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Abstract The harsh ischemic and cytokine-rich microenvi-
ronment in the infarcted myocardium, infiltrated by the
inflammatory and immune cells, offers a significant challenge
to the transplanted donor stem cells. Massive cell death occurs
during transplantation as well as following engraftment which
significantly lowers the effectiveness of the heart cell therapy.
Various approaches have been adopted to overcome this
problem nevertheless with multiple limitations with each of
these current approaches. Cellular preconditioning and
reprogramming by physical, chemical, genetic, and pharma-
cological manipulation of the cells has shown promise and
“prime” the cells to the “state of readiness” to withstand the
rigors of lethal ischemia in vitro as well as posttransplantation.
This review summarizes the past and present novel
approaches of ischemic preconditioning, pharmacological
and genetic manipulation using preconditioning mimetics,
recombinant growth factor protein treatment, and reprogram-
ming of stem cells to overexpress survival signaling mole-
cules, microRNAs, and trophic factors for intracrine,
autocrine, and paracrine effects on cytoprotection.

Keywords Ischemia .Myocardial Infarction .

Preconditioning . Stem Cells

Stem Cell Therapy for Myocardial Regeneration

Myocardial regeneration subsequent to ischemic injury could
be accomplished by either transplantation of donor-derived
stem or progenitor cells or alternatively by stimulating the

endogenous stem cells to more aggressively participate in the
repair process. Beginning more than 15 years ago with the use
of unipotent myogenic precursor cells from skeletal muscle
[57, 58] and terminally differentiated cardiomyocytes
[57, 58], heart cell therapy has progressed to the use of
multipotent and pluripotent stem and progenitor cells
[22, 30, 59, 63, 80, 86, 105, 108, 112, 122]. Despite
extensive experimental animal studies and a decade-long
clinical assessment of stem and progenitor cells to regenerate
the damaged myocardium [25, 34, 36], the choice of donor
stem and progenitor cells and transplantation protocols for
optimal prognosis still remain the focal issue in the use of
stem cells for cardiac repair. Although various cell types
have been assessed for their safety, feasibility, and efficacy,
the discovery of the presence of resident cardiac stem and
progenitor cells and their successful isolation and propaga-
tion in vitro for transplantation has significantly moved the
field of stem cell research [8, 82]. Embryonic stem cells are
promising candidates for cardiac repair. After the recent
National Institutes of Health Policy changes regarding the
use of embryonic stem cells, investigative efforts for their
use in regenerative medicine have been intensified. Embryonic
stem cells can provide a clinically relevant and renewable
source of cardiomyocytes and endothelial cells for engraftment
[2, 118]. Despite their ability to adopt cardiac phenotype, their
use is not without technical limitations of undifferentiated
propagation in vitro and difficulty of purification of sponta-
neously differentiated cardiomyocytes from cell culture.
Moreover, their teratogenic nature and immunological issues
especially with regards to their derivative tissue remain two of
the foremost concerns in their clinical application. More
recently, strategies have been adopted to achieve tumor-free
cardiopoietic programming of embryonic stem cells [15]. The
development of induced pluripotent stem cells (iPS cells)
from somatic cells is a leap forward in the field of stem cell
technology [11]. Since the initial reports, in which iPS cells
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were generated by reprogramming of adult murine and
human fibroblasts through retroviral overexpression of four
transcription factors including Oct 3/4, Sox2, c-Myc, and
Klf4 [109, 120], iPS have been successfully reprogrammed
from somatic cells even without the oncogene c-Myc and also
by using nonviral and single cassette vectors [44, 88, 106].
These iPS cells are similar to embryonic stem cells in
adopting cardiac phenotype, but their use does not raise any
ethical or immunological concerns.

Despite the availability of these high-quality cells with
near-ideal culture characteristics and ability to adopt cardiac
phenotype, the progress in the heart cell therapy has been
slowed down by the suboptimal protocols of in vitro
processing and handling of the stem cells and for in vivo
engraftment in the heart. Accentuated by the harsh
microenvironment of the ischemic myocardium, massive
death of the transplanted cells postengraftment remains the
biggest impediment which significantly lessens the effec-
tiveness of the heart cell therapy. While providing an
overview of the massive loss of the donor cells, especially
during the acute phase after transplantation, and the
possible available strategies to counter this problem, we
have discussed in detail our experience in cellular precon-
ditioning to promote stem cell survival in vitro under
ischemic conditions and posttransplantation in the infarcted
heart.

