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Abstract: Both vasculature and myocardium in the heart are excessively damaged following
myocardial infarction (MI), hence therapeutic strategies for treating MI hearts should concurrently
aim for true cardiac repair by introducing new cardiomyocytes to replace lost or injured ones. Of them,
mesenchymal stem cells (MSCs) have long been considered a promising candidate for cell-based
therapy due to their unspecialized, proliferative differentiation potential to specific cell lineage and,
most importantly, their capacity of secreting beneficial paracrine factors which further promote
neovascularization, angiogenesis, and cell survival. As a consequence, the differentiated MSCs
could multiply and replace the damaged tissues to and turn into tissue- or organ-specific cells with
specialized functions. These cells are also known to release potent anti-fibrotic factors including matrix
metalloproteinases, which inhibit the proliferation of cardiac fibroblasts, thereby attenuating fibrosis.
To achieve the highest possible therapeutic efficacy of stem cells, the other interventions, including
hydrogels, electrical stimulations, or platelet-derived biomaterials, have been supplemented,
which have resulted in a narrow to broad range of outcomes. Therefore, this article comprehensively
analyzed the progress made in stem cells and combinatorial therapies to rescue infarcted myocardium.

Keywords: myocardial infarction; stem cells; platelet-derived biomaterials; cardiac regeneration;
cardiomyocytes

1. Introduction

Myocardial infarction (MI) is a central element of cardiovascular disorders with massive
repercussions, such as left ventricular aneurysm, interventricular septal defect and acute mitral
valve incompetence due to papillary muscle damage causing intractable heart failure (Figure 1) [1].
Though there is an endogenous cardiac repair system, the inability to regenerate injured or lost
cardiomyocytes (CM) is an inherent biological limitation of the adult human heart that remains
unaddressed by current pharmacotherapeutic advances. These strategies have only suppressed
re-infarction rates and the underlying pathophysiology in terms of cardiac cell loss and undesired
heart re-modelling has led to the recurrence of pertinent disorders [2,3]. Notwithstanding,
heart transplantation seems to be a viable approach to limit the side effects of these treatment
measures. However, it entails the limitation of donor availability, high cost, and other related risks
of transplantation.
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Figure 1. Pathogenesis of myocardial infarction (MI). The plaque formation in coronary artery
reduces blood flow and after plaque rupture the developed blood clot leads to permanent damage of
cardiomyocytes causing infarction.

To overcome the limitation of current therapeutic procedures (Figure 2) and to increase survival
and efficacy rate in MI, novel regenerative therapeutic approaches are being explored using stem cells
and platelet-derived biomaterials. Owing to their multi-differentiation potential, stem cells could
be regulated and induced into CM for cardiovascular repair. Based on this fact, we have discussed
below the various basic research and clinical studies on therapeutic potential of stem cells and their
combination with stimulatory agents for regenerating CM to eliminate the risk of MI.
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Figure 2. Conventional therapeutic surgical and non-surgical measures for addressing MI and
their limitations. The selected approach relies on progression of MI and patient’s condition. CABG:
Coronary artery bypass graft, PCI: Percutaneous coronary intervention.

2. Stem Cell-Based Anti-Myocardial Infarction Strategies

The choice of stem cells is specific to regeneration target, source availability, and technical
potential to isolate and differentiate cells. So far, bone marrow (BM)-derived stem cells (BMSCs),
adipose-derived stem cells (ADSCs), cardiac stem and progenitor cells, embryonic stem cells (ESCs),
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induced pluripotent stem cells (iPSCs), and skeletal myoblasts (SkM) have been extensively studied
for their cardiogenic potential (Figure 3) [2,4,5]. It is highly desirable that stem cells should exhibit
not only cardiac differentiation potential but also vasculogenic ability, both of which are imperative
for cardiac repair [6]. Further, their therapeutic reproducibility and safety must be proven before
establishing clinical practices. Notably, both the paracrine impacts of cellular growth factors (Table 1)
and cell potential to differentiate into myocardial lineage and to integrate with innate cardiac cells
seem to play a critical role in restoring heart functions [7].

Table 1. Functionalities and signaling pathways of regenerative cellular growth factors.
FGF: Fibroblast growth factor, FGFR: Fibroblast growth factor receptor, HGF: hepatocyte growth factor,
IGF: Insulin growth factor, MMP: matrix metalloproteinase, PDGF: platelet-derived growth factor,

SDF: Stromal-derived factor, TGF: Transforming growth factor, VEGFs:

growth factors.
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Figure 3. Stem cell and platelet-derived biomaterials-based bioengineering of infarcted myocardium.
ADSCs: Adipose-derived stem cells, BMSCs: Bone marrow-derived stem cells, CPCs: Cardiac
progenitor cells, CSCs: Cardiac stem cells, ESCs: Embryonic stem cells, iPSC: Induced pluripotent stem
cells, LV: left ventricular, PDB: Platelet derived biomaterials, SkM: Skeletal myoblasts. These therapies
aim to inhibit infarct regions and improve left ventricular function for successful cardiac recovery.

A recent meta-analysis showed the potential of cell-based therapy in heart failure patients, in the
terms of performance status and exercise capacity, left ventricular ejection fraction, and quality of
life [20]. However; we have detailed below the major stem cell types and their efficacy through
attenuating post-myocardial infarction remodeling.

2.1. Bone Marrow-Derived Stem Cells (BMSCs)-Based Repair of Infarcted Myocardium

BMSCs seems to be possess a high potential in developing regenerative therapy for MI due to its
abundance, safety and no ethical concerns regarding their use [5]. Moreover, protocols for the isolation,
characterization, and maintenance of BMSCs are well established. Bone marrow cells are a mixed
population of blood and stem cells, which are harvested through either direct aspiration or using
cytokines such as granulocyte-colony stimulating factor factors during the peripheral mobilization of
blood [5,21]. The first preclinical attempt to regenerate infarcted myocardium in mice was made in 2001,
which proved to be a milestone in developing regenerative therapy for MI [22]. This study has been
followed by various clinical and preclinical studies to develop safe, effective, and reproducible methods
for MI treatment. A report demonstrated that BMSCs were able to differentiate myocytes and coronary
arterioles in infarcted myocardium in mice [23]. Similarly, a review and meta-analysis of clinical
studies also concluded that the myocardial injection of BMSCs following surgical revascularization
might benefit patients with chronic ischemic heart disease with severely impaired left ventricular (LV)
function [24]. The BMSCs have shown to be safe and with a comparable therapeutic efficacy in rabbit
MI model when transplanted either via epicardial or intravenous routes [25], leading to their migration
and differentiation into myocardial cells in the infarcted myocardium, and further inhibit subsequent
vascular remodeling. Various discrepancies have been reported with respect to BMSCs doses and
time gap between the onset of symptoms and initiation of MI treatment [26]. Nonetheless, studies
have documented a maximum 107 MSCs through percutaneous coronary intervention preferably
within a week of MI to exploit therapeutic efficacy [27,28]. In addition to the short-term impact of
BMSCs therapy, the recent clinical studies with long-term follow-up till 60 months have revealed
significantly improved LV performance, ejection fraction, and quality of life [29]. This study reported
decreased mortality with no any major side effects, and the patient’s ability to exercise also was
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significantly improved. A double-blind, placebo-controlled, and multicenter clinical study also
reported that bone marrow derived progenitor not only inhibited the progression and relapse of
MI, but also improved the contractility of infarcted left ventricular segments [30]. Generally, the
transplanted BMSCs migrate, differentiate, and fuse to cardiomyocytes and endothelial cells, which
further promote the development of a microenvironment through the release of paracrine signal such
as vascular endothelial growth factor (VEGEF), interleukin (IL)-6, platelet-derived growth factor (PDGF),
fibroblast growth factor (FGF), hepatocyte growth factor (HGF), SDF-1, and insulin-like growth factor
(IGF) (Figure 4A). These secretome also promotes homing and cardiac repair through the inhibition
of inflammatory response, apoptosis, and oxidative stress [31-34]. Other well-known secretomes are
extracellular, membrane-bound vesicles known as exosomes, which have been shown to synergize
with stem cells and improved cardiac function, reduced infarct size, and increased neovascularization
in acute MI [35]. An interesting study reported that low oxygen tension enhances the migration and
homing ability of BMSCs to the injured region through activation of Kv2.1 channel and promotion
of cell mobility focal adhesion kinase [36]. During MI recovery, BMSCs also inhibit activation of
fibroblast, collagen deposition, extacellular matrix (ECM) and LV restructuring [37]. A seminal study
showed that combined biotinylated and tethered IGF-1 and BMSCs significantly reduced cellular
apoptosis and increased the expression of cardiac maturation protein in New Zealand rabbits MI
model [38]. In a report, the myocardin-related transcription factor-A overexpressing BMSCs enhanced
cardiomyocyte viability and reduced apoptosis induced by hydrogen peroxide exposure in rats [39,40].
Further, hydrogels have been employed to improve efficacy and safety of stem cells. BMSCs injected
with hydrogel composite alpha-cyclodextrin/poly (ethyleneglycol)-b-polycaprolactone-(dodecanedioic
acid)-polycaprolactone-poly (ethylene glycol) prevented LV remodeling and dilation, and improved
local systolic and diastolic function in rabbit model of acute MI [41]. Studies on a porcine model
also indicated that, compared to individual therapeutic successes, the synergistic effect of non-toxic
alginate and myocardial extracellular matrix (ECM) may be an effective minimally invasive treatment
alternative for MI [42]. Similarly, hyaluronic acid-based hydrogel also reduced LV remodeling and
restored cardiac functions in ovine MI [43]. Furthermore, a recent meta-analysis of animal models with
acute MI has documented the synergistic therapeutic intervention involving pharmaceutical and cell
therapy using atorvastatin and BMSCs which resulted in increased capillary density of infarcted and
peri-infarcted region through inhibited apoptosis, oxidative stress, and inflammation in the infarcted
myocardium [44]. Though BMSCs-mediated regenerative therapy seems promising in MI treatment,
and supports the safe and biodegradable profile of biomaterials in enhancing the impact of cell-based
therapy, the challenges associated with the characterization of MSCs and their clinical translation still
remains to provide benchmark [45]. However, a recent, randomized, and controlled phase II/III clinical
trial reported that intramyocardial delivery of bone marrow-derived mononuclear cells and CD133+
cells during coronary artery bypass grafts in in patients with recent MI significantly improved LVEF
and reduced systolic wall thickness without any risk [46]. This study provides initial proof of concept to
design extensive clinical studies to validate the role of regenerative cells along with current therapeutic
practices. In contrast, a randomized, multi-centric, and double blinded randomized clinical trial on
ST-segment elevation myocardial infarction among MI patients indicated that bone marrow-derived
mononuclear cells did not improve left ventricular remodeling and infarct size [47].
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Figure 4. Cargo of growth factors releasate from (A) stem cells and (B) blood platelets which

play a possible role in inhibiting myocardial infarct. ~The specific growth factors include
angiopoietin (Ang-1), colony stimulating factor (CSF), fibroblast growth factors (FGF), insulin-like
growth factors (IGF), hepatocyte growth factor (HGF), intercellular adhesion molecule (ICAM), matrix
metalloprotease (MMP), platelet-derived growth factor (PDGF), stromal cell-derived factor 1 (SDF-1),
transforming growth factor beta 1 (TGF-$1), vascular endothelial growth factor (VEGF), transforming
growth factor (TGF) etc.

