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ABSTRACT
Background: Significant recent developments have occurred in the
field of cardiac regeneration and stem-cell therapy. Understanding the
new technological advances in cell therapy will ultimately allow us to
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achieve a goal of cell-based cardiac repair. Objective: This study aims
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to: 1) Provide a reference paper analyzing multiple preclinical and
clinical studies in the SkMs transplantation, and analyzing the last
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progression has been reached. 2) Discuss benefits, complications, and
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limitations encountered in this field. 3) List suggested solutions for
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common complications being faced. 4) Discuss the future prospective
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and what can be achieved. Methods: PubMed database was used for

Kh.haider@sr.edu.sa,

articles selection, and the following keys used in the mesh {skeletal
myoblasts, Cardiomyopathies, Ischemic Heart Disease, Myocardial Infarction}. A total of
174 articles were found, with further restriction by PubMed filter, and reviewing the articles
titles and abstracts the final results were 47 articles. Inclusion criteria: all relevant articles to
our review with the following topics: skeletal myoblasts, Cardiomyopathies, Ischemic Heart
Disease, and Myocardial Infarction. Exclusion criteria: Other articles not related to this
field. The data will be extracted according to specific form in which it’s going to be reviewed
by group members to weigh the benefits versus complications, last progress have been
achieved, and limitations encountered by researchers. Conclusion: SKM treatment of IHD
have been progressed since its beginning, a lot of obstacles have been solved, but still
significant work need to be done to overcome the remaining ones. The recent results are very
encouraging, and promising to emphasize more in this filed.
KEYWORDS: (Skeletal myoblasts, Ischemic heart disease, and myocardial infarction).
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INTRODUCTION
In the US, an estimated 15.4 million people have coronary heart disease, of whom 7.6 million
are affected by myocardial infarction and 2.1 million by congestive heart failure.[1] Actually
this dilemma is not restricted to US alone, but it is a global issue where cardiovascular
disease is the leading cause of death worldwide accounting for nearly 17 million deaths per
annum according to the World Health Organization.[2]
In ischemic cardiomyopathies, the cardiac cells are injured irreversibly in results to reduced
blood supply to the heart tissue, which induces ischemic damage, and ultimately leading to
the death of cardiomyocytes, and disruption of cardiac function resulting in what is called
heart failure. Despite pharmacologic and surgical approaches, heart failure remains one of the
significant diseases lacking the complete cure. So far, the only definitive treatment for heart
failure is heart transplantation, which can’t be depended on as the first line treatment due to
the limited availability of donor hearts and complications from immunosuppressive
therapies.[3] Therefore, this has pushed the researchers looking for another options of therapy.
In the last two decades, the classical concept of the heart as an organ with extremely limited
regenerative capacity has been changed. Different ideas have been developed to induce
regeneration of the dead cardiomyocytes by introducing stem cells into the affected area.[4-5]
Many types of progenitor cells having the capability to differentiate into heart cells (such as :
smooth muscle cells, embryonic stem cells, mesenchymal bone marrow stromal cells,
hematopoietic stem cells, and skeletal myoblasts) were tested in vitro, then introduced by
different sophisticated methods to determine their possible beneficial effects in vivo.[6] Each
one of these stem cells has its own characteristics, which favor some on other. As the skeletal
myoblasts proved their capability in multiple experiments to replace the dead cardiac
myocytes with maximum benefits and limited complications, they attracted the researchers to
proceed in different detailed trials including the use of various animal models and
introduction techniques, multiple transfections overexpressing various factors (modified
SkMs), and finally landing up into the human clinical trials.[7]
In this article a critical review including some of SkMs journey in the treatment of ischemic
heart disease including their beneficial effects, limitations encountered and their possible
solutions, and what is the future prospective of their uses.
METHODS AND MATERIALS
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 Sample
PubMed was chosen as the search database for the articles selection, because it’s one of the
major research databases within the suite of resources that have been developed by the
National Center for Biotechnology Information (NCBI). The following keys used for the
Mesh ("myoblasts, skeletal"[MeSH Terms] OR ("myoblasts"[All Fields] AND
"skeletal"[All Fields]) OR "skeletal myoblasts"[All Fields] OR ("skeletal"[All Fields]
AND "myoblasts"[All Fields])) AND (("therapy"[Subheading] OR "therapy"[All
Fields]

OR

"treatment"[All

"therapeutics"[All

Fields])

Fields]
AND

OR

"therapeutics"[MeSH

("cardiomyopathies"[MeSH

Terms]
Terms]

OR
OR

"cardiomyopathies"[All Fields])), a total of 174 articles were found. Further modification
by using the filter ―restriction to human studies- Last 5 years‖, and ―restriction to animal’s
studies- Last 10 years‖ left us with 81 articles, 68 of them were about animals, and 13 articles
were about human. Further screening by title, and reviewing the abstracts yielded a 47
articles which were enrolled, of whom 34 articles were about animal studies, and 13 articles
were about human studies (fig 1). Inclusion criteria: the articles were selected based on the
relevance to the project which should include one of the following topics. {Skeletal
myoblasts, Cardiomyopathies, Ischemic Heart Disease, Myocardial Infarction}. Exclusion
criteria: all other articles which didn’t have one of these topics as their primary end point, or
repeated studies.
 Measures
Assessment of the benefits versus the complications of SKM in the treatment of IHD, the
limitations that encountered the researchers, and analyzing the last progression has been
reached.
To ensure absences of bias, the data were extracted according to specific form that were done
before the start of the study. Based on this form the data were extracted, filled in the form,
and divided between the group members to review it before finalization for analysis.
 Analysis
No software was used, The data were extracted based on specific form that contain.
(Title of the study, name of the author, Objective, Number of the sample, Method of
Intervention, Results, and Outcomes), these data were reviewed by the group members to
weigh the benefits against the complications, to know what are the new things in this filed,
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and where it stands now. Double revision of each member’s outcomes was applied to ensure
the validity and minimize the mistakes.

