflammatory response.
Transforming growth factor-beta (TGF-β), one of the main cytokines present in the damaged
myocardium, promotes the differentiation of FBs into myofibroblasts, which, together with
macrophages, start the remodelling of the cardiac tissue with excessive collagen deposition
and fibrosis and the formation of scar tissue within 3–7 days [9]. Following this phase,
there is a window of approximately 1–2 months during which the scar matures. These
processes collectively work to repair the damage and reshape the tissue, and, unlike many
other organs, in cardiac tissue, it is improbable to achieve the “restitutio ad integrum” after
injury because of its limited regenerative capacity [10]. The cardiac remodelling initially
acts as a compensatory response that guarantees the integrity of the ventricular wall; the
persistence of this process displays deleterious long-term haemodynamic consequences
because it compromises the contractile activity of the heart due to the rigidity of the scar
tissue itself, thus leading to heart failure (HF) development [11]. The progression of this
adverse remodelling, i.e., the long-term alteration of cardiac function leads to a volume
overload-induced ventricular dilation, is associated with a patient’s poor prognosis [12].
In some cases, MI can lead to complications such as arrhythmias, which are generally
due to the alteration of impulse propagation caused by collagen deposition that results in
intramyocardial re-entry, which can lead to fatal tachyarrhythmias in the first month after
the ischaemic event, with a high risk of sudden cardiac arrest [13].

The long-term consequences of MI can include an increased risk of recurrent heart
attacks and reduced quality of life. Cardiac rehabilitation, lifestyle modifications (such
as smoking cessation, a healthy diet, regular exercise, and weight control), medications
(such as antiplatelet drugs, statins, beta-blockers, and ACE inhibitors), and, in some cases,
surgical interventions (such as coronary artery bypass grafting or angioplasty with stent
placement) are essential components of management and prevention strategies aimed at
reducing the risk of recurrent MI and improving overall cardiovascular health [14,15].

1.2. Concepts of Cardiac Regeneration

The term “cardiac regeneration” encompasses a broad spectrum of concepts surpassing
CM’s simple renewal potential. It involves factors such as growth factors (GFs), paracrine
signals, transcription factors, and miRNAs, all of which have demonstrated significant
roles in promoting CM proliferation and angiogenesis in animal models. This suggests
promising avenues for enhancing the intrinsic regenerative ability of the adult mammalian
heart [16]. Among the various models of vertebrates where cardiac regeneration has been
extensively researched and whose CMs can proliferate and regenerate injured cardiac
tissue, the neonatal mammal stands out [17]. This model, during the early stages of
life, displays significant regenerative potential with full regenerative capability following
different types of injuries, such as cryoinjury, apical resection, left anterior descending
(LAD) coronary artery ligation, pulmonary artery binding (PAB), and transverse aortic
constriction (TAC) [18]. However, this regenerative potential is rapidly lost after birth,
starts to decline at P3 (3 days old), and becomes negligible at P7 [19]. An in-depth study of
the differences between P1 and P3 neonatal hearts reported an increase in ECM stiffness
at 3 days, which appeared responsible for the loss of regenerative ability [20] (Figure 1).
Recently, an emerging role of metabolic switches in controlling cell functions, such as
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proliferation, differentiation, and paracrine signals, which are crucial for development
and regeneration, as well as in regulating cell fate, has been identified. In neonatal mice,
heart energy production primarily involves glucose and lactate oxidation, supported by
heightened glycolytic activity to facilitate rapid cardiac growth. Conversely, a significant
metabolic transition has been observed in postnatal mice, where CMs predominantly use
mitochondrial fatty acid oxidation for energy production to sustain heart maturation and
function [21]. It has been demonstrated that mTORC1 inhibition specifically accelerates
metabolic maturation post-MI compared to sham controls in neonatal mice, reducing the
CM proliferation rate and increasing CM size following MI [22]. The shift from glycolysis
to fatty acid oxidation during postnatal heart maturation correlates with the inability
of the adult heart to regenerate following injury and may represent a target to promote
heart regeneration. In both mouse and human adult hearts, the response to injury results
in suboptimal regeneration, leading to pronounced fibrotic scar formation. This causes
cardiac remodelling, which includes ventricular wall thinning and dilation, ultimately
compromising cardiac contractility [23].
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Figure 1. Schematic overview of the response to myocardial injury in neonatal and adult mammalian
models. After myocardial injury, different events can occur to regenerate the damaged heart. Neonatal
mice (aged < 1 week) are capable of full regeneration and functional recovery after injury. In adult
mice and humans, this regenerative capacity is lost, and the necrotic tissue after injury is replaced
with a fibrotic scar.

Over the past 15 years, extensive efforts have been made to identify the genes and
pathways involved in myocardial regeneration following cardiac damage [17]. The bulk
of changes in gene expression within cardiac cells occur during ontogeny, transitioning
from the neonatal to the adult phenotype. Contrary to a paradigm where a specific genetic
program is exclusively activated upon regenerative demand, neonatal cardiac cells exhibit
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an inherent predisposition to sustain cell cycle activity from early developmental stages [24].
During neonatal heart development, the percentage of ECs increased in the first days after
birth, suggesting EC proliferation and angiogenesis during this period [25]. Furthermore,
transcriptomic analyses of both murine neonatal and adult CMs and ECs confirmed a
strong difference in transcriptional profiles after MI. While neonatal (P1) CMs and ECs are
enriched in cell-cycle-associated transcription factors, adult (P56) CMs and ECs failed to
reactivate neonatal transcriptional networks after MI [26].

Studies performed using large animal models seem to corroborate these results. How-
ever, the authors highlighted that, similarly to murine models, the CM regenerative capacity
was lost shortly after birth in neonatal swine and ovine [27–29]. A few data are available on
the regenerative capacity of the human heart. Mallova and co-workers reported that CM
proliferation contributes to developmental heart growth in young human beings (between
1 and 20 years old) [30]. This endogenous regenerative capacity was also observed in one
case report of an infarcted human newborn, where the neonatal heart recovered myocardial
structure and function after reperfusion therapy [31].

The growing interest in studying tissue regeneration in the adult heart was encouraged
by the documentation of a modest regenerative potential within adult cardiac tissue, chal-
lenging the conventional view of the adult heart as a terminally differentiated (post-mitotic)
organ [16]. Specifically, it has been demonstrated that CMs exhibit an approximate annual
renewal rate of 1% at the age of 20, a rate that gradually diminishes with increasing age,
ultimately reaching 0.3% by 75 years [32]. Consequently, less than half of myocardial tissue
undergoes regeneration throughout an individual’s lifespan. This observation, coupled
with the evidence of robust neonatal cardiac regenerative capacity, has spurred investiga-
tions into strategies aimed at enhancing endogenous cardiac regeneration. Furthermore,
the presence of concomitant diseases, as frequently observed in elderly patients, can nega-
tively affect the heart’s regenerative capacity [33]. Stem cells are crucial for maintaining
tissue homeostasis and facilitating the repair of damaged tissues. Consequently, their
dysfunction or depletion with age can significantly impair the tissue’s ability to repair
and regenerate [34]. Chronic inflammation, oxidative stress, metabolic dysregulation, and
age-related multimorbidity negatively impact the endogenous cardiac stem/precursor cell
population, which plays a crucial role in myocardial cell turnover and repair following
injury [35]. Ageing inherently leads to alterations in cellular signalling and stem/precursor
cell activation to counteract the existing cellular senescence within the tissue. In particular,
senescent cells affect regenerative niches via the release of pro-inflammatory secretomes,
which hinders the proliferation and regeneration of stem cells [36]. In the context of tissue
injury, as occurring in MI, this can impair repair and regeneration [37]. In diabetes, for
instance, acute hyperglycaemia induces human cardiac stem cell death by upregulating
matrix metalloproteinase-9 (MMP9), which promotes apoptosis and pyroptosis [38]. Addi-
tionally, diabetes negatively affects cardiac repair by promoting fibrosis, altering metabolic
pathways, and reducing the regenerative response of CMs and ECs [35], thus exacerbating
cardiac dysfunction and limiting the potential for recovery following MI [39].

2. Myocardial Regeneration

Myocardial regeneration represents a crucial area of research in the field of biomedicine,
aimed at replacing damaged CMs, particularly following MI. Despite significant advance-
ments in recent years, myocardial regeneration remains a complex challenge, characterised
by scientific debates regarding the identification of cardiac precursors and their actual
regenerative potential. In this framework, most of the recent studies discussed in this
revision have increasingly focused on investigating the role of the paracrine signalling of
stem/precursor cells rather than their direct differentiation during endogenous regener-
ation [40–42]. These studies indicate that modulating paracrine signals may ultimately
enhance cardiac regeneration and improve the control of unwanted side effects. Together,
stem/precursor cells, GFs, and cell cycle regulators are the main protagonists in stimulating
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CM proliferation and improving cardiac function; therefore, they might be the key to
unlocking effective new therapies for the regeneration of damaged cardiac tissue [43].

2.1. Stem/Precursor Cells in Myocardial Regeneration

Stem/precursor cells have the ability to self-renew and differentiate into functionally
mature specialised cells in various human tissues [44]. Over the past decade, there have
been intense debates regarding the existence of cardiac stem cells and their potential func-
tion, particularly on the role of c-Kit-positive stem cells in cardiac regeneration. Kit (CD117)
is a type III receptor tyrosine kinase that activates a downstream signalling cascade upon
binding to the stem cell factor. Studies conducted in the last 20 years have demonstrated
the expression of c-Kit in various cell types [45] and also in a population of stem cells in
the adult heart [46]. Subsequent studies aimed at validating or expanding these works
have led to significant conflicts and controversies, primarily focused on inconsistent results
and discordant conclusions arising from the use of distinct methodologies and models,
concluding that cKit+ progenitor cells are not a relevant source of CMs in vivo [47]. These
findings raised questions about the interpretation of previous data and suggested that the
regenerative capacity of the heart may have been overestimated [48]. Though the research
aimed at tracing stem cells using knock-in Cre/Lox and/or Dre/Rox models has been
partially criticised [49], as well as the one using inducible transgenic reporters [50], today,
the role of stem/precursor cells in myocardial regeneration remains a challenging field of
cardiac research that lacks definitive and indisputable scientific evidence. In 2019, Chien
and colleagues provided a comprehensive analysis of the debate surrounding the existence
of cardiac stem/progenitor cells, arguing that overemphasising these cells as the primary
drivers of cardiac regeneration may not be the most productive path forward. Moreover,
the publication underscores the need to shift the focus of cardiac cell therapy research
toward a better understanding of paracrine mechanisms and the promising potential of
iPSCs [47]. However, the heart harbours a diverse population of c-Kit+ cells, primarily
consisting of endothelial progenitor cells (EPCs), and, for this reason, it is important to
underline that c-Kit expression is necessary but not sufficient for identifying true adult
stem/precursor cells [51].

Nevertheless, the goal of this review is to provide the most significant recent findings
about the role of stem cells in cardiac regeneration after MI, particularly concerning cardiac
progenitor cells (CPCs) and mesenchymal stem cells (MSCs) (Figure 2).

