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Abstract
Stem cells provide an alternative curative intervention for the infarcted heart by compensating for
the cardiomyocyte loss subsequent to myocardial injury. The presence of resident stem and
progenitor cell populations in the heart, and nuclear reprogramming of somatic cells with genetic
induction of pluripotency markers are the emerging new developments in stem cell-based
regenerative medicine. However, until safety and feasibility of these cells are established by
extensive experimentation in in vitro and in vivo experimental models, skeletal muscle-derived
myoblasts, and bone marrow cells remain the most well-studied donor cell types for myocardial
regeneration and repair. This article provides a critical review of skeletal myoblasts as donor cells
for transplantation in the light of published experimental and clinical data, and indepth discussion
of the advantages and disadvantages of skeletal myoblast-based therapeutic intervention for
augmentation of myocardial function in the infarcted heart. Furthermore, strategies to overcome
the problems of arrhythmogenicity and failure of the transplanted skeletal myoblasts to integrate
with the host cardiomyocytes are discussed.
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Despite the advances in medical and surgical treatment of myocardial infarction, ischemic
heart disease remains the leading cause of morbidity and mortality on a global scale [1]. The
gravity of the problem can be assessed by the fact that mortality from ischemic heart disease
exceeds the mortality from cancer – as the 1-year survival rate is lower than 50%. The
immune and inflammatory responses following myocardial infarction are characterized by
neutrophil and macrophage accumulation, cytokine secretion, recruitment of T and B cells,
and formation of antibodies specific to myosin and actin [2]. The successive biochemical,
structural and functional adaptive changes in the infarcted and hibernating myocardium lead
to expansion of the infarction zone and scarring, while the hibernating myocardium in the
periphery of the infarct become hypertrophic. The hearts of patients who survive the acute
phase of myocardial infarction subsequently enter into a vicious cycle of left ventricular
remodeling as part of the compensatory mechanism caused by the massive loss of
functioning cardiomyocytes. Various therapeutic options including pharmacotherapeutic
intervention (e.g., angiotensin-converting enzyme inhibitors, β-blockers, diuretics and
angiotensin receptors blockers) are available but only provide a symptomatic relief without
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addressing the fundamental issue of myocyte loss. Device therapies, specific to heart failure,
such as cardiac resynchronization therapy, implantable cardiac defibrillators and ventricular
assist devices, are available [3,4]. Similarly, cardiac revascularization procedures, such as
coronary angioplasty and coronary artery bypass grafting (CABG), only help to save the
reversibly injured cells and restore contractility of the hibernating viable myocardium. Heart
transplantation remains the only definitive treatment modality for end-stage heart failure, but
the limited availability of donor hearts is a major limitation of this option. Therefore, the
limitations of the currently available therapeutic approaches warrant for the development of
principally new and efficient strategies for managing chronic heart disease and its related
complications.

The regenerative ability of the heart
The heart has always been considered as a postmitotic organ owing to the limited ability of
cardiomyocytes to proliferate during postnatal life. In response to injury and increased
workload in pathological conditions, cardiomyocytes in the border zone of the injured
myocardium become hypertrophic, rather than re-entering into the cell cycle to compensate
for the loss of functioning cardiomyocytes. Therefore, loss of functioning cardiomyocytes in
the ischemic myocardium is considered to be irreversible owing to the terminally
differentiated status of cardiomyocytes, and the postinfarction repair mechanisms are
insufficient after myocytes apoptosis [5]. Strategies to re-introduce cardiomyocytes – which
constitute approximately 20% of the healthy human myocardium [6,7] – into the cell cycle
have had little success [8]. The pioneering work of Anversa and colleagues has challenged
the long-standing dogma regarding the terminally differentiated status of the heart, and
successfully provided the evidence that the death and growth of cardiomyocytes in response
to injury continuously occur in the heart [9,10]. More recent studies support this notion and
demonstrate that the turnover of cardiomyocyte is less than 50% during the whole human
life span – which is estimated to be 1% at 25 years of age and declines to 0.45% at 75 years
of age [7]. Besides limited renewal, the existence of an independent pool of resident cardiac
stem cells (CSCs) and cardiac progenitor cells (CPCs) has also been reported in the heart
[11,12]. However, the identification of these cells remains an issue owing to the lack of
specific surface markers, and cells are generally identified on the basis of cardiomyocyte-
specific transcription factors, including NKx2.5, GATA4 and MEF2C, and lack of
cardiomyocyte-specific structural protein expression. These resident CSCs/CPCs have the
ability to differentiate into all the constituent cell lineages of the myocardium and, therefore,
participate in the repair process in the event of myocardial injury [13]. A recent
advancement in this regard is the identification of distinct lineages of CSCs/CPCs that may
adopt vasculogenic and myogenic phenotypes [14,15]. These resident CSCs/CPCs can be
activated to participate in myocardial repair processes [15]. Attempts have also been made
to isolate, propagate in vitro and transplant CSCs/CPCs for myocardial repair with
encouraging results [16,17]. Although CSCs/CPCs are considered an ideal source of cells
for myocardial regeneration, these cells cannot intrinsically repopulate very large infarcts
and, thus, warrant an outside therapeutic intervention to compensate for the inept intrinsic
repair mechanism.