Figure 1: Flow chart for processing the articles included.
RESULTS: (Table 1)
 In vitro
Study 1
In this study human & murine myoblasts were obtained & cultured in standard in vitro
conditions. Myoblasts were transfected with DNA plasmid expressing endothelial nitric oxide
synthase (eNOS). Then after; cell proliferation, cycle, apoptosis, and angiogenesis were
measured by specific tests. Electroporation appeared to be an efficient transfection method.
High amounts of secreted protein were obtained in both cell types. Human myoblasts did not
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exhibit any changes in cell cycle; however, eNOS transfected murine myoblasts revealed a
significant reduction in cell cycle ratio compared to controls. Transplantation of myoblasts
overexpressing eNOS could be promising for cell therapy in regenerating the infarcted heart.
 Animal Studies
 Small Animals


Rats

Study 1
In this study the aim was to study the effect of SkMs overexpressing vascular endothelial
growth factor (VEGF) on the infarcted myocardium using both scaffold implantation of
treated /untreated SkMs, & direct intramyocardial injection of treated / untreated SkMs.
Sham’s operation group was used as a control. 5 groups were included (n= 10 per group).
Transplantation of VEGF-overexpressing SkMs leads to neovascularization of the infarcted
hearts, but no functional improvement or reduction of the infarction size were observed.
Study 2
The study hypothesis was usage of genetically engineered myoblasts overexpressing the
paracrine factors: vascular endothelial growth factor, hepatocyte growth factor, stromal cellderived factor-1 (VEGF-A, HGF, SDF-1, or Akt1) is believed to enhance the regenerative
capacity of SkMs injected into an infarcted heart. In vitro, a significant increase in expression
of VEGF-A, HGF, SDF-1, and Akt1 after transfection was noticed. In vivo, transplantation of
growth factor-producing SkMs seeded scaffolds resulted in enhanced angiogenesis (VEGF-A,
HGF, and Akt1) or a reduced infarction zone (SDF-1 and Akt1) in the ischemically damaged
myocardium. These 4 factors may contribute to the paracrine effects that play an essential
role in the regeneration of ischemic myocardium by preventing apoptosis and inducing
angiogenesis.
Study 3
In this study it was hypothesized that transplantation of SkMs overexpressing stromal cellderived factor-1 (SDF-1) might improve cardiac function after MI. 5 groups were included
(n=50): sham operation, implantation of scaffold seeded with SDF-1 overexpressing SkMs
(PU-SDF-1-SkM)/or untreated SkMs(PU-SkM), intramyocardial injection of SDF-1
overexpressing SkMs(Inj-SDF-1-SkM) /or untreated SkMs (Inj-SkM). Sham animals, showed
a clear decrease in systolic function from intervention to study end. In group Inj-SkM and
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PU-SkM, all hemodynamic parameters remained unchanged. Systolic function was
significantly improved in groups Inj-SDF-1-SkM and PU-SDF-1-SkM at study end without a
difference between the two SDF-1 groups. Diastolic function was also increased in group InjSDF-1-SkM but not in PU-SDF-1-SkM. Histological analysis revealed a reduced infarction
size in all treatment groups at study end but enhanced neovascularization was not observed.
Transplantation of myoblasts overexpressing SDF-1 improves cardiac function after MI. The
restoration of hemodynamic parameters is accompanied by a reduction in infarction size. The
scaffold-based cell application showed no advantages over intramyocardial cell injection.
Study 4
The study aims were to: describe the role of microRNA-21 (miR-21) in interleukin-11 (IL11) signalling during preconditioning of SkMs, study the long-term fate of preconditioned
MY (PCMY) post-transplantation in the infarcted heart.3 groups were included (n=50):
intramyocardial injections of basal Dulbecco's Modified Eagle's Medium (DMEM) without
cells or containing non-PCMY or PCMY. Two-fold higher survival of male donor PCMY
post-engraftment and up to 4 months. PCMY improved angiogenic response. Indices of
myocardial contractility including EF and fractional shortening showed significant
improvement in PCMY-treated animals. PCMY has a significant role in improving the
functionality of the infarcted hearts which persisted up to 4 months.
Study 5
The study aims were to: determine the differential gene expression profile of SkMs and their
progeny (myotubes) in comparison with fibroblast-like cells, characterize the cytokines and
growth factors released by SkMs, and correlate in vitro and in vivo findings. 2 groups were
included (n=11): injection of human SkMs, or culture medium. Gene expression revealed upregulation of pro-angiogenic (PGF), antiapoptotics (BAG-1, BCL-2), heart development
(TNNT2, TNNC1) and extracellular matrix remodelling (MMP-2, MMP-7) genes in SkMs.
Culture of smooth muscle cells (SMC), cardiomyocytes (HL-1) and human umbilical vein
endothelial cells (HUVECs) with SkMs-released conditioned media demonstrated an
increased proliferation of HUVEC, SMC and cardiomyocytes and a decrease in apoptosis of
cardiomyocytes. In vivo studies demonstrated expression of human-specific factors similar to
those in vitro 1 month after transplantation. SkMs-secreted factors may contribute to the
beneficial effects of myogenic cell transplantation in infarcted myocardium.
Study 6
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The study aim was to evaluate the long term functional outcomes of SkMs Seeded Patches
Implanted on Infarcted hearts. 4 groups were included (n=23): Sham operation, SkMs seeded
scaffold, non-seeded scaffold, SkMs intramyocardial injection. Progression toward heart
failure was significantly prevented for up to 6 months after injection of SkMs and for up to 9
months following biograft implantation. After 12 months the effect of SkMs vanished &
histological studies showed an absence of the transplanted SkMs within the scaffold. Tissue
therapy is superior to cell therapy for stabilization of heart function. However beneficial
effects are transient.
Study 7
The study aim was to assess whether transplantation of SkMs overexpressing placental
growth factor (PlGF) would stimulate angiogenesis and enhance SkMs survival in the failing
heart. 2 groups were included (n=95): Intramyocardial injection of autologous SkMs
overexpressing PlGF, unmodified SkMs or Ringer solution (control group). Sham-operated
rats as an additional non-infarct controls. LV function significantly improved with time, and
fractional shortening on day 86 was significantly enhanced in transfected SkMs group
relative to control and unmodified myoblast groups. Vascular density and SkMs survival
were enhanced in transfected SkMs group relative to other groups. Mean fraction of fibrotic
scar tissue was decreased in unmodified and transfected SkMs groups relative to controls on
day 86. LV wall thickness was significantly increased in transfected SkMs group relative to
other groups. Intramyocardial injections of autologous SkMs overexpressing PIGF improved
cardiac function, attenuated cardiac remodeling, induced angiogenesis, and probably
enhanced survival of grafted SkMs.
Study 8
In this study it was hypothesized that Hepatocyte Growth Factor (HGF) overexpressing stem
cells would restore cardiac function after MI. 5 groups were included (n=50): sham operation,
the implantation of scaffold seeded with transfected SkMs (PU-HGF-SkM )or untreated
SkMs , or direct intramyocardial injection of a transfected (Inj-HGF-SkM) or untreated SkMs
(Inj-SkM). In sham animals a decrease in systolic and diastolic function was observed.
Treatment with untreated SkMs did not lead to any significant changes in hemodynamic
parameters between the intervention and 6 weeks later. In group PU-HGF-SkM, systolic
parameters improved significantly from baseline to study end. Some diastolic parameters
were inferior as compared to baseline. In group Inj-HGF-SkM, only pressure half time was
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impaired as compared to preinterventional values. Histological analysis showed significantly
more capillaries in the infarction border zone in groups PU-HGF-SkM than in sham and InjSkM group. The infarction size was not affected by the therapy.Transplanting HGFtransfected myoblasts after MI can limit the development of ventricular dysfunction.
Scaffold-based therapy in combination with gene therapy accelerates this capacity. This
hemodynamic improvement is accompanied by neovascularization, but not by smaller
infarction sizes.
Study 9
The authors of this study wanted to compare the host immune cell kinetics, survival profile of
donor skeletal myoblasts, and skeletal myoblast graft efficacy after autologous and allogeneic
skeletal myoblast transplantation into a rat model of myocardial infarction. A 128 animals
were divided into four groups: group 1 received medium only, group 2 received medium and
cyclosporine, group 3 received autologous skeletal myoblast transplantation, and group 4