2.2. Adipose Tissue: the Cardiac Axis of Myocardial Regeneration

Adipose derived stem cells (ADSCs) are multipotent and highly abundant stem cells which are
derived from autologous adipose tissues through liposuction followed by enzymatic digestion and
subsequent subculture [48]. In addition to comparable differentiation potential to BMSCs, the ADSCs
could rapidly proliferate and differentiate into cardiomyocyte, endothelial cells, and cardiac-related
lineages [49,50]. This cardiogenic ability might be attributed to the paracrine activities of its secretome
such as VEGF, bFGF, IGF-1, Interferon-y, and HGF [6,48,49]. The induction of ADSCs into cardiac
cells have also been achieved by using cardiogenic agents such as 5-azacytidine (5-Aza), angiotensin
II and TGF-p1, and transfection of ADSCs with T-box-18 gene [51-53]. Similarly, other reported
agents like rosuvastatin, gherlin, exendin-4, S-nitroso-N-acetyl-d I-penicillamine, NapFF-NO have
also been employed [54-57]. Studies using rat models have implied that ADSCs could improve
both the cardiac contractility as well as electrical stability [58], and the priming of ADSCs with
3,5-disubstituted isoxazoles, ISX1, exendin-4, and melatonin have improved myocyte differentiation
and cardiac functions [59,60]. Additionally, hypoxia and inflammatory signals have shown to induce
the ADSCs’s regenerative potential to cardiomyocyte via activation of JAK/STAT and MAPK signaling
pathways [61]. Currently, three modes of stem cells transplantation, i.e., intramyocardial (IM),
intravenous (IV), and intracoronary (IC), have been evidenced. However, the majority of studies have
employed IV as IM delivery of ADSCs seems difficult. To overcome this limitation, hydrogels have
been developed to assist IM-mediated delivery [48]. In contrast, one study has reported that, compared
to human BMSCs, the ADSCs were more effective in recovering cardiac function in a Sprague Dawley
(SD) rat model of MI. However, none of stem cells showed induced myocardial angiogenesis [62].
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Other studies in animal model and human evaluated the therapeutic efficacy and safety of ADSCs
in MI recovery [63,64]. Though most of the preclinical studies indicated its safety in reperfusion,
infarct reduction, and functional recovery, glioma development has also been evidenced in mice
model [65,66]. Collectively, ADSCs-based therapy seems more efficacious and affordable; however,
challenges related to tumor formation, survival in micro-environment of infarcted regions and
lack of broad spectrum clinical trials need to be addressed before establishing standard clinical
regenerative procedures.

2.3. Cardiac-Derived Stem Cells (CSCs)/ Cardiac Progenitor Cells (CPCs)-Based Regenerative Therapies in MI

Being isolated from cardiac tissues such as atrial appendages, epicardial adipose and
endomyocardial tissues, CSCs seems more effective and safe in regenerating injured myocardial
tissues architecture and function [67]. CSCs are c-kit+ stem cells and have the potential to differentiate
into multiple cell lineages, such as smooth muscle cells, cardiomyocytes, and endothelial cells with
angiogenesis [68]. The heart is not only the source of CSCs, but also of cardiac progenitor cells [69].
The CPCs have been shown to manifest a mixed immunophenotypic profile, such as stem cell antigen-1,
Islet-1 (Isl-1), PDGF receptor-alpha (PDGFR«), GATA4, NKX2.5, Abcg?2, cKlIt+, FLK1, MEFKS5, CD34,
CD44, CD45, CD105 etc. [70]. The transplantation of CPCs may promote direct differentiation and
proliferation of cardiac cells through its paracrine effect and cell fusion effect, in addition to the
anti-apoptotic, immunomodulatory, and angiogenesis traits [21,71].

Owing to the regenerative potential of CSCs, attempts have been made to transplant human CSCs
(hCSCs) in rat model of MI, which generated a chimeric heart containing myocardium consisting
of myocytes, coronary resistance arterioles, and capillaries [72]. Whether the human heart exhibits a
CSC pool that promotes regeneration after infarction was examined and concluded that it contains
a CSC compartment, ischemic injury could activate CSCs. In the chronic ischemic cardiomyopathy;,
the loss of functionally competent CSCs might be attributed to progressive functional deterioration as
well as the onset of terminal failure [73]. During allogeneic or xenogeneic cellular transplantation in a
mice model, characteristics of CSCs such as low retention and engraftment of transplanted cells and
the adverse effects of inflammation and immunoreaction were found to be improved by combining
them with thermosensitive poly (N-isopropylacrylamine-co-acrylic acid) or P (NIPAM-AA) nanogel,
which provide porous structure for various nutrients and oxygen and rescue stem cells from immune
cells [74]. With regard to the cellular dose of CSCs, a concentration between 0.3 and 0.75 X 10° has
been demonstrated for the required efficacy in rat model [75]. Interestingly, no much improvement in
LV function or structure was reported above this threshold and further increases in cellular dose seem
harmful. To further improve the delivery, safety, and efficacy of CSCs, bio-materials like hydrogels
seem to be one of potent tools. Hydrogels like poly (I-lactic acid) could be used as mat to synergistically
deliver VEGF and CSCs for synchronized angiogenesis and cardiomyogenesis in cardiac recovery
in MI model of SD rats [76]. To avoid the immunogenicity and/or tumorigenicity risks during cell
transplantation, the encapsulated hCSCs in thermosensitive poly (N-isopropylacrylamine-co-acrylic
acid) nanogel was employed in mouse and pig models of MI, and didn’t not elicit systemic inflammation
or local T cell infiltrations and improved cardiac function via reducing scar sizes [77]. This evidence
allows one to conclude that thermosensitive nanogels could carry stem cells and prevent them from
immune cells attack. The isolated CSC-derived exosome from right atrial appendage of patients
undergoing bypass surgery have revealed an increased capacity to stimulate endothelial tube formation
in umbilical vein endothelial cells [78], which indicate its potential therapeutic role in ML In a
multicenter randomized, double-blind, and placebo-controlled clinical trial, it was reported that
intracoronary infused allogeneic human CSC in patients with ST-segment elevation MI showed no
significant advantage in reducing infarct size or indices of LV remodeling; however, without any safety
issues [79]. The above-mentioned evidences imply that CSCs could reduce the risk of immunogenicity
and therefore could be employed as a tool for regenerative therapy for MI. However, issues related
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to harvesting, delivery and clinical efficacy, safety, and practice need to be well established for the
exhaustive exploration of its regenerative potential.

2.4. Embryonic Stem Cells (ESCs) in MI Therapy

Human ESCs are pluripotent and have been induced to differentiate and proliferate in various cell
lineages. This potential of ESCs has also been harnessed in cardiac recovery and LV remodeling. The
embryonic inner cell biomass of embryo is a rich source of stem cells which have been proven to possess
mesenchymal stem cells characteristics such as immunophenotypic profile. The potential of ESCs to
differentiate into cardiomyocytes, endothelial and smooth muscle cells ad libitum render it a better
choice for therapeutic purpose than other adult stem cells [80,81]. This was validated in a seminal
preclinical study showing that the administered hESC-CMs after being grafted survived, proliferated,
matured, aligned, and synthesized gap junctions with host cardiac tissue of infarcted rat and attenuated
LV remodeling [82]. Similarly, murine cardiac-committed murine ESCs also grafted into infarcted
myocardium of immunosuppressed and immunocompetent sheep, and differentiated into mature
CM expressing connexins [83]. These outcomes of a large-animal model of MI further support the
potential therapeutic use of ESCs in regenerating severely damaged myocardium. In a recent clinical
case report, the human ESCs embedded in a fibrin patch were transplanted to the infarcted region and
differentiated into cardiac cells in presence of bone morphogenetic protein-2 (BMP-2) and a fibroblast
growth factor receptor inhibitor [84]. Moreover, ESCs-derived exosomes increased neovascularization,
cardiomyocyte survival, and suppressed fibrosis in the infarcted mice heart [85]. An important report
evidenced that both hESCs-derived cardiomyocytes and cardiovascular progenitors (hESC-CVPs)
equally improved systolic function and ventricular dilation in rats without any large presence of
human vessels in rat [86]. In macaque monkey, the administered hESC-CMs into the infarcted site of
improved left ventricular function, while compared to human bone marrow-derived mononuclear
cells (hBM-MNC), the most commonly employed clinical cell type, the efficacy of hRESCs-CVPs was
better [87]. These therapeutic efficacies of ESCs imply its futuristic potential of ESCs in regenerating
tissues in the infarcted heart. However, their availability, ethical concerns, and standard procedure
related issues still remains a challenge in developing ESCs-based regenerative therapy.

2.5. Bioengineering Infarcted Myocardium Through Induced Pluripotent Stem Cells (iPSCs)

To sidestep the destruction of human embryos, which is the major bottleneck to embryonic stem
cell research, the induced pluripotent stem cells (iPSCs) have been introduced to gain widespread
approval and support [88-90]. This unique cellular state transition from somatic cells to naive
pluripotency is governed by an interconnected network of four transcription factors i.e. Oct4, Sox2,
c-Myc and Klf4 [91]. Therefore, the intriguing idea of isolating abundant autologous adult stem
cells from easily accessible sites and transforming them to pluripotent state has led to investigate its
therapeutic regenerative efficacy towards restoring cardiac functions in infarcted heart. In a MI mouse
model, the iPSCs-derived CPCs expressing fetal liver kinase-1 surface marker demonstrated favorable
myocardial remodeling with more vascular structures and improved left ventricular function [92].
The iPSC-derived cardiomyocytes (iPSCs-CM) also showed cardiac protection in rat via attenuated
myocardial remodeling with increased angiogenesis, reduced infarct size and inhibited fibrosis through
metabolic paracrine activities [93]. Further, it has been found that electrical simulation could accelerate
cardiac differentiation ability of human iPSCs through activation of Ca2+/PKC/ERK pathways leading
to maturation of CM, which were functionally grafted with host cardiac tissues [94]. To further
enhance therapeutic regenerative efficacies, polyethylene glycol hydrogel and erythropoietin were
combined with iPSCs-CM which improved cardiac function in MI rat, and enhanced infarct thickness
and muscle content even in the lack of donor-cell engraftment [95]. In a novel attempt, direct epicardial
injection of hiPSC-CM spheroid and gelatin hydrogel led to retained and equally distributed hiPSC-CM
in porcine myocardium [96]. A 3-D human heart muscle constructs from human hiPSC-CM and
hiPSC-derived endothelial cells improved LV function by 31%, via CM proliferation, remuscularization,
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and possible electrical coupling in infarcted guinea pig myocardium [97]. The hiPSC-CM has also been
shown to improve global as well regional recovery in cardiac function through improving oxygen
consumption, myocardial bioenergetic vasculogenesis and reducing CM apoptosis in a porcine model
of ischemic injury [98]. Furthermore, epicardially implanted fibroblast-derived hiPSCs electrically
enhanced conduction suppressed LV-end diastolic pressure, increased anterior wall thickness in
diastole, and improved indices of diastolic function in rats with chronic heart failure [99]. Interestingly,
the human iPSCs-derived cardiac muscle patches in fibrin scaffold with tri-lineage cardiac cells
significantly lessened infarct size and improved cardiac function in the swine MI, which were pertinent
to reduction in left ventricular wall stress; however, this therapeutic intervention showed no significant
changes in arrhythmogenicity [100]. Although these evidences imply that human iPSCs possess the
potential in the sphere of stem cell-based regenerative medicine, more exhaustive pre-clinical and
clinical studies are needed to establish its role in treatment of ML