Stem & progenitor cell transplantation as a new treatment strategy
During nearly two decades of cell therapy research for treatment of ischemic heart disease,
stem cell transplantation, either alone or in combination with the other therapeutic
interventions, has demonstrated promise as a novel curative strategy [18]. The prime
advantage of the heart cell therapy using stem/progenitor cells is its capability to replace the
loss-of-functioning cardiomyocytes, attenuation of infarct-size expansion and preservation
of the deteriorating left ventricular contractile function [19–22]. Subsequent to the exciting
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outcome of the first cell transplantation study in an experimental animal model, cells from
various sources and with varying differentiation potential have been examined in
experimental and clinical studies [17,23–27]. Of all the stem cells used, skeletal muscle-
derived myoblasts have been investigated on the largest scale, both experimentally and
clinically [28–32]. With the recent changes in the NIH policy regarding the use of
embryonic stem cells, enthusiasm for their therapeutic application has increased. However,
owing to the ethical considerations and practical limitations, it will take a long time to
optimize conditions for their clinical application. The successful induction of pluripotency in
somatic cells by nuclear reprogramming with stemness factors has allowed a continuous
alternative source of pluripotent stem cells [33,34]. These induced pluripotent stem cells
possess embryonic stem cell-like characteristics and are being studied for tumor-free cardio-
myogenic differentiation potential [23,26,35,36]. We have successfully transformed mouse
skeletal myoblasts into induced pluripotent stem cells and used these induced pluripotent
stem cells for myocardial repair in a mouse model of acute myocardial infarction [Ahmed
RPH, Haider KH et al., Unpublished Data].

Skeletal myoblasts and bone marrow-derived stem cells remain the most well-characterized
and extensively studied therapy for myocardial reparability in the patients with ischemic
heart disease [37–42]. There are many features that make skeletal myoblasts an attractive
option for clinical applications (Box 1). Skeletal myoblasts constitute the renewable source
of progenitor cells in skeletal muscle that participate in the repair process in the event of
injury (Figure 1). The most important characteristics of skeletal myoblasts that make them
suitable for use are their autologous availability, potential to expand in vitro, resistance to
ischemia, low risk of tumorigenesis and myogenic differentiation potential [43,44]. More
importantly, when in contact with cardiac myocytes in vitro, such myofibers can contract
and form synchronous contractile elements.

Experimental animal studies using skeletal myoblasts for myocardial repair
Extensive and indepth experimental efforts from various research groups have assessed the
performance of skeletal myoblasts for the treatment of both ischemic and nonischemic
cardiomyopathies both in small mouse [32], rat [28,45], rabbit [46,47], large sheep [40,48],
dog [49,50] and pig [22,51–53] models. These studies have demonstrated that skeletal
myoblasts effectively prevented left ventricular remodeling and preserved global parameters
(ejection fraction and left ventricular pressure) as well as regional parameters (regional
stroke work at the infarct site, wall thickness and myocardial tissue velocities) of myocardial
contractility. The diastolic properties also demonstrated improvement with increased
compliance of the infarcted myocardium [47,54].

Since the pioneering work of Marelli et al., in a dog model of experimental myocardial
cryoinjury, survival of the transplanted skeletal myoblasts and their myogenic differentiation
postengraftment in the infarcted heart was extensively reported [55]. The transplanted
skeletal myoblasts transmurally replace the scar tissue [56]. However, the ability of skeletal
myoblasts to adopt cardiac phenotype remained controversial since they failed to
electromechanically couple with the host myocytes [57,58]. These observations were further
supported by a proof-of-concept study that involved transplantation of autologous skeletal
myoblasts in a rabbit heart model of cryoinjury and demonstrated that the transplanted cells
were only able to differentiate into mononuclear myocytes surrounded by the scar tissue
without integration into the heart tissue [46]. The ability of skeletal myoblasts to limit
adverse postinfarction remodeling caused by scaffolding effect and matrix metalloproteinase
inhibition predominantly accounts for the functional benefits of skeletal myoblasts
transplantation [43,54]. In addition, skeletal myoblasts have paracrine effects on the
recipient cardiac tissue [59,60]. Such paracrine mechanisms lead to the preservation of
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matrix architecture in the remote and infarcted myocardium, enhanced angiogenesis,
improved global cardiac function and attenuation of the progressive increase in end diastolic
volume [61]. Furthermore, the paracrine mechanism may contribute towards modulation of
immune response as well as mobilization and homing-in of stem cells for their participation
in the repair process.