Acute-Phase Cell Death and Approaches to Enhance
Donor Cell Survival

The current transplantation strategies achieve modest engraft-
ment of donor stem cells in the infracted myocardium. One of
the major problems in this regard is the rapid and massive loss
of donor stem cells after engraftment [79, 90, 94, 114]. The
accelerated cell death is multifactorial and is influenced by
host inflammatory response mediators, mechanical injury,
maladaptation, bouts of ischemia and ischemia–reperfusion,
and the origin and quality of the donor cell preparation [40].
However, apoptosis has been implicated as the main
contributor in massive loss of donor cells [13, 51].
Apoptosis, a highly orchestrated mechanism of programmed
cell death, is initiated by both intrinsic and extrinsic factors.
In case of transplanted stem cells, these stimuli include loss
of trophic factors, detachment from extracellular matrix,
ischemia reperfusion injury, or stimulation of death recep-
tors. In response to these factors, specific signaling pathways
are activated and coordinate to execute apoptosis by means
of common cell death effector machinery. The extrinsic
apoptosis signaling is characterized by ligand binding to the
death receptors such as tumor necrosis factor alpha or Fas/
CD95 which activates recruitment of adaptor proteins to
form death-inducing signaling complex and activation of

caspase 8 which ultimately triggers the downstream cascade
of caspases [121]. Alternatively, intrinsic initiation of
apoptosis involves reduction of the mitochondrial transmem-
brane potential and concomitant release of apoptogenic
factors including cytochrome c, endonuclease G, and
apoptosis-inducing factor and caspase 3 activation [72].
Taken together, the released cytochrome c thus initiates the
formation of apoptosome, a complex comprising Apaf-1,
cytochrome c, deoxyadenosine triphosphate, and pro-caspase-
9 to activate caspase 9 which in turn activates pro-caspase-3.
Although the two mechanisms appear distinct, a possible
crosstalk between the two is responsible for the massive cell
death in the infarcted heart.

Antiapoptotic strategies such as gene modification for
interleukin 1 (IL-1) expression, use of receptor antagonist,
depletion of host C3 complement, and prevention of the
humoral immune response by treating host with anti-
CD154 before and after cell transplantation have been
successfully used for cytoprotection [20, 41, 94]. Similarly,
treatment with insulin-like growth factor 1 (IGF-1),
vascular endothelial growth factor, β-fibroblast growth
factor, and heat shock stimulates cell survival after
transplantation. Our experience with cross-species trans-
plantation of human skeletal myoblasts showed that skeletal
myoblasts were conditionally immunoprivileged and
required transient immunosuppression during early phase
of engraftment in the infarcted heart [34, 36]. Similarly, the
immunoprivileged status of bone marrow stem cells has
been shown in many studies after transplantation into
immunocompetent experimental animal models [75, 99].
Put together, these studies underscore the need for strategies
which could prevent host immune-response-unrelated fac-
tors in order to enhance donor cell survival. In this review,
we have discussed in depth the cellular preconditioning
approaches to precondition and reprogram the cells for their
better survival post transplantation.

The Unrivaled Prosurvival Effects of Preconditioning
Approach

Since the inception of the concept that exposure of the heart
to brief episodes of ischemia and reperfusion was cytopro-
tective and protected the heart against a subsequent
prolonged ischemia by limiting myocardial cellular
damage, preconditioning has been established as the most
potent and effective means of cytoprotection [81]. In the
later studies, the authors observed significantly attenuated
infarct size in the hearts pretreated by multiple 5-min cycles
of ischemia with intermittent reperfusion. The phenomenon
was termed as ischemic preconditioning and led to the
activation of survival signaling in cardiomyocytes. The
effect of ischemic preconditioning is described as biphasic,
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wherein tolerance to subsequent lethal ischemia/reperfusion
is observed within 2–3 h (acute) or between 24 and 72 h
(delayed) after the initial sublethal IR injury [17]. The early
and late phases of preconditioning shared some common
elements in their signaling pathways with the particular
involvement of KATP channel activation via protein kinase
C (PKC) signaling. Though without a sharp demarcation,
the two phases could be discerned from each other by the
fact that the former primarily involved posttranslational
modifications of effectors whereas the latter also involved
altered gene expression profile and amount of cardiopro-
tective proteins [12, 107]. A recent progress in this regard is
the concept of remote ischemic preconditioning in which
myocardial preconditioning could be achieved as a result of
brief ischemia of an organ or tissue remote from the heart
[60]. Although the clinical applicability of the approach is
questionable and the underlying mechanism remains
unknown, the approach was effective in reducing myocar-
dial infarction in an experimental animal model [50]. More
recent studies have shown the activation of Erk1/2 and
induction of PKC epsilon and its subcellular redistribution
during remote preconditioning [101]. A newer concept
related with ischemic preconditioning is postconditioning in
which brief episodes of repetitive cycles of ischemia and
reperfusion are initiated during reperfusion phase following
prolonged ischemic insult to elicit cardiac protection [127].
Since the inception of these initial observations, a plethora
of research reports has been published aiming at defining an
underlying mechanism(s) responsible for the incredibly
potent cardioprotective effects of ischemic preconditioning
[16, 32, 37, 116, 119, 124]. However, the signaling cascade
triggered by ischemic preconditioning remains largely
undefined and is considered to involve multiple signaling
pathways. Whereas the earlier studies defined a role for
sarcolemma KATP (sarcKATP) channels in acute-phase
ischemic preconditioning in the heart in different experi-
mental animal models [32], later studies have suggested a
scheme of events in which mitochondrial KATP (mitoKATP)
channels act as a trigger as well as an end effector in
ischemic preconditioning or chemically induced precondi-
tioning [116, 119]. Similarly, a variety of “activators” have
also been identified which are released during the course of
preconditioning, notable among which are adenosine,
catecholamines, bradykinin, opioids, and nitric oxide. These
activators are species dependent, and their expression level
varies with the intensity and time duration of the precondition-
ing stimulus [92]. Besides, different protein kinases including
Src tyrosine kinases, PKC, phosphatidylinositol-3 kinase, p38
mitogen-activated protein kinase (MAPK), and the JAK/
STAT pathway constitute an integral part of preconditioning
[16, 18, 37, 96, 124]. In recent years, much research has
focused on the central involvement of the sarcKATP or
mitoKATP channel both as a trigger as well as effector in

