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Abstract

Cardiovascular diseases, particularly myocardial infarction and heart failure, continue to affect the lives of millions and pose significant
global health challenges. Despite all efforts, a definitive cure to prevent the progression of heart disease has remained elusive, and all
current therapies fail to address the root issue: the negligible regenerative capacity of the adult human heart. For over twenty years,
regenerative cardiology has sought to overcome this deficit by taking cues from naturally regenerating species such as zebrafish, and by
integrating diverse therapeutic modalities—including cell-based therapies, cell-free and direct reprogramming approaches, biomaterial-
assisted tissue engineering, and others—to restore myocardial structure and function following injury. This review aims to provide an
overview of the latest progress in the field with particular attention to the potential advantages and the main challenges and limitations
of the emerging regenerative strategies. While significant challenges remain, continued interdisciplinary research holds great promise for

translating regenerative approaches into available clinical practice for ischemic heart disease and heart failure.
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Introduction

Affecting approximately 1 in 13 individuals and claiming
20.5 million lives in 2021 alone, cardiovascular diseases (CVD)
remain the leading cause of mortality worldwide."” This trend
is projected to continue over the coming decades, driven by
an aging global population and persistent prevalence of risk
factors.” Among the various forms of CVD, ischemic heart
disease (IHD) and myocardial infarction (MI), in particular,
are the most lethal and, when considering the costs of health-
care services, medications, and lost productivity due to death,
impose a significant economic burden on healthcare systems
worldwide.””

Myocardial infarction, by definition, results from an
acute imbalance in oxygen supply, most commonly due to
atherosclerotic blockage of the coronary arteries, which leads
to widespread myocardial damage and cardiomyocyte (CM)
necrosis. The extent of this damage determines the severity
of ML It may cause sudden reductions in cardiac output and
life-threatening arrhythmias that result in sudden cardiac
death, and nonlethal cases can lead to chronically impaired
cardiac function and eventual heart failure.*'" This deteriora-
tion is mainly due to the hearts limited regenerative capacity
and the irreversibility of CM death, prompting the infarcted
heart to undergo complex structural and histological changes
through two main processes: (a) the formation of fibrotic scar
tissue in both the damaged and surrounding healthy myo-
cardium (cardiac fibrosis), and (b) hypertrophic and dilatory
changes in heart morphology (cardiac remodelling). While
these pathophysiological processes are initially compensatory,
they ultimately establish a vicious cycle of mechanical stress
and neurohormonal activation, resulting in progressive car-
diac dysfunction."*

Initial management of MI aims to preserve the at-risk myo-
cardium by focusing on rapid diagnosis and timely restoration
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of blood flow via prompt reperfusion with strategies such as
percutaneous coronary intervention (PCI) alongside pharma-
cotherapy.”” These interventions restore perfusion, limit infarct
size, and successfully alleviate acute symptoms; however, they
fail to regenerate lost myocardium. As a result, despite a reduc-
tion in short-term mortality, the long-term incidence of heart
failure is, in turn, elevated.'®"”

Chronic management of heart failure has also successfully
improved patient symptoms and reduced hospital admissions,
yet current medical therapies fail to address the underlying
cause of myocardial dysfunction. With a five-year survival
rate of just 50%, the long-term prognosis for heart failure
remains poor.'"? Left ventricular assist devices (LVADs) can
postpone the need for heart transplantation, but serious risks
such as infection, bleeding, arrhythmia, and thrombosis com-
plicate their use.” Ultimately, heart transplantation is the gold
standard and only definitive treatment for end-stage heart
failure; however, limitations such as donor shortages, trans-
plant rejection, and the adverse effects of long-term immu-
nosuppression have made this option inaccessible for many
patients.'**

With these shortcomings, developing practical therapeutic
strategies that address the root cause of cardiac dysfunction—
namely, the loss of viable myocardium—is becoming more and
more necessary. Regenerative cardiology began over the last
20 years on the backbone of landmark findings such as the dis-
covery of the natural regenerative capacity of zebrafish hearts
and the adult mammalian heart’s limited regenerative capacity,
the development of stem cell-derived CMs, and the identifi-
cation of molecular pathways that regulate CM proliferation.
This review aims to present a comprehensive overview of the
current landscape of regenerative cardiology and its main field
of research, alongside its limitations and future potential for
clinical applications.
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Endogenous Regeneration: Potential
for New Therapies

Natural Regenerative Capacity of the
Human Heart

More than two decades ago, the discovery of the zebrafish
heart’s regenerative ability ushered in a wave of cardiac regen-
eration research. Since then, numerous species have been eval-
uated for their heart’s regenerative potential.”” Zebrafish can
fully regenerate their heart without scar formation.”” Similarly,
certain amphibians, such as salamanders and newts, boast a
lifelong ability to regenerate damaged myocardium and can
survive the removal of up to one-quarter of a cardiac ven-
tricle.” Alongside these findings, two other landmark discov-
eries in the early 2010s in mammalian cardiac regeneration,
explained in the following, laid a theoretical foundation for
further exploring the regenerative capacity of the adult human
heart.”

In 2011, it was shown that immature mammalian hearts,
similar to zebrafish, possess a transient regenerative ability
via cardiomyocyte proliferation. Neonatal mice can fully
regenerate up to 15% of the left ventricle following resec-
tion, with minimal hypertrophy or fibrosis, hallmarks of the
impaired reparative response observed in the adult heart.
However, this regenerative ability is rapidly lost within the
first week of life, coinciding with cardiomyocyte cell cycle
arrest. From this point onward, heart growth occurs pre-
dominantly through cardiomyocyte hypertrophy rather than
hyperplasia.”

