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Repairing cardiac damage and restoring heart function includes cell-based, non-cellular, induced adult

cardiomyocyte proliferation and manipulation of cardiac remodeling. Though there has been significant success in

delineating the mechanism of cardiac injury and protection against acute ischemic injury, an efficient therapeutic

intervention is still unavailable.
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1. Introduction

Cardiovascular diseases continue to be the leading cause of morbidity and mortality in the United States and

worldwide . Despite recent studies showing that neonatal murine and porcine hearts are able to regenerate via

proliferating cardiomyocytes within the first few days after birth, adult mammalian cardiomyocytes (ACMs) lack

meaningful endogenous proliferative potential. This lack of proliferation results in pathological repair mechanisms

and fibrotic scarring after cardiac injury . Various approaches have been tested to repair cardiac damage and

restore heart function in the past few decades. These strategies include cell-based, non-cellular, induced adult

cardiomyocyte proliferation and manipulation of cardiac remodeling. Though there has been significant success in

delineating the mechanism of cardiac injury and protection against acute ischemic injury, an efficient therapeutic

intervention is still unavailable. Therefore, it is of great importance to reanalyze the research development, interpret

common/global outcomes, and identify the potential pitfalls in developing future therapeutic interventions.

2. Cell-Based Approaches to Cardiac Repair

Bone marrow cells (BMCs) and embryonic stem cells (ESCs) also appeared to be promising alternatives to skeletal

muscle myoblasts (SMs) for cardiac repair after Myocardial infarction (MI) with similar approaches. Like SMs,

BMCs and ESCs cell transplants show improved cardiac function and decreased cardiac fibrosis in rodent models

post-MI . Similar to SMs, these cells are also easy to obtain and show the potential to differentiate into

cardiomyocytes. However, these cells require pre-differentiation into mature cardiomyocytes prior to transplantation

into an infarcted heart, as undifferentiated BMC or ESC carry the risk of developing teratomas after cell

transplantation . Unfortunately, to date, the lack of a standardized protocol to obtain a pure population of

matured cardiac cells from BMCs or ESCs limits their therapeutic success . Lastly, the risk of immunologic

rejection because of genomic instability provides further concern for the utility of these cells .
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More recent studies have brought attention to the use of MSCs and iPSCs that promise a greater cell fate plasticity

and cardiomyocyte potential during cardiac repair post-MI, where cell transplants resulted in improved cardiac

function in the injured heart in preclinical studies . Of particular advantage in these studies was the ease of

obtaining MSCs from various tissue types, albeit with varying efficacy . Moreover, both MSC and iPSC have the

potential of self-renewal and low immunogenicity, thus, are suitable for autologous transplantation .

Additionally, these cells showed an enhanced ability to differentiate into various cell types, including

cardiomyocytes, and exhibit an ability to integrate into the host myocardium . Despite being easy to

obtain and propagate, complete differentiation of MSCs and iPSCs into cardiomyocytes continues to pose the most

significant challenge of utilizing these cells therapeutically . In fact, cardiomyocytes derived from MSCs and

iPSCs show a variety of maturity and transcriptomic states similar to neonatal cardiomyocytes, which results in a

heterogeneous population of undifferentiated cells . Similar to BMCs and ESCs, MSCs and iPSCs also pose

the risk of teratoma formation, limiting these cells’ therapeutic potential .

Alternative approaches such as using a heterogeneous mix of cardio-sphere-derived cells (c-kit+, CD105+, and

CD90+) have been the basis for a randomized phase one clinical trial showing a modest improvement with

reduced scar size, and increased viability of myocardium; however, in terms of cardiac function, neither end-

diastolic volume, end-systolic volume, or LVEF showed major difference between groups by 6 months . Another

report identified a subpopulation of cardiac mesenchymal cells, categorized as c-kit expressing and slow adhering

when cultured, that improved cardiac function with significant recovery of LVEF after MI . Moreover, a repetitive

administration of these cardiac progenitor cells showed a more significant cardioprotective effect and a restoration

of cardiac function when compared to a single administration of an equal number of cumulative cells .

Moreover, the issues surrounding the stability and survivability of transplanted cells in a harsh ischemic and fibrotic

myocardium are still the foremost limiting factor for the therapeutic success of cell-based approaches to repairing

the heart. To this end, a number of studies have been performed with a primary focus to improve the intra-

myocardial delivery and engraftment of cells. For example, a recent report successfully demonstrated enhanced

engraftment of ESC-derived cardiomyocytes in the heart using an injectable nanomatrix gel . Furthermore,

improved survivability of ESC-derived cardiomyocytes upon encapsulation with nanomatrix gel resulted in reduced

scar formation and retention of LVEF in treated animals compared to controls. Another study utilized platelet

surface markers to label cardiac stem cells (CSC), enhancing their recruitment in the injured heart and improving

retention of labeled CSC into the infarcted region. This resulted in a decreased infarct size and improved cardiac

function . Moreover, mediation of gene transfer to bone marrow-derived MSCs (BMMSCs) via chemically

modified nanoparticle, molecularly organic-inorganic hybrid hollow mesoporous organosilica nanoparticle (HMON),

led to improved survivability of these cells in the infarcted heart after transplantation, which improved cardiac

function with a complete recovery of LVEF values, reduced cardiac fibrosis, and increased angiogenesis .