Skeletal myoblasts are excellent carriers of therapeutic genes and, thus, have been
genetically modified with both viral and nonviral vectors that encode for different cytokines
and growth factor genes to improve their functional characteristics in terms of survival,
engraftment and differentiation [62–65]. Skeletal myoblasts that were genetically modified
with an adeno-viral vector encoding for human VEGF165 continued to secrete human
VEGF165 protein in the infarcted heart of a syngenic mouse for 2 weeks as compared with
the nontransfected cell transplanted mouse hearts [64]. The cells also demonstrated
extensive differentiation into multinucleated myotubes. Comparable effects were also
observed with human VEGF165 gene-transduced skeletal myoblasts in a porcine heart
model of chronic infarction [22]. These results highlighted the safety, feasibility and
effectiveness of skeletal myoblast transplantation with therapeutic gene delivery for
myocardial repair. Similarly, cardiotrophin-1, a member of the IL-6 superfamily, has potent
hypertrophic and survival effects on cardiomyocytes [66]. It has been demonstrated that
transplantation of cardiotrophin-1-expressing skeletal myoblasts into the left ventricular wall
alleviated the transition from compensatory hypertrophy to congestive heart failure in Dahl
salt-sensitive hypertensive rats. Other targets for the prevention of skeletal myoblast death
have also been exploited. The level of IL-1, a proinflammatory cytokine, significantly
increases and negatively influences postmyocardial infarction hypertrophy and collagen
turnover, and is also implicated in skeletal myoblast death after grafting. Transplantation of
skeletal myoblasts that express the secretory IL-1 receptor antagonist specifically attenuated
adverse remodeling as a result of the increased survival of skeletal myoblasts [63]. In
another interesting study, Formigli et al. genetically modified skeletal myoblasts to
overexpress cardiotropic hormone relaxin in order to enhance their morphofunctional
integration with cardiomyocytes [67]. The same group of researchers demonstrated
enhanced integration and beneficial effects of relaxin-overexpressing skeletal myoblasts in a
rat model of myocardial infarction [68]. However, most of these studies involve viral vectors
for therapeutic gene transfer, which is not without adverse effects and ethical considerations
[69]. Strategies ranging from the deletion of adenovirus replication genes E1 and E3 to the
development of gutless adenoviruses with all viral genes removed have been developed to
address the safety issues. Similarly, the use of lentiviral vectors has progressed from first
generation viruses to safer third generation self-inactivating vectors. Alternatively, several
recent studies have demonstrated the successful use of nonviral delivery systems for gene
modification of skeletal myoblasts [62,70]. Although less efficient, the use of nonviral
vector delivery overcomes the undesired effects of viral vectors. An interesting new
development in this regard is the use of nanoparticle-based delivery of the transgenes into
human skeletal myoblasts [31].

Besides genetic modification, treatment of skeletal myoblasts with recombinant growth
factor proteins can be used to modulate their in vitro culture characteristics and
postengraftment behavior [71]. For example, the presence of recombinant IGF-1 and basic
FGF in vitro significantly enhanced the expression of the gelatinase matrix
metalloproteinase-9 with fibrinolytic system activity focused at the cell membrane [72]. In
addition, treatment with IGF-1 or basic FGF improved the in vivo chemokinetic potential of
human skeletal myoblasts by modulating their endogenous proteolytic activity. In one of our
recent studies, we ischemically preconditioned skeletal myoblasts to promote their resistance
to oxidant stress [Kim HW, Haider KH et al., Unpublished Data]. These results were later
extrapolated to mesenchymal stem cells to demonstrate that hypoxia inducible factor-1α-
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dependent miRNA-210 was responsible for the cytoprotective effects of ischemic
preconditioning [73]. Using our in vitro as well as experimental animal models, we have
also reported that cytoprotective effects of ischemic preconditioning can be duplicated by
pharmacological manipulation of skeletal myoblasts using preconditioning mimetics such as
diazoxide [74]. Our results demonstrated a remarkable improvement in survival of the
preconditioned skeletal myoblasts compared with the native skeletal myoblasts under
oxidant stress in vitro. Similar results were obtained when syngenic skeletal myoblasts were
transplanted into a rat heart model of acute myocardial infarction with nearly twofold higher
survival of preconditioned skeletal myoblasts as compared with their nonpreconditioned
counterparts. In view of a direct relation between therapeutic outcome of the heart cell
therapy and the number of transplanted cells, these results were significant. We also
observed activation of Akt signaling, and elevated expression of secretable growth factors
including VEGF, angiopoietin-1, basic FGF and HGF expression in the preconditioned
skeletal myoblasts with a concomitant increase in blood vessel density in the recipient
animals hearts. These results support the application of diazoxide preconditioning to
enhance the therapeutic effectiveness of skeletal myoblasts in the clinical setting as
diazoxide is already in clinical use.