Around the same time, researchers discovered that the
adult mammalian heart is not strictly a post-mitotic organ, as
was previously believed; instead, it retains a small but meas-
urable capacity for cardiomyocyte renewal.”” Quantifying
the cardiomyocyte turnover rate in humans has been chal-
lenging due to the lack of direct in vivo methods to measure
cell division.”® Nonetheless, using retrospective radiocarbon
birth dating, it has been estimated that roughly 1% of car-
diomyocytes are renewed annually at age 25, with the rate
declining to around 0.3% by age 75.” The origin of these new
cardiomyocytes remains debated, with proposed possibilities
including the division of pre-existing CMs, differentiation of
resident cardiac stem cells, or the migration and differentia-
tion of bone marrow-derived stem cells.”” Understanding the
mechanisms underlying effective regeneration is essential for
developing a clinically successful strategy for cardiac repair.

Hallmarks of Effective Cardiac Regeneration

A cornerstone of cardiac regeneration is the restoration of lost
cardiomyocytes. In regenerative models like zebrafish and
neonatal mice, this is achieved predominantly through the
dedifferentiation and proliferation of pre-existing cardiomy-
ocytes. Notably, cardiac stem cells do not appear to contribute
directly to this process. However, cardiomyocyte replacement
alone is insufficient for complete functional recovery. Effec-
tive regeneration requires the coordinated participation of
various cell populations—including endothelial cells, epicar-
dial-derived cells, and immune cells—which collectively regu-
late neovascularisation, extracellular matrix remodelling, and
inflammation resolution and provide a supportive environ-
ment for CM proliferation.”*
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While these mechanisms are consistently observed in
regenerative species, they are largely altered or absent in the
adult mammalian heart.’” As such, they provide not only ther-
apeutic targets but also a valuable framework for evaluating
the success of regenerative interventions. To address the lack
of standard criteria in assessing these therapies, Bertero and
Murry (2018) proposed five “hallmarks of cardiac regen-
eration™ remuscularisation, electromechanical stability,
angiogenesis and arteriogenesis, resolution of fibrosis, and
immunological balance.” These hallmarks offer a conceptual
and functional blueprint for both designing and assessing
regenerative strategies. Table 1 provides an overview of their
definitions and key clinical considerations.

Novel Therapeutic Approaches to
Cardiac Regeneration

With the five hallmarks of effective regeneration in mind, sev-
eral therapeutic strategies have emerged that aim to restore
cardiac function in various ways. These approaches can be
broadly categorised into these major areas:

1. Cell-based therapies: These methods aim to induce regen-
eration via transplantation of an exogenous supply of cells
that are either pluripotent or multipotent stem cells, cardiac
progenitor cells, or cardiomyocytes.*

2. Cell-free therapies and in situ regeneration: Intending to
regenerate new cardiomyocytes directly within the infarcted
myocardium while avoiding exogenous cell delivery,
methods harnessing paracrine signalling by administering
bioactive molecules have gained traction.”” Another cell-
free approach is direct cardiac reprogramming or in situ
regeneration, which involves converting fibroblasts into
functional cardiomyocyte-like cells by introducing tran-
scription factors or other reprogramming agents.

3. Tissue engineering and biomaterial-based therapies: This
category aims to overcome the limits of previous strategies
by employing natural or synthetic biomaterials like hydro-
gels and other engineered drug delivery systems to enhance
the integration, stability, and efficacy of therapeutic agents
at the target site.™

4. Other Miscellaneous Therapies: Macrophage modification
and lymphangiogenesis are newly emerging alternative
strategies that potentially enhance cardiac regeneration
(Figure 1).

Cell-Based Therapies: Exogenous Replacement
of the Lost Myocardium

Since the discovery of stem cells and their capacity to differen-
tiate into multiple cell types in the late 20th century, researchers
have investigated their regenerative potential for various dis-
eases, leading to the emergence of cell-based therapies as one
of the earliest and most extensively studied approaches in car-
diac regeneration.” The primary goal of cardiac cell therapy is
to replace the population of lost cardiomyocytes with exoge-
nously delivered cells capable of integrating with and differen-
tiating into myocardial tissue.” To achieve this, various types
of stem cells—the most common being mesenchymal stem
cells (MSCs), embryonic stem cells (ESCs), and induced pluri-
potent stem cells (iPSCs)—have been explored with varying
results.”

175



Review
Regenerative Cardiology: Emerging Hopes Towards Restoring the Heart F. Ghanbari et al.

Table 1. Hallmarks of cardiac regeneration (adapted from Bertero & Murry, 2018)

Hallmark Definition / Description Key Strategies / Considerations

Remuscularisation Restoration of cardiac muscle by generating - Stimulate endogenous cardiomyocyte proliferation
new cardiomyocytes and preventing — Reprogram resident stromal cells
widespread cardiomyocyte death — Supplement with exogenous stem or progenitor cells

or human pluripotent stem cells (hPSCs)-derived
cardiomyocytes

Electromechanical stability Integration of new cells into native — Induce rapid maturation of cellular excitation-contraction
electrical and mechanical systems to ensure  machinery
proper cardiac function and contractility — Suppress the automaticity of new cardiomyocytes
— Ensure precise and efficient delivery of cells, molecules, and
gene vectors
Angiogenesis and arteriogenesis  Formation of new blood vessels and — Paracrine factor therapy (e.g., growth factors, exosomes)
arteries to support regenerating tissue — Delivery of vasculogenic cells
— Bioengineering of vascular networks for structured perfusion
Resolution of fibrosis Regulation of extracellular matrix — Modulate fibroblast activity
production to prevent excessive scarring — Use antifibrotic factors
that inhibits regeneration — Avoid excessive scarring to maintain electromechanical
coupling and vascularisation, especially in cardiac patches.
Immunological balance Regulation of immune responses to — Clear necrotic cells and promote healing
support regeneration while preventing — Avoid chronic inflammation

adverse reactions such as immune rejection  —Induce immune tolerance or use autologous/engineered
cells to minimise the risk of rejection