2.6. Cardiac Repairing Throughskeletal MYOBLASTS (SkM)

Cell-based clinical therapies have now opened the path to explore somatic cells such as skeletal
myoblasts for their potential in cardiac recovery from MI [101]. SkM, being autologous, resistant
to ischemic stress, and conducive to in vitro culturing, provides an opportunity to establish its role
in cardiac remodeling. These are intermediate structure between basal lamina and sarcolema and
normally present in quiescent phase in the heart [102]. Any trauma to heart muscle triggers its
regenerative potential to restore functional and structural integrity of injured cardiac tissues. In a
combinatorial therapy of SkM and MSCs in infarcted rat increased ejection fraction, neovascularization
and muscle fibers in the regions of myocardial fibrosis, indicating reduced ischemia, atrophy, and
cardiomyocyte death [103]. When supplemented with fibrin glue as a scaffold, the epicardially
implanted SkM prevented wall thinning of the infarcted region and deterioration of LV function in
rat [104]. In a long-term clinical study, the surprising presence of engrafted myotubes in post-infarction
scar after 16 years of implanted myoblasts indicates its robustness and potential future use in
myocardial regeneration [105,106]. Furthermore, to promote the angiogenesis and engraftment of
transplanted SkM, the genetic engineering with angiogenic growth factors approach has also been
employed. It has been reported that HGF gene-engineered SkM reduced infarct size, fibrosis and
collagen deposition, enhanced vessel density, and improved cardiac function in a rat MI model [107].
The modified HGF gene also demonstrated increased myocardial levels of HGF, VEGEF, and Bcl-2
and increased the survival and engraftment of SkM. Mechanistically, SkM expressing secretory IL-1
receptor antagonist, a key paracrine mediator of adverse post-MI remodeling exhibited greater graft
cell numbers with fewer resultant myotubes in mice MI, suggesting improved cardiac morphology
and function through cellular and biochemical changes in components of adverse remodeling. [108].
Besides, the downregulation of apoptosis-regulatory miRNAs led to upregulated levels of target
genes, which is attributed to therapeutic effect of SkM in wistar rats [109]. According to a report, both
the percutaneous as well as surgical transplantation of autologous myoblasts showed comparable
improvements in a mini-pig model of chronic MI, in terms of reversed remodeling and improved systolic
function and perfusion, along with decreased scar tissues [110]. Similarly, another study also evidenced
an enhanced vasculogenesis and reduced fibrosis in SkM-mediated therapy in swine MI, with no
significant difference between groups percutaneous or surgically administered routes [111]. Thus, SkM
cells seems promising in MI treatment due to their high proliferative nature and differentiation towards
myoblasts. However, the risk of arrhythmia and reduced long-term engraftment limits its potential
in developing regenerative therapy for MI [112]. A recent study in porcine model also reported that
compared to SkM, the iPSCs mediated MI therapy is much more effective in improving regional
contractile function and cardiac bioenergetic efficiency with a better oxygen consumption rate [98].
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3. Platelet-Derived Biomaterials (PDB)-Based Regenerative Strategies for MI

PDB are platelet-rich plasma (PRP) releasate, which contains a cargo of growth factors such
as PDGEF, epidermal growth factor (EGF), TGF-f31, VEGF, FGE, HGF, and IGF-I (Figure 4B), and have been
ascribed to their regenerative potential [113-115]. Functionally, PRP imparts its regenerative efficacies
through neovascularization, angiogenesis, arteriogenesis, and vasculogenesis [113]. In addition,
PRP also acts as a scaffold biomaterial for promoting site-specific tissue regeneration [116]. In the Ml rat
PRP significantly decreased infarct size and increased ventricular wall thickness in the infarcted areas,
leading to improved reperfusion, cardiac remodeling and function [117]. In a seminal polytherapy
study on Yorkshire pigs, the intramyocardially administered PRP combined with antioxidant and
anti-inflammatory molecules decreases LV collagen area fraction and enhanced blood vessel density
post-infarction leading to improved ventricular function and attenuated LV remodeling [118]. In a
preclinical report, it has also been shown that thrombin-activated PRP could ameliorate LV remodeling
through inhibited ventricular expansion and hypertrophy of viable Wistar rat myocardium [119].
This treatment further promoted angiogenesis and arteriogenesis in the infarct regions. In a similar
trend, activated PRP through nanosecond pulsed electric fields (nsPRP) enhances LV function in rabbit
and rat MI model, suggesting reduced heart irritability and decreased possibility of arrhythmias [120].
nsPRP also increased the expression of heat shock proteins (Hsp) 27 and 70, where Hsp 70 is highly
important for suppressing ROS levels to protect vascular endothelium as well as cardiomyocytes from
extensive damage. Additionally, nsPRP increased mitochondrial spare respiratory capacity in the
presence and absence of H,O,, providing the heart with increased cardiac capacity, and rendering
it less vulnerable to bioenergetic exhaustion during myocardial reperfusion injury. Apart from this,
attempts have been made to restore cardiac electrical activity using a nebulizer to minimize surgical
or invasive delivery of PRP [121]. The synergistic effect of ADSC embedded in platelet-rich fibrin
has also been demonstrated to preserve wall thickness of IA and LV function as well as suppress LV
remodeling in a MI rat [122]. This report further implied that ADSCs embedded in PRF scaffold is
superior to direct ADSCs implantation for improving cardiac function in a MI. This indicate that PDB
released from activated PRP could stimulate proliferation and differentiation of various stem cells in
tissue injury. Thus, the PRP possess inexhaustible potential in treatment of MI and other related cardiac
disorders. However, limited clinical studies and a lack of standard accepted therapeutic procedures
limit the rapid progress in establishing PRP as a therapeutic agent.

In spite of various significant therapeutic outcomes of regenerative therapies for MI (Table 2),
various limitations also exist such as availability of only pre-clinical small animal model such as
rodent and rabbits, instead of large animals such as monkeys and pigs to closely mimic the human
physiology and validate the pre-clinical efficacy. Further, many pre-clinical MI animal models are
immunosuppressed. Hence it is difficult to examine the immune response to transplanted cells.
A large amount of these preclinical studies are not based on long-term follow-up, which is required to
evaluate the true therapeutic efficacy and possibility of associated adverse events. Even the clinical
studies on regenerative therapies are limited to small set of MI patient populations and a lack of
standardized procedure reduces their direct use. Other crucial limiting factors for such studies include
the availability of regenerative materials to be transplanted, highly-needed expertise for surgical
intervention, and expensive treatments.
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Table 2. Summary of studies on pre-clinical and clinical-based cellular therapies and their main outcomes
during treatment of MI. The specific animal used in the pre-clinical studies has been indicated in the
bracket ADSCs: Adipose derived stem cells, BMSCs: Bone marrow derived stem cells, CSCs: cardiac
stem cells, ESCs: Embryonic stem cells, HGF: Hepatocyte growth factor, IGF-1: Insulin like growth
factor-1, iPSCg: Induced pluripotent stem cells, LV: Left ventricular, LVEF: Left ventricular ejection
fraction, MI: Myocardial infarction, PRF: Platelet-rich fibrin, PRP: Platelet-rich plasma, ROS: Reactive
oxygen space, SkM: Skeletal myoblasts.

Cellular Therapy Pre-Clinical/In Vitro Outcomes Clinical Outcomes
BMSCs
. Regenerated injured myocardium via BMSC
BMSC(mice) differentiation into myocytes and coronary
BMSCs (rabbit) Decreased infarct size

Shock + autologous BMSC (swine)
Exosomes + BMSCs (rat)
Tethered IGF-1 + BMSCs (rabbit)

BMSCs + Hydrogel

Atorvastatin + MSCs (rat, rabbit and swine
model

Autologous BMSCs (Clinical)

Infusion of Bone marrow progenitor cells
(Clinical)

Phase II/III clinical trials of autologous bone
marrow-derived mononuclear cells
Intracoronary infusion of bone
marrow-derived mononuclear cells
(BMMC) in ST-segment elevation
myocardial infarction (Clinical)

Synergistic effect on LVEF, reduced infract
size and remodeling

Increased neovascularization, reduced
infract size

Increased neovascularization, reduced
infract size

Improvement in systolic and diastolic

pressure

Improvement in LVEF

Reduced infracted size, improved
ventricular contraction
Improved regional LV Contractility of
infarcted segments, no significant adverse
reactions/side effects
No adverse event and improvement in
LVEF

No improvement in infract size, LV function
and modeling

Induction of in vitro differentiation of
ADSCs using transforming growth
factor-p1)

Transfection of ADSCs with T-box 18 gene
Rosuvastatin + ADSCs (mice)

Infusion of Ghrelin+ADSCs (mice)

ADSCs (rat)
Primed ADSCs (mice)
Melatonin pretreated ADSCs (rat)

Intravenous infusion of autologous human
ADSCs (mice and human)

ADSCs

Differentiation of ADSCs into
cardiomyogenic cells

Differentiation of ADSCs into
cardiomyogenic cells
Survival of grafted ADSCs
Improved cardiac function, controlled
fibrosis and inhibited cellular apoptosis
Improved cardiac function and
electrophysiological stability
Improved LVEF and neovascularization
Reduced apoptosis and induced cell
proliferation and angiogenesis

No adverse effects and tumor formation No tumor formation and adverse effect

Injection of Adult CSCs in ischemic heart
(rat)
Infusion of nanogel encapsulated human
CSCs in (mice and pig)

Intracoronary infusion of varying dose of
CSCs (rat)

Infusion of VEGF and CSCs grafting in
poly(l-lactic acid) mat (rat)

Infusion of synthetic cell-mimicking
microparticles rich in proteins and
membranes of CSCs (mice)

Infusion of allogenic human CSCs in MI
patients clinical I/II study

CSCs
Regenerated myocardium and promoted
neovascularization
Encapsulation protected CSCs from
immune attack
Cellular dose of 6.0 x 10° cells increased the
post-operative mortality, improved
echocardiographic parameters, reduced
apoptosis and infarct size
Additive effect on improvement in
angiogenesis and cardiomyogenesis in vitro
and animal

Improved cardiac functional without any
adverse immune response

Improvement in LVEF without any
significant adverse reaction and immune
response
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Cellular Therapy

Pre-Clinical/In Vitro Outcomes

Clinical Outcomes

Transplantation of human ESCs and
derived cardiomyocytes (rat)

Transplantation of committed mouse ESCs
(sheep)
ESCs derived cardiac progenitor cells in
treatment of heart failure (human)

ESC derived exosomes in (mice)

Transplantation of Human ESCs derived
cardiomyocytes (macaques)
iPSCs
Infusion of iPSCs-derived progenitor cells
(mouse)

Infusion of non-human and human
iPSCs-derived cardiomyocytes (rodent)
Infusion of iPSCs-derived cardiomyocytes
encapsulated polyethylene glycol hydrogel
(rat)

Transplantation of engineered human heart
tissue derived from ADSCs (guinea pig)
Infusion of cardiac muscle patch in fibrin
developed from iPSCs derived
cardiomyocytes (swine)

Human iPSCs derived cardiomyocytes (rat)

Myoblast sheet transplantation (rat)

Transplantation of SkM+ mesenchymal
cells (rat)
Long term engrafting of myoblast in
infarcted heart (human)

Over-expression of HGF in SkM (rat)