Although several small, non-randomized cell-based studies have been conducted with these approaches, yielding

some satisfactory success, extensive randomized studies fail to replicate these effects. Thus, a search remains for

the ultimate cell type or a sustained delivery method for complete cardiac repair and restoration of normal function

post-MI.
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3. Cell-Free Approaches for Cardiac Repair

Regardless of the rapid death of implanted cells in the injured myocardium, most studies show improved cardiac

function and, vascularization, as well as reduced infarct size, which leads to the hypothesis that paracrine factors

may have an important role in cardiac repair. It has been observed that all the progenitor and stem cells used in

cell-based therapeutics release secretory factors that have a paracrine effect on the neighboring cells. Secretome

analysis revealed that these exosomes are concentrated alongside pro-angiogenic, pro-survival, proliferative, and

immunogenic factors . Interestingly, the content and composition of the secretome are highly

dependent on the parental cell type and the physiological or pathophysiological condition. For example, one study

showed that GATA-4 overexpressing MSCs secreted paracrine factors, which augmented angiogenesis and

improved cell survivability in the ischemic myocardium . In contrast, another study showed that overexpression

of the pro-angiogenic miR-126 in MSCs leads to secretomes enriched with pro-angiogenic and pro-survival factors.

Further mechanistic analysis of miR-126 over-expressing cells revealed increased expression of Notch ligand

Delta-like (Dll)-4 is believed to play a key role in improving angiogenesis and blood flow in the infarcted heart,

resulting in improved cell survivability and cardiac function with significantly higher LVEF values in miR-126 over-

expressing cell treatment group compared to MSC alone . Similar results were obtained in animals treated with

secretomes isolated from human adipose-derived stem cells post-MI .

As recent studies highlight, exosomes are on the rise as a therapeutic asset since they are a major constituent of

the secretome and deliver most of its attributed protective features. These nano-sized vesicles are secreted by

most cell types, including cardiomyocytes and iPSCs . Exosomes were first studied for their

role in the adaptive immune response . Subsequently, they were observed to play a vital role in signal

transduction, cell-to-cell communication, and other paracrine mechanisms . Further scientific

advancements utilized exosomes derived from different cell types to study their therapeutic significance in various

disease conditions, including MI . Exosomes have also been explored as a plausible tool to deliver small

molecules, such as miRNA or therapeutic drugs, to areas of interest . Given the limited success of developing

efficient cell transplantation approaches, research focus was shifted to analyze the protective effects of paracrine

factors secreted by engrafted cells into the infarcted heart. These studies revealed that most of the protective

effects from cell-based therapies were indirect through secretomes or, more specifically, exosomes. Similar to

secretomes, exosomes also exhibit the features of their parent cells, such as ESC-derived exosomes. Similar to

ESCs, whose total miRNA content is comprised of about two-thirds of the miR-290 family, ESC-derived exosomes

also express a high level of miR-290 . Further investigation revealed that ESCs derived exosome-mediated

delivery of miRNA-294 led to increased cell survival, angiogenesis, and proliferation, and thus improved cardiac

repair and restoration of cardiac function post-MI .

Moreover, treatment with the exosomes isolated from cardiosphere-derived cells showed enhanced cardiac repair

by improving cardiac function and decreasing infarct size in acute as well as chronic porcine MI models .

Furthermore, cardiac progenitor cells (CPCs) are known to regulate cardiac protection and repair. Notably, the

exosomes derived from CPCs likewise increased cell survivability and proliferation of H9C2 cells through enhanced

expression of Akt and activation of the Akt/mTOR pathway . Interestingly, a pediatric study showed that
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exosomes derived from neonatal CPCs improved cardiac function and repair, whereas exosomes derived from

CPCs of older children required hypoxia preconditioning to exhibit cardioprotective benefits. These effects included

increased angiogenesis and reduced fibrosis, resulting in improved cardiac function in the infarcted heart .