Cell-Based Therapies

e MSCs
e {PSCs & ESCs
e Cardiomyocytes

Cell-Free Therapies & in situ Regeneration

e Exosomes

¢ Non-coding RNAs

e Growth Factors

» Fibroblast Reprogramming

Biomaterial-Based Tissue Engineering

¢ Injectable Hydrogels
¢ Cardiac Patches
e Microneedles

Regenerative
Cardiology

Other Approaches

¢ Lymphangiogenesis
e Macrophage Madification

Fig. 1 General classification of novel therapeutic strategies in regenerative cardiology.
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Cell Types and Mechanisms

Early investigations in stem cell therapy used adult sources
of stem cells—skeletal myoblasts, bone marrow-derived
mononuclear cells (BM-MNCs), and cardiosphere-derived
cells (CDCs)—with initial preclinical trials showing modest
improvements in left ventricular function. However, these
findings were not reproducible, and subsequent studies
yielded inconsistent results.***' Early human clinical trials on
skeletal myoblasts in patients with ischaemic cardiomyopathy,
like the MAGIC trial, showed a trend of increased arrhythmias
in cell-treated groups with no improvement in left ventricular
ejection fraction (LVEF).* Other clinical trials assessing the
effect of autologous BM-MNC transplantation in patients with
ischaemic or non-ischaemic cardiomyopathy, like the 2012
FOCUS-CCTRN trial* and the 2021 MiHeart trials,” did
not produce arrhythmias but also showed no improvement
in left ventricular ejection fraction (LVEF) or LV systolic and
diastolic volumes in treatment groups. These adverse results,
combined with preclinical data indicating that essential com-
ponents of bone marrow cells involved in cardiac repair are
MSCs, redirected attention from whole bone marrow trans-
plantation methods to using more refined stem cell options,
like MSC:s, for cardiac cell therapy.**¢

MSCs are multipotent, fibroblast-like cells that can be
readily isolated from sources like bone marrow, adipose
tissue, and umbilical cord blood. They are characterised by
their ability to differentiate into adipocytes, chondrocytes,
and osteoblasts.”” Despite successful differentiation into car-
diomyocyte-like cells in vitro, MSCs do not produce func-
tionally beating cells, and in vivo applications have shown
no effective cardiomyogenesis.** This has led researchers to
conclude that their benefits likely stem from paracrine sig-
nalling pathways that induce regeneration via pro-angiogenic,
anti-fibrotic, anti-apoptotic, and anti-inflammatory effects,
rather than direct differentiation into cardiomyocytes.**
Clinical trials using bone marrow-derived MSCs (BM-MSCs)
in patients with ischemic cardiomyopathy and heart failure
have produced mixed results. The MSC-HF trial, for example,
found notable improvements in left ventricular end-systolic
volume, LVEE, and stroke volume 12 months after autolo-
gous BM-MSCs were injected transendocardially into the
heart. At the 4-year follow-up, patients in the treatment
group reported fewer hospitalisations.”’ On the other hand,
trials like TAC-HFT,” ixCELL-DCM> and CCTRN CON-
CERT-HE did not find any significant change in LVEF, left
ventricular volumes, or scar size, though patients did report
improved quality of life and lower hospitalisation rates. Clin-
ical trials assessing the efficacy of umbilical cord-derived
MSCs (UC-MSCs) in HE such as the RIMECARD study,”
have shown encouraging results, including improvements in
ejection fraction at 3, 6, and 12 months, with no serious side
effects reported.”*® Overall, MSC therapy is generally safe in
humans; however, the heterogeneity of MSC sources, injection
methods, sample sizes, cell dosage, and the timing of inter-
vention and follow-up has limited the effective comparison of
findings. Further investigation with larger trials is warranted
for more conclusive results.”

Given the limited cardiomyogenic potential of adult
stem cells and the inconsistent outcomes in clinical studies,
regenerative cardiology has increasingly turned its attention
to pluripotent stem cells (PSCs). PSCs, which include ESCs
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and iPSCs, can self-renew indefinitely and differentiate into
most cell types, including atrial, nodal, and ventricular car-
diomyocytes. ESCs, derived from developing blastocysts, are
highly effective at transforming into specific cells, but their
use is restricted by ethical concerns. iPSCs, which are geneti-
cally reprogrammed adult somatic cells with similar potency,
bypass these ethical issues and offer the option of autolo-
gous transplants, reducing immune rejection risks.**” Direct
injection of undifferentiated ESCs into healthy or infarcted
hearts in mice has only resulted in immune rejection and
teratoma formation without evidence of cardiomyogenic dif-
ferentiation.”® Therefore, attention has shifted to producing
PSC-derived cardiac progenitors (PSC-CPCs) or cardiomy-
ocytes (PSC-CMs) in vitro before in vivo application. While
PSC-CPCs and PSC-CMs in comparison have shown similar
improvement in LVEF in a small animal study, PSC-CPCs
did not result in effective engraftment and, like MSCs, their
benefits likely resulted from paracrine signalling.””** In con-
trast, PSC-CMs can remuscularise the heart with functional,
force-generating cardiomyocytes, reduce scar formation,
and improve cardiac function in small and large animal MI
models. Even so, these cells exhibit phenotypic markers and
electrophysiological properties of immature, embryonic car-
diomyocytes, increasing the risk of arrhythmias as observed
in most studies involving large animals like primates and
pigs.*****” The ESCORT trial, the first in-human clinical trial
to investigate the safety and feasibility of ESC-CPCs in severe
LV dysfunction, reported improvements in systolic motion
of the treated segments in the ventricular wall, with no evi-
dence of tumour formation, arrhythmias, or symptomatic
alloimmunisation in patients.”” However, the small sample
size (n = 6) necessitates the design of larger trials to vali-
date findings.” Several other ongoing clinical trials on the
efficacy of ESC-CMs and iPSC-CMs treatment are showing
promising results in the early stages.*® Nevertheless, the clin-
ical application of stem cells remains constrained by several
technical and safety challenges, including uncertain long-
term outcomes, ethical issues associated with ESCs, risks of
tumorigenicity, alongside variability in delivery techniques,
dosing, timing, and individual patient responses.’***