received allogeneic skeletal myoblast transplantation with cyclosporine treatment. The
muscle biopsy isolated from tibialis anterior muscles of the rat hind limbs. The final results
were transplantation of allomyoblasts increased systolic heart function and limited heart
dilation after myocardial injury to a similar degree as automyoblasts and the use of
allomyoblasts is feasible and effective for cardiac repair with immunosuppressive treatment
as compared with automyoblasts.
Study 10
The authors of this study wanted to compare skeletal myoblast (SMB) with bone marrow cell
(BMC) injection to highlight donor cell-specific, late-phase arrhythmogenesis and the
underlying factors using a rat postinfarction chronic heart failure model. Female wild-type
SD rats underwent permanent left coronary artery (LCA) ligation, 3 weeks after LCA
ligation, the animals were randomly assigned to three groups: skeletal myoblast group, bone
marrow group and control group. Cells were injected into two sites of the periinfarct area
using a 31-gauge needle through rethoracotomy, SMBs were isolated from the extensor
digitorum longus of male and mononuclear BMCs were collected from femurs and tibias of
male. The conclusion of the results were that cell therapy was capable of improving function
of the postinfarction chronically failing heart, but there was late-phase arrhythmogenicity
specific to donor cell type and downregulation of connexin43 in the host myocardium is an
important factor underlying late-phase arrhythmogenicity after SMB transplantation.
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Study 11
The objective of this study is evaluating the roles of the factors in the preservation of matrix
architecture (in the infarct and remote regions) by varying the timing (postmyocardial
infarction) and delivery site of the implanted cells. Selected rats were randomly distributed
into 3 groups; infarcted group, non-infarcted group and control group the muscle cells
isolated and collected from the hind limb tibialis anterior of the rats. The results shows that
regardless of whether the cells were injected into the infarct or the noninfarcted myocardium
early after an myocardial infarction or later, skeletal myoblasts improved cardiac function by
preventing ventricular dilation and preserving matrix architecture in the remote region, likely
mediated by paracrine effects.
Study 12
The authors induced a myocardial infarction in 72 rats to assess the effects of different selfassembling peptides (RAD16-I or RAD16-II) with or without platelet-derived growth factor
(PDGF-BB) on survival of transplanted skeletal myoblasts. Two weeks after creation of
infarction, rats underwent a baseline echocardiographic assessment of the left ventricle
function and only those with an ejection fraction (EF) below 45% were selected for the trial.
After a median sternotomy, these animals were randomly allocated to receive intramyocardial
injections of culture medium, skeletal myoblasts, self-assembling RAD16-I peptides, or
skeletal myoblasts in RAD16-I peptides. The major finding of this study is that selfassembling peptides (either RAD16-I or RAD16-II) were not beneficial for survival of
myoblasts when implanted in infarcted rat myocardium.
Study 13
The authors of this study wanted to investigate the feasibility and efficacy of
polyethylenimine (PEI) based human vascular endothelial growth factor-165 (hVEGF165)
gene transfer into human skeletal myoblasts (HSM) for cell-based delivery to the infarcted
myocardium. A total of 48 rats received cyclosporine injection from 3 days before and until 4
weeks after cell transplantation. The cells were isolated in laminin coated 225 mm2 tissue
culture flasks using Super-medium. The results showed that PEI nanoparticle mediated
hVEGF165 gene transfer into human skeletal myoblasts is feasible and safe. It may serve as a
novel and efficient alternative for angiomyogenesis in cardiac repair.
Study 14
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The authors’ aim of the study was to evaluate the effect of recipient age on the regenerative
response to implantation with young skeletal myoblasts (SKMCs) after a coronary artery
ligation.
Young and older rats with infarct were divided into 4 groups: young and older recipients of
SKMCs isolated from young donors; young and older recipients of culture media (control
animals). In each rat, cells or culture media were injected into the central infarcted region.
The results showed that in vitro, proliferation and myotube formation were significantly
greater in SKMCs derived from young rats than from older rats. In vivo, young and older
recipients of SKMCs exhibited increases in cell density, vascular density and collagen
preservation relative to age-matched control animals. However, cell therapy produced
significantly greater functional improvements in young recipients than in older, along with
relative increases in stem cell factor, cell density, cell survival, and angiogenesis.
Study 15
The authors wanted to know wether pharmacologically preconditioned skeletal myoblasts are
resistant to oxidative stress and promote angiomyogenesis via release of paracrine factors in
the Infarcted Heart. This study included in vitro male and in vivo female rats, SkMs from
male Fischer-344 rats (rSkMs) were preconditioned for 30 minutes with 200mol/L diazoxide,
and female fischer-344 rats after permanent coronary artery ligation were grouped to receive
80 _L of basal medium without rSkMs (group 1) or containing 1.5_106 non- preconditioned
(group 2) or preconditioned (group 3) rSkMs. The muscle biopsy isolated from hindlimbs of
male Fischer and was stimulated with intramuscular injection of 0.3 mL mixture of ketamine
(10 mg/mL) and xylazine. The results showed that activation of signaling pathways of
preconditioning in SkMs promoted their survival by release of paracrine factors to promote
angiomyogenesis in the infarcted heart. Echocardiography revealed improved indices of left
ventricular function, including ejection fraction and fractional shortening.
Study 16
The authors wanted to evaluate the effects of combined surgery of myoblast sheets (MS)
implantation and preventing the impairment of cardiac diastolic function and late remodeling
after left ventricular restoration in ischemic cardiomyopathy. Rat myocardial infarction
model was established 2 weeks after left anterior descending artery ligation, a total of 45
male rats were randomized into three groups: 15 rats underwent only rethoracotomy (group
sham), 15 underwent left ventricular restoration (group LVR), and15 underwent LVR, which
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was immediately followed by myoblast sheets (MS) implantation (group LVR+MS). The
results showed that MS implantation decreased cardiac fibrosis by suppressing the profibrotic
gene expression and attenuated the impairment of diastolic function and the late remodeling
after LVR. It is suggesting that MS implantation may improve long-term outcome of LVR for
ischemic heart disease.
Study 17
The authors wanted to assess if scaffold-based transfer could overcome injection-associated
problems. A total of 93 operated animals included in this study and 47 could be included in
this study, the sample was divided into 4 groups, sham operation (group sham, sternotomy,
and adhesiolysis only), group underwent implantation of a scaffold seeded with transfected
myoblasts, group with untreated myoblasts and group underwent direct intramyocardial
injection of transfected myoblasts. The authors found that morbidity and mortality was 28
rats (30%) died during the study mainly of ventricular arrhythmia after the infarction, another
12 rats died between the treatment and the examination period. In the sham group, they
noticed a drop of systolic LV function with significantly reduced ejection fraction and left
ventricular pressure.
Study 18
The authors hypothesized that adding Mesenchymal Stem Cells (MSCs) to the SMB cell
sheets in vitro might enhance their survival and function after transplantation, which might
enhance the benefits of SMB cell-sheet transplantation therapy. A total of 40 animals
included in this study and underwent left anterior descending artery (LAD) occlusion to
induce ischemia, the rats divided into 4 groups as follow: group 1: transplantation of triplelayer of human h-msc cell sheets, group 2: transplantation of triple-layer of rat r-smb cell
sheets, group 3: transplantation of triple-layer co-cultured r-smb and h-msc sheets and group
4: control group. The researchers found that co-cultures of h-SMBs and h-MSCs showed
significantly enhanced levels of the cytokines. Co- cultures of h-SMBs and h-MSCs showed
significantly increases in ejection fraction and anterior wall thickness at 8 week in compare to
group 1 & 2. The LV structure was better maintained after the co-culture cell-sheet
transplantation at 8 week in compare to group 1 & 2.