Delivery strategy has a significant bearing on efficacy of the transplanted cells.
Intramyocardial multisite pressure injections, in the form of microdepots, allow the safe and
reliable transplantation of several myoblasts into an infarcted myocardium with improved
efficacy compared with the standard technique [75]. Similarly, transplantation of skeletal
myoblasts in the periphery of the infarcted myocardium is more effective and safe compared
with transplantation in the center of the infarct [47].

Skeletal myoblasts in the clinical studies
After their established safety and efficacy in animal models, skeletal myoblasts were used in
postmyocardial patients in clinical settings (Table 1). In the first clinical study, autologous
skeletal myoblasts were transplanted into the heart of a 57-year-old male patient, and the
transplanted cells survived and differentiated to form islands of skeletal muscle in the
infarcted heart [76,77]. The whole transplantation procedure was event free and was
performed as an adjunct to the routine revascularization by coronary artery bypass grafting.
Results from heart function studies were promising, as confirmed by an increase in left
ventricle ejection fraction and an increase in segmental contractility on echocardiography,
and, thus, paved the way for multiple sporadic individualized attempts and later Phase I and
II clinical trials. Most of these studies have used skeletal myoblast engraftment either as an
adjunct to CABG, percutaneous transluminal coronary intervention, left ventricular assist
device implantation or, in some cases, as a standalone procedure.

The first Phase I study with skeletal myoblasts was reported in 2003 in a group of ten severe
ischemic cardiomyopathy patients (mean age: 60 ± 3 years; range: 38–73) and assessed the
feasibility and safety of autologous skeletal myoblast transplantation [78]. Feasibility was
defined as the ability of the expansion procedure to yield the target numbers of cells within
2–3 weeks, while safety referred to adverse events related to cell implantation. An average
volume of 5.7 ± 0.3 ml, containing 871 ± 62 × 106 cells, was injected in 37 ± 3 sites
throughout the scar area without any immediate postoperative complications, except one
patient, whose early death was unrelated to the cell transplantation. A short-term follow-up
period averaging 10.9 ± 4.5 months showed improvement in patients' clinical symptoms
from the New York Heart Association class 2.7 ± 0.2 preoperatively to 1.6 ± 0.1
postoperatively (p < 0.02). Transthoracic echocardiography showed up to 63% improved
systolic thickening of the scar area and left ventricular ejection fraction (LVEF) rose from
23.8 ± 3.9% preoperatively to 32.1 ± 7.5% postoperatively (p < 0.02). Long-term follow-up
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demonstrated that the New York Heart Association class improved from 2.5 ± 0.5 to 1.8 ±
0.4 at myocardial infarction (p = 0.004 vs baseline) and 1.7 ± 0.5 at the end of follow-up (p
= 1 vs myocardial infarction: p = 0.0007 vs baseline). There were five hospitalizations for
heart failure, in three patients, at 28.6 ± 9.9 months (range: 13–71). Owing to the persistent
symptoms, two patients were implanted with a ventricular resynchronization pacemaker,
whereas the third patient received automatic cardiac defibrillator with a resynchronization
function on the physician's request. This study concluded that both clinical status and LVEF
stably improved over time with a remarkably low incidence of hospitalization for heart
failure, and the arrhythmic risk can be treated by medical therapy or by automatic cardiac
defibrillator implantation.

Pagani et al. adopted an interesting approach to investigate the feasibility and safety of
autologous skeletal myoblast transplantation in patients with ischemic heart disease
undergoing left ventricular assist device implantation as a bridge to orthotropic heart
transplantation [79]. Using this protocol, they were able to report the viability of cell
transplants histologically in recipient heart after 68, 91, 144 and 191 days of left ventricular
assist device support. Histological examination demonstrated that the transplanted skeletal
myoblasts survived and differentiated into mature myofibers in three of the four explanted
hearts. These results were later duplicated by Dib et al. in five patients who demonstrated
survival, feasibility and safety of autologous skeletal myoblast transplantation, and suggest
that this modality offers a potential therapeutic treatment for end-stage heart failure [80].