Delivery Strategies and Integration Challenges

Cardiac cell therapy is administered through three main routes
of delivery: intramyocardial, intracoronary, or intravenous
(systemic) injection. Intramyocardial administration is fur-
ther divided into transendocardial or endovascular delivery
and transepicardial injection.®*> Among these routes, tran-
sepicardial injection is the most direct yet invasive approach,
allowing delivery of stem cells straight to the infarcted region
during cardiac surgery. On the other hand, intravenous
infusion is the safest route of cell delivery, but since cells are
dispersed throughout the body, they rely on physiological
homing signals secreted only acutely after MI to migrate to
the injured myocardium.® The intracoronary route is also less
invasive than transepicardial injection, yet it can potentially
induce further ischemia, and cell delivery to target regions is
limited by poor perfusion.”

The biggest obstacle to the successful application of cell
therapy is the poor engraftment and low retention rate of trans-
planted cells.** For instance, in preclinical animal studies,
only 11% of MSCs remain in the myocardium 90 minutes
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after intramyocardial injection, dropping to just 0.6% after 24
hours. Most cells are rapidly washed away to non-target organs
such as the lungs and liver.”*** Intracoronary or intravenous
methods have even lower retention rates, and studies have
shown that long-term retention is near zero regardless of the
delivery method.*

To increase delivery efficiency and cell longevity, stem
cells can be modified or labelled for increased infarct-targeting
and binding capacity, or tissue-engineered into constructs like
biomaterial-based scaffolds, such as cardiac patches and scaf-
fold-free constructs like cell sheets.”*** These constructs are
implanted onto the epicardial surface as epicardial patches or
directly within the myocardium as interposition grafts. The
epicardial layer may inhibit direct electrical coupling between
the patch and host myocardium, hindering full integration of
cells and limiting their action to paracrine signalling. In con-
trast, interposition grafts interface directly with the host myo-
cardium without barriers, which facilitates remuscularisation
but can result in arrhythmogenic complications.**%

Limitations and Future Directions

Cell therapy shows promise for repairing heart damage in
ischemic heart disease by encouraging tissue regeneration
and boosting heart function, but several challenges still stand
in the way of making it a reliable clinical option. Many clin-
ical trials have drawn criticism for poor design or insuffi-
cient sample sizes, and the moderate improvements seen in
early preclinical studies don’t always hold up in larger clinical
trials.*® Outcomes vary significantly depending on patient dif-
ferences, the types of stem cells used, and how they’re deliv-
ered. Age, comorbidities, and the extent of heart damage all
hinder standardisation. Ethical and safety concerns also limit
the use of ESCs, and risks like tumour formation, immune
rejection, and differing regulations across countries make
them difficult to use in practice. iPSCs offer a less contro-
versial alternative with lower risk of rejection, but they come
with their own set of problems, including genetic instability
and unintended side effects from the reprogramming pro-
cess.” Other barriers to widespread clinical adoption of cell
therapy include the complexities of growing, storing, and
transporting viable stem cells. Maintaining cell viability and
function during this process presents a significant obstacle
for scaling up treatments. These issues have contributed to
a growing interest in cell-free alternatives as a more practical
and safer path to heart repair.”* While cell therapy is still cen-
tral to cardiac regeneration research, its future success likely
depends on improving cell retention, standardising proto-
cols, and combining therapies—like pairing cell delivery with
engineered tissue scaffolds or using cell-free techniques to
enhance results (Figure 2).

Cell-Free Therapies and in Situ Regeneration

Given the accumulating evidence favouring paracrine sig-
nalling as the primary benefactor of cell-based therapy, other
therapeutic methods emerged intending to leverage these
paracrine effects to foster the activation of endogenous repair
pathways. These cell-free therapies lead to improved function
through the stimulation of angiogenesis, regulation of fibrosis,
mitigation of inflammation and apoptosis, and/or recruitment
of tissue resident stem and/or progenitor cells.* Paracrine sig-
nalling molecules, such as growth factors, noncoding RNAs,
and extracellular vesicles, offer significant advantages to cell
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therapy: they are easier to standardise and mass produce, carry
lower immunogenic and tumorigenic risks, and are more
compatible with drug delivery systems.* Alternatively, direct
cardiac programming is another cell-free approach to remus-
cularising the heart that has also emerged, which induces in
situ regeneration via delivery of transforming factors to pur-
posefully reprogram non-CM cell populations, like fibroblasts,
into cardiomyocytes (Figure 3).”

Growth Factors

Growth factors (GFs) are signalling proteins that regulate
essential processes such as cell growth, adhesion, proliferation,
migration, and others.”® For example, neuregulin 1 (NRG1)
and its receptors play critical roles in heart development
and repair. In adult mouse models, activating this pathway
promotes cardiomyocyte proliferation and improves cardiac
function. A clinical trial with NRG1 showed benefits in
heart failure patients, but some in vivo studies questioned
its effect on cardiomyocyte proliferation, calling attention
to the need for further validation.”” Angiogenic growth
factors like vascular endothelial growth factor (VEGF) and
fibroblast growth factor (FGF) can improve cardiac function
by stimulating the formation of new blood vessels when
administered after ML’ which has been corroborated in
several animal model studies and human clinical trials.” "
However, results in clinical trials have been inconsistent’”
and adverse effects such as nitric oxide-mediated
hypotension and formation of aberrant and leaky vessels
have limited clinical translation to patients.”” Granulocyte-
colony stimulating factor (G-CSF) and hepatocyte growth
factor (HGF) promote the recruitment of circulating
progenitor cells to the heart and help prevent cardiomyocyte
apoptosis. Insulin-like growth factor 1 (IGF-1) enhances the
proliferation and survival of cardiac stem and progenitor
cells, supporting functional recovery.”” The limited success
of growth factor therapy in clinical trials is likely due to their
rapid clearance, low stability, and non-specific distribution
in the target tissue.”® To address these challenges, biomaterial
scaffolds and gene-based delivery methods, like synthetic
modified RNA, have been developed to sustain growth factor
release and enhance therapeutic outcomes.”

