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Abstract

Severe myocardial infarction can lead to ventricular remodelling and progressive contractile dysfunction with inability of
the heart to maintain perfusion to vital organs. Pharmacological and surgical interventions can only alleviate symptoms or
retard further disease progression. However, these interventions fail to regenerate dead myocardium. Stem cells have the
potential to replace or repair dead or injured cells after myocardial infarction. Stem cells are either integrated by themselves
or provide a platform to transmit molecular signals to a target tissue without actually integrating into the tissue itself. Clinical
studies, still in early stages, have reported that this therapeutic modality may lead to an overall improvement of cardiac
function. Endogenous cell homing presents a promising approach that may represent an effective alternative to stem cell
transplantation. Identifying factors and adequate regulation of signalling between bone marrow, peripheral circulation and
infarcted myocardium are important in orchestrating the process of mobilization, incorporation, survival, differentiation
and proliferation of stem cells. Moreover, the potential for magnifying stem cell-mediated paracrine effects using “genetically
engineered”, “preconditioned”, “targeted” or “combined stem cell therapies” can provide promising options for enhancing stem
cell therapy success while limiting adverse effects. It is hoped that these experimental trials will be eventually translated into
successful treatment strategies in the clinical field.
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Introduction

Severe myocardial infarction (MI) can lead to ventricular
remodelling and progressive contractile dysfunction with
inability of the heart to maintain perfusion to vital organs
[1]. The cardiomyocytes primarily respond to ischemia
by cellular hypertrophy rather than proliferation, due to
the limited regenerative ability of adult cardiomyocytes
[2]. Moreover, post-infarction remodelling is likely an
important trigger for initiating ventricular arrhythmias
[3]. Therefore, post-infarction consequences remain a
major contributor to cardiac morbidity and mortality.
Pharmacological and surgical interventions can only
alleviate symptoms or retard further disease progression.
However, these interventions fail to regenerate dead
myocardium. Consequently, in spite of the reduced
mortality by current therapies, the increased morbidity
due to the possible deterioration of heart function still
remains a challenge [4].
Stem cells represent an important building block for
regenerative medicine and tissue engineering. Theoretically,
stem cells are capable of self renewal and differentiation into
almost any tissue with specialized structure and function
[5]. Stem cells, therefore, have the potential to replace or
repair dead or injured cells after MI. Stem cell therapy also
has brought a bright prospect for the treatment of heart
failure [6]. Stem cells are either integrated by themselves
or provide a platform to transmit molecular signals to a

target tissue without actually integrating into the tissue
itself [7]. Although preclinical research has documented
the therapeutic potential of stem cells, clinical studies,
still in early stages, have reported that this therapeutic
modality may lead to an overall improvement of cardiac
function [8].

Stem cells subtypes

Embryonic stem cell

Embryonic stem cells are isolated from the embryo at
the blastocyst stage and can be fully differentiated into
different cells including cardiomyocytes. A side from
ethical issues, there is a limitation in the use of embryonic
stem cells in clinical studies because of the possibility of
teratoma formation [9].

Somatic stem cells

Somatic stem cells are derived from adult somatic tissue,
such as bone marrow, adipose tissue, peripheral blood,
umbilical cord blood, and skeletal muscle. Although somatic
stem cells may be autologous and no immunological or
ethical constraints exist, they have lower regenerative
potential than embryonic stem cells [10].