Subsequent to the first Phase I study, various groups reported skeletal myoblast engraftment
in patients as an adjunct procedure to CABG [41,80–82]. Since many of the surviving
myocardial infarction patients are not candidates for CABG, and it is difficult to access all
myocardial segments via epicardial delivery route, a transcatheter system was assessed in
large animal models [83] and subsequently used in patients as an adjunct to percutaneous
coronary intervention [84,85]. Despite the technical challenges involved, the results of these
clinical studies have been encouraging. A recent study has reported a head-to-head
comparison of percutaneous versus surgical delivery techniques in an experimental animal
model of acute myocardial infarction in Yucatan minipigs [86]. Magnetic resonance studies
revealed that beneficial effects of cell transplantation were independent of the delivery
strategy. Both delivery approaches led to the reversal of remodeling, and a comparable
improvement in systolic function, regional perfusion and scar characteristics 6 months after
cell transplantation. A relative increase in the arrhythmogenic peri-infarct border zone was
also observed in both the groups of animals.

Given the difficulties in delineating the beneficial effects of cell therapy from the routine
revascularization intervention, it was important to use skeletal myoblast engraftment as a
standalone therapy. Smits et al. reported the feasibility and promise of NOGA™-guided
catheter-based cell transplantation using autologous skeletal myoblasts as a standalone
therapy for the treatment of ischemic heart failure [87]. In comparison with the baseline
observations, LVEF increased from 36 ± 11% to 41 ± 9% (3 months, p = 0.009) and 45 ±
8% (6 months, p = 0.23). Regional wall analysis by MRI demonstrated significantly
increased wall thickness at the target areas compared with the remote areas (wall thickening
at target areas after 3-month follow-up: 0.9 ± 2.3 mm, 1.8 ± 2.4 mm, p = 0.008). Subsequent
studies involving transcatheter delivery of skeletal myoblast demonstrated similar results
[42,84,87], albeit with postprocedural arrhythmias in three patients [87]. Although Phase I
clinical studies clearly demonstrated the safety and feasibility of skeletal myoblast
engraftment in postinfarction scars, it was difficult to delineate the functional effectiveness
of the intervention where the cell transplantation was carried out as an adjunct to routine
revascularization procedures [81,88]. This failure may be attributed to multiple factors,
including difference in the purity and quality of the cell preparations used by each research

Durrani et al. Page 6

Regen Med. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



group, the delivery strategy, differences in the methods to evaluate the study end points and,
of course, the small number of subjects included in each study.

Menasche et al. started the first Phase II trial – Myoblast Autologous Grafting in Ischemic
Cardiomyopathy (MAGIC) trial [29]. This multicenter, randomized, placebo-controlled,
three-arm, double-blind study included patients with left ventricular dysfunction (ejection
fraction ≤35%), myocardial infarction and indication for coronary surgery. It was conducted
in 24 academic hospitals in France, Germany, Belgium, the UK and Italy. A total of 120
patients were included in the study, divided into three groups (high dose, low dose and
placebo groups). Of the 120 patients, 97 underwent CABG surgery and received autologous
myoblast injections (400 or 800 million). Of these, 34 were assigned to the control group, 33
to the low-dose cell group and 30 to the high-dose cell group. All patients received an
implantable cardioverter–defibrillator. Approximately 97, 93 and 98 initially akinetic
myocardial segments were injected with autologous myoblasts in the placebo, low-dose and
high-dose cell group, respectively. The 6 months follow-up demonstrated that the number of
patients having improved segmental contraction by one grade was not affected by myoblast
injections, regardless of the dose (placebo group: 48%; low-dose group: 35%; high-dose
group: 40%; p = 0.66). Skeletal myoblast transfer did not improve regional or global left
ventricular function beyond that seen in the control patients. The absolute change in ejection
fraction between 6 months and baseline was 4.4, 3.4, and 5.2% in the placebo, low-dose and
high-dose groups, respectively. However, the high-dose cell group had a significant decrease
in left ventricular volumes compared with the placebo group. Although a higher incidence of
arrhythmic events were observed in myoblast-treated patients, rates of major cardiac adverse
events and ventricular arrhythmias at 6 months did not differ significantly between the
pooled treatment and placebo groups. Therefore, the study concluded that skeletal myoblast
transplantation, in combination with CABG, did not improve heart function, and further
investigations are required to investigate the increased number of early postoperative
arrhythmic events after skeletal myoblast transplantation, as well as the capability of high-
dose injections to revert left ventricular remodeling. Besides the MAGIC trials, some other
clinical studies with autologous myoblast implantation using catheter-based delivery in
patients with heart failure include the Myogenesis Heart Efficiency and Regeneration Trial
(MYOHEART), Safety and Effects of Implanted (Autologous) Skeletal Myoblasts
(MyoCell) Using an Injection Catheter (SEISMIC) and Controlled Study Using 3D Guided
Catheter-Based Delivery of Autologous Skeletal Myoblasts for Ischemic Cardiomyopathy
(CAuSMIC) trials; however, these trials had relatively small numbers of participants.