Noncoding RNAs

Noncoding RNAs (ncRNAs) regulate gene expression and
include microRNAs (miRNAs) and long noncoding RNAs
(IncRNAs). These molecules are key regulators of cardiac
repair after MI and influence processes like cardiomyocyte
proliferation, apoptosis, inflammation, and angiogenesis.*’
miRNAs such as miR-19a/19b boost cardiomyocyte prolif-
eration and inhibit apoptosis, while other miRNAs modulate
inflammation and facilitate angiogenesis.”*”” IncRNAs often
act as competing endogenous RNAs (ceRNAs) by seques-
tering miRNAs, thereby modulating their activity. They also
influence autophagy, support cell proliferation through path-
ways like PI3K/AKkt, and participate in epigenetic regulation
by modifying histones to suppress unwanted gene expres-
sion. IncRNAs are considered promising therapeutic targets
for enhancing cardiac regeneration and post-MI recovery.”*”
Noncoding RNAs are degraded by RNases in extracellular
fluids, therefore like GFs, efficient and targeted delivery is
their main challenge for clinical application.”® Similar to
GFs, strategies like hydrogel scaffolds or exosome-mediated
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Fig. 2 The cells and delivery methods used in cell therapy, and the pros and cons of each technique. BM-MNCs, bone marrow-derived
mononuclear cells; MSCs, mesenchymal stem cells; ESCs, embryonic stem cells; iPSCs, induced pluripotent stem cells; PSC-CPCs, pluripotent
stem cell-derived cardiac progenitors; PSC-CMs, pluripotent stem cell-derived cardiomyocytes; IV, intravenous; IC, intracoronary.
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transport have shown promise in sustained local delivery,
enhancing their regenerative effect.” In previous works we
studied the efficacy of exosome-mediated miR-126 and miR-
146a delivery on cardiac tissue regeneration. Results showed
a synergistic effect on cell migration, angiogenesis, and car-
diac function.”

Extracellular Vesicles and Exosomes

Exosomes are a type of extracellular vesicle (EV), typically
ranging from 40 to 160 nanometres in size, and are secreted
by many cell types, including endothelial and stem cells. They
serve as intercellular messengers carrying a variety of sub-
stances like proteins, lipids, metabolites, DNA, and noncoding
RNAs. Compared to synthetic delivery systems, exosomes
offer several advantages: theyre less toxic, can pass easy
through biological membranes, have low immunogenicity,
and can deliver multiple therapeutic agents at once.*"** Studies
on exosomes have had good results. For example, injecting
exosomes derived from human endometrial MSCs, encapsu-
lated in fibrin gel, significantly promoted angiogenesis in the
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myocardium and improved heart regeneration and function
after MI.** In clinical trials, the ESCORT trial, which focused
on ESC-CPCs highlighted the role of stem cell secretions on
patient outcomes. This prompted a follow-up clinical trial on
exosome delivery dubbed the SECRET-HF trial. Results showed
that in patients with non-ischaemic dilated cardiomyopathy,
the intravenous delivery of EVs derived from iPSC-CPCs—
mainly exosomes—was safe, well tolerated, and improved
symptoms with no adverse events after 6 months.* In a study
in mice, intramyocardial injection of exosomes derived from
iPSCs Cs 48 hours after reperfused MI led to better cardiac
repair than iPSCs themselves in comparison. Treated mice
showed improved heart function, more blood vessel growth,
and reduced cell death and hypertrophy. Because they’re cell-
free, iPSC-derived exosomes offer a potentially safer option
for treating ischemic heart damage.* The therapeutic benefits
of exosomes can be improved by optimising their contents,
targeting, and delivery, either through engineering the source
cells or directly modifying the exosomes using chemical or
physiological methods.*® Despite this, limitations still remain
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in exosome therapy. Like cytokines, exosomes are quickly
taken up by cells, which shortens their half-life in the body
and narrows their therapeutic window, therefore limiting any
long-lasting benefit.’**’

Direct Cardiac Programming

During the process of fibrosis following myocardial infarc-
tion, dead cardiomyocytes are replaced by fibroblasts.®
Direct cardiac programming first began as a concept in
regenerative cardiology in 2010, when Ieda et al. reported
that postnatal cardiac or dermal fibroblasts can be directly
reprogrammed to differentiated cardiomyocyte-like cells
using a specific combination of three transcription factors,
Gata4, Mef2c, and Tbx5 (GMT).” This finding was replicated
in other studies, including one in 2012, where in vivo delivery
of GMT caused the development of induced cardiomyocytes
(iCMs) in a murine model of MI.** However, only a small per-
centage (~0.01-0.1%) of iCMs transduced with GMT factors
successfully developed organised sarcomere structures, and
other studies revealed that reprogramming with GMT alone
resulted in partial or inefficient cellular conversion, prompting
ongoing efforts over the past decade to enhance reprogram-
ming efficacy.” Further studies focused on increasing conver-
sion efficiency by modification or addition of transcription
factors to the original GMT combination, the most impor-
tant of which demonstrated that GMT factors plus Hand2
(GHMT) resulted in more efficient reprogramming of cardiac
fibroblasts into beating iCMs than the use of GMT alone.”