ischemic preconditioning with equivocal results. Besides
activation of the survival signaling pathways, recruitment of
stem and progenitor cells into the peripheral circulation and
homing into the preconditioned heart has been shown to
attenuate infarct size and improved cardiac function [48].
This effect is dependent on upregulated expression of
erythropoietin, which induces cell homing by increased
stromal-derived factor 1 (SDF-1)/CXCR4 expression and
reduces the heart susceptibly to ischemia/reperfusion injury.
Additionally, the progenitor cells mobilized into the ischemic
myocardium in response to ischemic preconditioning act as
reservoirs of cytokines and express an array of potentially
cardioprotective molecules including nitric oxide synthase to
impart cardioprotection [45]. Further studies have shown
upregulation of growth factors in response to ischemic
preconditioning [3, 42].

Stem Cell Preconditioning and the Underlying
Mechanism

As discussed earlier, apoptosis has been implicated as one
of the major factors affecting survival of the donor stem
cells in the infarcted heart postengraftment [33]. The
pioneering work from our laboratory to take advantage of
the potent cytoprotective effects of preconditioning in the
heart stem cell therapy significantly improved stem cell
resistance to oxidant stress in vitro and postengraftment in
the infarcted heart [87]. Moreover, the preconditioned cells
elicited improved myogenic differentiation potential and
paracrine activity in the infarcted heart postengraftment. As
a result, we also observed mobilization of myogenic cells
which homed into the infarcted myocardium to participate
in the repair process (Fig. 1). Since the publication of this
report, various research groups have reported the effective-
ness of anoxic and hypoxic preconditioning to improve the
survival of donor stem cells [61, 97, 111]. Most of these
studies, however, do not follow the classical concept of
cyclical exposure to the brief episodes of hypoxia or anoxia
to induce preconditioning effect. Rather, in most cases, a
single long-term exposure to low oxygen presence has been
employed as a trigger to initiate survival signaling followed
by lethal hypoxia or anoxia. For example, Hu and
colleagues reported that low oxygen culture conditions
(0.5% oxygen for 24 h) triggered activation of survival
signaling pathways in bone marrow mesenchymal stem
cells before their engraftment in vivo [43]. The hypoxia-
treated cells showed significantly improved survival post-
engraftment in the infarcted heart during acute phase of
myocardial infarction. Hypoxia also increased proliferation
rate and differentiation along the different mesenchymal
lineages and modulates the paracrine activity of mesenchy-
mal stem cells [24].
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The effectiveness of hypoxic preconditioning was
ascribed to stabilization and nuclear translocation of
hypoxia-inducible factor 1α (HIF-1α), a heterodimeric
master switch of hypoxia-responsive array of growth
factors which enabled the cells to survive under low
oxygen conditions. Besides having prosurvival and cyto-
protective effects, hypoxic preconditioning also supports
the cells to maintain their stemness and promote their
differentiation and proliferation potential postengraftment
[7, 38, 97, 113]. It is therefore desirable to precondition the
donor cells before engraftment in the ischemic tissues.