Bone marrow stem cells

Bone marrow mononuclear cells (BM-MNCs) not only
comprise hematopoietic stem cells (HSCs), but also
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provide a hideout for a heterogeneous population of
stem/progenitor cells; mesenchymal stem cells (MSCs)
and endothelial progenitor cells (EPCs) [11]. The niche,
in which bone marrow stem cells remain quiescent, is
comprised of a diverse population of stromal cells and
extracellular matrix components, such as fibronectin,
collagens and proteoglycans [12]. The contractile potential
of adult cardiomyocytes was shown to be preserved by
BM-MNCs conditioned media. In addition, microvessel
density and fractional shortening of myocytes incubated
with BM-MNCs supernatants were better preserved than
myocytes cultured in control medium [13]. BM-MNCs delivery
to ischemic tissue has also demonstrated a significant
increase in tissue levels of angiogenic ligands such as
basic fibroblast growth factor (bFGF), vascular endothelial
growth factor (VEGF), cardiac levels of interleukin-1 beta
(IL-1β) and tumor necrosis factor-α (TNF-α) [14].
In patients with MI, BM-MNCs that were directly infused
to related artery infarction through angioplasty balloon
catheter significantly improved left ventricular ejection
fraction after 6 months. However, there were no significant
differences compared with the control group after 18
months. In 5-year follow up, all indicators (cardiac index,
exercise capacity, oxygen uptake, and left ventricular
contractility) showed no differences with the control
group [15]. Moreover, number and proliferation of stem
cells were found to decline in elderly patients. This may be
one reason for the lower outcomes of clinical trials in old
patients with extensive comorbidities compared to animal
studies [6]. On the other hand, a meta-analysis suggests
that BM-MNCs therapy is likely more effective in ageing
and diabetic individuals [16]. This may be explained on the
basis that patients who are ageing or diabetic likely suffer
from impaired endothelium or inadequate physiological
angiogenesis in response to ischemia and therefore tend
to gain beneficial effects from the supplementation of
BM-MNCs [6].
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has been demonstrated in Akt-MSCs-treated hearts.
This leads to a decrease in catecholamine levels and a
subsequent attenuation of β-adrenoceptor downregulation
[20]. Specifically, in a previous study, direct injection of
MSCs into ischemic rat myocardium decreased fibrosis,
apoptosis and left ventricular dilatation. This resulted in
the alleviation of systolic and diastolic cardiac dysfunction
with no significant effect on myocardial regeneration [21].

Endothelial progenitor cells

Progenitor cells have shown to be of most benefit when
used to treat hibernating cardiomyocytes. Incorporated
progenitor cells, through the release of growth factors,
promote angiogenesis by acting on mature endothelial cells
of limited regenerative potential leading to an improvement
in oxygen supply [22]. VEGF and stromal derived factor-1
(SDF-1) released by EPCs into conditioned media promote
the migration of mature endothelial cells and the formation
of capillaries via differentiation-independent mechanisms
[23]. Interestingly, the neutralization of VEGF, HGF, IL-8 and
MMP-9 did not attenuate the cytoprotective effects of
EPCs in a previous study. This provides an evidence that
EPCs may exert their influence via alternative mechanisms
likely related to intracellular antioxidant pathways [24].

