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z użyciem komórek macierzystych dla regeneracji serca 
mięśniowego
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Summary
There is a variety of mechanisms(s) factor(s) that may influence stem cell therapies for heart 
regeneration. Among the best candidates for stem cell source are: mesenchymal stem cells 
(also those isolated from adipose tissue), cardiac cell progenitors (CPC) and descendants of 
iPSC cells. iPSC/s can be potentially beneficial although their pluripotent induction has been 
still in question due to: low propagation efficacy, danger of genomic integration/instability, 
biological risk of current vector system teratoma formation etc. which have been discussed 
in this review. Optimization protocols are required in order to enhance stem cells resistance 
to pathological conditions that they may encounter in pathological organ and to increase 
their retention. Combination between gene transfer and stem cell therapy is now more often 
used in pre-clinical studies with the prospect of subsequent clinical trials. Complementary 
substances have been contemplated to support stem cell viability (mainly anti-inflammatory 
and anti- apoptotic agents), which have been tested in animal models with promising results. 
Integration of nanotechnology both for efficient stem cell imaging as well as with the aim to 
provide cell supporting scaffolds seem to be inevitable for further development of cellular 
therapies. The whole organ (heart) reconstruction as well as biodegradable scaffolds and 
scaffold-free cell sheets have been also outlined.
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reconstruction
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IntroductIon

Cardiovascular disease (CVD) is a major cause of mor-
bidity and mortality, especially in highly developed 
countries, and is commonly associated with myocardial 
infarction (MI). According to the World Health Orga-
nization, myocardial infarction and coronary artery 
disease lead to 29% of deaths worldwide [64]. The preva-
lence of MI has been continuously increasing due to the 
changes in lifestyle and aging of the population. It has 
been known that a large myocardial infarction elimina-
tes even 20- 30% of the total heart mass (approximately 
300g), containing about 1.8- 2.7 billion cardiomyocytes. 

Myocardial infarction is associated with the left ventricu-
lar (LV) dilatation and interstitial fibrosis in the infarcted 
myocardium, which cause depressed cardiac performance 
and can be independent determinants of morbidity and 
mortality after MI. LV remodeling is the result of the ove-
rexpression of various factors, including proinflammatory 
cytokines, angiotensin II, and norepinephrine, which have 
direct pathophysiological effects on cardiac myocytes, 
noncardiac myocytes, and the extracellular matrix [58].

Current therapeutic approaches to MI (pharmacological 
therapies and interventional strategies) put emphasis on 
the improvement of symptoms and prolonging life, and 
they do not address the fundamental problem, which is 
the loss of cardiac tissue.

Heart transplantation is considered to be the most effec-
tive therapy but it is associated with many problems 
such as: immunological rejection, age restrictions, sur-
gical complications, and insufficient number of donors 
or medical costs. For this reason, the ongoing research 
worldwide has turned towards stem cell-based thera-
pies, which aim to reconstruct the loss of myocardium 
with new functional cardiac cells. Nevertheless, the 
effects of cardiac cell therapy are limited due to the 
problems with low survival rate after stem cell trans-
plantations and insufficient ability of cell homing and 
engraftment. 

The experimental studies and early clinical trials con-
ducted to overcome these limitations focused on iden-
tifying perfect cell stem candidates for cellular therapy, 
the best method of cell delivery, optimal cell dose and 
timing of its administration. There are two major stra-
tegies applied to improve cardiac cell therapy. The first 
one focuses on the pretreatment of the cells in order to 
stimulate their adhesion or directed migration, survival 
and differentiation. Whereas the second strategy aims 
to provide the appropriate environment for cell recru-
itment, long- term engraftment and possibly differen-

tiation/function [19]. In this review, we will summarize 
recent advances on cardiac cell therapy and methods 
used to enhance its efficacy in clinical applications.

optImal stem cells for cardIac regeneratIve therapy

Multiple types of stem cells have been included in nume-
rous preclinical and clinical trials to establish their rege-
nerative potential that could be used for either direct 
or indirect (paracrine) effects of cell therapy to infarc-
ted myocardium. The ideal cell type should meet the 
following characteristics: safety (no tumor formation 
or arrhythmias), improvement of heart function, ability 
to regenerate cardiac muscle, easy accessibility with no 
immune system rejection or ethical issues involved.

Embryonic stem cells (ESCs)

Embryonic stem cells were considered to be promising 
candidates for cardiac regenerative therapy due to their 
strong proliferation potential and the ability to diffe-
rentiate into the cells from three germ layers: ectoderm, 
endoderm and mesoderm. However, for a long time, cli-
nical trials in humans have not been conducted due to 
bioethical controversies related to their origin. Other 
ESCs-related obstacles involved immune rejection and 
teratoma formation [24]. Quite recently, however, a pio-
neering Menasche group at Georges Pompidou European 
Hospital in Paris opened a clinical trial (ESCORT- trans-
plantation of human Embryonic Stem Cells- derived 
prOgenitors in severe heaRT failure) using pericardial 
flaps seeded with cardiomyocytes made out of hESCs [5].