In order to validate our hypothesis that intermittent
ischemia/reperfusion would be more effective to precondi-
tion stem and progenitor cells as compared to one-time
longer-term continuous exposure to hypoxia of the same
duration and intensity, in a recent study, we demonstrated
that pretreatment of the skeletal myoblasts by multiple short
duration cycles of ischemia/reperfusion improved their
resistance to subsequent episode of lethal ischemia
(Fig. 2). Lactate dehydrogenase (LDH) leakage was
significantly higher in the nonpreconditioned cells as
compared to the ones pretreated with multiple cycles of

ischemia/reperfusion. Similarly, LDH leakage from the
cells subjected to lethal ischemia was inversely related
with the number of ischemia/reperfusion cycles used during
preconditioning of the cells. These observations were
supported by visualization of higher number of terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL)-positive cells with hypercontracted and beaded
morphology of skeletal myoblasts exposed to lethal
ischemia without preconditioning. More interestingly, the
degree of cytoprotection was dependent on the number of
ischemia/reperfusion cycles. This rationale was also appli-
cable to stem cells other than skeletal myoblasts. We
observed that ischemic preconditioning of mesenchymal
stem cells with two cycles of 30-min ischemia/reperfusion
better supported their survival under subsequent lethal
anoxia and also following engraftment in the infarcted
heart as compared to nonpreconditioned cells or the cells
treated with one cycle of 30-min ischemia/reperfusion [53].

Accounting for the underlying mechanism, most of the
previous studies using ischemic preconditioning of cells
have reported that HIF-1α serves as the master regulator of
genes responsible for survival signaling [43, 85, 125]. Our

a b

c d

Fig. 1 a–d Confocal images
of the rat heart tissue
immunostained for myosin
heavy chain (yellow fluores-
cence) postengraftment of phar-
macologically preconditioned
skeletal myoblasts. The cells
were labeled with cell tracker
dye PKH26 (red fluorescence).
Besides myogenic differentia-
tion of the transplanted cells, we
also observed extensive
presence of myosin-heavy-
chain-positive cells mobilized
into the transplanted region in
the infarcted myocardium. The
nuclei were visualized by DAPI
staining (original
magnification=×63)
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results were in agreement with these conclusions showing
significant activation and nuclear translocation of HIF-1α
in mesenchymal stem cells preconditioned with two cycles
of 30-min ischemia/reperfusion in Akt-dependent manner.
In the light of the recently published reports that a select
group of HIF-1α-dependent microRNAs (miRs) mechanis-
tically participate in survival signaling [46, 64], we
hypothesized that cytoprotective effects of multiple cycles
of brief ischemia/reperfusion involved hypoxia-regulated
miRs expression downstream of HIF-1α with special
emphasis on miR-210 [53]. We observed that induction of
HIF-1α in preconditioned mesenchymal stem cells was
accompanied by concomitant upregulation of miR-210
which was directly related to the number of cycles of
ischemia/reperfusion treatment with two cycles of 30-min
ischemia/reperfusion showing maximum level of miR-210
expression. Moreover, inhibition of HIF-1α or that of miR-
210 abrogated the cytoprotective effects of ischemic
preconditioning. In vitro data on miR-210 which were
supported by in vivo studies in a rat model of acute

myocardial infarction showed predominantly improved
stem cell survival postengraftment. Similarly, participation
of miR-210 in endothelial cells functioning in response to
hypoxia considerably influenced their migration, capillary
network formation, and differentiation capability [31].
Notably, induction of miR-210 occurred as early as 4 h
after exposure to hypoxia and persisted for 24 h above
baseline levels. Moreover, miR-210 inhibition was associated
with increased apoptosis of endothelial cells. A functional link
between HIF-1α and miR-210 has also been reported in
cancer cells for antiapoptotic [64, 65] effects and adoption of
a mutator phenotype to thrive in the adverse microenviron-
ment of tumor [23].

Using real-time polymerase chain reaction (PCR)-based
rat apoptotic gene array (SA Biosciences, USA), we
identified four possible target genes including CASP8AP2,
tumor necrosis factor receptor super family 1a, DNA
fragmentation factor-β, and lymphotoxin A which showed
more than twofold upregulated expression in miR-210
knockdown cells. In silico target gene analyses and