Cardiac stem cells

Cardiac stem cells (CSCs) are cells that reside in the heart
itself and are inherently programmed to reconstitute
cardiac tissue. Resident CSCs have the ability to proliferate
and differentiate into cardiomyocytes and, to a lesser
extent, into smooth muscle cells and endothelial cells
[25]. Many kinds of CSCs can be isolated and identified
from adult heart including c-kit+ cells and Sca-1+ cells.
CSCs have been found in clusters of an average density of
0.01% in the rat adult myocardium [26]. These cells have
long telomeres, or “caps,” on their chromosomal ends
indicating a significant growth reserve [27]. It seems that
CSCs account for physiological turnover in absence of
Mesenchymal stem cells
injury. Thus, although not enough, they have the potential
MSCs are multipotent adult stromal stem cells that differ- to rescue the infarcted heart. For stem cell therapy, these
entiate into a variety of tissues including muscle, cartilage, cells need to be harvested, cultured and delivered to
bone, skin, and fat. MSCs have been demonstrated to the infarcted heart [28]. In a previous study, injection of
secrete factors such as angiopoietins, VEGF, bFGF, and CSCs into infarcted myocardium revealed an increase in
hepatocyte growth factor (HGF) that protect the heart expression of Akt, a decrease in caspase 3 activity and
from ischemic insult by activation of neovascularization, apoptosis, and an increase in capillary density. On the
improvement of contractility and bioenergetics and other hand, direct differentiation of CSCs accounted only
attenuation of fibrosis [17]. MSCs transplantation has for a small portion of new capillaries and cardiomyocytes
been found to attenuate protein production of TNF-α [29]. Other study showed that intracoronary administration
and IL- 6 and increase anti-inflammatory cytokines of cKit+ CSCs into rat hearts following acute ischemia
expression through inhibition of nuclear factor-kappa B induced proliferation of resident cKit+ CSCs in the infarct
(NF-κB) activation [18]. MSCs also improve cardiac function zone presumably through a paracrine mechanism [30].
through upregulation of antifibrotic HGF expression and
transcriptional downregulation of types I and III collagen Mobilization versus transplantation
syntheses and matrix metalloproteinase (MMP) 2 and Adult stem cells can be harvested and injected locally into
9 [19]. In addition, an improvement in hemodynamics the infarcted recipient. However, the ex vivo expansion of
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stem cells and their in vivo delivery are restricted by the protection, neovascularization, remodeling, metabolism and
limited availability of stem cell sources, the excessive cost regeneration [19]. Factors that are important for mobilizing
of commercialization and the anticipated difficulties of and chemotactic abilities include SDF-1, granulocyte colonyclinical translation and regulatory approval. In addition, 90% stimulating factor (G-CSF), stem cell factor (SCF), IL-8 and
of the stem cells die within 24 hours after transplantation VEGF. Factors that are expressed after MI and are involved
and less than 1% of systemically administered stem cells in the patho-physiological healing process include TNF-α,
persist for longer than a week following injection [31]. IL-8, IL-10, Hypoxia-inducible factor-1 (HIF-1), VEGF and
Moreover, the majority of the cells move to preferred G-CSF. Signaling factors that are involved in differentiation,
homing places including liver, spleen, lung, bladder, and proliferation and survival process of stem cells include
brain and account for the very small amount of stem cells VEGF, erythropoietin (EPO), transforming growth factor
reaching the infarcted myocardium [32]. One means of -beta (TGF-β), HGF, HIF-1 and IL-8 [2].
overcoming this limitation would be to deliver stem cells
directly to the injured area of the heart [33].
Granulocyte colony-stimulating factor and stem
Endogenous cell homing is a simple approach that sounds cell factor
truly fascinating because it can bypass the difficulties faced G-CSF, currently the most widely used agent in clinics
by stem cell transplantation. Homing normally refers to a for SC mobilization, affects both the mechanisms of SC
stem cell’s ability to find its way to a particular anatomic mobilization as well as the release of further cytokines
destination, often over great distances, from the bone and growth factors [39]. G-CSF/SDF-1 have been found
marrow via the bloodstream [34]. A case in which a male to increase proangiogenic cells such as angiogenic
patient received a heart from a female donor showed macrophages and EPCs, which may eventually contribute
that Y-chromosome containing cardiomyocytes had to neovascularisation [40]. G-CSF is not only associated with
integrated into the myocardium and made up 7 to 10% stem cell mobilization, but is also known to stimulate the
of those in the donor hearts and were highly proliferative. development of committed progenitor cells into traditional
Therefore, circulating bone marrow-derived cells can hematopoietic cells, mainly granulocytes and macrophages
be recruited to the injured heart and differentiate into [41]. A higher incidence of in-stent restenosis has been
cardiomyocytes [35]. Myocardial regeneration via stem cell demonstrated when using G-CSF alone or in combination
mobilization at the time of infarction is known to occur, with intracoronary infusion of collected peripheral blood
but the mechanism for this cellular homing and its clinical stem cells [42]. An increase in influx and maturation of
applications for the treatment of ischemic cardiomyopathy inflammatory cells is detrimental in the absence of a proper
are unconfirmed. The use of the host as a bioreactor to regulatory mechanism, and therefore forms a conceivable
recruit endogenous cells for therapeutics may reduce disadvantage of G-CSF treatment. Therefore, as G-CSF is
many medical costs [33]. Homing is a multistep cascade a pro-inflammatory factor, the use of G-CSF should be
including the initial adhesion to activated endothelium or cautiously considered [43].
exposed matrix via selectin, transmigration through the
endothelium and finally, migration and invasion of the Stromal derived factor-1
target tissue. The guided mobilization of specific stem SDF-1, also known as CXCL12, is released under the control
cell populations from bone marrow can be manipulated of HIF-1, through interaction with its receptor (known
by altered expression of cytokines and growth factors to as CXCR4 or CD184). There is a disruption in the link
improve their local reparative capacity in the infarcted between HIF-1 and SDF-1 by accumulation of p53 [44].
myocardium [2]. The administration of growth factors such The release of SDF-1 is modulated by different cytokines
as insulin-like growth factor-1 (IGF-1) and HGF and the use such as soluble kit ligand and VEGF-A. SDF-1 regulates
of some drugs that increase the secretion of these factors angiogenesis in part by recruiting EPCs from bone marrow
have been demonstrated to regulate activation, growth niches to ischemic tissues [45]. In addition, SDF-1 induces
and migration of endogenous CSCs to repair the infarcted upregulation of MMP-9 activity, which causes shedding
heart [36, 37]. In addition, the activation of endogenous of soluble kit ligand and thereby liberates c-Kit positive
CSCs by paracrine factors released by engrafted stem cell stem cells into the circulation [46]. SDF-1 and its receptor
may at least partly account for the beneficial effects after CXCR4 are crucial in orchestrating stem cell mobilization
cell transplantation [38].
to the ischemic myocardium. SDF-1-CXCR4 axis is involved
in the chemoattraction of bone marrow-derived cardiac
Signalling factors
progenitor cells after MI [47]. Therefore, upregulation of
Identifying factors and adequate regulation of signaling both factors is pivotal in the repair mediated by stem cells.
between bone marrow, peripheral circulation and infarcted
myocardium are important in orchestrating the process of Stem cell factor
mobilization, homing, incorporation, survival, proliferation SCF, a soluble kit ligand, binds to c-kit (also known as CD117),
and differentiation of stem cells leading to cardiac a receptor that is expressed on the surface of stem cells and
3