Pro-fibrotic signalling pathways also play a critical antag-
onistic role in the process of cardiac reprogramming. Zhao
et al. demonstrated that inhibition of these networks using
microRNAs and small-molecule inhibitors targeting TGF-f
and Rho-associated kinase pathways enhanced the conversion
rate of iCMs up to 60%. At the same time, their overactivation
attenuates cardiac reprogramming.”” However, Cardiac fibro-
blasts play a vital role in maintaining myocardial integrity and
regulating cardiac remodelling following MI, and impairing
pro-fibrotic pathways can worsen infarct size, ventricular dila-
tion, and mechanical instability, thereby increasing the risk of
adverse outcomes such as rupture. Consequently, anti-fibrotic
therapies must be precisely timed, as early intervention may
compromise structural support, while late treatment may be
ineffective due to the maturation of fibrotic tissue. Further
research is needed to understand better the effects of fibroblast
inhibition during MIL.”

Despite recent progress, cardiac reprogramming still
faces significant challenges, particularly in achieving efficient
reprogramming of human fibroblasts—arguably the most
critical barrier in the field. Early studies revealed that factor
combinations such as GMT and GHMT failed to activate
cardiac gene expression in human cardiac or dermal fibro-
blasts, and even with the addition of supplementary factors,
efficiency remains low and inconsistent across cell types and
experimental conditions.®” In vivo delivery of reprogramming
factors also presents difficulties, often relying on invasive
techniques with limited precision. While non-integrative sys-
tems like modified mRNAs offer a safer alternative, the long-
term stability of reprogrammed phenotypes is uncertain, and
viral vectors carry risks of mutagenesis and oncogenesis.*”*
Furthermore, iCMs tend to exhibit immature and heteroge-
neous characteristics, raising concerns about arrhythmogenic
potential and poor functional integration. The underlying
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molecular mechanisms, particularly at the epigenetic and sig-
nalling levels, remain poorly defined, complicating protocol
optimisation and reproducibility.” These limitations highlight
the need for improved factor combinations, deeper insights
into molecular mechanisms, and the development of safer,
more efficient delivery platforms before successful clinical
implementation.®”

Cardiac Tissue Engineering and
Biomaterial-Based Therapies

In light of the major hurdles associated with both cell-based
and acellular therapies, such as low cell retention, rapid deg-
radation of therapeutic agents, and off-target effects,”
diac tissue engineering has emerged as a multidisciplinary
approach seeking to develop 3-dimensional (3D) cell culture
systems to provide both an accurate model for in vitro study
of heart function, disease mechanisms, and preclinical drug
screening as well as a ready source of functional tissues for
in vivo therapeutic transplantation.””

Biomaterials serve as a basis for tissue engineering
approaches,” and using biomaterial-based scaffolds and
delivery systems helps overcome the main clinical limitations
of cell-based and cell-free therapies and enhances their effi-
cacy. Biomaterials can enhance cell retention and promote
electrical and mechanical coupling into the host myocardium,
increase the half-life of bioactive molecules in vivo while
allowing sustained release, in addition to improving compro-
mised cardiac function when used in isolation.”** Currently,
the most commonly used biomaterials for cardiac applications
include injectable hydrogels, cardiac patches, and, recently,
microneedles (Figure 4).

car-

Injectable Hydrogels

Ideal biomaterials used in cardiac therapies should be bio-
compatible and biodegradable, and mimic the chemical,
biological, and electrical properties of the native myocar-
dium. Their mechanical properties must adequately provide
mechanical support to damaged tissue while maintaining the
hearts contractile function. Additionally, these biomaterials
should provide an environment that increases the bioavaila-
bility and function of their therapeutic contents and facilitates
their controlled release.”” Hydrogels are three-dimensional
cross-linked networks of hydrophilic polymer chains capable
of absorbing, swelling, and retaining large volumes of water.
Their soft, porous shape, high water content, and highly con-
trollable mechanical features and microscale structure grant
hydrogels a close resemblance to living tissue, making them
some of the most ideal biomaterials for engineering scaffolds
and drug delivery systems.'**!"!

Hydrogels are produced from natural polymers such
as collagen, alginate, gelatin, chitosan, hyaluronic acid, and
fibrin, or synthetic polymers like polycaprolactone and pol-
yurethane.” They are used in cardiac applications primarily
in the form of cardiac patches or injectable hydrogels; inject-
able hydrogels deliver therapeutics in situ to the injured myo-
cardium via intramyocardial, intracoronary or intravenous
routes, and hydrogel-based cardiac patches are in vitro fab-
ricated scaffolds containing cells or bioactive molecules that
are surgically attached to the epicardial surface of the heart.'””
Despite not being bioactive, hydrogels have been shown to
improve heart function in animal studies, even in the absence
of any other therapeutic agent (Table 2).'%
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Table 2. Advantages and disadvantages of some of the most common types of hydrogels
" Gelation/cross-
Type Hydrogel Advantages Disadvantages linking method References
B!ocompauble Slow and inefficient
Biodegradable .
Collagen o e cross-linking Thermal
Easy g sl i Low mechanical stabilit
other types of hydrogels y
Biocompatible Low mechanical stability e
Fibrin Biodegradable Fast Effetrlga self
Natural Availability degradation in vivo y
Polymers _ ‘ -
Hyaluronic acid B[ocompatlble, Modnﬂ;anons needed for Redox inhibitor
biodegradable cross-link
bocorpeille ! Low mechanical stability
Alginate et imlsogenit Poor long-term durability and  lonic
Rapid gelation, ECM-like : (99,103, 104)
uncontrollable degradation
structure, low cost
Biocompatible Low cell adhesion
. P Non-injectable
Biodegradable :
T Non-degradable Peptide-self
. Polyethylene glycol  Fast polymerisation times Photo cross-linking process assembl
Synthetic Good mechanical stability el ) gp y
Polymers Allows photo cross-linking = -
viability
. Biocompatible Gelling process potentially Chemical cross-
el Eleeined Easily modifiable harmful for the patient linking
: Gelatin Highly biocompatible Requires UV light for Photo-
Hybrid k : - o
methacryloyl Non-immunogenic polymerisation polymerisation
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Cardiac Patches