2.1.1. CPCs

CPCs constitute a heterogeneous population of resident cardiac cells distributed
throughout the heart [52]. CPCs are immature yet committed myocardial cells capable of
proliferation and differentiation into major cardiac cell types, namely CMs, SMCs, and ECs,
thereby possibly facilitating the regeneration of damaged cardiac tissue and promoting
neovascularisation [53]. Several types of CPCs have been identified in cardiac development
and regeneration at various stages that can be classified based on the expression of different
surface markers (c-Kit, Sca-1, Mesp1, KDR/Flk-1) and their locations within the heart
(mesoderm, epicardium, side population, or cardiosphere-derived) [54].

c-Kit+ CSC/CPCs

c-Kit+ CPCs contribute to new CM generation during embryonic development and
the early postnatal period. This capacity decreases in the adult heart, with only a few
new CMs originating from CPC [55]. Vicinanza et al. demonstrated the presence of
small niches of c-Kit+ resident CSCs that constitute less than 1% of the c-Kit+ cardiac cell
population that possesses clonogenic potential. The entire population of c-Kit+ cardiac
cells was compared with clonogenic c-Kit+ CSCs in a murine model of MI to demonstrate
the differences in their regenerative capacities. Following the induction of MI in rats, both
the total c-Kit+ cardiac cells and the clonogenic c-Kit+ CSCs were injected directly into the
myocardium near the infarct border zone. Twenty-eight days post-MI, the clonogenic c-Kit+
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CSCs persisted in the infarcted hearts and contributed to robust myocardial regeneration.
These CSCs generated new mononucleated CMs, arterioles, and capillaries. Moreover, the
clonogenic CSCs significantly reduced myocyte apoptosis, hypertrophy, scar size, and left
ventricular dilation, leading to a marked improvement in cardiac function compared to
control rats, all of which developed HF. Conversely, total c-Kit+ cardiac cells, corresponding
to approximately 99% of the c-Kit+ population, exhibited minimal engraftment, primarily
confined to the infarct border zone. These cells failed to generate significant numbers of
new CMs, while most differentiated into ECs. These findings demonstrate that only a
small number of c-Kit+ CSCs possess clonogenic potential, self-renewal capabilities, and
multilineage cardiac differentiation potential in vivo compared to the majority of c-Kit+
cardiac cells that exhibit primarily vasculogenic potential [56]. The intrinsic regenerative
capacity of CPCs can be enhanced through the use of GFs such as Hepatocyte growth
factor (HGF) or Insulin-like growth factor (IGF). It has been demonstrated that a population
of resident c-Kit+ CPCs in the adult swine myocardium is activated in response to the
intracoronary administration of IGF-1/HGF after MI. This activation promotes myocardial
regeneration and microvasculature with a dose-dependent effect. This process results in a
significant improvement in cardiac function, a reduction in cell mortality, and an increase
in left ventricular ejection capacity. Additionally, the use of small amounts of IGF-1/HGF
directly into the coronary artery feeding the infarcted area has been shown to improve CM
survival and promote cardiac remodelling, leading to an overall structural improvement in
the myocardium observable even two months after the infarction event [57].

Sca-1+ CPCs

Sca-1+ CPCs exhibit a mesenchymal phenotype, possess limited potential for cardio-
genic differentiation, and can enhance cardiac remodelling following MI [12]. Within the
Sca-1+ CPCs, a subpopulation expressing high levels of Bmi1 (Sca-1+ Bmi1+) has been iden-
tified, which appears to play a particularly important role in regenerative mechanisms [58].
At first, it has been demonstrated that Sca-1+ Bmi1+ CPCs significantly increase in the peri-
infarct area of mice and can contribute to cardiac repair via the de novo generation of CMs
after MI, with new CM formation rates reaching 13.8% compared to 4.7% in non-infarcted
hearts [59]. Subsequent in vitro investigation has demonstrated that Bmi1+ cells can give
rise to both CM-like and smooth muscle-like cells [60]. However, when transplanted into
the infarcted hearts of mice, they do not differentiate into new CMs [61]. More recently,
studies indicate that Sca-1+ Bmi1+ CPCs are located around the vascular structure, exhibit
an endothelial-related phenotype, and contribute to neovascularisation after MI [62–65].
Indeed, the ablation of Sca-1+ Bmi1+ CPCs impaired the angiogenic response following
MI [66] and, with age, oxidative stress confines Bmi1+ progenitor cells to perivascular
regions of the heart, reducing their ability to respond to damage [67].

Thus, the positive effects of Sca-1+ cell transplantation are likely due to their role in
promoting angiogenesis and exerting paracrine effects rather than direct CM differentiation.

Mesp-1+ CPCs

Cells expressing Mesp-1 mainly contribute to the formation and early elongation of
the heart tube during development [68]. Mesp1-CPCs differentiated into cardiac myocytes,
vascular SMCs, and ECs in a mouse model of MI. In particular, mice injected with CPCs after
MI exhibited significant improvements in cardiac pump function and overall survival rates.
The differentiation of cardiac myocytes was primarily confined to the infarct and border
zones and occurred less frequently than the differentiation into the other two lineages. CPC-
derived vascular SMCs and ECs were abundant in both the infarct and border zones, often
contributing to neovasculogenesis and showing co-staining with proliferation markers [69].
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Figure 2. Regulatory mechanisms involved in myocardial regeneration. It is widely debated whether
cardiac progenitor cells (CPCs) possess the potential to differentiate into cardiomyocytes (CMs) in the
adult heart. Mesenchymal stem cells (MSCs), through the paracrine release of exosomes, modulate
the microenvironment, thereby promoting tissue regeneration. Growth factors, such as Fibroblast
growth factors (FGFs), Neuregulin-1 (NRG-1), and Insulin-like growth factor (IGF), regulate CM
proliferation by activating key molecular pathways, including WNT/β-catenin, PI3K/AKT, and
JAK/STAT, which contribute to myocardial regeneration. Additionally, cell cycle regulators, such as
cyclins, p53, and transcription factor T-box 20 (TBX20), govern CM cell cycle re-entry, supporting
cardiac repair and regeneration.

KDR/Flk-1+ CPCs

The kinase insert domain receptor (KDR), also known as Flk-1 or vascular endothelial
growth factor receptor 2 (VEGFR2), is a progenitor marker present in the early stages
of cardiac development in humans [70]. KDR/FLK1 is frequently used in combination
with other cardiac markers, such as platelet-derived growth factor-alpha (PDGFRα), C-
X-C chemokine receptor type 4 (CXCR4), and, sometimes, Mesp-1 [71]. High KDR/Flk-1
expression correlates with differentiation towards haematopoietic lineages. CPCs with
KDR/Flk-1 low expression stimulate cells to follow cardiac differentiation and can generate
a second population of FLK1+, which represents the first multipotent cardiac progenitor
cells permanently committed to the cardiogenic fate [72,73].

CPC Location Within the Heart

CPCs have been found in the mesoderm’s first and second heart fields (FHF and
SHF) and can be isolated from cardiospheres obtained from cardiac biopsy, as well as from
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the side population (SP-CPCs) and epicardium (EPDCs). These CPCs share the ability to
contribute to cardiac development but differ in specific markers, differentiation potency,
and regenerative capacity in the adult heart. FHF- and SHF-derived CPCs are crucial for
embryonic development, with SHF CPCs exhibiting greater differentiation potential [54].
SP-CPCs, EPDCs, and cardiosphere-derived CPCs demonstrate putative differentiation
potential, although their key role in tissue repair and modulation of the local environ-
ment is attributed to their robust paracrine activity facilitated through the secretion of
biologically active extracellular vesicles (EVs) [74]. EVs represent a diverse population of
membrane-enclosed vesicles released by normal, apoptotic, and tumour cells, notably cate-
gorised into different types: exosomes, ectosomes, apoptotic bodies, and oncosomes [75].
Given the significant paracrine impact of stem cells in tissue repair, including cardiac
tissue regeneration, extensive research has been conducted to harness stem-cell-derived
EVs, particularly exosomes, as promising next-generation therapeutic agents in cardiac
repair [76]. The epicardium plays a fundamental role in cardiac development, contributing
both cellular elements and paracrine factors essential for heart formation. These epicardial
processes are not only vital during development but are also recapitulated in the adult
heart following cardiac injury, albeit less efficiently [77]. The epicardium may therefore
function as a reservoir of progenitor cells [78], which can release EVs that enhance the
proliferation of neonatal murine CMs in vivo. When injected into the injured area of in-
farcted hearts, EPDC-derived EVs promoted CM cell cycle re-entry, doubling the number
of proliferative CMs compared to the control group. The induction of CM proliferation by
EPDC-derived EVs was observed in both P1 and P7 mouse hearts. This proliferation was
induced by microRNAs found in the EVs that lead to the activation of the Akt, Hippo, and
ERK signalling pathways [79].

2.1.2. MSCs

On the other hand, MSCs represent the most undifferentiated stem cells involved in
tissue repair across various organs. As stromal cells, they possess a unique capacity for
self-renewal and exhibit multilineage differentiation potential [80]. Although there is no
concrete evidence regarding their direct intervention in myocardial regeneration through
transdifferentiation, researchers have increasingly become interested in MSCs in recent
years due to their robust regenerative capabilities and their greater accessibility, especially
in the investigation of ischaemic heart disease treatments [81,82]. MSCs secrete a range of
bioactive molecules, including GFs, cytokines, chemokines, and EVs, which can modulate
the cardiac microenvironment and promote tissue repair processes [83–85]. Currently,
investigation of MSC-Exosomes (MSC-Exo) and MSC immunomodulatory properties are
major research focuses.

MSC-Exosomes

In the past few years, studies have provided evidence that MSCs function as regulators
through the secretion of exosomes transporting genetic materials (microRNA, messenger
RNA) and proteins (tetraspanins, annexins, heat shock proteins) to target cells [76,86–88].
Considering its effect on the regulation of cell death and proliferation, miR-199a-3p was
implicated in stimulating CM proliferation [89], and it was found abundant in MSC-Exo [90].
miR-199a-3p has been determined to be one of the few miRNAs crucial for the induction
of cardiac regeneration. Targeting Crim1, a gene essential to CM proliferation inhibition,
miR-199a has been found to increase in vitro CM proliferation. Infarcted mouse hearts were
injected with adenovirus vectors expressing miR-199a-3p, and, after 60 days, Edu-positive
CMs were detected in the infarct border zone, confirming that miR-199a-3p stimulated their
proliferation [91]. However, the persistent and uncontrolled expression of this microRNA
was associated with sudden arrhythmic death in a swine model, suggesting that, in large
mammals, such therapies need to be tightly dosed [92]. MSC-Exo may also overexpress
miR-210, which protects myocytes from in vitro and in vivo stress [93]. miR-210 promoted
cardiac regeneration, inducing CM proliferation in adult mice post-MI with a significant
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increase in either Edu, Troponin T, or Aurora B positive CM in the peri-infarct area. In
addition, mice treated with miR-210 showed a significant upregulation in their β-catenin
level, supporting CM cell cycle progression [94].

MSC Immunomodulatory Properties

MSCs possess immunomodulatory properties that can regulate the immune response
and create a favourable environment for cardiac repair. It has been demonstrated that
MSCs suppress the activation and proliferation of immune cells, such as T cells, B cells,
and natural killer cells, and inhibit the production of pro-inflammatory cytokines [95].
This immunomodulatory effect can attenuate excessive inflammation, which is harmful
to cardiac tissue, and promote a more balanced immune response that favours tissue
repair and regeneration [96]. Accumulating evidence indicates that MSCs contribute to
cardiac repair through modulating macrophage functions. The recent findings on MSC-Exo
highlighted that miR-182, contained in MSC-Exo, can preserve heart function in I/R injury
mice by inhibiting the expression of TLR4 and enhancing M2 polarisation [97]. Moreover,
miR-21-5p plays a role in cardiac repair by inducing macrophage polarisation towards the
M2 phenotype, which in turn reduces the inflammatory response following injury [98].

2.2. Growth Factors

GFs are molecules capable of stimulating several cellular processes, including cell
proliferation, migration, differentiation, and multicellular morphogenesis, during devel-
opment and tissue healing [99]. Given their direct impact on these cellular functions, GFs
have been extensively investigated for their role in regulating CM proliferation [100]. GFs
may induce stem cell recruitment, anti-apoptotic and/or angiogenic effects, adult CM pro-
liferation, and ECM remodelling. All these mechanisms can contribute to promoting tissue
regeneration and improving cardiac function, inducing CM proliferation in pathological
conditions such as infarction-induced damage (Figure 2).