Adult Stem Cells (ASCs)

Another group of candidates for cardiac cell transplan-
tation therapy is represented by the members of adult 
stem cells (ASCs) including: bone marrow cells (BMCs), 
skeletal myoblasts (SKMs), endogenous cardiac stem 
cells (CSCs) and adipose- derived stem cells (ADSCs). 

Although limited in numbers, somatic stem cells, their 
proliferation and differentiation potential when compa-
red to ESCs, the easiness and efficiency of their isola-
tion from the patient caused that ASCs have been taken 
under consideration as an optimal candidate for cardiac 
cell therapy. Furthermore, transplantation of autologous 
patient-derived cells avoids immune rejection and ethi-
cal controversies.

Skeletal Myoblasts (SKMs)

It has been known that mature skeletal muscle fibers 
contain a pool of undifferentiated and inactive satellite 
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cells (myoblasts), which exhibit proliferative activity and 
differentiate into muscle fibers to regenerate injured or 
dying skeletal muscle cells. Nevertheless, transplanted 
skeletal myoblasts are electrically and mechanically 
uncoupled from the host myocardium, which is a major 
setback for their application in cardiac regenerative cell 
therapy. SKMs were ones of the first cell types to enter 
the clinical trials for heart regeneration. Small non-ran-
domized phase I trials demonstrated functional bene-
fits including improved left ventricular ejection fraction 
(LVEF) and increased tissue viability after myoblasts 
engraftment; however, high loss rate of skeletal myobla-
sts has been observed and ventricular arrhythmias have 
occurred in the myoblast-treated patients [92]. The 
first prospective randomized placebo-controlled phase 
II SKM trial (MAGIC), revealed no benefits from trans-
planted autologous skeletal myoblasts to postinfarction 
scar [63]. Nevertheless, other experiments conducted to 
test skeletal myoblasts as potential candidates for car-
diac regenerative therapy are promising. The results of 
a recent study indicate that mechanical preconditioning 
of transplanted skeletal myoblasts enables their interac-
tion with cardiomyocytes in vivo [103].

Bone marrow cells (BMCs)

Autologous bone marrow cells (BMCs) were among the 
most widely used for clinical therapy. The BMCs consist 
of mixture of hematopoietic stem cells and endothe-
lial progenitor cells (HSCs and EPCs- constitute appro-
ximately 2–4% of BMCs), mesenchymal stem cells (MSC 
< 0.1%) and rarely some numbers of side cell popula-
tion [22]. Both undifferentiated subpopulations: HSCs 
and MSCs can be induced to become components of 
myocardium [26]. MSCs when injected into the murine 
myocardium, showed the ability to differentiate into 
cardiomyocytes [102]. Moreover, MSCs lack major histo-
compatibility complex antigens of class II (HLA-DR), 
which opens a possibility for their allogeneic usage. The 
effect of MSCs in heart regeneration is not only due to 
their ability to differentiate into cardiomyocytes but 
mostly due to their paracrine activity [21]. 

Mesenchymal stem cells are thought to secrete cytopro-
tective cytokines, chemokines, and growth factors that 
are considered to inhibit apoptosis and fibrosis (scar for-
mation), to promote proliferation, differentiation and 
vascularization [13]. The mechanism of MSCs action is 
based on their ability to inhibit the activation of NF-κB, 
thus reducing the expression of TNF-α and IL-6, and 
increasing anti-inflammatory cytokine IL-10 production 
[23].

Autologous MSCs transplantation has been shown to 
reduce infarct size, improve left ventricular ejection 
fraction (LVEF) and reverse remodeling after myocardial 
infarction [88]. Nevertheless, a meta-analysis of 49 trials 
performed by Nowbar and colleagues in 2014, showed 
modest myocardial recovery after BMCs transplantation 
[70]. By now, cardiac regenerative therapy with BMCs 

showed mild to modest benefits in left ventricular (LV) 
function, which was additionally often short-lived. The 
recent study discovered that the combination of human 
MSCs and cardiac stem cells have a better impact on the 
reduction of infarct size and the improvement of cardiac 
functions than MSCs alone. Nevertheless, the myocar-
dial regeneration with new cardiomyocytes and new 
blood vessel production, after BMCs transplantation, has 
not been documented. 

Adipose- derived stem cells (ADSCs)

Another population of stem cells that have been shown 
to present therapeutic potential in cardiac regenera-
tive therapy is adipose-derived stem cells (ADSCs). The 
adipose tissues were demonstrated to contain multipo-
tent stem cells and mainly consist of adult mesenchy-
mal stem cells and endothelial progenitor cells. These 
populations of adult stem cells have been shown to dif-
ferentiate into multiple cell lineages including cardio-
myocytes [80]. 