ESCs
ESCs formed teratoma-like structures and
functional loss. Whereas ESCs derived
cardiomyocytes showed structural
functional and recovery in vivo

Significantly improved LVEF

Cardiac regeneration without teratoma
formation
Improved LVEF with abnormal electrical
pulse

Improved cardiac function, differentiation
towards cardiac lineage

Improved cardiac function

Inhibited ventricular remodeling, enhanced
ejection fractions

Improved re-muscularization of infracted
area

Improved LVEF and cardiac function
Reduction infract size and LV wall stress

Improved cardiac function and electrical
conduction
Effective in the infant MI rat heart
compared to young one
Neovascularization and muscle fiber
formation

Control in infarct size and collagen
deposition

Functional and contractile improvement

Long-term LVEF improvement and survival
of myoblasts

Autologus PRP under oxidative stress
(rabbit)

Injection of PRP in myocardium (Fisher rat)
Autologous PRP (pig)

Injection of thrombin activated PRP (rat)

Infusion of nano second electric pulse
activated PRP (rabbit and mouse)
Transplantation of PRF embedded ADSCs
(rat) model

PRP

Improvement in LVEF and reduction in scar
size

Improvement in LVEF and reduction in
ROS formation
Improved ejection fraction and myocardial
reperfusion
Structural and functional recovery,
controlled LV remodeling

Improved LVEF and myocardial reperfusion

Improved LV function and controlled LV
remodeling

4. Conclusions

Most stem cells mediate therapeutic function through paracrine activities of their releasate
growth factors, which activate a local ischemic microenvironment, rescue cardiomyocytes, promote
vasculogenesis, eventually reduce infarct size, and improve LV function. Studies have evidenced
that combined or polytherapy of stem cells with hydrogels, nanogels, or PDB is more superior to
monotherapy in achieving successful cardiac function. However, a clear picture of the comparative
efficacy of various cellular therapies still remains to be elucidated in terms of their doses, time of
administration, effect of specific secretomes, and their mechanistic insight. Further, though regenerative
therapies may not provide immediate relief in MI, their combination with surgical interventions could
be investigated to achieve a high level of performance in recovery.

Author Contributions: M.-L.C., Y.-].C,, ].-S.L., K.-P.C., H.-H.L.; writing—original draft preparation; M.-L.C.,
Y.-J.C,J-S.L,K-PC, H-HL,; writing—review and editing. All authors have read and agreed to the published

version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.



J. Clin. Med. 2020, 9, 1277 13 of 19

References

1. Keene, R].; Raphael, M.]. Mechanical complications of myocardial infarction. Radiologic aspects. Calif. Med.
1970, 113, 11-15.

2. Cambria, E.; Pasqualini, ES.; Wolint, P.; Glinter, J.; Steiger, ].; Bopp, A.; Hoerstrup, S.P.; Emmert, M.Y.
Translational cardiac stem cell therapy: Advancing from first-generation to next-generation cell types. NPJ
Regen. Med. 2017, 2, 17. [CrossRef]

3. Kwon, Y.W,; Yang, HM.; Cho, H.J. Cell therapy for myocardial infarction. Int. J. Stem. Cells 2010, 3, 8-15.
[CrossRef]

4. Miiller, P; Lemcke, H.; David, R. Stem Cell Therapy in Heart Diseases—Cell Types, Mechanisms and
Improvement Strategies. Cell. Physiol. Biochem. 2018, 48, 2607-2655. [CrossRef]

5. Grimaldi, V.;; Mancini, EP,; Casamassimi, A.; Al-Omran, M.; Zullo, A ; Infante, T.; Napoli, C. Potential benefits
of cell therapy in coronary heart disease. |. Cardiol. 2013, 62, 267-276. [CrossRef]

6.  Dixit, P; Katare, R. Challenges in identifying the best source of stem cells for cardiac regeneration therapy.
Stem Cell Res. Ther. 2015, 6, 26. [CrossRef] [PubMed]

7. Chimenti, I.; Smith, R.R.; Li, T.S.; Gerstenblith, G.; Messina, E.; Giacomello, A.; Marban, E. Relative roles of
direct regeneration versus paracrine effects of human cardiosphere-derived cells transplanted into infarcted
mice. Circ. Res. 2010, 106, 971-980. [CrossRef] [PubMed]

8. Bujak, M.; Frangogiannis, N.G. The role of TGF-beta signaling in myocardial infarction and cardiac remodeling.
Cardiovasc. Res. 2007, 74, 184-195. [CrossRef] [PubMed]

9. Ignotz, R.A.; Massague, ]. Transforming growth factor-beta stimulates the expression of fibronectin and
collagen and their incorporation into the extracellular matrix. J. Biol Chem 1986, 261, 4337—4345.

10. Murphy-Ullrich, J.E.; Poczatek, M. Activation of latent TGF-beta by thrombospondin-1: Mechanisms and
physiology. Cytokine Growth Factor Rev. 2000, 11, 59-69. [CrossRef]

11.  Shibuya, M. VEGF-VEGEFR Signals in Health and Disease. Biomol. Ther. 2014, 22, 1-9. [CrossRef] [PubMed]

12.  Cochain, C.; Channon, K.M,; Silvestre, ].-S. Angiogenesis in the infarcted myocardium. Antioxid. Redox
Signal. 2013, 18, 1100-1113. [CrossRef] [PubMed]

13. Gallo, S.; Sala, V,; Gatti, S.; Crepaldi, T. HGF/Met Axis in Heart Function and Cardioprotection. Biomedicines
2014, 2, 247-262. [CrossRef] [PubMed]

14. DeLeon-Pennell, K.Y.; Meschiari, C.A.; Jung, M.; Lindsey, M.L. Matrix Metalloproteinases in Myocardial
Infarction and Heart Failure. Prog. Mol. Biol. Transl. Sci. 2017, 147, 75-100. [CrossRef] [PubMed]

15. Takahashi, M. Role of the SDF-1/CXCR4 system in myocardial infarction. Circ. J. 2010, 74, 418-423. [CrossRef]
[PubMed]

16. Zhao, W.; Zhao, T.; Huang, V,; Chen, Y.; Ahokas, R.A ; Sun, Y. Platelet-derived growth factor involvement in
myocardial remodeling following infarction. J. Mol. Cell. Cardiol. 2011, 51, 830-838. [CrossRef]

17.  Taylor, C.C. Platelet-derived growth factor activates porcine thecal cell phosphatidylinositol-3-kinase-Akt/PKB
and ras-extracellular signal-regulated kinase-1/2 kinase signaling pathways via the platelet-derived growth
factor-beta receptor. Endocrinology 2000, 141, 1545-1553. [CrossRef]

18. Lee, W.-S,; Kim, J. Insulin-like growth factor-1 signaling in cardiac aging. Biochim. Et Biophys. Acta (Bba)-Mol.
Basis Dis. 2018, 1864, 1931-1938. [CrossRef]

19. Itoh, N.; Ohta, H. Pathophysiological roles of FGF signaling in the heart. Front. Physiol. 2013, 4, 247.
[CrossRef]

20. Fisher, S.A.; Doree, C.; Mathur, A.; Martin-Rendon, E. Meta-analysis of cell therapy trials for patients with
heart failure. Circ. Res. 2015, 116, 1361-1377. [CrossRef]

21. Buccini,S.; Haider, K.H.; Ahmed, R PH; Jiang, S.; Ashraf, M. Cardiac progenitors derived from reprogrammed
mesenchymal stem cells contribute to angiomyogenic repair of the infarcted heart. Basic Res. Cardiol. 2012,
107, 301. [CrossRef] [PubMed]

22.  Oirlic, D.; Kajstura, J.; Chimenti, S.; Jakoniuk, I.; Anderson, S.M.; Li, B.; Pickel, J.; McKay, R.; Nadal-Ginard, B.;
Bodine, D.M.; et al. Bone marrow cells regenerate infarcted myocardium. Nature 2001, 410, 701-705.
[CrossRef] [PubMed]

23. Kajstura, J.; Rota, M.; Whang, B.; Cascapera, S.; Hosoda, T.; Bearzi, C.; Nurzynska, D.; Kasahara, H.; Zias, E.;

Bonafe, M.; et al. Bone marrow cells differentiate in cardiac cell lineages after infarction independently of cell
fusion. Circ. Res. 2005, 96, 127-137. [CrossRef]


http://dx.doi.org/10.1038/s41536-017-0024-1
http://dx.doi.org/10.15283/ijsc.2010.3.1.8
http://dx.doi.org/10.1159/000492704
http://dx.doi.org/10.1016/j.jjcc.2013.05.017
http://dx.doi.org/10.1186/s13287-015-0010-8
http://www.ncbi.nlm.nih.gov/pubmed/25886612
http://dx.doi.org/10.1161/CIRCRESAHA.109.210682
http://www.ncbi.nlm.nih.gov/pubmed/20110532
http://dx.doi.org/10.1016/j.cardiores.2006.10.002
http://www.ncbi.nlm.nih.gov/pubmed/17109837
http://dx.doi.org/10.1016/S1359-6101(99)00029-5
http://dx.doi.org/10.4062/biomolther.2013.113
http://www.ncbi.nlm.nih.gov/pubmed/24596615
http://dx.doi.org/10.1089/ars.2012.4849
http://www.ncbi.nlm.nih.gov/pubmed/22870932
http://dx.doi.org/10.3390/biomedicines2040247
http://www.ncbi.nlm.nih.gov/pubmed/28548070
http://dx.doi.org/10.1016/bs.pmbts.2017.02.001
http://www.ncbi.nlm.nih.gov/pubmed/28413032
http://dx.doi.org/10.1253/circj.CJ-09-1021
http://www.ncbi.nlm.nih.gov/pubmed/20118565
http://dx.doi.org/10.1016/j.yjmcc.2011.06.023
http://dx.doi.org/10.1210/endo.141.4.7415
http://dx.doi.org/10.1016/j.bbadis.2017.08.029
http://dx.doi.org/10.3389/fphys.2013.00247
http://dx.doi.org/10.1161/CIRCRESAHA.116.304386
http://dx.doi.org/10.1007/s00395-012-0301-5
http://www.ncbi.nlm.nih.gov/pubmed/23076626
http://dx.doi.org/10.1038/35070587
http://www.ncbi.nlm.nih.gov/pubmed/11287958
http://dx.doi.org/10.1161/01.RES.0000151843.79801.60

J. Clin. Med. 2020, 9, 1277 14 of 19

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Zhao, Q.; Ye, X. Additive value of adult bone-marrow-derived cell transplantation to conventional
revascularization in chronic ischemic heart disease: A systemic review and meta-analysis. Expert Opin. Biol.
2011, 11, 1569-1579. [CrossRef] [PubMed]

Ji, L.-L.; Long, X.-E; Tian, H.; Liu, Y.-F. Effect of transplantation of bone marrow stem cells on myocardial
infarction size in a rabbit model. World . Emerge. Med. 2013, 4, 304-310. [CrossRef]

Martin-Rendon, E.; Brunskill, S.J.; Hyde, C.J.; Stanworth, S.J.; Mathur, A.; Watt, S.M. Autologous bone
marrow stem cells to treat acute myocardial infarction: A systematic review. Eur. Heart ]. 2008, 29, 1807-1818.
[CrossRef]

Wang, Z.; Wang, L.; Su, X.; Py, J.; Jiang, M.; He, B. Rational transplant timing and dose of mesenchymal
stromal cells in patients with acute myocardial infarction: A meta-analysis of randomized controlled trials.
Stem Cell Res. 2017, 8, 21. [CrossRef]