2.2.1. Neuregulin-1

Neuregulin-1 (NRG-1) is a growth factor involved in various processes of cardiac
development, including CM proliferation and differentiation. Primarily produced and
released by vascular ECs, it acts through its binding with the ErbB4 receptor [101]. This
binding induces ErbB2-ErbB4 heterodimerization, and the resulting intracellular signal
is capable of activating the Ras/ERK, PI3K/Akt, and Src/Fak pathways, which regulate
multiple functions of CMs such as growth, proliferation, survival, and structural sarcomeric
organisation [102]. The regulatory role of NRG-1 in cardiac development is predominant
during the neonatal phase compared to adulthood in mammals, primarily due to the
decrease in the cardiac level of ErbB2, which is essential for heterodimerization with
ErbB4 [103]. This reduction of ErbB2 was observed in the heart at P7 and further decreased
at P28, resulting in the loss of cardiac regenerative capacity. These findings on the role
of NRG-1 in cardiac regeneration suggest that combinatorial overexpression strategies of
NRG-1 and ErbB2 might be a therapeutic target to initiate cardiac repair after MI.

In mammals, a metabolic switch from glucose to fatty acid metabolism occurs in
the first postnatal week and coincides with increased mitochondrial activity and loss of
regenerative potential [104]. Although constitutive expression of ErbB2 in the in vitro
experiments led to a metabolic shift toward glycolysis, which is beneficial in promoting CM
cell cycle re-entry, in the in vivo adult murine model, its constitutive expression induced
hypertrophic cardiomyopathy [105,106]. This research group also developed a transgenic
mouse model in which the expression of ErbB2 could be transiently induced with Doxycy-
cline. They used a young mouse model (P8) already exited from the regenerative window
(MI induced at P7) and a 5-week adult mouse model (MI induced at P42), and subsequently
administered Doxycycline for 10 and 21 days, respectively, to achieve transient expression
of ErbB2 signalling. This transient expression resulted in a significant improvement in
cardiac recovery after MI, with an increase in proliferating CMs (TnT+, Ki67+, and Aurora
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B+) together with a reduction in scar size in both young and adult models compared to
controls [103]. This improvement was particularly pronounced after the cessation of ErbB2
expression, especially in the adult model. Analyses of sarcomeric structures conducted
one month after infarction (approximately P70) and ErbB2 induction revealed the presence
of robust dedifferentiated cardiac muscle. Moreover, one month after the cessation of
ErbB2 expression (approximately P98), both tissue morphology and sarcomeric organi-
sation were restored, indicating the process of CM redifferentiation leading to reduced
scar formation and improved cardiac function after MI. These results suggested that a
transient expression of ErbB2 in the adult model is sufficient to reopen the regenerative
window of CM proliferation. In addition, the analysis of downstream mediators of ErbB2
proved these effects in CMs to be mediated by ERK, AKT, and GSK3β/β-catenin pathway
activation [106]. Recent studies have highlighted that in the process of cardiac regeneration
mediated by ErbB2 in an adult murine model of MI, an epithelial-mesenchymal transition
(EMT)-like process is also involved; thus, the authors suggested that CM migration is an
essential element for cardiac repair and scar replacement by new CMs, together with ECM
and cytoskeletal remodelling. Furthermore, these authors pointed out the role of YAP, a
downstream mediator of the ErbB2 and ERK signalling pathways, the phosphorylation of
which is necessary to induce cytoskeletal remodelling and regulate CM proliferation [107].
CM dedifferentiation is associated with an upregulation of foetal gene expression, the
disassembly of the sarcomere, and changes in cellular morphology, playing a key role in
tissue regeneration [108]. The activation of the EMT process is therefore crucial in pro-
moting the reactivation of efficient regenerative processes in tissues that have lost this
capability, such as cardiac tissue. In particular, the transient expression of the ErbB2-YAP
signalling axis can lead to the activation of EMT, causing dedifferentiation of adult CMs
and their subsequent redifferentiation when ErbB2-YAP expression is stopped. However,
only a transient activation is required, while a constitutive activation of ErbB2 can lead to
cardiac hypertrophy. This phenomenon has also been confirmed in various murine models
following MI [109].

2.2.2. Fibroblast Growth Factors

Fibroblast growth factors (FGFs), comprising a family of 22 members in mammals, play
a crucial role in cardiac function, spanning from developmental processes to maintaining
homeostasis and contributing to disease progression [110]. Canonical FGFs, such as FGF1-
10, FGF16-18, FGF20, and FGF22, are small proteins secreted in the ECM by various cell
types, including ECs, FBs, CMs, and MSCs, and function either as paracrine or autocrine
GFs [111]. Hormone-like FGFs, such as FGF15, FGF19, FGF21, and FGF23, are released into
the blood and regulate different aspects of metabolism. Additionally, there is a subfamily
of FGFs comprising four intracellular proteins, namely FGF11-14, which play a role in
modulating ion channels [111]. Notably, FGF 1, 2, and 10 mediate a crucial role in the
heart by binding to their receptors (FGFRs) [112,113]. The potential of FGF1 has been
further underscored through its synergy with NRG-1, an agonist of the epidermal growth
factor receptor tyrosine kinase, in both rat and swine models. Both GFs were administered
directly into the myocardium, encapsulated within microparticles, four days post-MI. The
combination of these growth factors in infarcted hearts led to a significant improvement in
cardiac function, with a reduction in necrotic area and appropriate remodelling of the heart
compared to the untreated control. Interestingly, a decrease in the number of apoptotic CMs
was observed after 3 months of treatment, with an increase in proliferating CMs (cardiac
TnT+ Ki67+) in the infarcted zone following treatment [114].

The role of FGF10 in adults is involved in maintaining proper cardiac morphology
and, particularly, in preserving the correct thickness of the ventricular wall through the
regulation of CM proliferation. Notably, FGF10 controls the CM cell cycle by binding to
FGFR2b during embryonic development, while in the adult heart, it exerts this control
by binding to FGFR1b [115]. The expression of FGF10 changes during the developmental
stages: gene expression analysis in both foetal and postnatal/adult hearts showed that
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FGF10 expression decreased from 18.5 days of foetal growth (E 18.5) until P10, when CMs
exit from the cell cycle. FGF10 expression then increased again at P16, reaching maximal
levels at P56 (8 weeks old) before decreasing again at P100 (14 weeks old). These results
support a physiologically relevant role for FGF10 in controlling CM proliferation both
during foetal development and in the postnatal/adult heart [110,116]. Deletion of FGF10
compromises CM proliferation, as evidenced by the significant reduction in Ki67+ CMs
in the right ventricle of FGF10−/− embryos [117]. During foetal development, FGF10
action involves the phosphorylation of FOXO3 and downregulation of the cyclin inhibitor
p27. In the adult transgenic mice model, the analyses of the percentage of CM positive
for the proliferative marker Ki67+ and mitotic marker PH3+ (phosphorylated histone 3)
reveal that FGF10 overexpression (for 14 days) specifically promotes CM re-entry into
the cell cycle. These authors attributed the cell proliferation exclusively to CMs rather
than non-myocytic cells, as evidenced by the presence of α-actinin staining. In particular,
these smaller and mononucleated new CMs were observed in the infarcted and border
zones [117]. The role of FGF10 in cardiac regeneration has also been confirmed using
mice with reduced FGF10 expression (FGF10+/−). Twenty-one days post-MI, endogenous
levels of FGF10 increased in CMs, and these FGF10+/− mice exhibited worsened cardiac
performance, including further decreases in ejection fraction and fractional shortening and
further increases in left ventricular volume compared to WT. Interestingly, decreased FGF10
levels compromised CM proliferation and impaired fibrosis post-MI. Immunofluorescence
staining for Ki67, PH3, and Aurora B revealed significant impairment in CM proliferation
in FGF10+/− mice compared to WT, both at 5 and 21 days after MI. At the same time
points, histological analysis with Sirius Red staining showed an increase in fibrotic tissue
together with upregulated collagen gene expression in FGF10+/− mice [117]. These results
reinforced the concept that high levels of FGF10 are necessary for cardiac regeneration
and the preservation of cardiac function, preventing fibrosis, and reducing post-infarction
cardiac remodelling by modulating the gene expression of key regenerative signalling
pathways, including the transcription factor Meis1, which controls CMs’ and ECs’ fate, the
Hippo signalling pathway, and a pro-glycolytic metabolic switch. Most importantly, in the
same study, the pivotal role of FGF10 in cardiac regeneration has also been confirmed in
failing human heart biopsies, where FGF10 expression significantly correlated with smaller
CM cross-sections and enhanced Ki67+ CM numbers in the border zone, thus reinforcing
the conclusion that FGF10 promoted CM renewal [117].

2.2.3. Insulin-like Growth Factors

IGF1 and IGF2 are growth factors that play a central role in activating endocrine,
paracrine, and autocrine signalling pathways in cardiac development. While IGF1 is
predominantly present in the postnatal period, including adulthood, IGF2 prevails during
embryonic development [118].

Indeed, IGF-1 receptor inhibition has been shown to hinder CM proliferation, thereby
impeding cardiac development and regeneration in the mouse heart [119]. The main
action of IGF1 involves the phosphorylation of MEF2C, resulting in p38-MAPK pathway
activation. Additionally, it activates several other signalling pathways, including ERK1/2,
PI3K, PKC, PKB, Jak/STAT, and PLC [120].

Overexpression of IGF2 in parthenogenetic stem cells (PSCs) accelerates their differen-
tiation into CMs, resulting in a promising strategy for enhancing cardiac regeneration [121].
Shen et al. recently reported that IGF-2 invalidated the intrinsic regenerative effects in
P1-day mice, highlighting the critical role of IGF-2 as a mitogen in neonatal mice [41].

The bioavailability of IGF is regulated by six members of the IGF-binding protein
(IGFBP) family [122].

IGFBP1 regulates cell proliferation, migration, and metabolism by activating integrin-
ILK/FAK/PTEN signalling through integrin receptors on the cell membrane [123]. Under
hypoxic conditions, IGFBP1 influences myocardial cell apoptosis by regulating Hypoxia-
Inducible Factor(HIF)-1α. Its role as a negative regulator of CM proliferation has also
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been demonstrated in an MI mouse model. Seven days after intramyocardial injection of
adenovirus-shRNA-IGFBP1, the animal hearts were subjected to LAD ligation. Silencing
IGFBP-1 can reduce infarct size and attenuate apoptosis in CMs, with decreased interstitial
fibrosis in the infarcted zone of the shRNA-IGFBP1 group compared to controls. Addition-
ally, immunofluorescence staining showed an increased number of Ki67+ and pH3+ CMs
in the border zone of the shRNA-IGFBP1 group compared to the control group, suggesting
that knocking down IGFBP-1 promotes cardiac regeneration and reduces fibrosis after
MI [124].

Wang et al. identified a regulator of myocardial cell proliferation in the neonatal
heart, IGF2BP3 [24]. IGF2BP3 expression is enriched in the regenerative heart following MI
and promotes CM division, resulting in a potential target for future cardiac regeneration
therapy [24]. IGF2BP3 promoted myocardial regeneration in adult mice by stabilising
MMP3 mRNA through the interaction with m6A (N6-methyladenosine) modification.
In particular, adeno-associated virus 9 (AAV9)-packaged IGF2BP3 was injected into the
myocardium of the left ventricle of P1 mice immediately after MI induction. At 7 and
56 days after IGF2BP3 injection, CM proliferation was markedly increased in P7 and adult
mice compared with groups injected with the control vector, as determined by immunostain-
ing of pH3 and Ki67. Furthermore, overexpression of the IGF2BP3 significantly increased
the proportion of proliferative CMs in the marginal zone of the MI heart at 14 days [125].
IGF2BP3, along with the cytokine Ccl24, is highly expressed in macrophages of P1 neonatal
mice compared to P14. This expression is thought to support cardiac regeneration by
promoting postnatal CM proliferation [126].