Mice
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Study 1
The study aim was to prove the positive effect of connexin 43-modified human SkMs on
injured hearts. 4 groups were included (n=19): sham operation (Nacl injection),
intramyocardial injection of connexin 43-modified SkMs (MbCx), intramyocardial injection
of wild-type SkMs (MbWt). An additional control group (mice that were not subjected to
LAD ligation). 32-fold higher expression of the connexin 43 gene in the MbCx cell
population compared to controls. The susceptibility of the SkMs to oxidative stress
conditions and the fusion index were increased in the MbCx cells. Changes in the Myogenin
and Myosin Heavy Chain 2 (MYOG and MYH2) gene expression levels in the Gap junction
protein α 1 (GJA1) -modified myoblasts. Significant improvement in the post-infarction
echocardiographic parameters after intervention using MbCx cells compared with nontransfected myoblasts (MbWt) and the control, wherein a significant decrease in the LV area
change in the short axis was observed at 2 month follow-up. Connexin 43-modified human
SkMs have shown positive biological and functional effects.
Study 2
The authors wanted to do comparative analysis of the efficacy of different cell candidates for
the treatment of heart disease. This study is designed to evaluate the therapeutic efficacy of 4
cell types in a murine model of myocardial infarction. In this study they have done 2
comparisons, one comparing the efficacy of different adult stem cell types, animals were
randomized into 5 recipient groups (1) bone marrow derived mononuclear cells (MN), (2)
skeletal myoblasts (SkMb), (3) bone marrow derived mesenchymal cells (MSC), (4)
fibroblasts (Fibro), and (5) saline (PBS), and one comparing the effects of myocardial milieus
on MN survival, animals were randomized into 2 recipient groups (1) injection at the infarct
site and (2) injection at the periinfarct site. The researchers found that this is the first study to
show that compared to mesenchymal stem cells, skeletal myoblasts and fibroblasts,
mononuclear cells exhibit a more favorable survival pattern, which translates into a more
strong preservation of cardiac function.
Study 3
The purpose of this study is to find a new way in introduction of vascular endothelial growth
factor (VEGF) gene that is cheap and have a good transfection and low cytotoxicity with
manipulated SKM into infarcted myocardium, studying the effect of combined VEGF and
SKM in treatment of infarcted myocardium, and introduction of Hypoxia inducible factor-1α

www.wjpr.net

Vol 7, Issue 3, 2018.

436

Syam et al.