Liu, B.; Duan, C.-Y,; Luo, C.-F; Ou, C.-W.; Wu, Z.-Y.; Zhang, ].-W.; Ni, X.-B.; Chen, P--Y.; Chen, M.-S. Impact
of Timing following Acute Myocardial Infarction on Efficacy and Safety of Bone Marrow Stem Cells Therapy:
A Network Meta-Analysis. Stem Cells Int. 2016, 2016, 1031794. [CrossRef]

Yousef, M.; Schannwell, C.M.; Kostering, M.; Zeus, T.; Brehm, M.; Strauer, B.E. The BALANCE Study: Clinical
benefit and long-term outcome after intracoronary autologous bone marrow cell transplantation in patients
with acute myocardial infarction. J. Am. Coll Cardiol 2009, 53, 2262-2269. [CrossRef]

Assmus, B.; Rolf, A.; Erbs, S.; Elsasser, A.; Haberbosch, W.; Hambrecht, R.; Tillmanns, H.; Yu, J.; Corti, R.;
Mathey, D.G.; et al. Clinical outcome 2 years after intracoronary administration of bone marrow-derived
progenitor cells in acute myocardial infarction. Circ. Heart Fail. 2010, 3, 89-96. [CrossRef]

Traverse, ].H.; Henry, T.D.; Pepine, C.J.; Willerson, J.T.; Chugh, A.; Yang, P.C.; Zhao, D.X.M.; Ellis, 5.G.;
Forder, J.R.; Perin, E.C.; et al. TIME Trial: Effect of Timing of Stem Cell Delivery Following ST-Elevation
Myocardial Infarction on the Recovery of Global and Regional Left Ventricular Function: Final 2-Year
Analysis. Circ. Res. 2018, 122, 479-488. [CrossRef] [PubMed]

Won, Y.W.; Patel, A.N.; Bull, D.A. Cell surface engineering to enhance mesenchymal stem cell migration
toward an SDF-1 gradient. Biomaterials 2014, 35, 5627-5635. [CrossRef] [PubMed]

Wu, Y,; Zhao, R.C. The role of chemokines in mesenchymal stem cell homing to myocardium. Stem Cell Rev.
Rep. 2012, 8, 243-250. [CrossRef] [PubMed]

Sheu, J.J.; Lee, EY.; Yuen, CM.; Chen, Y.L.; Huang, TH.; Chua, S.; Chen, Y.L.; Chen, C.H.; Chai, H.T,;
Sung, PH.; et al. Combined therapy with shock wave and autologous bone marrow-derived mesenchymal
stem cells alleviates left ventricular dysfunction and remodeling through inhibiting inflammatory stimuli,
oxidative stress & enhancing angiogenesis in a swine myocardial infarction model. Int J. Cardiol 2015, 193,
69-83. [CrossRef] [PubMed]

Huang, P; Wang, L.; Li, Q.; Xu, J.; Xu, J.; Xiong, Y.; Chen, G.; Qian, H,; Jin, C.; Yu, Y.; et al. Combinatorial
treatment of acute myocardial infarction using stem cells and their derived exosomes resulted in improved
heart performance. Stem Cell Res. 2019, 10, 300. [CrossRef] [PubMed]

Hu, X.; Wei, L.; Taylor, TM.; Wei, J.; Zhou, X.; Wang, J.-A.; Yu, S.P. Hypoxic preconditioning enhances bone
marrow mesenchymal stem cell migration via Kv2.1 channel and FAK activation. Am. J. Physiol. Cell Physiol.
2011, 301, C362-C372. [CrossRef] [PubMed]

Miao, C.; Lei, M.; Hu, W,; Han, S.; Wang, Q. A brief review: The therapeutic potential of bone marrow
mesenchymal stem cells in myocardial infarction. Stem Cell Res. Ther. 2017, 8, 242. [CrossRef]

Zhang, M.; Ai, WW.; Mei, Z.L.; Hu, Y.H.; Zhang, Z.L. Delivery of biotinylated IGF-1 with biotinylated
self-assembling peptides combined with bone marrow stem cell transplantation promotes cell therapy for
myocardial infarction. Exp. Med. 2017, 14, 3441-3446. [CrossRef] [PubMed]

Zhong, Z.; Hu, ].Q.; Wu, X.D.; Sun, Y,; Jiang, ]. Myocardin-related transcription factor-A-overexpressing bone
marrow stem cells protect cardiomyocytes and alleviate cardiac damage in a rat model of acute myocardial
infarction. Int. . Mol. Med. 2015, 36, 753-759. [CrossRef] [PubMed]

Zhong, Z.; Hu,J.; Sun, Y;; Jiang, ].; Wu, X.; Xiang, P.; Luo, X. Impact of mesenchymal stem cells transplantation
on myocardial myocardin-related transcription factor-A and bcl-2 expression in rats with experimental
myocardial infarction. Zhonghua Xin Xue Guan Bing Za Zhi 2015, 43, 531-536. [PubMed]

Chen, J.; Guo, R.; Zhou, Q.; Wang, T. Injection of composite with bone marrow-derived mesenchymal stem
cells and a novel synthetic hydrogel after myocardial infarction: A protective role in left ventricle function.
Kaohsiung J. Med. Sci. 2014, 30, 173-180. [CrossRef] [PubMed]


http://dx.doi.org/10.1517/14712598.2011.616491
http://www.ncbi.nlm.nih.gov/pubmed/21981749
http://dx.doi.org/10.5847/wjem.j.issn.1920-8642.2013.04.012
http://dx.doi.org/10.1093/eurheartj/ehn220
http://dx.doi.org/10.1186/s13287-016-0450-9
http://dx.doi.org/10.1155/2016/1031794
http://dx.doi.org/10.1016/j.jacc.2009.02.051
http://dx.doi.org/10.1161/CIRCHEARTFAILURE.108.843243
http://dx.doi.org/10.1161/CIRCRESAHA.117.311466
http://www.ncbi.nlm.nih.gov/pubmed/29208679
http://dx.doi.org/10.1016/j.biomaterials.2014.03.070
http://www.ncbi.nlm.nih.gov/pubmed/24731711
http://dx.doi.org/10.1007/s12015-011-9293-z
http://www.ncbi.nlm.nih.gov/pubmed/21706142
http://dx.doi.org/10.1016/j.ijcard.2015.03.044
http://www.ncbi.nlm.nih.gov/pubmed/26025755
http://dx.doi.org/10.1186/s13287-019-1353-3
http://www.ncbi.nlm.nih.gov/pubmed/31601262
http://dx.doi.org/10.1152/ajpcell.00013.2010
http://www.ncbi.nlm.nih.gov/pubmed/21562308
http://dx.doi.org/10.1186/s13287-017-0697-9
http://dx.doi.org/10.3892/etm.2017.4982
http://www.ncbi.nlm.nih.gov/pubmed/29042931
http://dx.doi.org/10.3892/ijmm.2015.2261
http://www.ncbi.nlm.nih.gov/pubmed/26135208
http://www.ncbi.nlm.nih.gov/pubmed/26420123
http://dx.doi.org/10.1016/j.kjms.2013.12.004
http://www.ncbi.nlm.nih.gov/pubmed/24656157

J. Clin. Med. 2020, 9, 1277 15 0f 19

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Curley, C.J.; Dolan, E.B.; Otten, M.; Hinderer, S.; Duffy, G.P; Murphy, B.P. An injectable alginate/extra cellular
matrix (ECM) hydrogel towards acellular treatment of heart failure. Drug Deliv. Transl. Res. 2019, 9, 1-13.
[CrossRef] [PubMed]

Rodell, C.B.; Lee, M.E.; Wang, H.; Takebayashi, S.; Takayama, T.; Kawamura, T.; Arkles, J.S.; Dusaj, N.N.;
Dorsey, S.M.; Witschey, W.R,; et al. Injectable Shear-Thinning Hydrogels for Minimally Invasive Delivery
to Infarcted Myocardium to Limit Left Ventricular Remodeling. Circ. Cardiovasc. Interv. 2016, 9, e004058.
[CrossRef] [PubMed]

Dai, G.; Xu, Q.; Luo, R;; Gao, J.; Chen, H,; Deng, Y.; Li, Y.,; Wang, Y.; Yuan, W.; Wu, X. Atorvastatin
treatment improves effects of implanted mesenchymal stem cells: Meta-analysis of animal models with acute
myocardial infarction. BMC Cardiovasc. Disord. 2015, 15, 170. [CrossRef] [PubMed]

Gyongy6si, M.; Haller Paul, M.; Blake Derek, J.; Martin Rendon, E. Meta-Analysis of Cell Therapy Studies in
Heart Failure and Acute Myocardial Infarction. Circ. Res. 2018, 123, 301-308. [CrossRef] [PubMed]

Naseri, M.H.; Madani, H.; Ahmadi Tafti, S.H.; Moshkani Farahani, M.; Kazemi Saleh, D.; Hosseinnejad, H.;
Hosseini, S.; Hekmat, S.; Hossein Ahmadi, Z.; Dehghani, M.; et al. COMPARE CPM-RMI Trial:
Intramyocardial Transplantation of Autologous Bone Marrow-Derived CD133 + Cells and MNCs during
CABG in Patients with Recent MI: A Phase II/III, Multicenter, Placebo-Controlled, Randomized, Double-Blind
Clinical Trial. Cell J. 2018, 20, 267-277. [CrossRef]

Nicolau, J.C.; Furtado, RH.M.; Silva, S.A.; Rochitte, C.E.; Rassi, A., Jr.; Moraes, J., Jr.; Quintella, E.;
Costantini, C.R.; Korman, A.PM.; Mattos, M.A.; et al. Stem-cell therapy in ST-segment elevation myocardial
infarction with reduced ejection fraction: A multicenter, double-blind randomized trial. Clin. Cardiol. 2018,
41, 392-399. [CrossRef]

Frese, L.; Dijkman, PE.; Hoerstrup, S.P. Adipose Tissue-Derived Stem Cells in Regenerative Medicine.
Transfus. Med. Hemotherapy Off. Organ. Der Dtsch. Ges. Fur Transfus. Und Immunhamatol. 2016, 43, 268-274.
[CrossRef]

Fraser, ].K.; Wulur, I.; Alfonso, Z.; Hedrick, M.H. Fat tissue: An underappreciated source of stem cells for
biotechnology. Trends Biotechnol. 2006, 24, 150-154. [CrossRef]

Fan, L.J.; Xiao, Q.R; Lin, K.S.; Wang, S.Y.; Li, Z.F; Li, C.Z.; Zhang, T.; Han, Y.J.; Shen, J. Comparison of
endothelial differentiation capacity of adipose-derived stem cells and bone marrow mesenchymal stem cells
from rats. Nan Fang Yi Ke Da Xue Xue Bao 2016, 36, 1247-1254.