Taken together, these results highlight the role of IGFs in myocardial regeneration,
supporting CM proliferation. Further investigation into their involvement in cardiac repair
processes and immune cell regulation could offer new insights for enhancing myocardial
regeneration after injury.

2.3. Cell Cycle Regulators
2.3.1. Cyclins

Various regulators of cell cycle checkpoints, including cyclins, cyclin-dependent pro-
tein kinases (CDKs), CDK-activating kinases (CAKs), and their inhibitors (CKIs), have been
identified as key players in regulating the cell cycle activity of CMs during both prenatal
and postnatal development [127].

CDKs are activated by complex formation with cyclins, leading to advances in the
cell cycle. In mammals, the complexes are Cyclin D-CDK4/6 (G1 phase), Cyclin E-CDK2
(G1/S phase), Cyclin A-CDK2/1 (S/G2 phase), and Cyclin B-CDK1 (M phase) [128]. CDK
activities are regulated through interactions with CKIs such as p21, p27, and p57, which
are implicated in CM cell cycle arrest. It has been demonstrated that the simultaneous
knockdown of p21, p27, and p57 with siRNA induces both neonatal and adult CMs to
enter the S-phase and undergo mitosis in vitro [129–131]. When complexed with CDK4
or CDK6, D-type Cyclins drive cell cycle re-entry from G0 to G1 phase. Protein levels
of D-type Cyclins and activating kinases (i.e., CDK4 and CDK6) have been observed to
sharply decline in the early postnatal stages and adulthood [112]. In particular, Cyclin
D1 is expressed at very low levels in adult CMs, allowing the maintenance of a quiescent
state of these cells. Indeed, specific induction of Cyclin D1 expression in adult mouse CMs
leads to an increase in proliferation markers, such as BrdU, Ki-67, and PCNA (Proliferating
cell nuclear antigen), as well as an increase in the expression of DNA replication-related
proteins, resulting in more than 40% of CMs re-entering in the cell cycle [132]. Recently,
it has been demonstrated that miR-301a, enriched in neonatal CMs, is able to induce
cell cycle re-entry and enhance cellular proliferation in H9C2 cells and primary CMs by
upregulating Cyclin D1. In vitro assays (Ki67, EdU, Aurora B stainings), confirmed that
miR-301a overexpression led to increased proliferation and G1/S transition of CMs. AAV9-
mediated cardiac delivery of miR-301a promoted cardiac repair and regeneration in an MI
murine model, via an increased expression of Cyclin D1 by downregulating PTEN and



Int. J. Mol. Sci. 2024, 25, 11747 13 of 39

upregulating phosphorylated AKT and GSK-3β. In the miR-301a-treated mice, 1.5–2.0% of
adult CMs were double positive for α-actinin and Ki67, compared to 0.5–1.0% in the control
mice, indicating the improved proliferative ability of CMs by miR-301a in vivo [133].

Cyclin B1 interacts with Cyclin-dependent kinase 1 (CDK1) to orchestrate the transition
from the G2 phase to mitosis. This complex starts to increase its activity during late
G2, through prometaphase until the cell enters metaphase [134]. Scientific evidence in
both in vitro and in vivo models demonstrated the importance of both Cyclin D1/CDK4
and Cyclin B1/CDK1 complexes in the cell cycle re-entry of CMs. At first, Tamer et al.
proved that a cocktail of Cyclin D1/CDK4 and Cyclin B1/CDK1 efficiently enhances the
proliferation of hiPS-CMs, primary mouse neonatal (isolated at P7) and adult rat (isolated
at 4 months) CMs. Subsequently, the authors validated these results in an in vivo adult
mouse model of coronary ligation with intramyocardial injections of adenoviral vector
encoding for CDK1, Cyclin B1, CDK4, and Cyclin D1, showing that adult CMs expressing
these four factors underwent stable cell division, resulting in a significant improvement
in cardiac function after acute or subacute MI. Interestingly, a similar improvement was
obtained even with injection after the formation of scar tissue. Moreover, it has been noted
that the use of inhibitors of TGFβ results in an unblocking of adult CM replicative ability by
promoting the function of G1 phase cyclins, likely attributable to an indirect suppression of
the CDK inhibitor p27 [135].

Cyclin D2 is well known as a key regulator of the cell cycle, particularly in the G1
phase, critical for DNA synthesis and cell proliferation. Specific expression of Cyclin D2
in CMs has a significant impact on their proliferative capacity and cardiac regeneration
after MI. Indeed, cardiac-specific expression of Cyclin D2 in both adult mice and pigs leads
to increased DNA synthesis up to 150 days post-infarction, increasing CM proliferation
and regression of the infarct area. In particular, 7 days after MI induction and treatment,
immunofluorescence analysis pointed out a significantly higher CM number expressing
Ki67, PH3, and Aurora kinase B in the border zone of mouse hearts treated with CyclinD2-
modified mRNA compared to control groups. Similarly, a 5.99-fold increase in Ki67+ and a
4.17-fold increase in PH3+ CM were observed in the border zones of infarcted pig hearts
3 days following intramyocardial administration of Cyclin D2-modified mRNA, compared
to control groups [136]. D-Cyclin activity can be modulated by dual-specificity tyrosine-
phosphorylation-regulated kinase 1A (Dyrk1a), which plays a critical role in controlling
the progression of the CM cell cycle. Specifically, inhibition of Dyrk1a led to increased
expression of D-Cyclins, promoting the activation of the Rb/E2F signalling pathway. The
E2F transcription factor family is crucial for CM proliferation. E2F1, 2, and 3 regulate gene
expression that influences entry into the cell cycle, especially the G1/S transition. E2F
activity is modulated by various proteins, including the retinoblastoma family protein
(pRB) [137,138]. Consistent with these findings, DYRK1a can enhance CMcycling and
improve heart function in a mouse model of MI. Specifically, when DYRK1a was ablated in
mice, there was an upregulation of cell cycle genes and a downregulation of genes related
to contractile proteins, compared to the control group [139].

Recently, the role of Cyclin L1 (CCNL1) in CM proliferation has been studied. Gong
et al. demonstrated that the presence of CCNL1 increases in the mouse cardiac tissue
undergone MI, suggesting a potential interference in the CM proliferation capacity. Gene
silencing in murine models confirmed that the absence of CCNL1 promoted CM prolifer-
ation and cardiac repair after MI. The negative role of CCNL1 in regulating the CM cell
cycle and in post-infarction cardiac repair could probably be attributed to its binding with
CDK11 [140,141].

In addition to the cyclins mentioned above, Cyclin A2 also plays a role in the regulation
of the cell cycle. It regulates two different stages of the cell cycle; specifically, it causes the
entry in the S phase when it combines with CDK2, while it allows the cell to progress to
phase M when it binds with CDK1. Indeed, the almost total absence of Cyclin A2 in the
adult heart has been correlated with the exit of CMs from the cell cycle in mammals [112].
Several scientific studies in different animal models demonstrated the crucial role of Cyclin
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A2 in CM cell cycle regulation after cardiac injury. In cardiac tissue, elevated levels of
Cyclin A2 are crucial in promoting CM cell cycle re-entry two weeks after acute MI in a rat
model [142]. Interestingly, the role of Cyclin A2 in post-MI cardiac regeneration has also
been confirmed in a porcine heart model [143]. Researchers induced overexpression with
intramyocardial injection of replication-deficient adenoviral vectors containing murine
Cyclin A2 one week after MI, observing a significant increase in CM proliferation with
improvement in cardiac function compared to control after 6 weeks [143]. Notably, other
authors pointed out that the Y-box 1 binding protein (YBX1) can stimulate Cyclin A2 activity.
Through the use of a circRNA capable of blocking Nfix (Nuclear factor I X), responsible
for the degradation of YBX1, it has been possible to restore the ability of YBX1 to bind and
activate the Cyclin A2 promoter, thus inducing CM proliferation and inhibiting apoptosis
after MI in a mouse model [144] (Figure 2).

2.3.2. p53

The tumour suppressor protein p53 plays a crucial role in regulating both embryonic
and postnatal cardiac development. Under physiological conditions, p53 is functionally ac-
tive in maintaining cardiac structure and regulating the expression of transcriptomes related
to metabolism, mitochondrial biogenesis, cardiac architecture and excitation-contraction
coupling. It has been demonstrated that the deletion of p53 triggered murine heart hyper-
trophy and decreased heart function [145,146].

Qi Xiao et al. developed a tracking system for p53+ CMs in mice, covering various
stages of development, from neonatal to adult. Using this system, they observed how p53+
CMs responded to myocardial cryo-injury and contributed to cardiac regeneration during
the postnatal age [147]. Conversely, elevated levels of p53 in pathological cardiovascular
conditions can lead to the activation of various mechanisms, including CMapoptosis, cell
cycle arrest, metabolism alteration, and autophagy [148]. These data have been confirmed
by Stanley-Hasnain et al., who demonstrated that simultaneous deletion of both p53 and
its inhibitor murine double minute 2 (Mdm2) in the adult mouse heart induces CM cell
cycle re-entry through the downregulation of Cdk inhibitors p21 and p27 along with Cyclin
E-mediated Cdk2 activation. These results can be explained by the ability of p53 and
Mdm2 to regulate the G1-Cyclin-CDK complex, which is responsible for maintaining the
quiescence of adult mammalian CMs [149]. p53 is also involved in activating autophagy
and inducing CM cell death after ischaemic injury. Its inhibition with long noncoding
RNAs (lncRNAs) significantly attenuates the activation of cardiac autophagic flux in the
ischaemic heart, resulting in a limitation of myocardial infarct size in an adult murine
model [150].

The role of p53 in cardiac regeneration can vary significantly depending on the de-
velopmental stage under consideration. Variations in the proliferative capacity of CMs
and cellular response to cardiac injury can primarily explain the differences in the p53 role
between the neonatal and adult periods.

2.3.3. TBX20

During embryonic development, TBX20 plays a pivotal role in driving CMproliferation
by binding to the promoters of key genes such as ccna2, cdc6, Mycn, and ErbB2, thereby
triggering their transcription [151,152]. Recent research focused on understanding TBX20’s
contribution to cardiac regeneration, in particular its ability to maintain foetal characteristics
in the adult heart and thereby stimulate CM proliferation. These investigations highlighted
the critical role of TBX20 in cardiac regeneration, suggesting that its overexpression could
serve as a promising therapeutic approach for cardiac repair after MI. Chakraborty et al.
examined TBX20 functions throughout embryonic and foetal development in a murine
model overexpressing this transcription factor [153]. They demonstrated its capacity to
drive CM proliferation with the consequent thickening of the ventricle wall. The foetal
hearts of transgenic mice overexpressing TBX20 exhibited a significant increase in the
number of pHH3+ and MF20+ (myosin 4) CMs compared to the control group [153].