It has been reported that the administration of ADSCs 
can effectively improve left ventricular function in ani-
mal models of myocardial infarction [46]. For instance, 
in a rat MI model, transplantation of ADSCs improved 
LVEF, increased angiogenesis and decreased fibrosis [62]. 
Recent reports have also shown that human ADSCs exhi-
bit perivascular characteristics by showing increased 
migration in response to vascular endothelial growth 
factor (VEGF)-165 and platelet-derived growth factor 
(PDGF)-BB, thus contributing to increased microvascular 
density (during angiogenesis) migrating towards blood 
vessels [2]. Furthermore, ADSCs can improve heart func-
tion by the recruitment of native cardiac resident stem 
or progenitor cells by paracrine mechanisms. Several 
studies provided evidence that ADSCs contain a popu-
lation of adult multipotent mesenchymal stem cells that 
improve left ventricular function but mainly by growth 
factor-mediated paracrine effects. Since the presence of 
cardiomyocytes within the MSC grafts appeared to be 
rare, MSCs are thought to trigger angiogenesis mainly 
through paracrine pathways [67].

The preliminary results of clinical trials suggest that 
ADSCs may provide stabilization of infarct size and 
improve maximal oxygen consumption [79]. The bene-
ficial effects of ADSCs with enhancement of angiogene-
sis and cardiovascular protection appear to be related to 
their multipotency and ability to secrete growth factors. 
Taking into consideration the large amount of adipose 
tissue in general and the fact that ADSCs can be safely 
obtained, this group of adult stem cells can be a poten-
tial new source of cells for cardiovascular therapy. 

Cardiac stem cells (CSCs)

Since 2003, it has been known that the adult heart con-
tains a group of stem cells supporting its own regene-
ration. These cells are multipotent, clonogenic and 



978

Postepy Hig Med Dosw (online), 2017; tom 71: 975-987

characterization was based solely on MEFc nuclear/
cytosol ratio, and long-term cell structural conver-
sion has not been yet confirmed. Clinical endpoints 
were measured at a 6-month follow-up scheme, clearly 
classical for “paracrine procedures” heart improve-
ment. Further documentation is urgently required 
for implanted cells imaging in order to document the 
proof of concept.

novel strategIes In cardIac cell therapy wIth the use of adult 
stem cells

The general problem with the transplantation of stem 
cells is the very low survival rate in the host organ 
and a small amount of cells which migrate (retain) to 
regions of myocardial infarction. It has been shown that 
more than 90% of the stem cells die within 24 hours 
after transplantation, which is related to an ischemia, 
hypoxia, and proapoptotic conditions [101]. Moreover, it 
has been documented that only 1.3% to 2.6% of intracor-
onary injected stem cells migrated to the myocardium 
two hours after injection and about 1.49 % was reported 
after the time of 20 hours [37]. 

Many studies have shown that stem cell therapy of heart 
failure depends on the mechanisms associated with the 
promotion of angiogenesis and suppression of myo-
cardial apoptosis, and/or immune regulation [105]. To 
address these problems, novel approaches to improve 
the existing strategies have been developed, e.g. various 
methods of cells preconditioning before transplantation 
into damaged myocardium. 

Cell preconditioning

It has been reported that mesenchymal stem cells, when 
hypoxically preconditioned, showed increased expres-
sion of pro-survival and pro-angiogenic factors, e.g., 
hypoxia-inducible factor 1, angiopoietin-1, vascular 
endothelial growth factor and its receptor, Flk-1, as well 
as erythropoietin, Bcl-2, and Bcl-xL [31].

Since paracrine factors have been known to promote 
myocyte proliferation, angiogenesis and to inhibit apop-
tosis, they are commonly used to enhance the thera-
peutic effect of stem cells transplanted into infarcted 
myocardium. Positive effects have been obtained after 
MSCs preconditioning with some growth factors and 
cytokines (e.g., SDF-1α), which suppressed cells apop-
tosis, enhanced their survival, engraftment, vascular 
density, and, while mediated by SDF/CXCR4 signaling 
pathway, improved myocardial function [78].

Recent findings have indicated that preconditioning of 
BMSCs using the Hypoxia- inducible factor 1α (HIF-1α) 
prolyl hydroxylase inhibitor dimethyloxalylglycine 
(DMOG) enhanced their survival and paracrine activity 
[55], while pretreatment of adipose-derived stem cells 
(ADSCs) using 5-azacytidine induced cardiogenic differ-
entiation [81].

self-renewing, and give rise to cardiomyocytes, smo-
oth muscle cells and endothelial cells. Population of 
cardiac stem cells was initially isolated from the adult 
rat heart and characterized as expressing the tyrosine 
kinase receptor c-kit, and lacking any markers of hema-
topoietic lineage [11]. CSCs have also been identified 
in humans, in which a new wave of clinical trials have 
been begun. Several different populations of CSCs have 
been identified and characterized including c-kit+, car-
diospheres, sca-1+, side cell population, Is11+, epicardial 
and SSEA-1+ progenitor cells. However, a class of human 
c-kit-positive cardiac cells is the best characterized and 
the most studied CSC population. 

Several studies documented the ability of CSCs to pro-
mote regeneration and improvement in both LV struc-
ture and function, and heart remodeling prevention in 
various animal models of post-MI cardiomyopathy [52]. 
The results of the first clinical trial (SCIPIO) are con-
sistent with the preclinical studies and suggest that 
intracoronary infusion of autologous CSCs results in an 
improvement of LV systolic function and in a reduction 
of infarct size [12].