Makino, S.; Fukuda, K.; Miyoshi, S.; Konishi, F; Kodama, H.; Pan, ].; Sano, M.; Takahashi, T.; Hori, S.; Abe, H.;
et al. Cardiomyocytes can be generated from marrow stromal cells in vitro. J. Clin. Investig. 1999, 103,
697-705. [CrossRef] [PubMed]

Gwak, SJ.; Bhang, S.H.; Yang, H.S.; Kim, S.S.; Lee, D.H.; Lee, S.H.; Kim, B.S. In vitro cardiomyogenic
differentiation of adipose-derived stromal cells using transforming growth factor-betal. Cell. Biochem. Funct.
2009, 27, 148-154. [CrossRef] [PubMed]

Yang, M.; Zhang, G.G.; Wang, T.; Wang, X; Tang, Y.H.; Huang, H.; Barajas-Martinez, H.; Hu, D.; Huang, C.X.
TBX18 gene induces adipose-derived stem cells to differentiate into pacemaker-like cells in the myocardial
microenvironment. Int. J. Mol. Med. 2016, 38, 1403-1410. [CrossRef] [PubMed]

Zhang, Z.; Li, S.; Cui, M,; Gao, X.; Sun, D.; Qin, X.; Narsinh, K.; Li, C.; Jia, H.; Li, C.; et al. Rosuvastatin
enhances the therapeutic efficacy of adipose-derived mesenchymal stem cells for myocardial infarction via
PI3K/Akt and MEK/ERK pathways. Basic Res. Cardiol 2013, 108, 333. [CrossRef] [PubMed]

Han, D.; Huang, W.; Ma, S.; Chen, J.; Gao, L.; Liu, T.; Zhang, R.; Li, X,; Li, C.; Fan, M.; et al. Ghrelin improves
functional survival of engrafted adipose-derived mesenchymal stem cells in ischemic heart through PI3K/Akt
signaling pathway. Biomed. Res. Int. 2015, 2015, 858349. [CrossRef]

Wang, Y.; Li, C.; Cheng, K.; Zhang, R.; Narsinh, K.; Li, S.; Li, X,; Qin, X.; Zhang, R.; Li, C.; et al. Activation
of liver X receptor improves viability of adipose-derived mesenchymal stem cells to attenuate myocardial
ischemia injury through TLR4/NF-kappaB and Keap-1/Nrf-2 signaling pathways. Antioxid. Redox Signal.
2014, 21, 2543-2557. [CrossRef]

Liu, J.; Wang, H.; Wang, Y.; Yin, Y,; Du, Z,; Liu, Z.; Yang, J.; Hu, S.; Wang, C.; Chen, Y. The stem cell adjuvant
with Exendin-4 repairs the heart after myocardial infarction via STAT3 activation. J. Cell Mol. Med. 2014, 18,
1381-1391. [CrossRef]


http://dx.doi.org/10.1007/s13346-018-00601-2
http://www.ncbi.nlm.nih.gov/pubmed/30511249
http://dx.doi.org/10.1161/CIRCINTERVENTIONS.116.004058
http://www.ncbi.nlm.nih.gov/pubmed/27729419
http://dx.doi.org/10.1186/s12872-015-0162-6
http://www.ncbi.nlm.nih.gov/pubmed/26667804
http://dx.doi.org/10.1161/CIRCRESAHA.117.311302
http://www.ncbi.nlm.nih.gov/pubmed/29976694
http://dx.doi.org/10.22074/cellj.2018.5197
http://dx.doi.org/10.1002/clc.22882
http://dx.doi.org/10.1159/000448180
http://dx.doi.org/10.1016/j.tibtech.2006.01.010
http://dx.doi.org/10.1172/JCI5298
http://www.ncbi.nlm.nih.gov/pubmed/10074487
http://dx.doi.org/10.1002/cbf.1547
http://www.ncbi.nlm.nih.gov/pubmed/19319827
http://dx.doi.org/10.3892/ijmm.2016.2736
http://www.ncbi.nlm.nih.gov/pubmed/27632938
http://dx.doi.org/10.1007/s00395-013-0333-5
http://www.ncbi.nlm.nih.gov/pubmed/23386286
http://dx.doi.org/10.1155/2015/858349
http://dx.doi.org/10.1089/ars.2013.5683
http://dx.doi.org/10.1111/jcmm.12272

J. Clin. Med. 2020, 9, 1277 16 of 19

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Gautam, M.; Fujita, D.; Kimura, K.; Ichikawa, H.; Izawa, A.; Hirose, M.; Kashihara, T.; Yamada, M.;
Takahashi, M.; Ikeda, U.; et al. Transplantation of adipose tissue-derived stem cells improves cardiac
contractile function and electrical stability in a rat myocardial infarction model. J. Mol. Cell. Cardiol. 2015, 81,
139-149. [CrossRef]

Burchfield, J.S.; Paul, A.L.; Lanka, V.; Tan, W.; Kong, Y.; McCallister, C.; Rothermel, B.A.; Schneider, ] W.;
Gillette, T.G.; Hill, J.A. Pharmacological priming of adipose-derived stem cells promotes myocardial repair.
J. Investig. Med. 2016, 64, 50-62. [CrossRef]

Zhu, P; Liu, J.; Shi, J.; Zhou, Q.; Liu, J.; Zhang, X.; Du, Z; Liu, Q.; Guo, Y. Melatonin protects ADSCs from
ROS and enhances their therapeutic potency in a rat model of myocardial infarction. J. Cell. Mol. Med. 2015,
19, 2232-2243. [CrossRef]

Przybyt, E.; Krenning, G.; Brinker, M.G.; Harmsen, M.C. Adipose stromal cells primed with hypoxia and
inflammation enhance cardiomyocyte proliferation rate in vitro through STAT3 and Erk1/2. J. Transl. Med.
2013, 11, 39. [CrossRef] [PubMed]

Rasmussen, J.G.; Frobert, O.; Holst-Hansen, C.; Kastrup, J.; Baandrup, U.; Zachar, V.; Fink, T.; Simonsen, U.
Comparison of human adipose-derived stem cells and bone marrow-derived stem cells in a myocardial
infarction model. Cell Transpl. 2014, 23, 195-206. [CrossRef] [PubMed]

Bruun, K.; Schermer, E.; Sivendra, A.; Valaik, E.; Wise, R.B.; Said, R.; Bracht, J.R. Therapeutic applications of
adipose-derived stem cells in cardiovascular disease. Am. J. Stem Cells 2018, 7, 94-103. [PubMed]

Ma, T,; Sun, J.; Zhao, Z.; Lei, W.; Chen, Y.; Wang, X.; Yang, J.; Shen, Z. A brief review: Adipose-derived stem
cells and their therapeutic potential in cardiovascular diseases. Stem Cell Res. 2017, 8, 124. [CrossRef]
Pendleton, C.; Li, Q.; Chesler, D.A.; Yuan, K.; Guerrero-Cazares, H.; Quinones-Hinojosa, A. Mesenchymal
stem cells derived from adipose tissue vs bone marrow: In vitro comparison of their tropism towards gliomas.
PLoS ONE 2013, 8, €58198. [CrossRef]

Ra, ].C,; Shin, L.S.; Kim, S.H.; Kang, S.K.; Kang, B.C.; Lee, H.Y.; Kim, Y.J.; Jo, ].Y; Yoon, E.J.; Choi, H.J.; et al.
Safety of intravenous infusion of human adipose tissue-derived mesenchymal stem cells in animals and
humans. Stem Cells Dev. 2011, 20, 1297-1308. [CrossRef]

Samanta, A.; Dawn, B. Meta-Analysis of Preclinical Data Reveals Efficacy of Cardiac Stem Cell Therapy for
Heart Repair. Circ. Res. 2016, 118, 1186-1188. [CrossRef]

Mocecetti, T.; Leri, A.; Goichberg, P.; Rota, M.; Anversa, P. A Novel Class of Human Cardiac Stem Cells.
Cardiol. Rev. 2015, 23, 189-200. [CrossRef]

Beltrami, A.P,; Barlucchi, L.; Torella, D.; Baker, M.; Limana, F.; Chimenti, S.; Kasahara, H.; Rota, M.; Musso, E.;
Urbanek, K.; et al. Adult cardiac stem cells are multipotent and support myocardial regeneration. Cell 2003,
114, 763-776. [CrossRef]

Hsieh, P.C.; Segers, V.F.,; Davis, M.E.; MacGillivray, C.; Gannon, ]J.; Molkentin, ].D.; Robbins, J.; Lee, R.T.
Evidence from a genetic fate-mapping study that stem cells refresh adult mammalian cardiomyocytes after
injury. Nat. Med. 2007, 13, 970-974. [CrossRef]

Gnecchi, M.; Zhang, Z.; Ni, A.; Dzau, V.]J. Paracrine mechanisms in adult stem cell signaling and therapy:.
Circ. Res. 2008, 103, 1204-1219. [CrossRef] [PubMed]

Bearzi, C.; Rota, M.; Hosoda, T.; Tillmanns, J.; Nascimbene, A.; De Angelis, A.; Yasuzawa-Amano, S.;
Trofimova, I.; Siggins, R.W.; Lecapitaine, N.; et al. Human cardiac stem cells. Proc. Natl. Acad. Sci. USA 2007,
104, 14068-14073. [CrossRef] [PubMed]

Urbanek, K,; Torella, D.; Sheikh, F.; De Angelis, A.; Nurzynska, D.; Silvestri, F.; Beltrami, C.A.; Bussani, R.;
Beltrami, A.P,; Quaini, F,; et al. Myocardial regeneration by activation of multipotent cardiac stem cells in
ischemic heart failure. Proc. Natl. Acad. Sci. USA 2005, 102, 8692. [CrossRef] [PubMed]

Tang, J.; Cui, X. Heart Repair Using Nanogel-Encapsulated Human Cardiac Stem Cells in Mice and Pigs
with Myocardial Infarction. ACS Nano 2017, 11, 9738-9749. [CrossRef] [PubMed]

Tang, X.L.; Rokosh, G.; Sanganalmath, S.K,; Tokita, Y.; Keith, M.C.; Shirk, G.; Stowers, H.; Hunt, G.N.; Wu, W,;
Dawn, B.; et al. Effects of Intracoronary Infusion of Escalating Doses of Cardiac Stem Cells in Rats With
Acute Myocardial Infarction. Circ. Heart Fail. 2015, 8, 757-765. [CrossRef] [PubMed]

Chung, H].; Kim, ].T,; Kim, H.J.; Kyung, HW.,; Katila, P; Lee, ].H.; Yang, TH.; Yang, Y.I; Lee, S.J. Epicardial
delivery of VEGF and cardiac stem cells guided by 3-dimensional PLLA mat enhancing cardiac regeneration
and angiogenesis in acute myocardial infarction. |. Control. Release 2015, 205, 218-230. [CrossRef]


http://dx.doi.org/10.1016/j.yjmcc.2015.02.012
http://dx.doi.org/10.1136/jim-2015-000018
http://dx.doi.org/10.1111/jcmm.12610
http://dx.doi.org/10.1186/1479-5876-11-39
http://www.ncbi.nlm.nih.gov/pubmed/23406316
http://dx.doi.org/10.3727/096368912X659871
http://www.ncbi.nlm.nih.gov/pubmed/23211469
http://www.ncbi.nlm.nih.gov/pubmed/30510844
http://dx.doi.org/10.1186/s13287-017-0585-3
http://dx.doi.org/10.1371/journal.pone.0058198
http://dx.doi.org/10.1089/scd.2010.0466
http://dx.doi.org/10.1161/CIRCRESAHA.116.308620
http://dx.doi.org/10.1097/CRD.0000000000000064
http://dx.doi.org/10.1016/S0092-8674(03)00687-1
http://dx.doi.org/10.1038/nm1618
http://dx.doi.org/10.1161/CIRCRESAHA.108.176826
http://www.ncbi.nlm.nih.gov/pubmed/19028920
http://dx.doi.org/10.1073/pnas.0706760104
http://www.ncbi.nlm.nih.gov/pubmed/17709737
http://dx.doi.org/10.1073/pnas.0500169102
http://www.ncbi.nlm.nih.gov/pubmed/15932947
http://dx.doi.org/10.1021/acsnano.7b01008
http://www.ncbi.nlm.nih.gov/pubmed/28929735
http://dx.doi.org/10.1161/CIRCHEARTFAILURE.115.002210
http://www.ncbi.nlm.nih.gov/pubmed/25995227
http://dx.doi.org/10.1016/j.jconrel.2015.02.013