Int. J. Mol. Sci. 2024, 25, 11747 15 of 39

The sustained proliferation of CMs induced by TBX20 was linked to increased N-myc1
transcription, a downstream regulator of the TBX20 pathway, alongside the upregulation
of connexin-40 and -43 expression throughout the ventricular wall, without altering the
signal propagation [153]. In a subsequent investigation, the same research group confirmed
an augmented population of small, mononucleated, proliferating CMs and ventricular
wall thickening also in the adult transgenic mice model overexpressing TBX20. Moreover,
the authors showed that TBX20 preserved foetal characteristics through the activation of
Bmp2/pSmad1/5/8 and PI3K/AKT/GSK3β/β-catenin pathways in adult hearts [154]. The
impact of TBX20 was further elucidated in a murine model of MI, where its overexpression
in adult hearts enabled CM proliferation without compromising cardiac morphology or
function [155]. TBX20 overexpression post-MI led to reduced scar size, diminished cardiac
hypertrophy, and increased capillary density in mouse hearts, thus preserving cardiac
function and enhancing survival of mice four weeks post-MI [155]. Isolated CMs from
TBX20-overexpressing hearts showed, besides a recovery of foetal contractile proteins
such as MHC and ssTnI (slow skeletal troponin I), a heightened proliferative activity
characterised by increased expression of Cyclin A2 and D1 along with reduced expression
of cell cycle inhibitors such as p16, p21, and p27 [155]. Genetic silencing of TBX20 in
embryonic murine CMs underscored its importance, resulting in a noticeable reduction
in the volume of developing ventricular and atrial chambers along with a decrease in CM
proliferation due to arrest in the G1-S phase. TBX20 directly represses the genetic programs
of cardiac progenitors in adult CMs [156].

In vitro experiments, human-induced CMs (hiCMs) revealed that TBX20, in conjunc-
tion with the MGT133 reprogramming cocktail (MEF2C, GATA4, TBX5, and miR-133),
induced cardiac reprogramming and activated genes associated with CM contractility
and maturation. Notably, CMs induced with MGT+TBX20 exhibited increased beating
frequency and enhanced energy metabolism [157].

3. Coronary Vascular Regeneration

Following MI, the coronary circulation suffers significant damage due to injury. Ini-
tially, there is an increase in vascular permeability as a result of the inflammatory process,
leading to oedema. Additionally, platelet, leukocyte, and erythrocyte aggregates can oc-
clude capillary lumens. Furthermore, heightened sympathetic activity in response to injury
causes increased constriction of the coronary microcirculatory vessels. All together, these
factors can lead to capillary destruction and intramyocardial haemorrhage, exacerbating
endothelial and tissue damage and the subsequent inflammatory response [158]. Prolonged
ischaemia will inevitably kill all CMs and ECs in the infarct core. ECs make up the largest
portion of non-CMs, accounting for about 60% in the adult mouse heart [159]. Starting
approximately from the 3rd day post-MI, ECs also contribute to reducing the inflamma-
tory response. Transcriptomic analysis of cardiac ECs from mouse hearts on the 4th day
post-MI revealed a significant enrichment of ECs capable of secreting IFN and reducing
the inflammatory response by acting on immunosuppressive signalling pathways through
PD-L1 and CD39/CD73 pathways [160]. This suggests a potentially significant role of
ECs in mitigating the inflammatory response and facilitating the onset of the regenerative
response. Indeed, ECs play a crucial role in cardiac regeneration, driving the neovasculari-
sation of the damaged tissue [160,161]. Moreover, the inflammatory environment was able
to activate ECs and promote their endothelial-to-mesenchymal transition, and, in particular
in the healing process post-MI, this mesenchymal activation favoured EC migration that
fostered de-novo vascular network formation [162]. The improvement of circulation in the
infarcted area is essential to reduce CM death, especially at the level of the border zone of
the infarction, allowing a limitation of the extent of myocardial damage. Vascular networks
can be reconstructed through three main mechanisms: angiogenesis, arteriogenesis, and
vasculogenesis [163,164].

Angiogenesis is the process by which new blood vessels develop by sprouting from
pre-existing vessels [165] (Figure 3). Angiogenesis is a dynamic process that involves inter-
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actions among ECs, ECM components, and signalling molecules released in the ischaemic
area [166]. After MI, EC proliferation peaks within 4 days of infarction in the mouse heart
and is mainly located at the interface of the infarct and viable tissue [167]. The beginning of
sprouting angiogenesis occurs when oxygen-sensing mechanisms detect hypoxia. Studies
conducted on mice and rats showed that the infarct core is characterised by severe hypoxia
that stimulates EC proliferation and facilitates vascular expansion within the infarcted
region, coordinated by HIFs [80,164]. HIFs stimulate the release of vascular endothelial
growth factor-A (VEGF-A) by parenchymal cells, which plays a key role in guiding the
growth of new blood vessels [168,169]. Angiogenesis involves several key steps and distinct
EC phenotypes. First, the tip cells, which are specialised ECs, lead the vessel to sprout
by migrating toward the source of VEGF-A. These tip cells extend long, thin filopodia
that sense and respond to VEGF-A concentrations, allowing them to cross through the
ECM toward the angiogenic stimulus, thus creating a path for the developing blood vessel.
Closely behind the tip cells are the stalk cells, which are highly proliferative and responsible
for elongating the nascent vessel. These cells form the trunk of the new capillary, eventually
developing a lumen through which blood can flow. The coordinated action of tip and stalk
cells ensures that the new vessel extends effectively toward the area of hypoxia. Once the
new vessel is formed and perfused, the EC undergoes another transformation into quiescent
phalanx cells. These cells acquire a cobblestone-like morphology, stabilising the vessel and
maintaining its integrity. The final maturation and stabilisation of the capillary involve the
recruitment of pericytes and the deposition of ECM [170,171] (Figure 3). EC proliferation
can also be regulated by paracrine mediators and GFs that are released from cells located
near the infarcted area [171]. In this regard, Dittrich et al. demonstrated the paracrine
pro-angiogenic effect of Gata4/6+ FBs on ECs expansion and migration, highlighting that
the double deletion of Gata4/6 transcription factors in FBs led to a reduction in capillary
density within cardiac tissue and impaired the adaptive angiogenic response [172].

Arteriogenesis, instead, is the growth and enlargement of pre-existing collateral ar-
terioles initiated by elevated shear stress on the vessel wall [161] that can take place in
physiological (such as physical exercise) and pathological (such as MI) conditions [173]. It
shares molecular mediators with angiogenesis, such as the induction of nitric oxide (NO),
VEGF, and monocyte chemoattractant protein-1 (MCP-1), which increase in response to
shear stress. The shear stress induces the entry of ECs into the cell cycle, facilitates monocyte
migration across the endothelium, and promotes ECM remodelling, thereby supporting
the development of a stable vascular network. This remodelling of pre-existing anasto-
motic collateral arteries increases both diameter and length, rather than an enhancement of
collateral artery number [174]. This process, known as outward remodelling, significantly
improves blood flow capacity after MI, thus allowing adequate tissue perfusion restoration
to ischaemic areas that is necessary for cardiac function preservation [175]. Indeed, the
presence of coronary collateralization is considered a significant predictor of long-term
survival in individuals with coronary artery disease (CAD) [176].

On the contrary, vasculogenesis is characterised by de novo formation of capillar-
ies by differentiation of multiple cell types, including EPCs and MSCs [165]. Although
more prominently seen in early development, tissue ischaemia can also trigger postnatal
vasculogenesis [177] (Figure 3).

3.1. Resident and/or Recruited Stem/Progenitor Cells in Vascular Regeneration

The role of stem/progenitor cells after MI is increasingly recognised as pivotal in
promoting vascular regeneration. In addition to circulating stem/progenitor cells, which
are recruited by ischaemic injury and contribute to endogenous neovascularisation, resident
progenitor cells also play a role in repairing the cardiac vascular endothelium. These cells
can differentiate into vascular components, influencing vascular remodelling, angiogenesis,
and the inflammatory response following heart injury [178]. These cells can stimulate
nearby ECs via paracrine action [51] through the secretion of factors and exosomes that
help maintain vascular homeostasis and inhibit CM apoptosis, further supporting my-
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ocardial repair [179]. Understanding the mechanisms by which these endogenous cells
enhance neovascularisation in injured regions offers valuable clinical insights for develop-
ing treatments for cardiovascular diseases and identifying potential contributors to cardiac
regeneration [180].
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Figure 3. Vascular regeneration after MI. Hypoxia triggers vascular regeneration in the damaged
heart tissue. Hypoxia Inducible factor (HIFs) stimulate the production of vascular endothelial growth
factor (VEGF), which promotes the degradation of the basement membrane, allowing the migration
of ECs and the recruitment of stem/precursor cells. In particular, endothelial progenitor cells (EPCs),
cardiac progenitor cells (CPCs), and mesenchymal stem cells (MSCs) are recruited to the site of
injury, where they release a variety of pro-angiogenic factors and miRNAs. These signals stimulate
pre-existing endothelial cells (ECs) to differentiate into tip and stalk cells, which drive the sprouting of
new blood vessels. Additionally, the EPCs themselves are stimulated to differentiate into mature ECs,
contributing directly to the formation of new vasculature. These mechanisms are mainly regulated
by the DLL4/Notch signalling pathway driven by cytokines such as interleukins (IL-6 and IL-10)
(as described in Section 4.2. paragraph). In the final stages, pericytes are recruited to stabilise and
mature the newly formed vessels, ensuring proper vascular function in the healing heart.

3.1.1. EPCs

Independent of their origin, it is widely agreed that EPCs display endothelial fea-
tures and possess a natural affinity for vascular tissues, highlighting the inherent regen-
erative potential of the vascular system [181]. These EPCs will infiltrate the site of in-
jury, where they can either differentiate into mature ECs or regulate pre-existing ECs via
paracrine/juxtacrine signalling [182]. Mobilisation, migration, proliferation, and differ-
entiation of EPCs orchestrate neovascularisation and re-endothelialization by regulating
cytokines, receptors, adhesion molecules, proteases, and cellular signalling pathways [183].

The earliest evidence of circulating EPCs dates back to 1997, when researchers isolated
CD34+ and Flk-1+ cells from peripheral blood capable of differentiating into ECs [184]. In
the years following the study by Asahara and colleagues, numerous types of circulating
EPCs have been identified. However, it was only in the last decade that researchers
revealed the unique capability of CD34+ EPCs to promote neovasculogenesis during
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cardiac regeneration [185,186]. Circulating EPCs are recruited from the bone marrow to the
ischaemic heart and can differentiate into ECs or SMCs, facilitating the development of new
blood vessels [187]. The mobilisation of EPCs from the bone marrow occurs in response to
elevated levels of circulating VEGF, which is highly released in response to hypoxia and
inflammatory processes in MI [188,189]. In particular, it has been demonstrated that one
of the mechanisms by which circulating EPCs induce angiogenesis is mediated through
VEGFR-2, and EPCs with elevated VEGFR-2 levels exhibit a greater angiogenic capacity
indeed [190]. Moreover, this study highlighted that EPC proliferation, angiogenesis-related
gene expression levels, and vessel density were different among donors. Moreover, high
concentrations of stem cell-derived factor-1 (SDF-1), also known as CXC motif chemokine
12, both in circulation and within the damaged tissue, contribute to the mobilisation
of EPCs from the bone marrow. In particular, SDF-1 favours EPC recruitment to the
site of injury, where its levels have been observed to be elevated from the 3rd day post-
tissue damage onwards [191]. The onset of tissue regeneration aligns with a reduction
in inflammation and an increase in anti-inflammatory cytokines, such as IL-10, which in
turn promotes vascular network formation by significantly enhancing the concentration
of EPCs at the wound site. Furthermore, an in vitro investigation performed by Short and
co-workers revealed that EPC culture treated with an IL-10-conditioned medium effectively
promotes endothelial sprouting and network formation [192]. In a murine model, the
regenerative effect of exosomes isolated from wild-type EPCs and IL-10 KO EPCs was
examined by injecting them into the myocardium immediately post-MI. Exosomes from
wild-type EPCs improved neovascularisation and left ventricular cardiac function and
significantly reduced CM apoptosis and the extension of infarct size, while EPC exosomes
from the IL-10 KO group produced opposite effects [193]. In recent years, among the
different types of exosomes derived from EPCs, those containing miRNA-126 play a key
role in CM protection, neovascularisation, and tissue repair. Their release is conditioned
by various external stimuli, such as hypoxia or inflammatory conditions, which also occur
after MI [194].