World Journal of Pharmaceutical Research

d into the promoter region of human VEGF165 (hVEGF165) gene to form hypoxia regulated
hVEGF165 (HRE-hVEGF165) gene for controllable VEGF expression. This study was
designed to assess the effect of combined vascular endothelial growth factor (VEGF) and
skeletal myoblasts (SKM) in treatment of infarcted myocardium. Hypoxia inducible factor-1α
was introduced into the promoter region of human VEGF165 gene to form Hypoxia
Regulated hVEGF165 (HRE-hVEGF165) gene to induce VEGF expression in the infarcted
area). A total of 3 groups were included in this study each group with 3 mice animals
underwent introduction of the VEGF gene by synthesis of polyamidoamine (PAMAM)
dendrimer by technique called ―One pot method‖ . On synthesis level, the authors reported
that the resulting h-PAMAM was structurally analogous to PAMAM and showed excellent
DNA protection ability, low cytotoxicity and high gene transfection efficiency in cell lines.
 Large Animals


Rabbits

Study 1
In this study the aim was to determine whether autologus SkMs implantation improves the
cardiac function after MI & the possible mechanism. 2 groups were included (n=30): Skms
intramyocardial injection & medium injection (control). Both maximum rising and falling
rate of the left intraventricular pressure were improved in SkMs injected group compared to
the control. The positive desmin immunostaining skeletal myofibers in the myocardium were
found throughout the infarcted areas & the border zone. Autologous SkMs can establish
muscle tissue when transplanted into postinfarction hearts, & this muscle can treat MI
effectively.
Study 2
In this study the aim was to determine whether SkMs transfected with connexin43 fused with
green fluorescent protein (Cx43EGFP) could improve the functionality & electrical activity
of the infarcted heart. 4 groups were included (n=20): untreated, sham, wild type SkMs, and
Cx43EGFP transfected SMs.The group injected with SkMs transfected with Cx43EGFP
showed improved LVEF, and electrical activities compared to other groups.Cx43EGFP
transfected SkMs look promising & have many beneficial effects on the infarcted heart.

 Sheeps
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Study 1
The purpose of this study is to evaluate myogenic cell transplantation in an ischemic heart
model associated with cardiac resynchronization therapy in compare to passive myogenic cell
transplantation. A total of 22 animals included in this study and divided into 4 treatment
groups, group 1 control, group 2 cell therapy, group 3 underwent cardiac resynchronization
therapy (CRT) and group 4 underwent intrainfarct implantation of myoblasts associated with
cardiac pacing, then they underwent ligation of 2 coronary arteries and injected autologous
cultured myoblasts with or without pacemaker implantation, the atrial synchronized
biventricular pacing was performed using epicardial electrodes. The authors did an echo at 4
& 8 week after the intervention and they found significant improvement in the ejection
fraction and limitation of left ventricular dilatation in cell therapy with cardiac
resynchronization therapy as compared with the other groups. Differentiation of myoblasts
into myotubes and enhanced expression of slow myosin heavy chain was observed in the
electrostimulated group.


Pigs

Study 1
In this study it was hypothesized that the use of tissue Doppler strain M-mode imaging to
assess myocardial layer-specific strain might enable detailed visual evaluation of the
regenerative ability of SkMs. 2 groups were included (n=20): SkMs implanted sheets &
Sham’s operation . Conventional echocardiogram, tissue Doppler strain, & histological study
(Ex vivo) were used to assess the anatomical and functional changes. SkMs sheets
implantation resulted in the following: 1) Progression of LV remodeling was prevented & EF
increased. 2) The subendocardial strain was significantly greater than the subepicardial strain
in the treated border region. 3) Vascular density in the subendocardium was significantly
higher than in the subepicardium in the treated region. 4) The expression of VEGF was
significantly increased. Tissue Doppler strain analysis allows precise evaluation of the effect
of cell-sheet implantation on layer-specific myocardial function.
Study 2
In this study it was aimed to assess whether sequential transplantation of autologous SkM by
percutaneous delivery is associated with increased cell engraftment and functional benefit. 4
groups were included (n=20): media control, one, two, or three doses of SkM. At the time of
sacrifice, cardiac function was significantly better in animals treated with SkM in comparison
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with the control group. The group of animals received 3 doses has significant increase in the
LVEF & vasculogenesis as well, and decreased fibrosis as compared to the group received a
single dose. Repeated injection of SkM in a model of chronic MI is feasible and safe and
induces a significant improvement in cardiac function.
Study 3
In this study it was hypothesized that if SkMs implants are arrhythmogenic, they will
facilitate the induction of ventricular tachyarrhythmias by promoting heterogeneous
propagation of activation wavefronts. 2 groups were included (n=10): subepicardial injection
of SkMs & injection of saline (control). Once explanted, epicardial wavefronts over SkMs
and adjacent control areas were optically mapped. In SkMs hearts, fibrosis and differentiated
cells were found and no tachyarrhythmias were induced. Time taken for the wavefront to
depolarize the SkMs and surrounding areas was similar, becoming only slightly longer at
SkMs areas after an extra-stimulus. The saline hearts showed similar results. In normal swine
hearts, myoblast implants promote localized fibrosis and slightly retard epicardial wavefront
propagation only after extra-stimuli. However, SkMs implants are not associated with local
re-entry and do not facilitate ventricular tachyarrhythmias in the whole normal heart.
Study 4
The study aim was to in vivo evaluate the effects of autologous SkMs transplantation on
myocardial morphology, function, perfusion and scar, and compare percutaneous versus
surgical delivery using cardiovascular magnetic resonance (CMR). 2 groups of chronic MI
were included (n=10): percutaneous injection of SkMs, and injection via surgical minithoracotomy. Decrease in indexed left ventricular end-diastolic volume, thickening of the
infarct-related segment (IRS) wall, increase in left ventricle (LV) ejection fraction. Scar
tissue within IRS decreased, whereas the number of nonviable segments decreased.
Myocardial perfusion of IRS improved. The arrhythmogenic peri-infarct zone increased after
SkMs transplantation. Benefits were similar by percutaneous or by surgical delivery. CMR
reveals reversed remodeling and improved systolic function, perfusion, and scar after SkMs
transplantation. A relative increase in the arrhythmogenic peri-infarct border zone may
explain previously reported arrhythmia. Percutaneous and surgical transplantation both lead
to comparable improvements in chronic MI.