Cardiosphere cardiac stem cells are also characterized 
as a multipotent, self-renewal and clonogenic cell sub-
population with the ability to regenerate the cardiomy-
ocyte in vivo. In the first clinical trial conducted with 
cardiosphere-derived cells (CADUCEUS), a therapeutic 
(beneficial) effect has been observed [57].

The problem with CSCs is mainly related to the cell 
engraftment and retention issue. Less than 1% of trans-
plantated cells can be identified 4 weeks after transplan-
tation, whereas the majority of successfully retained 
cells die due to apoptosis, inflammatory factors or isch-
emia. 

Some studies focused on the comparison of the myocar-
dial repair potency of different adult stem cell types and 
the highest rated were CSCs due to the greatest func-
tional benefits, balanced production of paracrine fac-
tors and the lowest dose to gain therapeutic effects [49]. 
However, as previously mentioned, the combined ther-
apy with both CSCs and MSCs provided better effects 
than CSCs alone. 

Summarizing, cell-based clinical trials to treat MI with 
BMSCs, CSCs and ADSCs have led to an improvement 
in heart function, also a left ventricular ejection frac-
tion, or extended life expectancy, mostly as a result of 
paracrine effects instead of direct differentiation into 
cardiomyocytes. The latest strategies, however, indi-
cate another line of research when using cardiopoietic 
driven cell populations out of bone marrow-derived 
stem cells [8]. This procedure could convert traditional 
“paracrine procedures” into more structurally-ori-
ented cells of cardiac provenience (CHART-1 design). 
However, a definitive documentation of such cell con-
version is lacking. First, phenotypic and genotypic cell 
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to hypoxia, migration and immune response. Genetic 
modification of MSCs by hypoxia inducible factor-1α 
(HIF-1α) overexpression has been shown to improve 
the angiogenesis process under a hypoxic condition 
by paracrine and autocrine mechanisms [83]. Likewise, 
intramyocardial transfection of HIF-1α and co-trans-
plantation of MSCs in an experimental model of MI 
increased cells survival, engraftment, and angiogene-
sis; however, it reduced apoptosis [33]. Stromal derived 
factor-1α (SDF-1α), a pro-angiogenic and cardiomyo-
cyte protective protein is known to reduce the prob-
lem related to the migration of the transplanted MSCs 
from the damaged site [4]. Furthermore, SDF-1α inhib-
ited hypoxia/SD (SD- serum deprivation) induced MSCs 
apoptosis through PI3K/Akt and ERK1/2 signaling path-
ways [114]. It has been also documented that the mesen-
chymal stem cells modified with tumor necrosis factor 
receptor (TNFR) gene have shown the anti-apoptotic 
and anti-inflammatory effects after transplantation into 
infarcted heart [7].

Moreover, it has been reported that the promotion of 
CSCs recruitment, engraftment and significant reduc-
tion of infarct size occur via CXCR4/PI3K signaling path-
way [107]. Likewise, some studies have also proved that 
CSCs engraftment and differentiation were improved 
after basic fibroblast growth factor (bFGF) introduction 
[100].

MicroRNAs/Exosomes

It is suggested that both normal and disordered cardiac 
functions, e.g., myocyte hypertrophy, ventricular dila-
tion, apoptosis and myocardial fibrosis are controlled 
by microRNAs. Recent findings have implied that miR-
133, and miR-1 are the key regulators of cardiac hyper-
trophy [14], whereas miR-499 promoted differentiation 
of CSCs into mechanically integrated cardiomyocytes 
[30], suggesting their therapeutic application in heart 
disease.

Another novel molecular mechanism using the thera-
peutic potential of MSCs includes the function of exo-
somes. They are considered as vectors for miRNAs 
communication among cells. After being transferred 
by exosomes, microRNA can silence corresponding 
mRNA in target cells [96]. MSCs-derived exosomes play 
an essential role in MSCs-based therapy by multiple 
anti-apoptotic miRNAs (e.g., miR-221), which activate 
cell survival signaling pathway. Recent studies have 
clearly clarified that exosomal miR-221 reduce the 
expression of p53 upregulated modulator of apopto-
sis (PUMA). Since PUMA was shown to interplay with 
BCL-xL and p53 and activate pro-apoptotic proteins, 
its inhibition by miR-221 effects in CMCs survival 
[116]. Moreover, recent studies have revealed that the 
administration of exosomes from MSCs benefits in a 
few pro-regenerative processes such as: anti-cardiac 
remodeling, anti-inflammatory effects [3] and neovas-
cularization [87].

Likewise, preconditioning using physical methods 
(mechanical stress, magnetic field and low O2 pre-cul-
ture) has been employed for cardiac stem cells. Mechan-
ical stress suppressed the proliferation of CSCs, but 
promoted their production of inflammatory cytokines 
and angiogenic factors [42]. Magnetic field was used 
to drive cardiac-specific differentiation into adult car-
diac progenitor cells [27], whereas low O2 conditions 
improved cells yield and quality [48]. 