The study conducted by Huang et al. underscored the significance of predominantly
anti-inflammatory signalling in facilitating EPC-mediated myocardial revascularisation.
These authors engineered exosomes from adipose tissue-derived stem cells (ADSCs) to
overexpress Sirtuin 1 (SIRT1) and treated circulating EPCs isolated from MI patients,
thus enhancing their cell migratory capacity. Moreover, in vivo administration of these
exosomes in a mouse MI model led to increased angiogenesis within the infarcted tissue
and improved cardiac function 28 days post-MI [195].

Two distinct subsets of EPCs have emerged for their roles in post-MI neovasculari-
sation: myeloid angiogenic cells (MACs) and endothelial colony-forming cells (ECFCs).
MACs are characterised by a relatively low proliferation rate, elevated CD34 levels, and
diminished expression of stem cell-related markers CD133 and c-Kit [196]. Conversely,
ECFCs exhibit robust proliferation, clonogenic potential, and substantial postnatal vascular-
ization capacity also in the infarcted cardiac tissue [197]. Moreover, besides being CD34+,
ECFCs express late endothelial differentiation genes including CD105, CD146, CD31, and
VE-cadherin [198,199]. However, ECFCs have demonstrated diminished vascular regener-
ative capabilities in ischaemic settings, while enhanced angiogenesis has been observed
when ECFCs were utilised in post-MI regenerative therapy in conjunction with MSCs [200].

In contrast, another recent study involving a limited participant cohort asserts that
circulating EPCs responsible for cardiac neovascularisation did not originate from bone
marrow but from the vessel wall [201]. The study enrolled male patients who received
allogeneic bone marrow transplants from female donors, allowing the researchers to dis-
tinguish EPCs based on their genotype. The authors observed that ECs derived from
the vascular wall were capable of proliferating in culture and forming a monolayer of
CD31+ cells with an XY genotype, thus excluding that these cells originated from the bone
marrow [201]. In line with these authors, there is also evidence suggesting the presence of
resident EPCs in the heart. By using an EC-specific multispectral lineage-tracing mouse
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model (Pdgfb-iCreERT2-R26R-Brainbow2.1) combined with single-cell RNA sequencing,
Li and colleagues demonstrated that a specific subset of resident EPCs actively contributes
to the formation of new blood vessels in the adult mouse heart 7 days after MI [202].
Additionally, this study identified plasmalemma vesicle-associated protein (Plvap) as a
novel endothelial-specific marker of cardiac neovasculogenesis, which was also identified
in cardiac samples from patients with ischaemic heart disease [202]. The repair of dam-
aged vessels by EPCs can occur through direct differentiation into ECs and integration
into the injured vessels. However, an emerging feature of EPCs is their ability to act on
cells and blood vessels through paracrine activity. EPCs release soluble pro-angiogenic
factors, which directly or indirectly support the angiogenesis process by influencing mi-
gration, differentiation, mesenchymal to endothelial transition (MET), and integration of
the differentiated cells as part of the intrinsic repair process [203]. EPCs also release EVs
with a specific payload of pro-angiogenic miRNAs that regulate the molecular signalling
pathways involved in neovascularisation [204].

The positive effects of an EPC-EV-based treatment were demonstrated in a rat model
of MI [205]. The study highlighted the effectiveness of using a shear-thinning hydrogel to
enhance EV delivery and retention in the ischaemic region. LAD occlusion was performed
in rats, and then EPCs and EPC-EVs were injected into the border zone of the infarcted
area. The results showed that both EPC and EPC-EV injections significantly improved
vascular structure, cell proliferation, and haemodynamic function compared to the control
group [205].

3.1.2. CPCs

There is compelling evidence suggesting that c-Kit+ CPCs possess the ability to aug-
ment angiogenesis and attenuate myocardial fibrosis in rat models post-MI [206].

Since complete cardiac vascular regeneration cannot be achieved only through the
direct differentiation of progenitor cells into mature cells, it has been demonstrated that
these cells exert their regenerative potential through a paracrine mechanism mediated
by EVs present in their secretome [51]. CPC-EVs are taken up by ECs, thus promoting
angiogenesis through the delivery of both associated and co-isolated proteins [207]. These
vesicles contain proangiogenic factors, including VEGF and FGF, as well as matrix proteins
and integrins. CPC-EVs interact with ECs via endocytosis or membrane fusion, activating
key signalling pathways such as PI3K/Akt and MAPK that enhance EC proliferation,
migration, and survival. This results in improved vascular regeneration after myocardial in-
jury by creating a favourable microenvironment for tissue repair [207]. Recent research has
revealed that adult CPCs, however, exhibit a reduced regenerative capacity compared to
neonatal CPCs [208]. For instance, adult CPCs lack the expression of YAP1, which is crucial
for activating pro-regenerative and pro-survival pathways. This limitation was highlighted
in a recent work where 72-h exposure of adult CPC clones to EVs derived from neonatal
CPCs fosters the AKT signalling pathway, reflecting the well-established interplay between
AKT and YAP1 in promoting cell proliferation and survival [208]. Vrijsen and colleagues
pinpointed the role of CD147, also known as Extracellular Matrix Metalloproteinase Inducer
(EMMPRIN), present in EVs of adult human CPC in mediating in vivo vascular regenera-
tion through the stimulation of angiogenesis, as evidenced by the increase in CD31+ and
alfa-SMA+ cells along with their co-localisation, typical of mature vessels [209]. In another
study, human CPC-Exo were enriched in miR-210 and miR-132, which play important roles
in angiogenesis and vascular remodelling. In a preclinical rat model of MI, CPC-Exo were
able to promote angiogenesis and inhibit CM apoptosis, along with the improvement of
cardiac function, through miR-132 and miR-210 [210]. miR-132 stimulates EC proliferation
and migration by activating pro-angiogenic signalling pathways, thereby contributing to
the formation of new blood vessels. On the other hand, miR-210 enhances cell survival
under hypoxic conditions and regulates the cellular response to ischaemic stress while also
promoting EC differentiation and angiogenesis [210]. Furthermore, CPC-Exo can also be
engineered to deliver key molecules aimed at promoting cardiac neovascularization. An
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increase in capillary density has been observed in the infarcted area of the myocardium
in mice following the administration of exosomes isolated from CPCs and bioengineered
with a pro-angiogenic miR-322, delivered through the caudal vein [211].

3.1.3. MSCs

One of the key mechanisms contributing to the beneficial outcomes of MSCs in cardiac
vascular regeneration, akin to EPCs, is their paracrine activity [40,212]. The secretome of
MSCs is believed to play a central role in both the initial phases of response to MI-induced
damage, facilitating and sustaining the inflammatory process, and in the subsequent stages,
aimed at attenuating inflammation and fostering an anti-inflammatory milieu (for an in-
depth review, refer to Wagner et al., [213]). MSCs secrete a range of bioactive molecules,
such as VEGF, HGF, and IGF1, and are shown to promote angiogenesis and cell survival, as
well as reduce inflammation and inhibit apoptosis [214].

Among the recent evidence, Klopsch et al. demonstrated that CD45− CD44+ DDR2+
MSCs participate in the early stages of cardiac regeneration after MI [215]. Indeed, follow-
ing the ischaemic event, both oxygen tension and paracrine activity of infiltrated polarised
macrophages can regulate the MSC niche, promoting the expression of CD44 and DDR2 anti-
gens. This study successfully identified tissue-specific ischaemia-responsive cardiac MSCs
that possibly could take part in the regeneration of the ischaemic heart [215]. Subsequently,
the same group demonstrated that co-culturing HUVECs with MSCs (CD45−CD44+DDR2+)
significantly enhanced angiogenesis, leading to a roughly fourfold increase in the formation
of branched and junctional networks, while unstimulated HUVECs exhibited only minimal
angiogenic activity [216].

Moreover, MMPs are implicated in tissue revascularisation, regulating capillary di-
ameter, and possibly stabilising nascent vessels after MI, highlighting the potential role of
MMPs in angiogenesis after MI [80]. Other authors have demonstrated in a murine model of
MI that the promotion of EC-induced microvascular regeneration is mediated by the MSC-
derived SDF-1-enriched exosome, which stimulated MMP-2 and -9 protein levels [217].
Co-culturing human MSCs with ECs has led to the secretion of pro-angiogenic growth fac-
tors and matrix remodelling through the activation of MMP-2. MSC-EC crosstalk resulted
in the formation of a rich vascular network with intercapillary distances similar to those ob-
served in native myocardium [218]. In fact, it has been seen that the angiogenic potential of
ECs could be enhanced by EMMPRIN, MM9, and VEGF contained in MSC-derived EVs, the
key enzyme involved in promoting ECM remodelling and consequently supporting tissue
regeneration in the myocardium [209]. The in vitro EMMPRIN-knockdown MSC-derived
exosomes significantly reduced EC migration capacity with consequent almost complete
inhibition of vessel formation, thus confirming the crucial role of EMMPRIN. These studies
strengthen that MSCs can promote angiogenesis by modulating protease expression [209].
Endogenous c-Kit+ MSCs play a crucial role in enhancing capillary neovascularisation and
improving cardiac function in mice with MI lesions. Specifically, Set domain-containing
protein 4 (Setd4) epigenetically modulates the quiescence of c-Kit+ cells. In Setd4 knockout
models, activated c-Kit+ cells have been observed, leading to improved cardiac function in
mice with MI through capillary neovascularisation [180].

Transcription factors are pivotal molecules that govern gene expression, and, in the
adult heart, GATA4 has a central role in progenitor cell signalling in cardiac repair and
regeneration [219]. The analysis of mouse cardiac tissue at two, three, and four days after
MI revealed that intravenous transplantation of GATA-4-overexpressing MSCs significantly
increased the number of blood vessels and c-Kit+ cardiac cells [220]. The role of GATA-4 in
promoting MSC-mediated cardiac vascular regeneration appears to be closely associated
with the release of EVs [221]. In particular, exosomes derived from GATA-4-modified MSCs
contain significant levels of the Let-7 miRNA family, which is known for its pro-angiogenic
properties. Let-7 miRNAs regulate the expression of genes critical for EC proliferation,
migration, and survival processes that are essential for new blood vessel formation [221].
The pro-angiogenic role of GATA-4-overexpressing MSC-derived exosomes has been further
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confirmed in a mouse MI model. A significant enhancement in vessel density was observed
in the hearts of mice treated with GATA-4 MSC-derived exosomes 48 h after MI induction,
compared to those treated with control MSC exosomes or the untreated MI groups [222].

4. Involved Pathways in Cardiac Regeneration

The proper development of the heart is coordinated by the action of multiple signalling
pathways that, in response to specific stimuli, trigger the development and acquisition of
cardiac tissue functionality. Among the various signalling pathways involved in these pro-
cesses are the Hippo, Notch, Wnt, Hedgehog, and TGF-β superfamily pathways. All these
processes act synergistically with transcription factors and regulators, aiming to control the
proliferation and differentiation of cardiac precursors, contributing to heart formation [42].
In this section of the review, these signalling pathways are described, particularly focusing on
their role in cardiac development and cardiac regeneration after MI.

4.1. Hippo Pathway

The Hippo pathway plays a central role in controlling various mechanisms of prolif-
eration, survival, and differentiation of different cellular populations involved in tissue
homeostasis and repair, including cardiac tissue [223].

Its main mechanism of action involves two transcription factors, Yes Associated Protein
(YAP) and Transcriptional Co-Activator With PDZ-Binding Motif (TAZ), which are the
main downstream effectors [224].