Study 5
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In this study it was hypothesized that autologous SkMs sheets regenerate the infracted
myocardium as a preclinical trial. 2 groups were included (n=10): sham operation, autologous
SkMs sheet implantation. Cardiac performance was significantly improved in the SkMs
group 3 and 6 months after intervention and LV dilatation was well attenuated in the SkMs
group. Affected diastolic and systolic functions in infarcted anterior wall were significantly
recovered. Vascular density was significantly higher in the SkMs group than the control
group. Fibrosis and cell diameter were significantly lower in the SkMs group. Skeletal origin
cells and well developed- layered smooth muscle cells were detected in the implanted area.
Better myocardial perfusion and more viable myocardial tissue noticed in the distressed
myocardium receiving SkMs sheets compared with the myocardium receiving no sheets.
SkMs sheet implantation improved cardiac function by attenuating the cardiac remodeling of
ischemic myocardium.
Study 6
The authors’ aim of this study was to evaluate the effect of myoblast transplantation on left
ventricular function, perfusion, and scar formation after compromised coronary flow. A total
of 74 pigs included in this study and divided into 2 groups, treatment group and control
group, then they underwent a coronary vessel (proximal left circumflex artery) ligation.
Skeletal muscle was biopsied for isolation from the porcine vastus lateral muscle. Two weeks
after ligation, animals were randomly selected to receive intramyocardial injections of
myoblasts. The researchers found that peak-filling rate of the left ventricle improved in the
myoblast group but not in the control group, peak ejection rate and duration of diastole
improved only in the myoblast group, ejection fraction or local thickening did not change and
fibrosis and perfusion were similar in both groups, but more microvessels were present
histologically in the myoblast group.
Study 7
The authors wanted to compare the effectiveness of direct adenoviral angiopoietin-1 (AdAng-1) injection with transplantation of skeletal myoblasts (SkMs) over-expressing
angiopoietin-1 (Ang-1) for angiogenic response and improvement of heart function in an
experimental porcine model of myocardial infarction (MI). A total of 32 female pigs with
experimental MI were randomized into 4 treatment groups then they used Ad-Ang-1 for
intramyocardial injection of DMEM or transduction of SkMs, after that the animals were
immunosuppressed for 6 weeks then they did euthanasia and their heart tissue was processed
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for histological studies. The researchers found that SkMs mediated Ang-1 delivery is
associated with improved angiogenic response, regional myocardial perfusion and heart
function as compared with direct Ad-Ang-1 administration.
 Human beings (clinical studies)
Study 1
The authors wanted to determine the safety and preliminary efficacy of transcatheter
intramyocardial administration of myoblasts in patients with heart failure (HF) after
myocardial infarction. A total of 21 patients were included in the study, the patients were
divided into 3 groups, placebo group with 6 patients, low dose of skeletal myoblasts group,
and high dose skeletal myoblasts group. The study shows that an improvement in 6-minute
walk test can be seen in a period of 6 month in both groups (low-dose and high-dose
myoblast) without significant difference. Also, there was increase in brain natriuretic peptide
in the control in compare to (low-dose and high-dose myoblast group) which indicate
deterioration in the heart function. The only disadvantage seen in the myoblast groups were
increase in the frequency of ventricular tachycardia that require treatment in compare to
control group.
Study 2
A total of 12 patients were included in the study, to assess the feasibility and safety of
intramyocardial injection of autologous skeletal myoblast (ASKM) obtained from vastus
lateralis muscle in patients with old myocardial infarction undergoing coronary artery bypass
surgery. The follow up period was 3 month, which show up a significant improvement of left
ventricular ejection fraction, increase in the contraction ability of the cardiac segments treated
with skeletal myoblast, and increase in the tissue viability in the infarcted area. Also,
researchers found that skeletal myoblasts implants are not associated with an increase in
adverse events, and no cardiac arrhythmias were detected during early follow-up.
Study 3
A total of 10 patients were included in the study to assess the feasibility and safety of skeletal
myoblasts transplantation in conjunction with coronary artery bypass surgery for the
treatment of post-infarction myocardial as a primarily goal. Also, as a secondary concern, the
left ventricular function was assessed during 12 month follow up period. The autologous
skeletal myoblasts biopsy were obtained from vastus latralis muscle, and cultured in specific
media before implantation. The study shows an interesting thing in which the use of
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amiodrone (anti-arrhythmic drug) infusion before skeletal myoblasts transplantation, and
initiation of oral tablets after 24 hour of the surgery for 3 weeks after surgery act as
prophylaxis against development of ventricular tachycardia. Also, after assessment of left
ventricular function, there was significant increase in the ejection fraction which reach up
40% from the initial measurement, and improvement in the cardiac contractility.
Study 4
This study designed to assess the feasibility and safety of autologous skeletal myoblast
transplantation in patients with severe ischemic cardiomyopathy. A total of 10 patients were
included in the study, muscle biopsy obtained from vastus latralis, and cultured in a media
supplemented with bovine fetal serum, basic fibroblast growth factor, dexamethasone,
penicillin, and streptomycin. Finally the cells were injected within and around the scar area.
At an average of 10 month follow up, the study shows up that the use of autologous skeletal
myoblast transplantation induce a significant improvement in the left ventricular ejection
fraction, mean New York Heart Association functional class, and the systolic thickening of
the infarcted area. In general there were no adverse complications, except four (out of ten)
patients showed delayed episodes of sustained ventricular tachycardia and were managed
with an internal defibrillator.
Study 5
The authors of this study wanted to assess the histological analysis of hearts from patients
with end-stage heart disease who were transplanted with autologous skeletal myoblasts
concurrent with left ventricular assist device (LVAD) implantation. A total of 5 patients were
included in the study, a sample were taken from vastus lateralis muscle, and sent into a
specific cell isolation facility where myoblasts were isolated and grown. Finally the
autologous skeletal myoblasts were injected within and around the scar area.The study show
up that skeletal muscle cell survival and differentiation into mature myofibers were
demonstrated in the scarred myocardium, with significant increase in the small vessel
formation. The only serious adverse effect was brief episodes of ventricular tachycardia
which occurred immediately in the postoperative period that resolved with betablockers and
amiodarone therapy.