J. Clin. Med. 2020, 9, 1277 17 of 19

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Tang, J.; Shen, D.; Caranasos, T.G.; Wang, Z.; Vandergriff, A.C.; Allen, T.A.; Hensley, M.T,; Dinh, P.-U.; Cores, J.;
Li, T.-S.; et al. Therapeutic microparticles functionalized with biomimetic cardiac stem cell membranes and
secretome. Nat. Commun. 2017, 8, 13724. [CrossRef]

Barile, L.; Lionetti, V.; Cervio, E.; Matteucci, M.; Gherghiceanu, M.; Popescu, L.M.; Torre, T.; Siclari, E;
Moccetti, T.; Vassalli, G. Extracellular vesicles from human cardiac progenitor cells inhibit cardiomyocyte
apoptosis and improve cardiac function after myocardial infarction. Cardiovasc Res. 2014, 103, 530-541.
[CrossRef]

Fernandez-Aviles, F; Sanz-Ruiz, R.; Bogaert, J.; Casado Plasencia, A.; Gilaberte, I.; Belmans, A.;
Fernandez-Santos, M.E.; Charron, D.; Mulet, M.; Yotti, R.; et al. Safety and Efficacy of Intracoronary
Infusion of Allogeneic Human Cardiac Stem Cells in Patients With ST-Segment Elevation Myocardial
Infarction and Left Ventricular Dysfunction. Circ. Res. 2018, 123, 579-589. [CrossRef]

Wobus, A.M.; Wallukat, G.; Hescheler, J. Pluripotent mouse embryonic stem cells are able to differentiate into
cardiomyocytes expressing chronotropic responses to adrenergic and cholinergic agents and Ca2+ channel
blockers. Differentiation 1991, 48, 173-182. [CrossRef]

Yamashita, J.; Itoh, H.; Hirashima, M.; Ogawa, M.; Nishikawa, S.; Yurugi, T.; Naito, M.; Nakao, K;
Nishikawa, S. Flk1-positive cells derived from embryonic stem cells serve as vascular progenitors. Nature
2000, 408, 92-96. [CrossRef]

Caspi, O.; Huber, I.; Kehat, I.; Habib, M.; Arbel, G.; Gepstein, A.; Yankelson, L.; Aronson, D.; Beyar, R.;
Gepstein, L. Transplantation of Human Embryonic Stem Cell-Derived Cardiomyocytes Improves Myocardial
Performance in Infarcted Rat Hearts. |. Am. Coll. Cardiol. 2007, 50, 1884. [CrossRef] [PubMed]

Menard, C.; Hagege, A.A.; Agbulut, O.; Barro, M.; Morichetti, M.C.; Brasselet, C.; Bel, A.; Messas, E.;
Bissery, A.; Bruneval, P; et al. Transplantation of cardiac-committed mouse embryonic stem cells to infarcted
sheep myocardium: A preclinical study. Lancet 2005, 366, 1005-1012. [CrossRef]

Menasché, P; Vanneaux, V.; Hagege, A.; Bel, A.; Cholley, B.; Cacciapuoti, I.; Parouchev, A.; Benhamouda, N.;
Tachdjian, G.; Tosca, L.; et al. Human embryonic stem cell-derived cardiac progenitors for severe heart
failure treatment: First clinical case report. Eur. Heart ]. 2015, 36, 2011-2017. [CrossRef]

Khan, M.; Nickoloff, E.; Abramova, T.; Johnson, J.; Verma, S.K.; Krishnamurthy, P.; Mackie, A.R.; Vaughan, E.;
Garikipati, V.N.; Benedict, C.; et al. Embryonic stem cell-derived exosomes promote endogenous repair
mechanisms and enhance cardiac function following myocardial infarction. Circ. Res. 2015, 117, 52-64.
[CrossRef]

Fernandes, S.; Chong, J.J.H.; Paige, S.L.; Iwata, M.; Torok-Storb, B.; Keller, G.; Reinecke, H.; Murry, C.E.
Comparison of Human Embryonic Stem Cell-Derived Cardiomyocytes, Cardiovascular Progenitors, and
Bone Marrow Mononuclear Cells for Cardiac Repair. Stem Cell Rep. 2015, 5, 753-762. [CrossRef] [PubMed]
Lim, G.B. Stem-cell therapy restores heart function after MI in macaques. Nat. Rev. Cardiol. 2018, 15, 582.
[CrossRef] [PubMed]

Takahashi, K.; Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast
cultures by defined factors. Cell 2006, 126, 663—-676. [CrossRef]

Yu, J.; Vodyanik, M.A.; Smuga-Otto, K.; Antosiewicz-Bourget, J.; Frane, J.L.; Tian, S.; Nie, J.; Jonsdottir, G.A.;
Ruotti, V.; Stewart, R.; et al. Induced pluripotent stem cell lines derived from human somatic cells. Science
2007, 318, 1917-1920. [CrossRef] [PubMed]

Yu, J.; Hu, K,; Smuga-Otto, K.; Tian, S.; Stewart, R.; Slukvin, LL; Thomson, J.A. Human induced pluripotent
stem cells free of vector and transgene sequences. Science 2009, 324, 797-801. [CrossRef] [PubMed]
Radzisheuskaya, A.; Silva, ].C. Do all roads lead to Oct4? the emerging concepts of induced pluripotency.
Trends Cell Biol. 2014, 24, 275-284. [CrossRef] [PubMed]

Mauritz, C.; Martens, A.; Rojas, S.V.; Schnick, T.; Rathert, C.; Schecker, N.; Menke, S.; Glage, S.; Zweigerdt, R.;
Haverich, A.; et al. Induced pluripotent stem cell (iPSC)-derived Flk-1 progenitor cells engraft, differentiate,
and improve heart function in a mouse model of acute myocardial infarction. Eur. Heart ]. 2011, 32, 2634-2641.
[CrossRef]

Zhao, X.; Chen, H.; Xiao, D.; Yang, H.; Itzhaki, I.; Qin, X.; Chour, T.; Aguirre, A.; Lehmann, K.; Kim, Y.; et al.
Comparison of Non-human Primate versus Human Induced Pluripotent Stem Cell-Derived Cardiomyocytes
for Treatment of Myocardial Infarction. Stem Cell Rep. 2018, 10, 422-435. [CrossRef]


http://dx.doi.org/10.1038/ncomms13724
http://dx.doi.org/10.1093/cvr/cvu167
http://dx.doi.org/10.1161/CIRCRESAHA.118.312823
http://dx.doi.org/10.1111/j.1432-0436.1991.tb00255.x
http://dx.doi.org/10.1038/35040568
http://dx.doi.org/10.1016/j.jacc.2007.07.054
http://www.ncbi.nlm.nih.gov/pubmed/17980256
http://dx.doi.org/10.1016/S0140-6736(05)67380-1
http://dx.doi.org/10.1093/eurheartj/ehv189
http://dx.doi.org/10.1161/CIRCRESAHA.117.305990
http://dx.doi.org/10.1016/j.stemcr.2015.09.011
http://www.ncbi.nlm.nih.gov/pubmed/26607951
http://dx.doi.org/10.1038/s41569-018-0062-4
http://www.ncbi.nlm.nih.gov/pubmed/30018375
http://dx.doi.org/10.1016/j.cell.2006.07.024
http://dx.doi.org/10.1126/science.1151526
http://www.ncbi.nlm.nih.gov/pubmed/18029452
http://dx.doi.org/10.1126/science.1172482
http://www.ncbi.nlm.nih.gov/pubmed/19325077
http://dx.doi.org/10.1016/j.tcb.2013.11.010
http://www.ncbi.nlm.nih.gov/pubmed/24370212
http://dx.doi.org/10.1093/eurheartj/ehr166
http://dx.doi.org/10.1016/j.stemcr.2018.01.002

J. Clin. Med. 2020, 9, 1277 18 of 19

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Ma, R;; Liang, J.; Huang, W.; Guo, L.; Cai, W.; Wang, L.; Paul, C.; Yang, H.-T.; Kim, HW.; Wang, Y. Electrical
Stimulation Enhances Cardiac Differentiation of Human Induced Pluripotent Stem Cells for Myocardial
Infarction Therapy. Antioxid. Redox Signal. 2016, 28, 371-384. [CrossRef] [PubMed]

Chow, A.; Stuckey, D.J.; Kidher, E.; Rocco, M.; Jabbour, R.J.; Mansfield, C.A.; Darzi, A.; Harding, S.E.;
Stevens, M.M.; Athanasiou, T. Human Induced Pluripotent Stem Cell-Derived Cardiomyocyte Encapsulating
Bioactive Hydrogels Improve Rat Heart Function Post Myocardial Infarction. Stem Cell Rep. 2017, 9,
1415-1422. [CrossRef] [PubMed]

Tabei, R.; Kawaguchi, S.; Kanazawa, H.; Tohyama, S.; Hirano, A.; Handa, N.; Hishikawa, S.; Teratani, T.;
Kunita, S.; Fukuda, J.; et al. Development of a transplant injection device for optimal distribution and
retention of human induced pluripotent stem cellderived cardiomyocytes. J. Heart Lung Transpl. 2019, 38,
203-214. [CrossRef]

Weinberger, F; Breckwoldt, K.; Pecha, S.; Kelly, A.; Geertz, B.; Starbatty, J.; Yorgan, T.; Cheng, KH.;
Lessmann, K.; Stolen, T.; et al. Cardiac repair in guinea pigs with human engineered heart tissue from
induced pluripotent stem cells. Sci. Transl. Med. 2016, 8, 363ral48. [CrossRef]

Ishida, M.; Miyagawa, S.; Saito, A.; Fukushima, S.; Harada, A.; Ito, E.; Ohashi, F.; Watabe, T.; Hatazawa, J.;
Matsuura, K.; et al. Transplantation of Human-induced Pluripotent Stem Cell-derived Cardiomyocytes
Is Superior to Somatic Stem Cell Therapy for Restoring Cardiac Function and Oxygen Consumption in a
Porcine Model of Myocardial Infarction. Transplantation 2019, 103, 291-298. [CrossRef]

Lancaster, ].].; Sanchez, P; Repetti, G.G.; Juneman, E.; Pandey, A.C.; Chinyere, L.R.; Moukabary, T.; LaHood, N.;
Daugherty, S.L.; Goldman, S. Human Induced Pluripotent Stem Cell-Derived Cardiomyocyte Patch in Rats
With Heart Failure. Ann. Thorac. Surg. 2019, 108, 1169-1177. [CrossRef]

Gao, L.; Gregorich Zachery, R.; Zhu, W.; Mattapally, S.; Oduk, Y.; Lou, X.; Kannappan, R.; Borovjagin
Anton, V.; Walcott Gregory, P,; Pollard Andrew, E.; et al. Large Cardiac Muscle Patches Engineered From
Human Induced-Pluripotent Stem Cell-Derived Cardiac Cells Improve Recovery From Myocardial Infarction
in Swine. Circulation 2018, 137, 1712-1730. [CrossRef]