Moreover, human pericardial fluid-derived exosomes carry let-7b-5p, which targets the TGFBR1 gene. An

exosome-mediated delivery of let-7b-5p to endothelial cells led to improved angiogenesis which could have a

protective effect in cardiac repair . Furthermore, CD34+ HSC-derived exosomes express a high level of pro-

angiogenic miRNAs, including miR-126 and miR-130, which improved vascular formation in the injured heart . A

miRNA sequence analysis between MSC and MSC-derived exosomes showed similar miRNA profiling,

demonstrating a mechanistic similarity between MSC and MSC-derived exosome-mediated cardiac repair. This

emphasized a greater therapeutic importance of MSC-derived exosomes over MSCs themselves for cardiac repair

. Other studies further demonstrated that exosomes derived from the hypoxia preconditioned MSCs show

greater expression of various miRNAs involved in improved cell survival, angiogenesis, and reduced fibrosis,

leading to enhanced cardiac repair in comparison to normoxic MSCs-derived exosomes . Further

analysis revealed that preconditioning CSCs with MSC-derived exosomes also results in improved cell survival and

angiogenic potency of CSCs .

Regardless of the significant advancement and exciting results in cell-free therapy for cardiac repair, none of these

studies were able to demonstrate significant cardiac regeneration even in small animals . In addition to

that, there are various other basic questions and limitations which need to be answered before improved

therapeutic success with these methods. One of the major limitations is that the extracellular vesicles or exosomes

require a direct intra-myocardial injection to the heart. Additionally, it is known that exosomes exhibit the features of

the parental cell type, thus, it would be imperative to ensure that an autologous exosome does not carry any

functional limitation when isolated from old cells.

4. Induced Cardiomyocyte Proliferation for Cardiac
Regeneration and Repair

The senescent nature of adult mammalian cardiomyocytes (ACM) restricts their ability to proliferate and regenerate

or repair after cardiac injury. However, zebrafish and neonatal mice demonstrate a propensity to regenerate cardiac

tissue following injury, mostly facilitated by the proliferation of pre-existing cardiomyocytes . Irrespective of the

limited success of cell-based cardiac repair approaches, it remains of interest to induce the proliferation of

endogenous ACM as a novel therapeutic approach to repair cardiac injury in adult animals. Importantly, in the last

decade, proliferation studies with mammalian ACMs sufficiently demonstrated the scope of ACM proliferation

through external interventions . Reports demonstrate that the oxidative phosphorylation-based energy

metabolism of ACMs leads to increased oxidative stress, resulting in elevated DNA damage response and,

ultimately cell cycle arrest .

Contrary to the adult mammalian heart, a comparatively hypoxic environment of the fetal mammalian heart

predominantly utilizes glycolysis for energy production and has the capability of cardiomyocyte proliferation 

. Moreover, neonatal mouse cardiomyocytes exhibit fetal-like features during the first week of the proliferative
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window, whereas a hypoxic exposure elongates the proliferative window in postnatal mice . Furthermore, one

study observed that hypoxic exposure induced the proliferation of endogenous cardiomyocytes in adult mice, which

improved left ventricular function, and enhanced cardiac repair after MI . During the last decade, various genes

and miRNAs have been identified and characterized for their roles in cardiac development as well as ACM

proliferation. Genome-wide analysis revealed Fam64a as a novel regulator of the cell cycle in fetal cardiomyocytes

under hypoxic conditions. However, the expression of Fam64a significantly decreased in the postnatal

cardiomyocytes after its exposure to the oxygen-rich environment . In addition, ERBB2 plays an important

regulatory role in cardiomyocyte proliferation during both embryonic and neonatal stages. The constitutive

expression of ERBB2 showed dedifferentiation, cardiomyocyte proliferation, and improved cardiac function after

MI. Further mechanistic analyses demonstrated that ERBB2 mediated dedifferentiation and proliferation through

ERK and GSK3β/ β-catenin signaling pathways . TBx20 also plays an important role in cardiomyocyte

proliferation and normal cardiac development through activation of multiple signaling pathways, which are also

associated with ACM proliferation and cardiac repair after MI. These include PI3K/AKT pathways, which improve

ACM proliferation and survival ; HIPPO/YAP pathways, which improve cardiac regeneration, contractility,

cardiac function, and survivability ; and BMP/Smad pathways, which improve cardiac repair, and function

. TBx20 also inhibits the expression of cell cycle inhibitors such as p21 and Meis1 by direct binding. Thus, an

over-expression of TBx20 in infarcted hearts improves cardiac repair by inducing ACM proliferation .

Genome-wide functional screening identified forty miRNAs with the potential to induce neonatal cardiomyocyte

proliferation in mice as well as rats. Moreover, this screening identified miR-590 and miR-199a for their potential to

induce cardiomyocyte cell cycle re-entry in both neonatal and adult mice or rats . Similarly, miR-210

overexpression in adult cardiomyocytes promoted cell survival, proliferation of ACMs, reduced fibrosis, and

increased angiogenesis .
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