1X10min PC+ 5h anoxiaI 2X10min IPC+ 5h anoxia 3X10min IPC+ 5h anoxia

Normal Control No IPC + 5h anoxia 1X30 IPC + 5h anoxia

IPC= ischemic preconditioning

Fig. 2 Effect of ischemic preconditioning on tolerance of skeletal
myoblasts to subsequent lethal ischemia. The cells grown as monolayer
were subjected to different cycles of ischemic preconditioning (1 ×
10-min cycle=10-min anoxia followed by 1-h reoxygenation; 1 × 30-min
cycle=30 min anoxia followed by 1-h reoxygenation). Phase-contrast

microscopy showed that ischemic preconditioning helped the cells to
preserve their structural integrity and showed better tolerance to
subsequent lethal ischemia as compared with the nonpreconditioned cells
which showed morphological changes such as rounding off and
shrinkage of cells (magnification, ×200)
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luciferase reporter assay in preconditioned mesenchymal
stem cells further identified FLASH/caspase-8-associated
protein 2 (CASP8AP2) as the target gene of miR-210 to
improve preconditioned cell survival under lethal anoxia.
Induction of FLASH/CASP8AP2 in miR-210 knockdown
preconditioned mesenchymal stem cells resulted in
increased cell apoptosis. In conclusion, these data added
newer dimension to ischemic preconditioning-induced
survival signaling in stem cells to signify mechanistic
participation of miRs in cytoprotection afforded by ische-
mic preconditioning via FLASH/CASP8AP2 suppression.

Preconditioning of Stem Cells by Pharmacological
Manipulation

The effectiveness of ischemic preconditioning to protect the
cells under ischemic stress can also be achieved by pharma-
cological manipulation of the cells with several mimetics
including mitochondrial potassium channel openers [55].
Mitochondrial K+ channel openers constitute a chemically
disparate group of compounds, however, with the common
property that these compounds promote influx of K+ through
ATP-sensitive K+ channels [19, 52, 100]. Diazoxide, a well-
known inducer of preconditioning effects by opening of
mitoKATP channels, has been widely demonstrated to
suppress cell apoptosis [87, 89, 95]. Probing a role for
mitoKATP channels in preventing apoptosis of diazoxide-
treated cardiac cell under oxidant stress, it was observed that
cytoprotective effects of diazoxide were abolished by
pretreatment with 5-hydroxydecanoate (a well-known mito-
KATP channel opener) [6]. Moreover, the cytoprotective
effects of diazoxide were reproduced by pinacidil, another
mitoK(ATP) agonist. Although the supporting mechanism of
antiapoptosis is not fully defined, it has been shown to
involve succinate dehydrogenase inhibition, mitochondrial
depolarization, PKC activation, and involvement of a
potassium-conductance-independent pathway for cellular
protection [62, 95, 110, 115]. We have also shown that
cardiac protection afforded by diazoxide treatment involved
activation of mitoKATP channels was dependent on Akt
translocation from cytosol to mitochondria [5]. The opening
of mitoKATP channels has early-phase effects in altering
apoptotic cascade by preventing the release of cytochrome c
and depolarization. A role for PKC-δ translocation into
mitochondria during treatment with diazoxide has also been
defined which prompted phosphorylation-dependent activa-
tion of mitoKATP channels. These findings were further
supported by our observation that diazoxide-induced cardiac
protection was lost after using specific PKC-δ inhibitor
[116].

In a recent study, we have reported that diazoxide treatment
of mesenchymal stem cells which improved their survival was

mediated via activation of nuclear factor (NF)-κB [4]. NF-κB
belongs to the family of inducible transcription factors and
resides in the cytoplasm in a bound state with the specific
inhibitors of NF-κBs in the native unstimulated cells [98].
We observed that diazoxide pretreatment of the cells
increased phosphorylation of PI3Κ, Akt, GSK3β (cytoplas-
mic), and NF-κB(p65) (nuclear) with concomitant improve-
ment in cell survival. Pretreatment of the cells with
Wortmannin, NEMO-binding domain (NBD), or NF-κB
(p50) siRNA abolished NF-κB(p65) activity with simulta-
neous reduction in cell survival. Interestingly, the effect of
NF-κB inhibition in terms of reduced viability of precondi-
tioned mesenchymal stem cells was only observed at
24-h time point after preconditioning. Transplantation of
preconditioned mesenchymal stem cells promoted their in
vivo survival in a rat model of acute myocardial infarction.
On the contrary, preconditioned mesenchymal stem cells
pretreated with Wortmannin or NF-κB decoy showed poor
survival in the infarcted heart. Given the fact that multiple
signaling pathways were involved in ischemic precondition-
ing, pharmacological preconditioning, similar to ischemic
preconditioning, “prime” the cells to a “state of readiness” to
withstand a subsequent lethal ischemic insult.