Study 6
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A total of 4 patients were included in the study to evaluate the potential application of
combined transplantation of autologous skeletal myoblasts cells which were obtained from
tibialis anterior and/or medial vastus muscle, with bone marrow mononuclear cells which
were aspirated from the ileum just before cell transplantation in patients with severely
deteriorated ischemic cardiomyopathy. The study shows up a significant improvement in the
left ventricular ejection fraction, with remarkable decrease in the brain natriuretic peptide.
Concerning arrhythmia the researchers didn’t detect any lethal arrhythmia during 6 month
follow up period, and they speculated this to the small amount of implanted myocytes into the
scarred area, and the mechanical unloading provided by the pre-implanted left ventricular
assist device.
Study 7
The study was designed to assess the safety and feasibility of percutaneous myoblast
implantation in heart failure patients with implanted cardioverter-defibrillators (ICD).
A total of 54 patients were included in the study, 40 patients of whom included into skeletal
myoblasts (SKM) transplantation group, and 14 included in the control group. A SKM biopsy
was obtained from quadriceps or gastrocnemius muscle, and went for culture in specific
facility. All of SKM transplantation group patients received prophylactic treatment with
amiodarone, four weeks prior to cell transplantation to minimize the risk of ventricular
arrhythmias. Myoblasts cells were intra-myocardially injected into akinetic segments under
fluoroscopic guidance. At 6 month follow up period there were significant improvement in
the 6 minute walk test, and mean New York Heart Association functional class in the
treatment group in compare to control group. Unfortunately, therapy didn’t show any
improvement in the global left ventricular ejection fraction. Concerning arrhythmia, there
were 12 sustained arrhythmic events and one death after episodes of ventricular tachycardia
(VT) in the treatment group and 14 events in the control group.
Study 8
The study were designed to assess the safety, and efficacy of autologous skeletal myoblasts
(ASM) transplantation in addition to coronary artery bypass grafting (CABG) for the
treatment of ischemic cardiomyopathy. A total of 7 patients included in the study, 2 patients
of whom allocated into high dose ASM group (1), 2 patients into low dose ASM (2) group,
and 3 patients into control group (3)) for 12 month follow up period. A skeletal myoblasts
(SKM) biopsy were taken from vastus lateralis muscle, and underwent specific culture media
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before implantation. To minimize the risk of ventricular arrhythmia all 7 patients received an
implanted cardioverter defibrillator (ICD) and treatment with amiodarone as a prophylaxis.
The ASM were injected into the infarcted myocardium and the border zone of the infarction
during the coronary bypass operation The patients of the group 1, 2 shows one step
improvement in New York Heart Association (NYHA) functional class during the follow-up,
in compare to group 3 which shows either deterioration (NYHA) functional class or remain
the same. Also, the results showed initial improvement in the three groups for both left
ventricular end systolic volume and left ventricular end diastolic volume at 6 and 12 months
follow-up. This positive tendency continued in the long-term follow-up for the high-dosage
group only. There were significant improvement in group 1, and 2 in the left ventricular
ejection fraction mostly in the group 1 which reached up to 35% in compare to control group
at 6 month follow up. This improvement shows a drop about 3-5 % mostly in group 2, but
thereafter remained stable.
Study 9
The authors aimed to investigate the long term hemodynamic effects of intramyocardial
injection of autologous skeletal myoblasts in patients with ischemic heart failure. A total of 5
patients were included in the study, muscle biopsy was obtained from quadriceps muscle, and
underwent specific culture media. Cell transplantation was done by cardiac catheter injection
directly into the infarcted area. During the follow up observation period there were no
adverse effect seen. A significant increase in the cardiac output can be obtained by skeletal
myoblast transplantation, this increase in cardiac output is achieved by a reduction in endsystolic volume and a slight increase in heart rate, whereas end-diastolic volume remained
unchanged. Also, there were no significant changes relative to baseline values in relation to
the New York Heart Association functional class.
Study 10
This study were designed to evaluate the safety, feasibility, and efficacy of percutaneous
endovascular injection of autologous skeletal myoblasts (ASM) via Biosense 3-dimensional
(3D) Mapping and injection system in subjects with congestive heart failure. A total of 23
patients were included in the study, of whom 12 patients allocated into ASM receiving group,
and 11 patients into control group. A muscle biopsy were taken from vastus lateralis muscle,
and underwent specific culture media before implantation. Myoblasts were injected to the
myocardium with the ―Biosense intramyocardial injection catheter‖ directly into the infarcted
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area, without any use of antiarrhythmic medications or ICD were administered to patients
prophylactically. During the injection procedures there were no complications or any adverse
events can be attributed to the skeletal myoblasts injections (SKM). At 12 month follow up
period, the treatment group showed a sustained improvements in New York Heart
Association and Minnesota Living with Heart Failure Questionnaire (MLHFQ) in compare to
the control group.
Study 11
This study were done to evaluate the safety and efficacy of autologous skeletal myoblast
sheet (ASM) for the treatment of severe chronic heart failure due to ischemic heart disease. A
total of 7 patients were included in the study, a muscle biopsy were taken from vastus
medialis and cultured in fetal bovine serum. The ASM sheet transplantation was performed
through a left thoracotomy under general anesthesia, and 5 sheets were transplanted onto a
large area extending from the anterior wall to the lateral wall of the left ventricle. No other
cardiac surgery, such as coronary artery bypass graft or mitral valve repair, were performed.
The study shows up that (ASM) sheets implantation induce a significant improvement in the
left ventricular ejection fraction, New York Heart Association functional class, and finally in
the 6-minute walk test. During the follow up period (26weeks) there were no serious
arrhythmia, which required inpatient hospitalization or prolonged existing hospitalization for
treatment or monitoring or other adverse effect observed.
Study 12
The study were designed to assess the feasibility, safety, and efficacy of autologous skeletal
myoblast transplantation performed via a percutaneous trans-coronary venous approach in
patients with post-infarction left ventricular dysfunction. A total of 10 patients were included
in the study, muscle biopsy was obtained from vastus latralis and grown in specific cell
culture media. Skeletal myoblasts transplantation into infarcted area were done by ―transaccess catheter system‖ under fluoroscopic and intravascular ultrasound guidance trough
either anterior inter ventricular vein, or middle cardiac vein. To minimize the risk of
ventricular arrhythmia patients were treated with prophylactic amiodarone infusion before
and during the procedure.The researchers were able to perform a successful intramyocardial
injections into the target area of the left ventricle without any adverse effect related to the
procedure. In concern about cardiac arrhythmia, only single ventricular extrasystoles were
seen during intramyocardial cell injections in all cases. During 6 month follow up period
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there were improvement in both New York Heart Association functional class and the left
ventricular ejection fraction.
Study 13
This study were designed to assess the safety, and efficacy of 2 doses of autologous skeletal
myoblasts (ASM) compared with a placebo injection in patients undergoing coronary artery
bypass grafting (CABG) operations for multi-vessel coronary artery disease and severe