When the Hippo signalling pathway is active, multiple upstream signals regulate the
phosphorylation of kinases MST1/MST2, LATS1/LATS2, and phosphorylate the proteins
YAP/TAZ, which do not translocate into the nucleus and do not induce the transcription
of target proteins. When the Hippo signalling pathway is inactive/off, YAP/TAZ are
not phosphorylated; they localise in the nucleus, forming a complex that induces the
transcription of genes necessary for cell proliferation, migration, and survival [225].

In mice, YAP is expressed during both foetal cardiac development and postnatal life,
but its levels decrease in adulthood as its inhibitor Vestigial-like family member 4 (VGLL4)
increases [226].

YAP activity may promote heart regeneration by multiple mechanisms, such as direct
regulation of genes encoding proteins that control cytoskeletal dynamics and cell prolif-
eration [227], stimulating IGF-1 and Akt signalling [228]. It has been demonstrated that
during MI, the Hippo pathway is deactivated, resulting in specific activation of YAP in
the damaged tissue, which promotes survival and proliferation of CMs [229]. Moreover,
experiments involving overexpression of YAP in adult hearts show induction of cardiac re-
generation and increased murine cardiac contractility after MI, providing further evidence
of the role played by the Hippo pathway in tissue regeneration following damage [228].
By silencing certain components of the Hippo pathway, such as MST1 or Salv, there is
an increase in the number of proliferating adult CMs, a heightened molecular reparative
response, and improved ventricular regeneration in murine models of MI [230,231]. The
ability of YAP to maintain the functionality of adult CMs and induce effective regeneration
after tissue injury depends on its interaction with Paired-like homeodomain transcription
factor 2 (Pitx2) [232]. These data confirm that the Hippo pathway is the main suppressor of
cardiac proliferation and potential regeneration after MI, suggesting that YAP could be a
potential therapeutic target to trigger endogenous cardiac regeneration.

4.2. Notch Pathway

The Notch signalling pathway is highly conserved across species and, in the past
few decades, has been found to have a role in both development and tissue regeneration
of multiple organs, such as the heart, hair cells, and the liver [233]. In mammals, Notch
signalling acts through four receptors (Notch 1–4) and five ligands (Delta-like (DLL) 1, 3,
4, and Jagged 1, 2) triggering different cellular responses in healthy and pathological con-
ditions via complex transduction mechanisms [234]. Notch involvement in angiogenesis,
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particularly in both normal and pathological conditions, remains an area of research. It con-
trols key processes such as angiogenesis and endothelial sprouting, with its receptors and
ligands expressed in ECs to maintain homeostasis and function [235]. The DLL4 signalling
pathway is related to sprouting angiogenesis and artery formation. VEGF-A activates DLL4
of tip cells and transmits the signals to nearby ECs [236]. Signalling pathways such as
VEGF-A and HIF-1α synergistically work together with Notch in post-infarction angiogen-
esis [237,238]. The administration of an adenovirus overexpressing the Notch intracellular
domain (NICD) in rat infarcted hearts increased VEGF expression and angiogenesis, im-
proving cardiac function [239]. EVs secreted by Notch1-overexpressing MSCs proved
highly effective in preventing cell death, promoting angiogenesis, and CM proliferation,
thus restoring cardiac function when injected in mice after MI [240]. Notch pathway also
crosstalks with PI3K/Akt signalling pathways after MI. Indeed, it has been evidenced that
Notch was activated by PI3K/Akt signalling, yet at the same time, Notch itself enhanced
the expression of PI3K/Akt signalling in adult myocardium following MI, suggesting a
positive survival feedback mechanism between Notch and Akt signalling [241]. Interest-
ingly, the main downstream effectors of the Akt signalling pathway, such as eNOS, VEGF,
mTOR, or FOXO, contribute to myocardial angiogenesis [242,243]. The initial evidence im-
plicating the Notch signalling pathway in cardiac repair was demonstrated in the zebrafish
model following partial ventricular apex amputation, where it was shown to be essential
for CM proliferation and, consequently, for efficient cardiac repair after injury [244]. In
mammals as well, components of the Notch signalling pathway are gradually upregulated
during cardiac regeneration, highlighting its involvement in both embryonic and adult
cardiogenesis [245]. Notch signalling is widely activated in CMs and mesenchymal cardiac
precursors in murine models of cardiac hypertrophy and failure. Notch1 depletion impairs
cardiac fibrosis and hypertrophy, suggesting its potential therapeutic relevance in miti-
gating adaptive hypertrophy after cardiac injury [246]. While inducing Notch signalling
enhances CM proliferation in neonatal murine hearts post-injury, adult hearts remain
unresponsive to Notch activation, failing to induce CM cell cycle re-entry, likely due to
epigenetic modifications inhibiting Notch-responsive promoters [247]. Nemir et al. then
demonstrated that Jagged1 overexpression in adult murine hearts subjected to pressure
overload reduces FB proliferation while promoting the expansion of cardiac precursor
cells [248]. These findings suggest a role for Notch signalling in modulating the balance
between fibrotic and regenerative repair in the adult heart [249]. Inhibition of Notch sig-
nalling via deletion of recombination signal-binding protein-J (RBP-J) transcription factor
leads to impaired CM apoptosis and reduced cardiac remodelling capacity post-MI in
murine hearts, underscoring Notch signalling protective role against cell death following
cardiac damage [250]. Collectively, this scientific evidence highlights the pivotal role of
Notch signalling in heart regeneration and its complex interplay with various molecular
pathways. For these reasons, Notch signalling is a highly conserved pathway during foetal
and adult heart development that reduces cardiac scarring, improves cardiac function, and
enhances CM proliferation [245]. However, it is necessary to elucidate the downstream
effectors of Notch signalling and also identify the molecular mechanisms governing Notch
activation in regenerating adult hearts.

4.3. Wnt/β-Catenin and Jak/Stat Pathways
4.3.1. Wnt/β-Catenin

In addition to the widely studied classical pathways, Wnt/β-catenin plays a role in
both embryonic development and adult tissue homeostasis regeneration. This pathway can
be classified into two main types: canonical, known as Wnt/β-catenin, and non-canonical.
In the canonical way, β-catenin translocates into the nucleus, leading to the activation of
TCF/LEF transcription factors, primarily regulating cell proliferation. The non-canonical
way operates independently of β-catenin and regulates cell polarity and migration [251].
The Wnt/β-catenin pathway is an important regulator of cardiac development and growth,
and its activity in healthy adult hearts is low, essential for maintaining normal heart func-
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tion. Acute activation of the Wnt/β-catenin pathway is thought to play a cardioprotective
role after infarction through the upregulation of pro-survival genes and metabolic repro-
gramming [252]. Through the use of a reporter system in murine and rat models, the precise
localisation of Wnt pathway activation following cardiac injury was identified specifically
within the border zone of the infarcted region [253]. It has been reported that this path-
way is gradually activated 24 h after MI and subsequently downregulated three weeks
post-MI [254]. Recently, it has also been shown the direct activity of β-catenin in inducing
mature CM proliferation after MI [255]. Reactivation of Wnt/β-catenin signalling enhances
CM proliferation by increasing the nuclear import of β-catenin, which in turn activates the
transcription of key target genes (such as Wnt1, Wnt2, Wnt6, Axin2, and Lef1). This process
induces CM cytokinesis in both the infarct and border zones after MI, ultimately reducing
infarct size and improving cardiac function [255]. Despite these findings demonstrating
that the reactivation of the Wnt/β-catenin pathway leads to cardiac regeneration, as far
back as 2008, indications emphasised that the silencing of β-catenin in KO mice resulted
in increased differentiation of resident cardiac progenitor cells, suggesting that the down-
regulation of β-catenin was directly involved in endogenous cardiac regeneration [256].
These results were also recently confirmed by Hodgkinson et al., which demonstrated that
inhibition of β-catenin induces the differentiation of c-Kit+ resident cells into CMs in a
murine model of MI [257]. Therefore, the role of the Wnt/β-catenin pathway in inducing
CM proliferation remains controversial.

Wnt signalling is triggered after MI injury and is implicated in cardiac regeneration,
but it is also related to inflammation and angiogenesis [258]. Mice treated with the GSK-
3β inhibitor (responsible for β-catenin degradation) displayed a robust activation of the
Wnt/β-catenin signalling pathway with enhanced expression of VEGF. This overexpression
led to a significant increase in CD31+ positive cells 7 and 14 days after MI, resulting in
augmented capillary density and tissue healing [259]. High β-catenin expression could
promote EMT, which might be an important source of angiogenesis and muscle fibre
cells and play a significant role in tissue repair [260]. In effect, Wnt family protein levels
(Wnt2, Wnt4, Wnt10b, and Wnt11) are increased 5 days following MI in murine actin+
perivascular SMCs and subepicardial ECs, apparently through EMT mechanism [254]. In
addition, genetically enhanced Wnt10b expression in transgenic mouse CMs improved
arterial formation and attenuated fibrosis in cardiac tissue after injury [261].

4.3.2. JAK-STAT

The JAK-STAT signalling pathway plays a crucial role in maintaining cardiac home-
ostasis. Considerable attention has been directed towards understanding the biological and
pathophysiological significance of the JAK-STAT signal in cardiac myocytes. Collecting
evidence suggests that this signalling pathway is activated in cardiac myocytes by various
cytokines, including IL-6, granulocyte colony-stimulating factor (G-CSF), leptin, and ery-
thropoietin, among others. Activation of the JAK-STAT pathway in the heart promotes CM
survival and enhances myocardial angiogenesis, thereby protecting the myocardium from
pathological stresses [262]. There are four members in the JAK family (JAK1, JAK2, JAK3,
and TYK2) and seven members in STAT (STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B,
and STAT6) [263]. The first studies regarding the role of the JAK/STAT pathway in the
cardiac tissue have primarily focused on the investigation of STAT1 and STAT3 [264]. For
instance, the supernatant from necrotic primary CMs activates the JAK1-STAT1 pathway
and promotes the nuclear translocation of c-Fos and NFκB p65 when simulating the MI
microenvironment, reducing CM apoptosis under hypoxic conditions. However, silencing
STAT1 diminishes the apoptosis induced by the necrotic supernatant [265]. Conversely
to STAT1’s pro-apoptotic role, STAT3 demonstrates an anti-apoptotic effect [266]. These
findings suggest a close association between the JAK/STAT pathway and the apoptotic
response following MI, with STAT1 and STAT3 exhibiting opposite effects.

The involvement of the JAK/STAT pathway in neovascularisation during MI was
investigated with STAT3, which plays a central role in the formation of blood vessels. Its
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activity has been investigated in STAT3 cardiac-specific KO mice that displayed decreased
myocardial capillary density and increased susceptibility to injury [267]. Similarly, the
administration of hyaluronic acid oligosaccharides into MI mice promoted neovessel
formation and improved cardiac function as assessed 28 days post-intervention. These
beneficial effects were associated with the activation of chemokines expression implicated in
macrophage polarisation and the stimulation of MAPK and JAK/STAT signalling pathways
for myocardial function reconstruction, as revealed by transcriptomic analyses [268]. These
studies suggest that the JAK/STAT signalling pathway has a role in cardiac remodelling
after cardiac infarction by controlling angiogenesis [269].