Challenges in skeletal myoblast-based heart cell therapy
Although skeletal myoblasts have proven efficiency of developing into functionally
competent myofibers postengraftment in the infarcted heart, multiple challenges still hamper
their acceptance as ideal donor cells for cellular cardiomyoplasty (i.e., a therapeutic strategy
based on cell transplantation for myocardial repair). First, the myofibers derived from the
transplanted skeletal myoblasts remain electromechanically isolated from the host
myocardium. This failure in electromechanical coupling is caused by their failure to develop
intercalated discs – a basic functional unit required to accomplish functional integration and
synchronization of electrical activity between adjacent myofibers [89]. This consists of the
intracellular adhesion molecules, N-cadherin and connexion 43, and is required to
accomplish exchange of small metabolites between adjacent cells and provide a low-
resistance electrical pathway between myofibers. Isolated skeletal myoblasts, cultured
together with neonatal cardiomyocytes in vitro, express cardiac-specific proteins (GATA-4,
Nkx2.5 and ANP) as well as N-cadherin and connexion 43 at the cell–cell junctions [90].
Furthermore, a low percentage of myotubes also demonstrate synchronous contractile
activity with the surrounding cardiomyocytes. However, the differentiated skeletal
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myoblasts downregulate expression of both N-cadherin and connexion 43; thus, resulting in
no electrical coupling. Genetic modification of skeletal myoblasts for connexion 43
overexpression improved their functional integration and synchronous contractility, and
increased the amplitude of gap junction conductance with the host myocytes [91,92].
However, more recent studies have issued a note of caution that such electrical coupling
may be insufficient to prevent postinfarct arrhythmias in heart failure patients [93].
Furthermore, cardiac and skeletal muscles differ in expression of the dihydropyridine
receptor, which regulates excitation–contraction coupling in myocytes [94]. The arrhythmias
arising as a result of the lack of electromechanical integration represents a major problem of
skeletal myoblasts transplantation [95–97].

Amongst the other challenges related to skeletal myoblast application for myocardial
infarction repair, massive attrition rate of skeletal myoblasts (as high as 90%), especially
during the acute phase after engraftment, significantly influence the overall efficacy of the
procedure [98]. The high attrition rate of donor cells during the acute phase after
transplantation is attributed to multiple factors, including oxidative stress, poor availability
of nutrients, lack of adherence with the host tissue and the inflammatory/immune responses
in the cytokine-rich ischemic myocardial environment [98]. Multiple strategies have been
adopted to increase donor cells survival rate [99]. We have already demonstrated that
ischemic preconditioning of cells by exposure to multiple cycles of hypoxia/re-oxygenation
primed the cells to withstand the rigors of ischemic myocardium [Kim HW, Haider KH et
al., Unpublished Data]. We have extrapolated these results to demonstrate that ischemic
preconditioning can effectively improve the survival of cells other than skeletal myoblasts
[73]. We have also reported that the cytoprotective effects of preconditioning can be
duplicated by manipulation of the cells with preconditioning mimetics and growth factors
and pharmacological agents that have clinically proven safety and efficacy [74,100,101].

Another important factor that significantly influences the effectiveness of skeletal myoblasts
is the age-related diminution of their growth and differentiation characteristics. Like any
other cell in the body, physiological aging also occurs in stem cells. We have previously
demonstrated that aging of bone marrow-derived stem cells reduces their differentiation
potential [102]. In a direct comparison between young and old donor-derived skeletal
myoblasts, in vitro proliferation and myotube formation were significantly greater in skeletal
myoblasts from young rats (3 months old) compared with their aging counterparts (24
months old) [103]. The functional deficit, in terms of compromised proliferative kinetics,
depleted phenotypic plasticity and reduced regenerative potential of aging skeletal
myoblasts are expected to diminish their therapeutic effectiveness, which would be further
reduced upon transplantation in the ischemic and aging heart of elderly patients. With these
considerations, one has to weigh the advantages and disadvantages of using autologous
skeletal myoblasts in clinical situations, especially for elderly patients. In line with our
findings that skeletal myoblasts are conditionally immuno-priviledged [104], we have
already demonstrated the feasibility of allogenic skeletal myoblasts for the heart cell therapy
in animal models with the use of transient immunosuppression [22,105].