cardiac dysfunction. A total of 97 patients were included in the study, of whom 33 patients
allocated into low dose ASM group (1), 30 patients into high dose ASM group (2), and 34
patients enrolled into control group (3). A muscle biopsy were taken from the thigh, and
grown in specific culture media. ASM injected into an average of 30 sites in and around
myocardial akinetic segments identified by echocardiography. To minimize the risk of
ventricular arrhythmia an implantable cardioverter-defibrillator (ICD), and amiodarone
therapy started at the time of biopsy and continued for 3 months postoperatively. The
researchers observed during 6 month follow up period a significant improvement in both left
ventricular ejection fraction and New York Heart Association functional class, in group 1,
and 2, especially in high dose group (2). In concern to arrhythmia and other adverse effects, a
higher number of arrhythmic events in the myoblast-treated patients were observed. Despite
this higher rate of arrhythmic events the 6-month rates of major cardiac adverse events and of
ventricular arrhythmias did not differ significantly between the treatment and placebo groups.
DISCUSSION
Autologous skeletal myoblasts (SkMs) are the most well-studied type of cells which have
been extensively characterized in preclinical experimental animal models as well as in the
clinical studies. They have many characteristics that support their superiority over other cell
types[7] (fig 2). SkMs implanted into infarcted hearts have shown functional restoration in
both systolic and diastolic (increased LVEF, segmental contractility, and compliance of the
infarcted myocardium), and structural improvement such as delayed LV remodeling,
neovascularization, and increased systolic thickening of the scared area beside their safety
and feasibility in vitro, in vivo and in human beings as well.[8-10]
As mentioned above SkMs gained the focus from many of research groups having an interest
in this field due to their incredible, valuable and beneficial results achieved until now.[8-10]
From this stand, many experimental studies of SkMs have been conducted and still lots of
studies are under process. Multiple review papers similar to ours have been published and an
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overall similar results were obtained encouraging more effort, and time to be spent in such a
field. Following are some of the strengths and limitations of our project:
Strength
The reviewers were supervised by an experienced person who has multiple publications in
this field, providing them with the most sensitive and crucial points to be addressed. A double
revision of the results of each articles included in this paper was carried out, minimizing the
possibilities of mistakes and increasing the reliability of the results. This review includes
around 47 articles (34 animals studies, 13 human studies) addressing various points of view
in each article, which provide an excellent information in the clinical perspective. Finally, we
included recent and modern articles (animal studies: last 10 y, human studies: last 5 y), so the
people who will read this review will know the most recent progresses and the obstacles still
encountered.
LIMITATIONS
Firstly, we restricted ourselves to one search engine (PubMed), to collect relevant
information. Although this is a global, versatile engine, and is extensively used by researchers
as it contains a huge number of articles. However, it doesn’t include all of the conducted
studies especially the clinical studies in this specific field; increasing the chance of missing
an important studies and information relating to our review project. Secondly, this review as
mentioned previously, consists of 13 clinical studies, and as the main purpose of the majority
of researches is the prioritized concern about safety and efficacy of SkMs. This number of
human studies is considered low to support strongly the use of SkMs as a treatment of
ischemic cardiomyopathies. Finally, restriction of the reviewed clinical studies to the last 5
years is considered a limitation in the sense that we failed to compare the data emanating
from earlier studies.
Challenges
SkMs are similar to any type of stem cells in term of their advantages and disadvantages.
These disadvantages should not be an obstacle in their progress to patient use, instead they
should lead the scientists to make efforts to overcome their limitations and maximize their
beneficial effects. Transplanted SkMs show an electromechanical isolation from the host
myocardium which disturbs the synchronous contractility, and functional integrity of the
myocardium, thus inducing an arrhythmia which is considered a major problem in SkMs
transplantation.[11] Medical therapy or automatic cardiac defibrillator implantation treat and
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lower the risk of arrhythmias. Genetic modification of SkMs with connexion 43
overexpression improves functional integration and synchronous contractility through
increased amplitude of gap junction conductance with the host myocytes.[12-13] Massive
attrition rate, especially in the acute phase affecting negatively the overall results of these
experiments.[14] As the early loss of SkMs was attributed to oxidative stress, poor availability
of nutrients, lack of adherence with the host tissue and the inflammatory/immune responses,
many strategies have been suggested to encounter these issues including ischemic
preconditioning of the cells by exposure to multiple cycles of hypoxia and re-oxygenation
which found to improve the survival rate of the implanted cells.[15-16]
FUTURE PERSPECTIVE
Despite the promising results achieved using this type of cells, still there are some issues
which need to be resolved for an optimal prognosis. The dose of the cells, route of delivery,
and survival duration play an important role on the final results. Optimization of culture
conditions preserve the proliferation and differentiation characteristics. Repeated injections
have shown better results (reduction in the size of the infarcted area and higher LVEF) as
compared to a single dose injection.[17-18] Intramyocardial injection as a route of cells delivery
is widely used, although it provides the preciseness of directing the cells into the infarcted
area by direct visualization and shows good results, it is an invasive procedure and
considered to be proarrythmogenic. Recently, biological cell-sheet was seeded with SkMs
and applied on the infarcted area as a delivery route and found to have an equal positive
outcomes, but less traumatic compared to intramyocardial injection. This method allows the
adherent cells - seeded sheet on the affected epicardium, by avoiding the needls trauma which
lead to less fibrosis and less arrhythmia beside the positive effects.[19-20] Many clinical studies
reported the presence of ventricular arrhythmia in patients receiving SkMs, however and
interestingly enough, all reported cases were treated pharmacologically.[21] Genetic modified
SkMs overexpressing different cytokines and growth factors found to achieve better results
when compared to wild type cells, and enhance the paracrine effect along with the direct
effect of stem cells.[22-36] Paracrine mechanisms need to undergo an extensive experiments
since it can lead to optimal results. Finally, as in this field the two dominating cells are SkMs
and bone marrow stem cells have promising results, therefore, it was suggested that their
combination with each other might offer a better results.[37]
In conclusion, as the stem cell therapy is still in infancy, the obstacles encountered should not
hinder the researchers to exert an extensive efforts to overcome them, having in mind as an
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encouragement points all the positive results fulfilled in the clinical experiments until now
and that if this therapy achieved its optimal results would reduce the major burden of such a
disease. SkMs remain as other types of stem cells which is impossible to be without having
disadvantages, but their advantages as previously mentioned overcome their disadvantages
leading them to be the most well-studied donor cell type.
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Figure 2: Skeletal Myoblasts Characteristics.
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