Genetic engineering

An additional strategy to enhance the therapeutic effi-
cacy of stem cells by improving cell survival, homing, 
engraftment and pro- regenerative capacity of trans-
planted cells may be the combination of the cell and 
gene therapy. Thus, in order to attenuate the apoptotic 
effect after transplantation, genetically modified stem 
cells have been engineered. The survival rate of MCSs has 
been increased after cell modification with anti-apoptotic 
gene Bcl-2. In respect to that, the results obtained have 
shown a reduction in infarct size and an improvement in 
cardiac function [50]. Pro-survival effects have also been 
achieved with MSCs transduced with Akt, known as pro-
tein kinase B (PKB) [51], heme oxygenase (HO-1) [101] and 
Cx43 (connexin43) [106]. Similarly, the transplantation 
of autologous ADSCs combined with HO-1 transduction 
showed improved function and remodeling prevention 
of infarcted myocardium [47]. Genetic engineering meth-
ods have also been used to enhance CPCs cell proliferation 
and survival. For example, overexpression of previously 
mentioned, Pim-1 kinase, resulted in rejuvenation of phe-
notypic and functional properties likely by increasing 
telomerase activity and telomere lengths [68]. 

In addition to anti-apoptotic genes, stem cells used in 
cardiac therapy have also been modified with genes 
responsible for the promotion of angiogenesis, e.g. the 
vascular endothelial growth factor (VEGF) [32], angio-
poietin-1 (Ang-1) [54], granulocyte chemotactic pro-
tein (GCP-2) [40]. The results obtained with MSCs in a 
mouse/rat models showed significant improvement in 
angiogenesis, cell survival rate, cardiac function, and 
reduction of infarct size [32,40,54]. Similarly, enhanced 
pro-angiogenic effects have been reported in experi-
ments with CPCs after VEGF introduction [118] or 
with those over- expressing Ang-1 [117]. Subsequently, 
human ADSCs transduced with the gene for VEGF and 
hepatocyte growth factor (HGF) resulted in greater 
angiogenesis and improved cardiac function.

The overexpression of protein kinase G1 α (PKG1α) has 
also been reported to improve both MSCs survival and 
their angiomyogenic potential in infarcted heart. The 
survival rate and heart function were improved; more-
over, the anti-apoptotic proteins (Akt, GSK3β, and Bcl-2) 
and paracrine factors were increased [109].

There is accumulating evidence that gene modified 
stem cells have also attenuated the problems related 
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iPSCs have been reported to differentiate into several 
types of cardiomyocytes (atrial, nodal and ventricular), 
with similar characteristics to ‘native’ cardiomyocytes. 
Moreover, no significant difference has been observed 
between cardiomyocytes derived from either ESCs or 
iPSCs [110]. Several signal proteins associated with heart 
development have also been reported to boost the effi-
ciency of ESCs and iPSCs driven cardiogenesis through 
Wnt/beta- catenin [69], activin/nodal [77], TGF-beta/
BMP2 access [10].

The majority of iPSCs has been produced by forced 
expression of defined transcription factors using retro-
viral and lentiviral origin vectors [98], with the accom-
panying insertion of transgenes into the host genome. 
Moreover, the transcription factors used to generate 
iPSCs (c-Myc and Klf4) are known for their oncogenic 
activity. In order to resolve induced pluripotent stem 
cells- related problems, which among others include the 
low efficiency of iPSC generation (0.001- 2%) [86], insuf-
ficient kinetics, and safety at all- reprogramming, many 
methodological improvements have been pursued. For 
instance, the reprogramming factors can be now delive-
red using Sendai viral system (SeV), based on a negative-
-strand RNA virus with no ability to integrate into the 
host genome, thus ameliorating the danger for human 
application [71].

In addition to reprogramming approaches, other 
methods have been developed in order to meet the cli-
nical application requirements through, e.g. virus-free 
iPSCs generation [36], piggyBac transposons, episo-
mes or minicircle systems. More recent approaches to 
generate iPSCs include the use of recombinant proteins, 
synthetic mRNAs and microRNAs. Reprogramming fibro-
blasts to iPSCs with modified mRNA has been shown to 
reach up to 1.1%, whereas the combination of lentiviral 
transduction with miR302/367 demonstrated 10% effi-
cacy. Moreover, a chemical approach is considered as a 
promising strategy to improve the iPSC generation (CiP-
SCs). Dozens of small molecules have been reported to 
replace reprogramming factors and to improve the effi-
cacy of iPSC reprogramming. Such an approach may eli-
minate the drawbacks of standard used methods (e.g., 
the risk of tumorigenesis from genomic integration of 
exogenous sequences or overexpression of oncogenes).

It has been reported that iPSCs epigenetic characteri-
stics, such as CG methylation and histone modification, 
may affect the function of iPSC- derived cells [53]. Since 
the generation of iPSCs by somatic cell reprogramming 
involves global epigenetic remodeling, the effective-
ness of reprogramming depends on chromatin-modify-
ing enzymes, e.g. DNA methyltransferase inhibitors (eg. 
5-aza-cytidine) and histone deacetylase (HDAC) inhi-
bitors [34]. For instance, Valproic acid (VPA), an HDAC 
inhibitor, improve reprogramming efficiency by more 
than 100-fold [34]. Moreover, VPA enables efficient 
induction of pluripotent stem cells with only Oct4 and 
Sox2, without introduction of the oncogene c-Myc [35].