Lamiaa A. Ahmed Journal of Regenerative Medicine & Tissue Engineering 2013,
http://www.hoajonline.com/journals/pdf/2050-1218-2-8.pdf

has chemoattractant effects on these cells [43]. Activation
of proteases, like cathepsins and MMPs, liberates SCF from
the stroma and thereby promote activation, maturation
and translocation of c-kit+cells from the endosteum to
the vascular compartment of bone marrow [48]. SCF is
downregulated in the heart after MI, which is unfavorable
for homing of BMSCs to the damaged heart. Elevated
level of SCF in the circulation would enhance mobilization,
incorporation, proliferation, differentiation and survival
of BMSCs in the infarcted heart, which are essential steps
in stem cell-mediated repair [2].

Fibroblast growth factor

FGF is speculated to maintain MSCs self-renewal. bFGF-2 is
one of the FGF families of heparin-binding growth factors.
FGF- 2 exerts its proangiogenic activity through interactions
with various endothelial cell surface receptors including
tyrosine kinase receptors and integrins [49]. Unlike VEGF,
FGF enhances angiogenesis via protein kinase C-mediated
activation of mitogen activated protein kinase (MAPK)
pathways, in nitric oxide (NO)-independent manner, thus
providing an additional target for pharmacotherapy in
cardiac tissue [43].

Hepatocyte growth factor

The mechanism of HGF in the repair mediated by stem cells
lies in its ability to create an adhesive microenvironment
in the heart after recruitment of stem cells there [50].
HGF seems to be a promising factor in cardiac repair. In
a previous study, HGF was found to increase survival
of cardiomyocytes after oxidative stress, and thereby
reduce apoptosis. When overexpressed, HGF increases
angiogenesis and improves the function of the infarcted
heart. Furthermore, HGF is involved in anchoring stem
cells to the ischemic myocardium, where HGF promotes
adhesion, survival and proliferation of the BMSCs [2].
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hand, short-term stimulation promotes subsequent NO
production via activation of the MAPK cascade, which
plays a critical role in angiogenesis [53].

Tumor necrosis factor-alpha

The role of TNF-α in stem cell mobilization is complex
and variable. TNF-α overexpression seems to have an
early role in increase of infarct size [54]. However, a study
demonstrated a chemoattractive response of stem cells
towards TNF-α [2]. Usage of TNF-α in stem cell mediated
cardiac repair can be valuable if timed and located correctly,
but can be deleterious, if not.