Cardiac patches are disc-shaped scaffolds designed for the
localised delivery of therapeutic agents. They are designed to
attach to the epicardial surface of the infarcted myocardium as
an alternative delivery approach to the potentially damaging
method of intramyocardial injection. Cardiac patches enhance
cell retention, allow controlled release of therapeutics, and
create a suitable microenvironment for cell growth and pro-
liferation.”” Cardiac patches consist of two main compo-
nents: therapeutic agents (like cells, bioactive molecules such
as growth factors and mRNAs, drugs, or other engineered
materials) which play a main role in inducing cardiac regen-
eration; and a structural scaffold, which provides mechanical
and functional support and facilitates the interaction between
therapeutic agents and the host tissue.'**'*

The structural scaffold of cardiac patches is constructed
using various synthetic or natural materials. The most
common types of biomaterials used are decellularized ECM
(dECM), collagen, alginate, and polyethylene glycol.”” dECM
is produced by removing cellular components from tissue
using methods that preserve the composition and struc-
ture of ECM. These methods support new cell adhesion and
growth, however, any residual cellular debris not fully cleared
may trigger host immune responses.'”® Hydrogel patches have
diverse properties depending on their materials and, due to
their porous structure, can be specifically designed to release
therapeutic agents in a controlled, sustained manner. They can
be produced using simple and low-cost methods like freeze—
thaw cycles and photo-polymerisation, or with advanced tech-
niques such as 3D printing and electrospinning, which allow
for precise architecture and complex structures. By incor-
porating materials like conductive nanostructures, hydro-
gels can be adapted for a wide range of cardiac therapeutic
applications.'**!"”

Cardiac patches are typically implanted onto the
epicardium using sutures or bio-adhesives and release their
therapeutic agents from the surface of the heart, where these
agents permeate through the epicardium to the myocardium.
Regardless of differences in structure and implantation,
cardiac patches successfully provide mechanical support and
stimulate regeneration in animal MI models. They reduce the
infarct size and reverse adverse ventricular remodelling while
improving ejection fraction (EF) and other cardiac functions
via anti-inflammatory, anti-apoptotic, pro-angiogenic, and
anti-fibrotic processes.'® However, the epicardial layer may act
as a barrier, hindering effective diffusion and electrochemical
interaction between the patch and the myocardium.
Moreover, since the inner layers of the ventricular wall are
more affected during MI, epicardial patches may not offer
optimal therapeutic coverage.”” One promising solution is the
development of microneedle patches.

Microneedles

Microneedle patches represent a novel generation of engi-
neered medical tools that, through the use of extremely fine
needles ranging in length from 100 to 1000 micrometres,
offer an innovative approach to therapeutic delivery. These
microneedles, which garnered interest over two decades ago
as a means of transdermal drug delivery, enhance delivery
efficiency by penetrating through the tissue layer barriers in a
minimally invasive manner. The success of this technology in
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improving transdermal drug delivery has expanded its appli-
cation to other tissues and organs. In recent years, micronee-
dles have also been explored for use in cardiac regenerative
therapies.'*®'%

In cardiac applications, microneedles can create micro-
scopic channels through the epicardium for precise delivery
of agents directly into myocardial tissue, circumventing the
limitations of cardiac patches. Also, compared to intramy-
ocardial hydrogel injection, the smaller needle pores
reduce the risk of cardiac wall damage and inflammatory
responses.'”''” Fabricated from natural or synthetic biomate-
rials like polyvinyl alcohol (PVA), hyaluronic acid, or gelatin
methacryloyl using moulding or 3D printing, microneedles
were first used for cardiac regeneration in 2018 in conjunc-
tion with cell therapy. Results confirmed their safety and
enhanced therapeutic efficacy.'’ Since then, they have been
evaluated for delivering cells, growth factors, miRNAs, nan-
oparticles, and other therapeutic agents for treating M1, with
positive results.'''"!?

Despite these advances, cardiac microneedle technology
remains in its early stages. In general, further research is
required in all biomaterial-based therapeutics to standardise
treatment protocols, ensure material safety, clinical feasi-
bility, reproducibility of results, and scalability for mass pro-
duction. Continued development of biomaterial constructs
with improved or tuneable mechanical properties is much
needed in cardiac tissue engineering and myocardial repair.
In addition, finetuning their biomimetic properties, such as
by enhancing electrical conductivity using electroconductive
biomaterials,''*!"® can further improve performance.'"’

Other Emerging Strategies: Beyond
Conventional Regeneration

Macrophage Polarisation and Immune Modulation

Over the past decade, macrophages have emerged as cen-
tral regulators of cardiac regeneration, transitioning from
their traditional role as debris-clearing phagocytes to active
participants in myocardial repair. Advances in single-cell
transcriptomics and genetic fate mapping have revealed the
heterogeneity and functional plasticity of macrophage sub-
populations, distinguishing between resident and mono-
cyte-derived macrophages.''® Cardiac-resident macrophages
originate from yolk-sac progenitors and populate the heart
prenatally, maintaining homeostasis via immunosurveillance
and clearing dead cells and debris in the myocardium, and
performing critical functions in healthy myocardium, such as
facilitating electrical conduction by coupling with cardiomyo-
cytes through gap junctions.'”