Drug administration

In order to improve cells viability, implementation of 
drug therapy concomitant to stem cell transplantation 
has also been studied. The combination therapy with 
both MSCs and drugs have been reported to improve the 
therapeutic effects after cell transplantation to infarcted 
heart in animal models. Statins, such as lovastatin and 
rosuvastain, are thought to play a cytoprotective role 
against hypoxia- and serum deprivation- induced apop-
tosis via PI3K/Akt and MEK/ERK1/2 signaling path-
ways [112,119]. Moreover, rosuvastatin administration 
decreased the pro-apoptotic proteins Bim and Bax and 
increased the anti-apoptotic proteins Bcl-xL, Bcl-2, as 
well as the paracrine effects of MSCs [119]. In addition 
to statins, trimetazidine (TMZ) has also been reported to 
have a protective impact on MSCs H/SD-induced apop-
tosis via Akt pathway, and increased the paracrine func-
tions of MSCs [29]. A recent study has also revealed that 
the effect of the ASCs treatment for myocardial infarc-
tion has been enhanced when the therapy was combined 
with cyclosporine A- nanoparticles (CsA-NP) [115]. Like-
wise, treatment with 17β- estradiol (E2)- enhanced CSCs 
therapeutic potential [108].

Since NF- κB is a transcription factor thought to have 
a potential role in the pathogenesis of heart failure by 
promoting inflammatory and fibrotic responses [93], 
this factor has also been involved in the recent stu-
dies. The results obtained indicated that the blockade 
of NF-κB activity with its inhibitor significantly inhibi-
ted mortality and suppressed the LV remodeling, provi-
ding beneficial effects in a rat model. Moreover, using 
the phosphorylation inhibitor of the IκB (the inhibitor 
of the NF-κB), IMD-0354 (IMD), the amount of accumula-
ted inflammatory cells in the infarcted heart have been 
reduced and the expression of proinflammatory cytoki-
nes and chemokines have been suppressed, contributing 
to the reduction of myocardial fibrosis [74].

iPSCs

In 2006, Takahashi and Yamanaka generated a pluripoten-
tial stem cell population (iPSCs) transducing mouse adult 
fibroblasts with four, defined transcription factors (TFs), 
OCT3/4, Sox2, c-Myc, and Klf4 (so-called “Yamanaka fac-
tors”). The cells that they obtained express ESCs cell mar-
ker genes and have characteristics similar to embryonic 
stem cells in respect to their morphology and growth pro-
perties [99], which make them another attractive candi-
dates for cardiac regenerative medicine. It has been also 
reported that iPSCs differ from ESCs with regard to gene 
expression and DNA methylation pattern [73].

The aim of somatic reprogramming is to generate auto-
logous pluripotent stem cells that are easy to create 
in the lab, or at any conditions with no difficulties to 
obtain individually-tailored specific precursors in order 
to avoid rejection by the patient’s immune system in 
transplantation therapy. 
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porous alginate scaffolds have shown the encouraging 
results. Leor and colleagues have reported almost com-
plete disappearance of the scaffold and good integra-
tion into the host with significant improvement of heart 
functions, such as the attenuation of LV dilatation, the 
recovery of LV contractility, and intense neovasculari-
zation [44].

In the infarcted area of myocardium, there are some 
structural changes within the extracellular myocardial 
matrix. The amount of collagen type I decreases from 
80% to 40% [18]. It has been observed that collagen 
matrix demonstrates some features common with car-
diac tissue [120], and, when used as a delivery vehicle, 
significantly reduces the relocation of transplanted 
MSCs [20]. Many reports have documented that a col-
lagen tissue patch coated with MSCs, playing a role in a 
reverse remodeling process, impacts functional myocar-
dial improvement [17].

The results obtained in a rat MI model using autologous 
mesenchymal stem cells (MSCs) seeded on collagen-1 
scaffold showed an improvement in the perfusion and 
the reduction of infarct size with an increase of ven-
tricular wall thickness and angiogenesis [61]. Another 
collagen-based strategy included vascular endothelial 
growth factor (VEGF) delivery using genetically modi-
fied skeletal myoblasts, which promoted the vascu-
larisation of the infarcted myocardium [56]. Human 
embryonic stem cell and human induced pluripotent 
stem cell-derived cardiomyocytes have also been used 
in 3D collagen matrix [104].

Fibrin patches generated using both fibrinogen and 
thrombin with either MSCs or hESC-VCs (human embry-
onic stem cell- derived vascular cells) have been tested 
in a swine MI model [111]. Sun and colleagues conducted 
an experiment in a rat myocardial infarction model, sho-
wing that fibrin embedded adipose-derived mesenchy-
mal stem cells (ADMSCs) exhibited increased activity in 
improving left ventricular (LV) performance and redu-
cing LV remodeling when compared with the ADMSCs 
alone [97].