Durrani, S.; Konoplyannikov, M.; Ashraf, M.; Haider, K.H. Skeletal myoblasts for cardiac repair. Regen. Med.
2010, 5, 919-932. [CrossRef] [PubMed]

Homma, J.; Sekine, H.; Matsuura, K.; Yamato, M.; Shimizu, T. Myoblast cell sheet transplantation enhances
the endogenous regenerative abilities of infant hearts in rats with myocardial infarction. J. Tissue Eng. Regen.
Med. 2017, 11, 1897-1906. [CrossRef] [PubMed]

Souza, L.C.; Carvalho, K.A.; Rebelatto, C.; Senegaglia, A.; Furuta, M.; Miyague, N.; Hansen, P.; Francisco, ].C.;
Olandowski, M.; Brofman, P.R. Combined transplantation of skeletal myoblasts and mesenchymal cells
(cocultivation) in ventricular dysfunction after myocardial infarction. Arq. Bras. Cardiol. 2004, 83, 294-299.
[CrossRef] [PubMed]

Christman, K.L.; Fok, H.H.; Sievers, R.E.; Fang, Q.; Lee, R.J. Fibrin Glue Alone and Skeletal Myoblasts
in a Fibrin Scaffold Preserve Cardiac Function after Myocardial Infarction. Tissue Eng. 2004, 10, 403—-409.
[CrossRef] [PubMed]

Craheés, M.; Bories, M.-C.; Vilquin, ]J.-T.; Marolleau, J.-P.; Desnos, M.; Larghero, J.; Soulat, G.; Bruneval, P.;
Hagege, A.A.; Menasché, P. Long-Term Engraftment (16 Years) of Myoblasts in a Human Infarcted Heart.
Stem Cells Transl. Med. 2018, 7, 705-708. [CrossRef]

Skuk, D.; Tremblay, J.P. Myotubes Formed De Novo by Myoblasts Injected into the Scar of Myocardial
Infarction Persisted for 16 Years in a Patient: Importance for Regenerative Medicine in Degenerative
Myopathies. Stem Cells Transl. Med. 2019, 8, 313-314. [CrossRef] [PubMed]

Rong, S.L.; Wang, X.L.; Zhang, C.Y.; Song, Z.H.; Cui, L.H.; He, X.F,; Li, X.J.; Du, H.J.; Li, B. Transplantation of
HGEF gene-engineered skeletal myoblasts improve infarction recovery in a rat myocardial ischemia model.
PLoS ONE 2017, 12, e0175807. [CrossRef] [PubMed]

Murtuza, B.; Suzuki, K.; Bou-Gharios, G.; Beauchamp, J.R.; Smolenski, R.T.; Partridge, T.A.; Yacoub, M.H.
Transplantation of skeletal myoblasts secreting an IL-1 inhibitor modulates adverse remodeling in infarcted
murine myocardium. Proc. Natl. Acad. Sci. USA 2004, 101, 4216. [CrossRef] [PubMed]

Liu, Q.; Du, G.Q.; Zhu, Z.T.; Zhang, C.; Sun, X.W,; Liu, J.J.; Li, X,; Wang, Y.S.; Du, W.J. Identification of
apoptosis-related microRNAs and their target genes in myocardial infarction post-transplantation with
skeletal myoblasts. J. Transl. Med. 2015, 13, 270. [CrossRef]


http://dx.doi.org/10.1089/ars.2016.6766
http://www.ncbi.nlm.nih.gov/pubmed/27903111
http://dx.doi.org/10.1016/j.stemcr.2017.09.003
http://www.ncbi.nlm.nih.gov/pubmed/28988988
http://dx.doi.org/10.1016/j.healun.2018.11.002
http://dx.doi.org/10.1126/scitranslmed.aaf8781
http://dx.doi.org/10.1097/TP.0000000000002384
http://dx.doi.org/10.1016/j.athoracsur.2019.03.099
http://dx.doi.org/10.1161/CIRCULATIONAHA.117.030785
http://dx.doi.org/10.2217/rme.10.65
http://www.ncbi.nlm.nih.gov/pubmed/21082891
http://dx.doi.org/10.1002/term.2087
http://www.ncbi.nlm.nih.gov/pubmed/26471961
http://dx.doi.org/10.1590/s0066-782x2004001600004
http://www.ncbi.nlm.nih.gov/pubmed/15517043
http://dx.doi.org/10.1089/107632704323061762
http://www.ncbi.nlm.nih.gov/pubmed/15165457
http://dx.doi.org/10.1002/sctm.18-0017
http://dx.doi.org/10.1002/sctm.18-0202
http://www.ncbi.nlm.nih.gov/pubmed/30506986
http://dx.doi.org/10.1371/journal.pone.0175807
http://www.ncbi.nlm.nih.gov/pubmed/28459804
http://dx.doi.org/10.1073/pnas.0306205101
http://www.ncbi.nlm.nih.gov/pubmed/15020774
http://dx.doi.org/10.1186/s12967-015-0603-0

J. Clin. Med. 2020, 9, 1277 19 of 19

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Larose, E.; Proulx, G.; Voisine, P.; Rodes-Cabau, J.; De Larochelliere, R.; Rossignol, G.; Bertrand, O.F,;
Tremblay, J.P. Percutaneous versus surgical delivery of autologous myoblasts after chronic myocardial
infarction: An in vivo cardiovascular magnetic resonance study. Catheter. Cardiovasc. Interv. 2010, 75, 120-127.
[CrossRef]

Gavira, ].J.; Perez-llzarbe, M.; Abizanda, G.; Garcia-Rodriguez, A.; Orbe, ]J.; Paramo, J.A.; Belzunce, M.;
Rabago, G.; Barba, J.; Herreros, ].; et al. A comparison between percutaneous and surgical transplantation of
autologous skeletal myoblasts in a swine model of chronic myocardial infarction. Cardiovasc. Res. 2006, 71,
744-753. [CrossRef] [PubMed]

Seidel, M.; Borczyriska, A.; Rozwadowska, N.; Kurpisz, M. Cell-Based Therapy for Heart Failure: Skeletal
Myoblasts. Cell Transplant. 2009, 18, 695-707. [CrossRef] [PubMed]

Spartalis, E.; Tomos, P.; Moris, D.; Athanasiou, A.; Markakis, C.; Spartalis, M.D.; Troupis, T.; Dimitroulis, D.;
Perrea, D. Role of platelet-rich plasma in ischemic heart disease: An update on the latest evidence. World J.
Cardiol. 2015, 7, 665-670. [CrossRef]

Mishra, A.; Velotta, J.; Brinton, T.].; Wang, X.; Chang, S.; Palmer, O.; Sheikh, A.; Chung, J.; Yang, PC.-M.;
Robbins, R.; et al. RevaTen platelet-rich plasma improves cardiac function after myocardial injury. Cardiovasc.
Revascularization Med. 2011, 12, 158-163. [CrossRef]

Yip, H.-K,; Chen, K.-H.; Dubey, N.K,; Sun, C.-K,; Deng, Y.-H.; Su, C.-W.; Lo, W.-C.; Cheng, H.-C.; Deng, W.-P.
Cerebro-and renoprotective activities through platelet-derived biomaterials against cerebrorenal syndrome
in rat model. Biomaterials 2019, 214, 119227. [CrossRef] [PubMed]

Hargrave, B.Y. Autologous Platelet rich plasma (Platelet Gel): An appropriate intervention for salvaging
cardiac myocytes under oxidative stress after myocardial infarction. Anat. Physiol. 2014, 4, 1000134.
[CrossRef]

Yu, F; Zhang, Y.; Tran, N.; Fu, Y,; Liao, B.; Shi, Y. Effects of myocardial platelet rich plasma injection on rats
with acute myocardial infarction:(99) Tc (m)-MIBI gated SPECT imaging evaluation results. Zhonghua Xin
Xue Guan Bing Za Zhi 2012, 40, 392-396.

Vu, T.D,; Pal, S.N,; Ti, L.-K; Martinez, E.C.; Rufaihah, AJ.; Ling, L.H.; Lee, C.-N.; Richards, A.M.; Kofidis, T.
An autologous platelet-rich plasma hydrogel compound restores left ventricular structure, function and
ameliorates adverse remodeling in a minimally invasive large animal myocardial restoration model: A
translational approach: Vu and Pal “Myocardial Repair: PRP, Hydrogel and Supplements”. Biomaterials
2015, 45, 27-35.

Li, X.-H.; Zhou, X.; Zeng, S; Ye, E; Yun, J.-L.; Huang, T.-G.; Li, H,; Li, Y.-M. Effects of intramyocardial
injection of platelet-rich plasma on the healing process after myocardial infarction. Coron. Artery Dis. 2008,
19, 363-370. [CrossRef]

Hargrave, B.; Varghese, F,; Barabutis, N.; Catravas, J.; Zemlin, C. Nanosecond pulsed platelet-rich plasma
(ns PRP) improves mechanical and electrical cardiac function following myocardial reperfusion injury.
Physiol. Rep. 2016, 4, e12710. [CrossRef]

Mishra, A.K. Use of Platelet Rich Plasma Composition in the Treatment of Cardiac Conduction Abnormalities.
U.S. Patent 20100112081 A1, 7 October 2008.

Sun, CK,; Zhen, Y.Y;; Leu, S.; Tsai, T.H.; Chang, L.T,; Sheu, ].J.; Chen, Y.L.; Chua, S.; Chai, H.T.; Lu, H.I; et al.
Direct implantation versus platelet-rich fibrin-embedded adipose-derived mesenchymal stem cells in treating
rat acute myocardial infarction. Int. J. Cardiol 2014, 173, 410-423. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/ccd.22204
http://dx.doi.org/10.1016/j.cardiores.2006.06.018
http://www.ncbi.nlm.nih.gov/pubmed/16843451
http://dx.doi.org/10.3727/096368909X470810
http://www.ncbi.nlm.nih.gov/pubmed/19500482
http://dx.doi.org/10.4330/wjc.v7.i10.665
http://dx.doi.org/10.1016/j.carrev.2010.08.005
http://dx.doi.org/10.1016/j.biomaterials.2019.119227
http://www.ncbi.nlm.nih.gov/pubmed/31174067
http://dx.doi.org/10.4172/2161-0940.1000134
http://dx.doi.org/10.1097/MCA.0b013e3282fc6165
http://dx.doi.org/10.14814/phy2.12710
http://dx.doi.org/10.1016/j.ijcard.2014.03.015
http://www.ncbi.nlm.nih.gov/pubmed/24685001
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Stem Cell-Based Anti-Myocardial Infarction Strategies 
	Bone Marrow-Derived Stem Cells (BMSCs)-Based Repair of Infarcted Myocardium 
	Adipose Tissue: the Cardiac Axis of Myocardial Regeneration 
	Cardiac-Derived Stem Cells (CSCs)/ Cardiac Progenitor Cells (CPCs)-Based Regenerative Therapies in MI 
	Embryonic Stem Cells (ESCs) in MI Therapy 
	Bioengineering Infarcted Myocardium Through Induced Pluripotent Stem Cells (iPSCs) 
	Cardiac Repairing Throughskeletal MYOBLASTS (SkM) 

	Platelet-Derived Biomaterials (PDB)-Based Regenerative Strategies for MI 
	Conclusions 
	References