Besides initiation of survival signaling, pharmacological
manipulation of the stem cells with preconditioning mimetics
causes the preconditioned cells to release growth factors and
cytokines to act in a paracrine manner to exert cytoprotective
and angiomyogenic effects. Such paracrine activity of
preconditioned cells adds to “paracrine hypothesis” of
preconditioning-induced signaling pathways. We have
observed that preconditioned cells show significantly higher
release of soluble growth factors including vascular endothe-
lial growth factor, angiopoietin 1, SDF-1α, hepatocyte growth
factor, and insulin-like growth factor. Immunohistological
studies on the heart tissues for von Willebrand Factor VIII
antigen showed significantly higher blood vessel density in
preconditioned stem cell transplanted animal group as
compared with nonpreconditioned cell transplanted and
Dulbecco’s modified Eagle’s medium-injected animal groups
(Fig. 3). The release of these growth factors was NF-κB
dependent. Abrogation of NF-κB significantly reduced the
paracrine activity of preconditioned mesenchymal stem cells
with concomitantly reduced angiogenic activity at 6 weeks
after transplantation in the heart.

In a parallel study, real-time PCR-based growth factor array
analysis showed an explicit increase of IL-11 protein levels in
the preconditioned skeletal myoblasts which occurred in
PI3K/Akt- and p42/44MAPK–signal transducer and activator
of transcription 3 (STAT3)-dependent fashion, thus suggestive
of its involvement in survival signaling during precondition-
ing. IL-11 is a pleiotropic cytokine from IL-6 family and acts
via IL-11α receptor to impart cytoprotection albeit with a less
understood mechanism. IL-11/IL-11α receptor–ligand inter-
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action leads to clustering of gp130 with activation of JAK/
STAT pathway [74]. Alternatively, STAT3 is phosphorylated
by MAPKs which themselves are activated by IL-11/IL-11α
interaction [117]. STAT3 which is activated by numerous
cytokines, growth factors, and oncogenic proteins is phos-
phorylated in several cancer specimens and cell lines, leading
to cell transformation and tumorigenesis [27]. STAT3 target
genes are involved in multiple cellular functions including
invasion, cell survival, self-renewal, angiogenesis, and
tumor-cell-immune evasion. We therefore proposed that the
secreted IL-11 acted in an autocrine and paracrine fashion to
promote survival signaling in the preconditioned myoblasts.
In a recently concluded study, we have observed that miR-21
was mechanistically involved in preconditioning, and its
upregulated expression was observed in Erk42/44-dependent
manner. Abrogation of Erk42/44 activity concomitantly
reduced miR-21 induction with resultant decrease in cell
survival. These are novel findings and clearly demonstrate
that preconditioning of cells with diazoxide involves more
than just K+ channel activity and multiple other molecular
mechanisms in preconditioning which improve their resis-
tance to oxidant stress. Moreover, pharmacological precon-
ditioning of stem cells before transplantation will be highly
effective in overcoming the problem of donor cell death
postengraftment.

The Use of Growth Factors in Preconditioning of Stem
Cells

Growth factors including cytokines and chemokines are
involved in orchestrating the stem-cell-based tissue repair
and regeneration. The infarcted heart has a growth-factor-
rich microenvironment wherein participation of various

growth factors in the repair process is determined by their
temporal availability, overlapping pleiotropy, synergistic,
and antagonistic interaction. Besides possessing chemotac-
tic abilities, growth factors interact with specific receptors
to initiate signaling cascades which are responsible for cell
survival, growth, and differentiation characteristics, thus
enhancing their therapeutic effectiveness. More recent
studies have focused on delivery of recombinant growth
factor proteins or gene delivery encoding for the growth
factor of interest prior to transplantation of stem cells into
the infarcted heart to modify the microenvironment to
support donor cell survival. Anticipating the difficulties to
maintain optimal and regulated levels of growth factors in
the infarcted heart, we included growth factors as the
possible candidates for preconditioning. We posit that
treatment of stem cells with growth factors prior to
engraftment is a simpler and safer strategy to effectively
program the cells for better survival and improved
proliferation and differentiation characteristics without
undesired effects of administering growth factors, the
balance of which is delicately maintained in the biological
system.