Synthetic polymers, such as polygycolic acid (PGA) [15], 
epsilon-caprolactone/L-lactide (PCLA) [60], poly(gly-
cerol- sebacate) (PGS) [59], and polyglycolic acid cloth 
(PGAC) [25], have also been tested in cardiac tissue engi-
neering. The results obtained with various types of cells 
(BMCs, MSCs, vascular smooth muscle cells (SMCs), car-
diomyocytes) examined in numerous animal models 
were promising for future cardiac applications (favoura-
ble cardiac features, improved LV function, and incre-
ased angiogenesis). 

The recent results obtained in a mouse MI model, with 
both a poly(ethylene glycol)–fibrinogen (PF) scaffold 
and two types of iPSCs: MiPS (iPS cells engineered to 
secrete matrix metalloproteinase 9- MMP9) and PiPS 
(iPS cells engineered to secrete placental growth fac-

Novel strategies to genetically modify human iPS cells at 
‘safe harbor’ sites in the genome have been developed in 
order to avoid perturbing neighboring gene expression 
[16,76]. Safety criteria established to evaluate potential 
safe-harbors include: a distance of at least 50kb from the 
5’ end of any gene, at least 300kb from any cancer-related 
gene and microRNA, and a location outside of transcrip-
tional units and ultraconserved regions [76]. Cerbini et al. 
have just published the results of the recent experiments, 
in which they constructed transcription activator-like 
effector nucleases (TALENs) targeting the safe-harbor like 
gene CLYBL. Based on the recent study, it has been shown 
that a novel target for TALEN–enhanced integrative gene-
-transfer, located in intron 2 of the Citrate Lyase Beta-Like 
(CLYBL) gene, provided up to 10-fold higher transgene 
expression compared to widely used AAVS1 [16].

nanotechnology

Another problem that cardiac cell therapy has to face 
is that stem cells injected directly into the myocardium 
migrate to remote organs. It has been documented that 
the majority of cells delivered through intracoronary 
infusion accumulate not in the infarction region, but in 
the border zone, whereas the retention of cells in the 
myocardium is an important determinant of their the-
rapeutic effect. 

The aim of tissue engineering is to replace or support 
infarcted areas by the implantation of compounds com-
prising the cells with degradable biomaterial scaffolds. 
The selection of the appropriate biomaterial of a scaf-
fold that best suits to the requirements of the ‘native’ 
microenvironment of cardiac tissue is crucial. It should 
assume suitable cell- material interactions in order to 
ensure proper cell adhesion, proliferation, differentia-
tion, and maturation [45].

It can be noted that there is enormous progress in the 
biomaterials generation, which exhibits both structu-
ral and functional characteristics similar to extracel-
lular matrices [18]. Generally, there are two categories 
of tissue constructs produced for cardiac therapy pur-
pose: scaffolds (based on collagen, fibrin, matrix synthe-
tic polymers and decellularized heart) and scaffold- free 
(cell- sheets and cell- aggregation technologies).

There is accumulating evidence that nano tissue engine-
ering approach seems to improve the efficiency of cellu-
lar cardiomyoplasty [9,20,61,75,97].

BIodegradaBle 3d scaffolds

Various types of 3D myocardial tissues have been engi-
neered by seeding cardiomyocytes into alginate, colla-
gen, fibrin or synthetic polymers, e.g. poly(glycolic acid) 
scaffolds. 

The implantation of previously fabricated 3-dimen-
sional myocardial tissue using cardiomyocytes and 3D 
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Injectable systems

The major disadvantage of cell seeding is related to 
the irregular distribution of cells in the scaffold. More-
over, it has also been reported that rigid elements of the 
matrix isolate cardiomyocytes from each other. Thus, 
semi-liquid matrix exhibit advantages over the rigid 
materials, which have been shown to display problems 
with the continuity of the myocardial architecture, syn-
chronization of the contraction, vascularization and sig-
nal transfer [41].

This problem has been resolved by Zimmermann et al., 
who used a mix of cells with a soluble hydrogel of colla-
gen type I and extracellular matrix protein (Matrigel). As 
a result, electrical coupling with the host myocardium 
and improvement of heart function without arrythmia 
have been observed [120]. 

Other authors have also documented improved heart 
geometry and function after the injection of both stem 
cells and liquid Matrigel into the myocardium. Inject-
able scaffolds have been thought to exhibit some addi-
tional favorable features, e.g., easy and minimal invasive 
delivery directly to the infarct zone [41].

Since Matrigel is derived from mouse sarcoma cells.
The limitations of its usage in the clinical applications 
include the fact that Matrigel is not tissue-specific and 
it is also associated with the increased risk of tumor for-
mation [1]. 

Other injectable materials tested for cardiac regen-
erative therapy include: hydrogels based on N-isopro-
pylacrylamide [95] or poly(ethylene glycol) (PEG) [85]. 

Several possible obstacles of injectable materials have 
been noted and they include insufficient mechanical 
support for the infarcted myocardium and the risk of 
blocking the flow of blood in the host [82]. 