Interleukin-8

Besides its inflammatory effect, IL-8 can induce stem cell
mobilization. IL-8 production may be also of importance
in G-CSF induced stem cell mobilization [55]. In absence of
either neutrophils or MMP-9, IL-8 induced BMSC mobilization
has been found to be reduced [56].

Directions for enhancement of stem cell therapy

The use of endogenous stem cell therapy today is limited
by ineffective stem cell homing leading to insufficient
populations of stem cells at the damaged areas [57].
Recent researches have identified many drugs, peptides,
proteins, and various factors that increase the number
and functional activity of stem cells (Table 1).

Combined pharmacological and stem cell therapy

Administration of combined drugs therapy can improve
the mobilization, incorporation, viability, differentiation
and proliferation of stem cells.

Statin

Statins can induce stem cell mobilization via the PI3K/Akt/
eNOS pathway. Statins exhibit pro-angiogenic effects at
low to medium dosage (activation of Akt/eNOS signaling)
Vascular endothelial growth factor
and at high dosage, they induce endothelial cell apoptosis
VEGF is a strong promoter of angiogenesis in addition (enhanced prenylation of GTPases) [58]. Statin mediates
to its capability of mobilizing BMSCs into the peripheral its beneficial effects on LV remodeling via its effect on
blood in patients with MI. The maintenance, differentiation eNOS activity. This was supported by a previous study
and expansion of stem cells have been attributed in part after MI where statin therapy reduced cardiomyocyte
to VEGF [51]. An example for that is the mobilization of hypertrophy and interstitial fibrosis and improved LV
MSCs in response to injury which is correlated with the function to a substantially greater extent in wild-type mice
increased concentrations of VEGF and G-CSF in peripheral as compared with eNOS-deficient mice [59]. In addition,
blood [48]. VEGF production is regulated through HIF-1 statin therapy augmented eNOS activity in patients with
in ischemic tissues [52] and in turn is a regulator of SDF- congestive heart failure (CHF) independent of its effects
1. VEGF-A, the most potent member of VEGF family, has on LDL cholesterol [60]. These favourable effects may be
been identified as one of the major growth factors that are attributed to increased levels of VEGF and its antiapoptic
involved in neovascularisation [43]. One of the important effects on EPCs [43]. Statins might favourably influence
VEGF-activated signalling pathway is NO release. NO EPCs function through an anti-inflammatory mechanism.
is a downstream signalling pathway of VEGF-activated Statins were also found to reduce C-reactive protein levels
endothelial proliferation and angiogenesis. Long-term VEGF and exert beneficial effects in earlier stages of heart failure.
stimulation induces an increase in the level of endothelial In contrast, these beneficial effects are likely limited in
nitric oxide synthase (eNOS) expression. On the other elderly patients with advanced CHF and established
4
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Table 1. Directions for enhancement of stem cell therapy.
Method
Pharmacological
- Statin

Model

Effect

MI in mice

[58]

- ACE inhibitors
-EPO

MI in rats
CHF in rats

- Calcium channel blockers

Patients with hypertension

Decreased cardiomyocyte hypertrophy
Decreased interstitial fibrosis
Improvement of LV function
Enhancement of bone marrow stem cell migration
Increased neo-vascularization
Increased proliferation and mobilization of BMSCs
Increased CD34+ progenitor cells
Improvement of endothelial function
Decreased oxidative stress status
Increased liberation and recruitment of progenitor
cells
Increased liberation and mobilization of stem cells
induced by G-CSF
Increased mobilization and recruitment of stem cells
Increased angiogenesis and vasculogenesis
Increased cardiac output
Decreased arrhythmia
Increased proliferative, migratory and angiogenic
capabilities of EPCs

[68]

[74]
[75]

- Complement components
(C1q, C3a and C5)
- β2 adrenergic agonist

complement-deficient mice
Severe combined immunodeficient
(NOD-SCID) mice

Combined stem cell therapies
- G-CSF and HGF

hind limb ischemia in murine

- SCF and G-CSF

MI in murine

- EPCs with HGF

Balloon-induced arterial injury in
hypercholesterolemic rats

Gene modified stem cell
- Modified MSCs by Bcl-2
- Modified MSCs by Ang-I and Akt