In one of our previous studies, we have shown that
presence of CXCR4 receptors on the cells can best be used
for preconditioning of the cells with SDF-1 by exploiting
SDF-1α/CXCR4 ligand/receptor interaction [91]. The SDF-
1α/CXCR4 ligand/receptor system is widely distributed in
the biological system and modulates several biological
functions through signal transduction pathways including
cell growth, proliferation, survival and antiapoptosis, and
emigrational and transcriptional activation [21, 29, 69, 104,
126]. We observed that treatment with recombinant SDF-
1α protein primed the cells for better survival under anoxic
conditions in vitro and after engraftment in the infarcted

a b

Fig. 3 Double fluorescence immunostaining of the rat heart tissue for
von Willebrand Factor VIII (green fluorescence) and smooth muscle
actin expression (red fluorescence) at 6 weeks after transplantation of
(a) preconditioned and (b) nonpreconditioned mesenchymal stem
cells. Significantly higher blood vessel density (the number of blood

vessels/surface area) was observed in preconditioned cell transplanted
animal group as compared to the nonpreconditioned cell transplanted
animal group. The nuclei were visualized by DAPI staining (blue).
(original magnification×40)
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heart [91]. The cytoprotective influence of SDF-1α
pretreatment involved activation of Akt and was sensitive
to the presence of CXCR4 blocker AMD3100. The authors
showed the feasibility of chemokine SDF-1 as a precondi-
tioning agent which suppressed apoptosis, enhanced donor
cell engraftment, increased vascular density, and improved
myocardial function via SDF/CXCR4 signaling. In another
study, preconditioning of endothelial progenitor cells by
culturing the cells in the medium supplemented with
vascular endothelial growth factor 2 (VEGF2) significantly
reduced their apoptosis in a dose-dependent manner with
concomitant activation of Akt [102]. Similar results were
obtained with H9c2 cardiomyoblasts grown on collagen
matrix supplemented with VEGF and basic fibroblast
growth factor [66, 67]. More recently, growth factor
reduced Matrigel supplemented with ZVAD, Bcl-XL BH4,
cyclosporine A, IGF-1, and pinacidil which have been used
to achieve cytoprotection. The purpose of the mixture of
various cytoprotective agents was to address the most
prevalent multiple parallel cell death mechanisms [68]. In
the same context, growth factor supplements have been added
to the stem cell culture to promote their differentiation into a
required lineage [14, 83]. For example, CD133+ cells
cultured in the presence of VEGF165 and brain-derived nerve
growth factor adopted myoendothelial phenotype [103].
Several growth factors including bone morphogenetic protein
2 and basic fibroblast growth factor have been implicated as
critical components of this early cardiomyogenic-inductive
signaling [83].

In our recently concluded study, we have reported that
preconditioning of bone-marrow-derived Sca-1+ cells upre-
gulated connexin 43 which was both cytoprotective as well
as helped improved integration with the host myocytes
postengraftment [73]. The antiapoptotic effects of IGF-1
were mediated via IGF-1/IGF-1R ligand/receptor interac-
tion which involved sequential activation of PI3K/Akt and
MAPK/Erk1/2. Interestingly, knockdown of connexin 43
gene significantly increased cell death in vitro under anoxia
in vitro and after engraftment in the infarcted rat heart.
Connexin-43-specific siRNA in PCSca-1+ induced higher
caspase 3 activity under oxygen glucose deprivation with
simultaneous loss of preconditioning-induced cytoprotec-
tion. The preconditioned cells continued to overexpress
connexin 43 after engraftment in the infarcted heart which
improved their integration. Immunohistological studies
combined with Western blot analysis of cytoplasmic and
nuclear fractions of the preconditioned cells showed that
preconditioning resulted in translocation of connexin 43
into mitochondria. Confocal imaging of preconditioned
Sca-1+ after immunostaining for connexin 43 and cyto-
chrome c showed predominant mitochondrial translocation
of connexin 43 in PCSca-1+. Mitochondrial subfractionation
showed that connexin 43 was mainly translocated onto the

inner membrane of mitochondria. To further elucidate the role
of upregulated connexin 43 expression in the preconditioned
cells, connexin 43 cDNA with a mitochondria targeting
sequence (mito-connexin 43) was engineered into pCMV/
mito/GFP vector for targeted mitochondrial overexpression of
connexin 43 to study cytoprotective role of mito-connexin 43.
Our results showed that cells with mito-Cx43 had improved
survival under oxygen glucose deprivation as evidenced by
LDH and TUNEL assays. Computational analysis revealed a
BH3 motif of connexin 43 having a highly conserved pattern
of amino acids consistent with Bcl2 family members which
regulate cytochrome c release. Further studies are in progress
to elucidate the role of connexin 43 in cytoprotection. These
data clearly demonstrate that IGF-1 preconditioning of stem
cells concomitantly met the two fundamental requirements
for heart cell therapy, donor cell survival and their
engraftment, through upregulated expression of connexin
43. These are significant findings which highlight a dual role
for IGF-1 in terms of cytoprotection and cell engraftment.