Cell sheet engineering

Scaffold-related problems, such as the inflammatory 
response due to their biodegradation in the host and 
undesired cell migration, have resulted in new 3D 
technology development. In contrast to 3-D biode-
gradable scaffolds, a novel technology without scaf-
folds, called cell sheet engineering, has been initiated 
due to poly (N-isopropyl acrylamide) (PIPAAm) inven-
tion [72].

Shimizu et al. reported that the layered cardiomyocyte 
sheets in vivo demonstrate a long survival, macroscopic 
pulsation and characteristic structures of native heart 
tissue [91]. The transplantation method of layered car-
diomyocytes has been successfully tested with cardio-
myocytes of various origin (ESCs, iPSCs) [43,94].

tor- PlGF), showed significant improvement in revascu-
larization and hemodynamic parameters compared with 
non- engineered cells or PF alone [9].

The major advantage of 3D scaffolds is the easiness of 
engineering, but scientists also put emphasis on the cor-
relation between the stiffness of the material and the 
contractile function of the engineered construct [59]. It 
has also been reported that cells in stretched constructs 
had a more mature phenotype, e.g., greater cell elonga-
tion, increased gap junction expression, and better con-
tractile elements. Enhanced survival and engraftment 
of transplanted cells within a stretched construct have 
been reported in a rat MI model [65].

whole heart reconstructIon 

Another type of highly promising application in the car-
diac regenerative medicine constitutes the three-dimen-
sional extracellular matrix scaffolds. This approach is 
based on the use of decellularized animal-donor organs 
with vascular network and extracellular matrix [17], e.g. 
3D myocardial tissue was generated by reseeding cardio-
myocytes into decellularized rat whole heart [75]. 

It has been known that structural and functional mole-
cules in the extracellular matrix include glycosaminogly-
cans and the collagens, elastin, fibronectin, laminin, and 
vitronectin [6]. Moreover, it has been demonstrated that 
cardiac extracellular matrix (ECM) properties, which vary 
in time after MI, may have an impact on cardiac differ-
entiation of delivered stem cells [113]. Three-dimensional 
extracellular matrix scaffolds as a template for organ 
reconstruction by recellularization is thought to promote 
the phenotype and function of the incorporated cells [84]. 
Scaffold material generated by decellularization is docu-
mented to preserve its characteristics including its integ-
rity, bioactivity as well as the vascular, lymphatic and 
neuronal network [6]. Since it is also biodegradable and 
does not elicit an immune response from the host, ECM 
meets the requirements of the perfect biomaterial for the 
tissue engineering purpose [39]. It has been documented 
that the degradation products of ECM, including growth 
factors such as basic fibroblast growth factor (bFGF), vas-
cular endothelial growth factor (VEGF), impact the pro-
cess of recruitment and proliferation of the cells used in 
the recellularization of the bioscaffold [84]. 

Based on recent reports, it seems possible that the three-
dimensional extracellular matrix scaffolds may allow 
heart muscles to restore normal cardiac function [6,75]. 
Various methods of ECM scaffold preparation (including 
the process of decellularization and implantation) have 
been tested in order to increase the release of growth 
factors, to reduce the immune rejection and, as a result, 
to improve the effect of cell implantation [39]. The 
results of the recent study have shown that the thera-
peutic effect was significantly improved when mesen-
chymal stem cells have been previously preconditioned 
with transforming growth factor-β (TGF- β) [28].
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Cardiomyocytes derived from pluripotent stem cells 
have been tested with encouraging results in both cell-
sheet [38,43] and cell-aggregation technologies [94]. 
This suggests that novel scaffold-free human myocar-
dial patches may meet the requirements for successful 
cardiac tissue engineering.

concludIng remarks

Further critical elements of stem cell therapy have 
to be taken under consideration in order to improve 
the pro-regenerative effect of stem cells towards car-
diac tissue, such as the timing, cell dose, and delivery 
techniques not described in the present review. Nev-
ertheless, the other organs benefit already from cellu-
lar therapies and medical application of stem cells has 
been seen as an imminent future of our biotechnologi-
cal progress. 

Sekiya and colleagues have demonstrated that cardiac 
cell sheets express angiogenesis-related genes and thus 
their transplantation results in the neovascularization 
of the host myocardium [89]. Based on a rat model, it has 
been shown that the survival and growth of implanted 
myocardial cell sheets were preserved for at least one 
year. Their impact on the cardiac stem cell therapy 
improvement include the increase in contractility, 
angiogenesis, and the reduction of fibrosis [90].

Increased LV wall thickness and inhibition of fibrosis and 
necrosis in the scar was observed as a result of cardiomyo-
cyte sheets transplantation in a rat MI model [66]. Similar 
results have been obtained for various cells types (adi-
pose- derived MSCs, mESC-derived cardiac cells, endothe-
lial and skeletal muscle cells) [67]. Additionally, using a rat 
MI model, it has been further demonstrated that the role 
of MSCs sheets in the improvement of the cardiac func-
tion is also related to enhanced paracrine activity [67]. 
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