From the mechanistic perspective, satellite cell activation and cell fate determination are
controlled by the Notch signaling pathway, which is initiated by rapid increase in expression
of the Notch ligand, Delta, subsequent to injury [106]. Physiological aging of skeletal
muscle is characterized by diminished Delta upregulation in response to injury, which
results in diminished satellite cell activation. Induction of Notch activity can restore the
regenerative potential of aged satellite cells. Interestingly, aged satellite cells expressed a
better response when exposed to serum from young mice, as the authors observed either in
vivo by heterochronic parabiotic pairings or in vitro. These data clearly suggest that even
very old tissue-specific stem cells retain their ability to participate in tissue maintenance and
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repair, if provided with the optimal environment. A newer development in this regard is the
role of miRNAs (miRs), which effect almost every aspect of cell behavior and functionality
[73,107–109]. miRs constitute a class of short (∼22 nucleotides), noncoding RNA
molecules, which are important regulators of gene expression via mRNA translational
inhibition [107]. A group of miRNAs, including miR-1, -133 and -206, have distinct roles in
modulating skeletal and cardiac muscle proliferation and differentiation [110–112]. Using
C2C12 myoblasts in vitro, miR-206 and -1 have been demonstrated to significantly alter
myogenic differentiation of myoblasts, while miR-133 repressed differentiation but
promoted myoblasts proliferation [112]. Other studies have also demonstrated that miR-206
and -1 directly downregulated gap junction coupling after the initiation of myoblast fusion in
vitro and in vivo and inhibit Cx43 expression during myoblast differentiation without
altering Cx43 mRNA levels [113]. Cx43 mRNA contains two binding sites for miR-206/-1
in its 3′ untranslated region, both of which are required for its efficient downregulation
[113]. Clearly, this interesting mechanism of skeletal myoblast regulation needs more
research owing to its great therapeutic impact.

Future perspective
Despite promising results from heart cell therapy with skeletal myoblasts both in preclinical
and clinical studies, there are issues (i.e., dose of the cells, route of delivery and cell
survival) that must be addressed to achieve optimal prognosis. The therapeutic outcome of
the procedure is generally considered as a direct function of the number of injected skeletal
myoblasts [114]. There is an urgent need to optimize culture conditions such that the
required number of cells could be generated without compromising their proliferation and
differentiation characteristics. Combined with the strategies to improve their survival
postengraftment and an optimal delivery approach, the outcome of the approach can be
improved [115]. Intramyocardial injection has been extensively used as a route of cell
delivery into the heart and permits engraftment of the cells in selective areas of the
myocardium under direct vision. The precision of cell transplantation can be improved by
using repetitive cell dispensers [116]. Direct intramyocardial injection of skeletal myoblasts
is considered as proarrhythmogenic and less efficient owing to loss of the transplanted cells
from the site of injection. Recent studies have explored the safety and feasibility of
alternative delivery strategies, and suggested three percutaneous cell delivery methods
including intracoronary, transendocardial and coronary transvenous injection. Intracoronary
delivery of donor cells is safe and permits global dissemination of the cells to the heart
[115,117]. However, the intracoronary route is less specific and, therefore, may reduce
therapeutic effectiveness of the procedure. Furthermore, intracoronary delivery of skeletal
myoblasts may increase the risk of coronary embolism, leading to myocardial infarction,
which may be avoided by myoblast preparations as a single-cell suspension [118]. ECG
monitoring of the animals during a comparative study between intramyocardial and
intravenous routes of administration revealed that arrhythmias were rarely observed 1 day or
more prior to cell transplantation [115]. However, within 24 h of intramyocardial skeletal
myoblast injection, ventricular premature contractions frequently occurred and ventricular
tachycardia was observed in 50% of the animals, while no ventricular premature
contractions or ventricular tachycardia were observed in the animals with intracoronary
injection of skeletal myoblasts. The transendocardial route allows selective delivery of cells
into the infarcted myocardium under the NOGA electromechanical guidance system
[52,119]. However, the functional benefits for transcatheter delivery and transepicardial
delivery are similar in terms of improvement in cardiac function [120]. Percutaneous
catheter-based cell delivery strategies also allow implantation of multiple skeletal myoblasts.
Repeated administration of skeletal myoblasts may be more effective compared with a
single dose. Multiple doses of repeated injections of skeletal myoblasts attenuated infarct
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size and resulted in significantly higher LVEF compared with the single-dose administration
in an experimental animal model of chronic myocardial infarction [121,122].

Efforts are underway to promote cell retention at the site of the cell graft to enhance the
efficiency of the procedure [123]. A comparison of intramyocardial cell transplantation with
cell sheet-based epicardial deposition of skeletal myoblasts have demonstrated that the latter
strategy was equally effective but less traumatic [124]. A cell sheet-based epicardial delivery
strategy avoids needle injections; it involves covering of the affected area with cell-seeded
biocompatible sheets and biodegradable skeletal muscle grafts. Such sheet-shaped skeletal
myoblasts are glued on to the epicardium and may be more efficient than injection-delivered
skeletal myoblasts, reducing fibrosis, enhancing angiogenesis and, ultimately, improving
heart function [125].