4.4. Hedgehog Pathway

Among the pathways active during embryogenesis and latent during adulthood, the
Hedgehog (Hh) pathway stands out. This signalling pathway is involved in embryonic
cardiac development and coronary vascular system formation and can be reactivated in
response to tissue damage for tissue regeneration. The Hh pathway is capable of regulating
both cell proliferation and differentiation [270]. Hh signalling components are present in
adult cardiovascular tissues, although their activity is at a very low level. Pathological
conditions such as ischaemia, reactivate Hh signalling [270]. Hh signalling can promote
coronary neo-angiogenesis, reduce cardiac fibrosis, decrease cardiac apoptosis, and protect
CMs death from MI, demonstrating its role in cardiac repair and regeneration [271]. The
Hh ligands are paracrine factors that can modulate communication between cells. In
vertebrates, three different ligands have been identified: Sonic Hedgehog (Shh), Desert
Hedgehog (Dhh), and Indian Hedgehog (Ihh) [272]. Shh, specifically, is involved in cardiac
regenerative response in mammals. In a murine model of MI, it has been observed that its
activation is increased in the damaged areas of the heart, and its hyperactivation through
the use of agonists leads to enhanced cardiac regeneration, increased cell proliferation, and
the formation of new blood vessels in the damaged cardiac tissue [273]. Shh is the most
widely expressed and mediates key processes also in neovascularisation in response to
injury. Initial reports of the angiogenic effect of Shh implicated an indirect mechanism
where Shh stimulated the secretion of angiogenic growth factors. It has been demonstrated
in a mouse model that Shh mediates angiogenesis through stromal cells, supporting the
hypothesis that its activation leads to a consequent secretion of angiogenic proteins and
growth factors that is sufficient to trigger angiogenesis in ECs [274].

There is evidence of a strong overexpression of Shh in the adult mouse during myocar-
dial ischaemia. Shh promotes angiogenesis by stimulating the proliferation and migration
of ECs and FBs, thereby facilitating the formation of new blood vessels and restoring blood
flow to ischaemic areas. Additionally, Shh contributes to the reduction of CM apoptosis
and enhances cell survival through the activation of anti-apoptotic pathways [275].

4.5. TGF-β Superfamily

After MI, activation of endogenous TGF-β signalling pathways associated with cardiac
repair has been extensively documented, modulating injurious, inflammatory, reparative,
angiogenic, and fibrogenic responses [276]. The TGF-β superfamily comprises 33 members
subdivided into various subfamilies, including TGF-β (TGF-β1, -β2, and -β3) and bone
morphogenetic proteins (BMPs). In the adult mammalian heart, TGF-β is latent. Following
MI, activated cells increase TGF-β reserves through de novo synthesis of its three isoforms,
which may regulate the phenotype and function of all cell types involved in cardiac injury
and repair [276]. In vitro studies investigated TGF-β1-mediated actions. Administration of
the TGF-β inhibitor (SB-431542) robustly induces the proliferation of human iPS-derived
CMs, if combined with a Wee1 inhibitor, and overexpression of CDK4 and Cyclin D1 [135].
On the other hand, in vivo experiments focused on the role of TGF-β receptor-activated
signalling and explored pathways common to all three isoforms and to other members
of the TGF-β superfamily [277]. The inhibition of TGF-β receptor 1 (TGFBR1) by SB-
431542 reduced the number of proliferating CMs in zebrafish embryos. Furthermore,
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robust activation of TGF-β/SMAD3 signalling has been documented during zebrafish
heart regeneration in adults, as evidenced by the upregulation of TGF ligands (TGF-β 1a,
TGF-β 1b, TGF-β2, and TGF-β3), receptors (alk5a known as TGFBR1, and alk5b known
as TGFBR1), and the downstream effector SMAD3 [278]. Additionally, inhibition of TGF-
β/SMAD3 signalling reduces CM cell cycle activity and abolishes heart regeneration
in adult zebrafish upon cardiac injury [279]. BMPs are multifunctional growth factors
belonging to the TGF-β family that play a key role in multiple stages of cardiac development,
including CM growth and differentiation from the mesoderm and ventricular trabeculation.
BMP family members can be further classified into several subgroups, including BMP-2/-4,
BMP-5/-6/-7 (OP-1)/-8, BMP-9/-10, and BMP-12/-13/-14 [280,281].

RNA sequencing of regenerating zebrafish hearts highlighted BMP signalling activa-
tion in the border zone of damaged myocardium, evidenced by BMP ligands (BMP2 and
BMP7) and receptors (Bmpr1aa) expression, along with downstream SMAD mediators
(Smad 1, 5, and 8) activation. Notably, BMP signalling plays a crucial role in injury-induced
CM proliferation in fish. Specifically, a loss-of-function mutation in Bmpr1aa reduces both
CM proliferation and heart regeneration [282]. Induction of widespread BMP2 expression
in transgenic mouse myocardium revealed ectopic EMT, promoting CM proliferation and
immaturity, highlighting BMP2 potential in expanding immature CMs [283]. In a 2016
study, BMP10 was shown to play an essential role in murine cardiac development [284].
Subsequently, BMP10 action in adult murine hearts was investigated by inducing its consti-
tutive expression, which led to cardiac protection against cardiac damage. Researchers also
identified BMP10 activity through activation of both SMAD and STAT3 pathways [285].
Further investigation into BMP10 action in a murine model of MI demonstrated its ability
to induce CM proliferation via the MAPK pathway, leading to improved cardiac function
and promoting tissue regeneration in infarcted hearts [286].

5. Current Therapeutical Approaches and Future Perspectives

Numerous experimental approaches have been developed by leveraging current
knowledge of endogenous cardiac regeneration processes [43,287]. This understanding
largely stems from studies of the mechanisms observed in neonatal mammals, where
regenerative capacity is more pronounced [288]. However, despite many approaches being
tested in large animal models, only a few have advanced to human trials [289]. For this
reason, this review focuses on better highlighting the significant efforts made in recent
years to understand the molecular pathways, cellular actors, and related paracrine effects
involved in myocardial regeneration. This updated overview of recent evidence by cells and
mechanisms involved in cardiac regenerative processes aims to facilitate the identification
of more targeted therapeutic approaches.

Among the different therapeutic approaches, cell-based therapies, while promising,
face significant challenges [290]. These include overcoming the host immune response thus
eliminating the need for long-term immunosuppression, and improving the survival of
transplanted cells in the ischaemic environment, which is typically hostile to cell engraft-
ment. While many recent studies highlight the paracrine role of stem cells, as mentioned in
this review, where secreted factors support regeneration by activating endogenous tissue
repair mechanisms [42], other research focuses on their potential for direct differentiation
into CMs or vascular tissue [291,292]. Within this framework, the concept of fusion of
donor cells with host CMs has become less emphasised, as it is now considered relatively
rare in the heart [293]. The direct differentiation moves alongside the growing interest in
the experiments using iPSC-derived CMs and vascular cell precursors due to their ability
to be partially differentiated yet toward cardiac phenotype and closely mimic native cell
types. However, also in this case, concerns related to transplant rejection, together with
tumorigenicity, long-term stability, and proper integration into host tissue, remain to be
addressed [294,295].

Identifying the most appropriate cell type is crucial to minimising the risk of fatal
arrhythmias, which can result from inadequate electrical and mechanical coupling between
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implanted cells and cardiac tissue. High-efficiency protocols for cell differentiation and
transplantation must be developed to ensure the production of functional and safe cells
for clinical use [296] to minimise the associated risks, such as uncontrolled cellular prolif-
eration or teratogenic effects [297]. Some authors suggested that EVs can overcome the
limitations of cell-based therapy by exploiting paracrine signalling as much more effective
and safer [298,299].

In addition to cell-based therapy, induction of endogenous CM proliferation can
be achieved with various strategies, including small molecules and non-coding RNAs
(ncRNAs) [300].

For instance, the administration of NRG-1 as well as constitutive overexpression of
its receptor ERBB2 leads to cardiac hypertrophy due to long-lasting stimulation [106,301].
Interestingly, this side effect was abolished using a transitory overexpression of this recep-
tor [103]. For this reason, deeper preclinical studies are required to optimise the regulation
of growth factors in order to avoid adverse effects.

The use of ncRNAs to regulate myocardial proliferation and regeneration also faces
obstacles, with notable adverse effects observed in preclinical models. For example, miR-
199a-3p, as discussed in this review, led to fatal arrhythmias in pigs due to uncontrolled
ncRNA expression [92]. In contrast, inhibition of miR-132 via antisense oligonucleotides has
shown early success and is currently in a Phase 1b clinical trial (NCT04045405) [302]. Similar
to cell-based therapies, ncRNA therapies face challenges related to the host’s immune
response. In this regard, engineered solutions, such as biocompatible nanoparticles for
ncRNA encapsulation, could optimise targeted and controlled drug delivery [303].

In this context, engineered tissues composed of biomaterials and nanocarriers offer a
promising strategy. Their potential lies in their ability to be constructed from biocompatible
and biodegradable materials and their utility as vehicles for pharmacologically active
molecules, potentially enhancing therapeutic efficacy while minimising systemic side
effects. For instance, the above-mentioned nanocarriers can be engineered to perform
tissue-specific drug targeting, enhancing efficacy while reducing systemic toxicity [304].

Among engineered constructs, not only nanoparticles but also patches have shown
therapeutic benefits. In fact, acellularized and cellularized patches can represent an optimal
solution for ventricular wall stabilisation during cardiac repair, as well as create a proper
microenvironment for controlled cell proliferation and paracrine stimulation [305–307].
Studies on small animal models have highlighted the patches’ ability to promote the
paracrine action of cells involved in the regenerative processes [308,309].

6. Conclusions

Endogenous cardiac regeneration following MI is a complex and highly regulated
process that involves stem/progenitor cells and various molecular mechanisms. Although
there are limitations in demonstrating the existence of resident stem cells in the heart with
direct ability to differentiate into CMs, it is clear that certain populations of stem cells, both
resident and recruited, activate key molecular mechanisms for myocardial and vascular
regeneration after injury, primarily through paracrine activity. This has been confirmed in
various animal models, where significant neovascularisation has been observed, mediated
by the secretion of biomolecules from stem cells that activate pro-angiogenic and pro-
proliferative pathways in the infarcted tissue.

On the other hand, several studies have shown that complete cardiac regeneration is
possible in zebrafish and neonatal hearts, thus suggesting that specific molecular mech-
anisms responsible for this process may be present, albeit differently regulated, in adult
mammals. The loss or increase of these specific regulators may enable adult CMs to re-enter
the cell cycle, thereby reducing fibrosis and improving the functional response of the heart
after infarction. Reactivating the cell cycle in CMs and extending the proliferation window,
which is typically limited to the first days after birth, represents a critical point for initiating
the regenerative response.
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An area of great interest within the scientific community pertains to cell cycle-related
proteins and cyclin-dependent kinases, along with non-coding RNAs, which promote the
re-entry of CMs into the cell cycle and their subsequent proliferation. These key molecules
in the regenerative process could potentially be activated or inhibited in the adult model to
stimulate the proliferation of existing CMs in damaged tissue and guide tissue regeneration.

Considerable knowledge has accumulated regarding the regulation of new vessel
formation in healthy and infarcted hearts. It has become clear that ECs can respond
to mechanical and paracrine stimuli from blood flow and neighbouring cells, including
precursor cells, but also actively participate in cardiac remodelling processes. In adult
hearts, precursors may also contribute to revascularisation, consistent with the concept
of neovasculogenesis. The presented signalling pathways involved in neovascularisa-
tion represent promising therapeutic targets to improve cardiac remodelling and prevent
HF development.

In conclusion, despite significant progress in the study of cardiac regeneration, it
remains a complex challenge. Understanding the mechanisms underlying the proliferation
of adult CMs, exploring new therapeutic targets, and developing advanced technologies
for targeted therapy delivery are fundamental priorities in cardiovascular research. Only
through an integrated approach that encompasses myocardial and vascular reconstruction,
the activation of multiple signalling pathways, and the maintenance of tissue homeostasis
is it possible to advance toward effective regenerative therapies for the infarcted heart.
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