MI in rat
MI in rat

References

[60]
[62]
[61]
[65]
[66]
[67]

[69]
[70]

- MSCs with combined genes
(VEGF and IGF-1)
Preconditioning of
- MSCs with hypoxia
- MSCs with growth factors
- MSCs with Diazoxide
Targeted delivery of therapy

MI in rat

Increased anti-apoptotic ability
Increased angiogenesis
Increased antiapoptotic activity
Increased antiapoptotic and antioxidant activities
Increased angiogenesis
Increased cardioprotection
Increased survival rate

MI in mice
MI in rat
MI in female rat

Increased its survival and paracrine mechanisms
Increased its apoptotic ability
Increased its protection through NF-κB signaling

[78]
[80]
[81]

- Anti-myosin polyethylene
glycosylated liposomes
- Anti-P-selectin conjugated
immunoliposomes containing VEGF

MI in rabbit

Increased infarct size reduction (fivefold)

[84]

MI in rat

Improvements in fractional shortening and
end-diastolic diameter

[85]

- Modified MSCs by heme-oxygenase-1 MI in mouse
- Modified MSCs by VEGF
MI in rat

ischemic cardiomyopathy [3].

Angiotensin-converting enzyme inhibitors

Angiotensin-converting enzyme (ACE) inhibitors have
been shown to promote mobilization of BM-EPCs after MI.
ACE inhibitors enhance bone marrow stem cell migration
mainly by increasing MMP-9 activity, thus stimulating
the release of SCF [61]. Inhibition of ACE-mediated kinin
degradation might also contribute to the increased numbers
of circulating progenitor cells seen under ACE inhibition,
but not under angiotensin II (Ang II) receptor blockade
[62]. ACE inhibitor might therefore prevent adverse effects
of Ang II, by counteracting its generation, as well as by

[76]
[71]
[77]

protecting kinins which then can promote progenitor
cells mobilization [48].

Erythropoietin

The EPO receptor is expressed in the heart mainly on
endothelial cells, smooth muscle cells and cardiomyocytes.
EPO has anti-apoptotic properties and is involved in
cardiomyocyte proliferation. EPO stimulates neo-vascularization
and has proliferative and mobilizing effects on BMSCs.
The production of Epo is upregulated by hypoxia and
is exclusively mediated via HIF-2 [63]. Similar to statins,
EPO reduces the inflammatory reaction after stroke [64].
Although EPO has various positive effects on cardiac repair,
5
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an overload of EPO can lead to an elevation in blood
viscosity and thrombolic events. In this regard, doses and
frequencies of EPO administration should be investigated
thoroughly [65].

Other pharmacological agents

In previous studies, calcium channel blockers; nifedipine
and nisoldipine were found to induce the liberation of
various populations of CD34+ progenitor cells along with
improved endothelial function and oxidative stress status.
These actions were independent from level of blood pressure
attenuation [62,66]. The complement components; C1q, C3a
and C5 have been demonstrated to be crucially involved
in the liberation of progenitor cells from bone marrow as
well as their subsequent recruitment to target tissues [67].
Moreover, β2 adrenergic stimulation promotes SC liberation
and enhances mobilization induced by G-CSF [68].

Combined stem cell therapies

doi: 10.7243/2050-1218-2-8

produce VEGF were found to provide a cardioprotective
effect as well as to induce angiogenesis in cardiac tissue
[74]. The effect of single gene is limited. Therefore, a variety
of gene combinations can be applied to meet different
demands of therapy. Yau et al., [80] found that MSCs with
combined genes (VEGF and IGF-1) to treat MI had the
highest survival rate after one week. Furthermore, HIF
is early released in response to hypoxia, which, in turn,
activates pathways that increase oxygen delivery and
promote adaptive pro-survival responses. This is pivotal for
stem cell-mediated cardiac repair [2]. HIF-1 overexpression
on EPCs promotes hypoxia-induced EPCs differentiation,
proliferation and migration [81]. HIF has a central role in
balancing energy availability and utilization in the heart. HIF
therapy has been demonstrated to induce neo-angiogenesis
in the ischemic heart and enhance neovascularization by
increasing capillary density and thereby regional myocardial
blood flow [82]. Therefore, targeting HIF instead of VEGF
can activate more angiogenic factors at the same time
resulting in intact neo-vascularization.