Despite the global beneficial outcome of skeletal myoblast engraftment, the inherent
incapability of these cells to functionally couple with the host cardiomyocytes after
differentiation remains a concern. Although the pathogenesis of arrhythmias with skeletal
myoblasts remains unclear, the electromechanical isolation of the differentiated skeletal
myoblast-derived neofibers is considered as one of the possible factors for postoperative
events during heart cell therapy. Various clinical studies have reported untoward events of
ventricular arrhythmias in patients receiving skeletal myoblast therapy [78,82]. However, in
all of these reported cases, the problem was pharmacologically treatable. By contrast,
optimal mapping in the canine left-ventricular wedge preparation demonstrated that
arrhythmia inducibility was not increased by skeletal myoblast transplantation [96]. Lack of
arrhythmias with skeletal myoblast engraftment has also been observed in large animal
studies [126]. Therefore, these contrasting observations require us to remain aware of the
arrhythmogenic nature of not only skeletal myoblasts, but also other types of donor cells.
Furthermore, in the future, strategies must be designed to overcome this problem in order to
establish stem cell transplantation as a clinically safe and relevant therapeutic modality [91].

Skeletal myoblast transplantation can also be combined with transplantation of other cell
types or growth factor administration to enhance their efficacy. A combined therapy based
on simultaneous delivery of skeletal myoblasts with bone marrow stem cells may be more
effective compared with either cell type alone [127]. Similarly, combined growth factor
administration with skeletal myoblasts may allow their dissemination from the site of
injection [128]. We have already reported the promising results of pharmacological and
genetic modification to improve skeletal myoblast engraftment and their regenerative
properties [22,31,74]. It is obvious that the most advantageous strategy would be
simultaneous transfection of skeletal myoblasts with several therapeutic genes that
significantly improved their paracrine activity [129]. We have recently observed that
simultaneous transfection of skeletal myoblasts with multiple growth factors promoted their
ability to integrate with host myocytes, besides concomitant involvement of intrinsically
available stem and progenitor cells from bone marrow, myocardium and peripheral
circulation of the host [Konoplyannikov M, Haider KH et al., Unpublished Data]. Clearly,
paracrine mechanisms need to be studied in more detail since these mechanisms, as well as
ventricular remodeling limitations, are crucial for heart function improvement after myoblast
transplantation.

Fractionation of skeletal myoblasts into their constituent heterogeneous subpopulations of
cells is one of the most prospective directions towards developing better cells for cardiac
transplantation. Traditionally, the bulk of non-fractionated skeletal myoblasts has been used
for transplantation. However, the existence of distinct subpopulations of skeletal myoblasts
have been reported, with only the minority of cells that are slowly growing in culture being
able to survive and proliferate after grafting [130]. Over the last few years, a number of
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interesting publications have emerged, which are devoted to certain subpopulations of stem
cells in the skeletal muscle that have been characterized for their potential to adopt cardiac
as well as endothelial phenotypes [131,132]. These skeletal-based precursors of
cardiomyocytes have been demonstrated to possess robust engraftment characteristics and
generate beating cardiomyocytes in vitro and after transplantation into the infarcted
myocardium.

In conclusion, similar to any other cell types, the use of skeletal myoblasts for myocardial
repair is not without its advantages and disadvantages. Skeletal myoblasts remain the most
well-studied donor cell type. Indepth mechanistic studies, genetic reprogramming or
pharmacological manipulation, and a combinatorial approach involving skeletal myoblast
transplantation with other relevant interventions, such as growth factor administration, can
help to improve their integration characteristics, safety and therapeutic efficacy in the
clinical settings during the next 5 years.

Box 1. Characteristics of skeletal myoblasts

• Skeletal myoblasts are located between the basal lamina and sarcolemma and
account for 2–5% of sub-laminar nuclei of mature skeletal muscle.

• Skeletal myoblasts are activated in response to muscle damage or disease-
induced muscle degeneration.

• Skeletal myoblasts express desmin, CD56, Pax3, Pax7, c-met, myocyte nuclear
factor, M-cadherin, VCAM1, N-CAM, CD34, Leu-19, and syndecan 3 and 4.
Activated skeletal myoblasts first express Myf-5 and/or MyoD, and finally
myogenin and MRF4 as the cells differentiate into multinucleated myotubes.

• They possess high proliferative potential in vitro under appropriate culture
conditions and maintain their undifferentiated status.

• Skeletal myoblasts are highly resistant to ischemic stress.

• Commitment to a well-differentiated myogenic lineage.

• Transplantation of skeletal myoblasts has a low risk of tumorgenicity.

• Autologous availability without ethical issues.

• The use of autologous skeletal myoblasts alleviates the need for
immunosuppression.
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Figure 1. Phase contrast photomicrograph of a typical rat skeletal myoblast monolayer culture
Original magnification: 20×.
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