Studies using regenerative models such as neonatal mice
and zebrafish have revealed important distinctions in mac-
rophage responses following cardiac injury when compared
to non-regenerative adult mammalian models. In zebrafish,
depletion of macrophages significantly impaired heart regen-
eration'® and cardiac-resident macrophages dominated,
tending to be less inflammatory, more angiogenic, and less
fibrotic, whereas in adult mammals, monocyte-derived mac-
rophages dominated and often adopt a pro-fibrotic pheno-
type."'®'" While exhibiting reparative properties similar to
neonatal macrophages, cardiac-resident macrophages in adult
hearts are rapidly lost due to necrosis after MI. Monocyte-
derived macrophages mediate post-MI inflammatory
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responses by differentiating into two main phenotypes, M1
and M2, with the former acting pro-inflammatory and the
latter anti-inflammatory.'****!

Strategies to bias macrophage polarisation toward regen-
erative phenotypes are under active investigation. Dental
pulp MSC-derived extracellular vesicles (MSC-EVs) shift
macrophages to an M2-like state, reducing infarct size in
rat models.””” Similarly, interleukin 4/13 administration
post-MI improves ejection fraction by enhancing mac-
rophage efferocytosis and angiogenesis.'”” Human iPSC-
derived primitive macrophages, cultured in a medium
enriched with pro-regenerative growth factors, has demon-
strated efficacy in promoting adult cardiomyocyte prolifer-
ation and functional recovery in murine models. However,
challenges remain in standardizing vesicle production and
ensuring targeted delivery.’** Preclinical studies suggest that
expanding resident macrophage populations before injury
could prime the heart for regeneration. In zebrafish, early clo-
dronate-mediated depletion of resident macrophages leads to
long-term regenerative deficits, highlighting their irreplace-
able role."® In addition, pharmacological agents that enhance
resident macrophage survival or function, such as CSF1R ago-
nists, are also being explored.''®

Even with these promising results, research in
macrophage-mediated cardiac regeneration is still in its early
stages. Cardiac macrophage plasticity and phenotypes and
their specific function in regeneration have yet to be accurately
established, and it is currently unknown whether macrophage
polarisation can successfully induce efficient regeneration.
The interspecies differences in macrophage function and
heterogeneity of resident macrophages complicate targeting
specific pro-regenerative subtypes. Taking this into account,
research in this topic can help clarify the mechanisms of
cardiac repair.'**"*!

Lymphangiogenesis

Another newly emerging hot spot in regenerative cardiology
is lymphangiogenesis. The lymphatic vasculature of the heart
has an essential role in heart physiology, regulating tissue
fluid balance, lipid metabolism, transportation of extravasated
proteins, and immune function.’” Myocardial injury leads to
dysfunction of these processes and, therefore, results in fluid
imbalance and cardiac dysfunction. Thus, therapy promoting
lymphangiogenesis may improve myocardial tissue repair
post-ML'* The lymphatic system’s role in cardiac regeneration
has been studied in adult zebrafish models of cardiac injury
in the past few years. Research has shown different healing
responses according to the type of injury; with no signs of
cardiac lymphangiogenesis following apical resection and,
in contrast, enlargement and migration of lymphatic vessels
into the wound site after cryoinjury.'*® Selective stimulation of
cardiac lymphangiogenesis via VEGF-C limited remodelling
of lymphatic precollectors post-MI and improved myocardial
fluid balance and reduced inflammation, fibrosis, and dys-
function as a result.””” These results are debatable, with one
research group reporting that genetic blockade of lymphangi-
ogenesis in mice with the ablation of VEGFR3 signalling does
not impair LVEF and cardiac function two weeks following
MI."** Another research group showed that while impairing
the lymphatic network via deletion of the endothelial adhesion
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protein VE-cadherin does not cause cardiac dysfunction in
mice, it causes increased cardiac infarct size and fibrosis after
ML.'* This suggests that dysfunction of the lymphatic vascu-
lature may impact cardiac function post-MI and exacerbate
heart failure.””® Further studies are needed to better under-
stand the molecular mechanisms of lymphatic transport and
its role in heart disease, especially in mammalian hearts, and
more effort should be focused on gaining insight into the
potential role of lymphangiogenesis in cardiac regeneration."”

Future Directions

Despite the challenges in cardiac regeneration approaches,
emerging novel strategies to overcome current obstacles have
opened new horizons to the field. For instance, the develop-
ment of nanotechnology-based delivery systems capable of a
sustainable and controlled release of multiple bioactive agents
may facilitate in situ regeneration strategies in the future.
While our understanding of endogenous regeneration mecha-
nisms of cardiac tissue enhances, endeavouring innovative and
combined methods to trigger in situ regeneration of cardiac
tissue is expected. Adopting cardiac regeneration mechanisms
of other species into the human heart, direct reprogramming
techniques based on in situ genetic and epigenetic manipu-
lation of the cells, and advancement in targeted delivery of
different bioactive agents to the site of interest are some areas
of research that offer great potential in restoring the heart.
However, the field is still in the early stage of development and
requires more innovative multidisciplinary approaches.

Conclusion

Several cardiac regeneration strategies have been studied to
restore damaged cardiac tissue during the last decades. Cell-
based therapies continue to be a significant area of research in
regenerative cardiology, dedicating more focus on developing
targeted cell therapies with more cell retention potential and
better cell survival at the injury site. Cell-free therapies and
in situ regeneration strategies on the other hand, have gained
more research attention in recent years, owing to their great
therapeutic and regenerative potential and safer features. Car-
diac tissue engineering and biomaterial-based approaches are
also growing fields, providing new hope for researchers as well
as patients suffering from cardiovascular diseases. Although
there are several obstacles that should be overcome, the results
of recent innovative approaches hold great promise in the field
of regenerative cardiology.
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