In a pre-clinical study, the combination of G-CSF and HGF
were found to have a significant synergistic effect on
potentiating angiogenesis and vasculogenesis by augmen- Preconditioning of stem cells
ting mobilization of SCs to peripheral circulation and their Preconditioning of MSCs in hypoxia prior to their transplarecruitment to the ischemic area [69]. The combination of ntation has been shown to improve cell survival and
SCF and G-CSF improved cardiac output and ameliorated stimulate paracrine mechanisms for heart repair [83].
arrhythmia in a murine MI model [70]. Moreover, ex Hypoxic preconditioning has been found to be able to
vivo treatment of EPCs with HGF gene improved EPCs start the PI3K/AKT signaling pathway and enhance the
transplant efficiency for balloon-induced arterial injury stability of HIF-1 to increase the antiapoptotic ability of
in hypercholesterolemic rats and enhanced their homing MSCs [84]. In addition, some growth factors preconditioning
and engraftment capabilities [71].
can improve the ability of MSCs to resist apoptosis [85].
Diazoxide preconditioning can enhance the protective
Gene modified stem cell
role of MSCs through the NF-κB signaling pathway [86].
Multiple genetic engineering strategies have been applied Likewise, preconditioning of MSCs with SDF-1 [85], TGF-α
to stem cells which were found to have better survival in [87] or TGF-β [88] led to decreased fibrosis after MI.
ischemic tissues and to exert more powerful cytoprotection
and/or pro-neovascularization effects compared with Targeted delivery of therapy
control stem cells. Many clinical trials using viral vectors Novel targets for attenuation of LV remodelling and
to deliver required gene products have been terminated dysfunction include inflammatory pathway activation,
since the use of these vectors has induced adverse effects oxidant stress pathway activation and MMP activation [3].
such as toxicities, immunogenicity and oncogenicity [72,73]. CSCs can be detected by several surface markers (e.g., c-kit,
Potential side effects may also result from uncontrolled Sca-1, MDR1, Isl-1) [28]. Targeted drug delivery may be able to
transgene expression [73]. MSCs have been used as a vehicle play a key role to provide an appropriate microenviroment
for gene therapy to deliver secreted gene products such that can support the regeneration of cardiac tissue lost after
as VEGF [74], HGF [50], bFGF [75] and SDF-1 [76].
MI [1]. Anti-myosin polyethylene glycosylated liposomes
The anti-apoptotic ability of modified MSCs increases by preferentially bind to compromised infarcted heart vascuapplying anti-apoptotic gene bcl-2 to MSCs [77]. Modified lature by fusing with cell membranes using a plug and seal
MSCs by Ang I and Akt were found to cooperatively effect. This results in a fivefold infarct size reduction [89].
meet the demands of angiogenesis and antiapoptosis to Anti-P-selectin conjugated immunoliposomes containing
treat MI in rats [78]. HGF has also increased the ability of VEGF when injected immediately post-MI resulted in
MSCs in angiogenesis, anti-apoptosis, and promotion of significant improvements in fractional shortening and
cell migration [6]. Heme-oxygenase-1 may increase cell end-diastolic diameter in rats [90].
survival of modified MSCs in ischemic myocardium through
antiapoptotic and antioxidant activities [79]. Genes related Conclusion
to angiogenesis include VEGF, Ang I, FGF and HGF. MSCs Stem cell therapy represents a milestone in regenerative
taken from bone marrow and genetically engineered to medicine. The use of stem cells has become pivotal for the
6
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development of new therapeutic strategies. To gain the
optimal regenerative capacity for clinical application, we
need to target and balance the orchestrating factors that
are involved in stem cell-mediated cardiac repair. These
include mobilization, incorporation, survival, differentiation
and proliferation of stem cells.
The potential for magnifying stem cell-mediated paracrine
effects using “genetically engineered”, “preconditioned”,
“targeted” or “combined therapies” can provide promising
options for enhancing stem cell therapy success while
limiting adverse effects. It is hoped that these experimental
trials will be eventually translated into successful treatment
strategies in the clinical arena.
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