Transgenic Overexpression of Growth Factors
Preconditions Stem Cells

An alternative strategy to the use of recombinant growth
factors to precondition stem cells is to genetically modulate
the cells for overexpression of the growth factor/s of
interest [28, 29, 78, 123]. The stem and progenitor cells
are excellent carriers of therapeutic genes and can be
manipulated for therapeutic gene overexpression without
compromising their stemness characteristics. Indeed, their
genetic modification with genes encoding for growth factor
expression accentuates their ability to release these factors.
Moreover, these cells serve as a continuous source of
growth factors which can act in intracrine, autocrine, and
paracrine fashion to exert their effects. In one of our
recently published study, we successfully achieved over-
expression of IGF-1 in mesenchymal stem cells (∼200-fold
higher as compared with the native mesenchymal stem
cells) by viral vector transduction [35]. The overexpression
in the transduced mesenchymal stem cells was sustained for
at least 12 days of observation with peak level expression
(112 ng/ml by IGF-1-specific ELISA) achieved on day 6
after transduction. The interesting finding of the study was
that ex vivo overexpression of IGF-1 resulted in elevated
SDF-1α level in the cells which itself is a potent chemo-
attractant of stem cells. These results implied that genetic
manipulation of stem cells not only upregulates the
expression of the growth factor for which the transgene
has been introduced into the cells; such manipulation has a
broader impact in terms of paracrine activity of the
genetically manipulated stem cells. Besides, the genetically
manipulated mesenchymal stem cells promoted extensive
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myogenic response in the infarcted heart (Fig. 4). IGF-1
gene delivery has also been combined with other growth
factors and with heart cell therapy to promote donor cell
survival, engraftment, and differentiation as a part of the
multimodal therapy approach [49, 56, 71]. These studies,
however, do not provide much information on the role of
IGF-1 to recruit the intrinsically available stem and
progenitor cells in the repair process.

Various research groups have also attempted to promote
mobilization and homing-in of the intrinsically available
stem cells using SDF-1α/CXCR4 ligand/receptor system
[39]. A transiently upregulated expression of SDF-1α has
been reported in the infarcted heart [1, 93] which requires
outside intervention to ensure mobilization process to
continue and retain the mobilized cells in the infarcted
heart for long enough to ensure their participation in the
repair process. Delivery of recombinant SDF-1α protein
and plasmid encoding for SDF-1α has been carried out
with encouraging results in terms of attenuated infarct size

expansion and improved cardiac function [10, 91]. We have
combined skeletal myoblast transplantation with gene
delivery encoding for SDF-1 transgene [29]. Skeletal
myoblasts transfected to overexpress human SDF-1α gene
(3:2 v/w plasmid to lipid ratio, 4-h transfection using
FuGene™ 6 in the presence of 125 µM ZnCl2) were
transplanted into female rat model of myocardial infarction.
On day 4 posttransplantation (in four animals per group),
marked expression of SDF-1α/sry-gene (p=0.003), total
Akt, phospho-Akt, and Bcl2 was observed in animal hearts
transplanted with SDF-1α. We also observed significant
mobilization of CD31+, C-kit+, and CD34+ cells which
resulted in higher angiogenic response in the animal hearts
at 6 weeks postengraftment. Echocardiography showed
improved indices of left ventricle contractile function and
remodeling in the animal group which received skeletal
myoblasts overexpressing SDF-1α. These results highlighted
the significance of SDF-1α transgene delivery to the
heart to promote stem and progenitor cell migration into

c d
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Fig. 4 Immunohistology for myosin heavy chain expression in the rat
heart at 6 weeks postengraftment of IGF-1-overexpressing mesenchymal
stem cells. The cells were labeled with cell tracker dye PKH-26 (red
fluorescence; a). Confocal imaging revealed extensive neomyogenesis
at the site of the cell graft (green fluorescence; b). DAPI was used for
nuclear visualization (blue fluorescence; c). Merged image (d) showed

that some of the transplanted cells differentiated to adopt myogenic
phenotype as was evident from colocalization of red and green
fluorescence. e The area in red box in merged image d has been
magnified to show a myosin-heavy-chain-positive neofiber (green
fluorescence) originating from the transplanted PKH26-labeled precon-
ditioned cells
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the infarcted myocardium and activate cell survival
signaling and angiomyogenesis.

Combining Growth Factor Expression with Survival
Signaling Molecules

The effectiveness of growth factor overexpression for
preconditioning effect on stem cells can be enhanced by
combining it with overexpression of one or more of the
survival signaling molecules. The strategy of transgenic
overexpression of prosurvival signaling molecules such as
PI3K, Akt, and Bcl2 to prime the cells for better survival
under lethal ischemia has shown promising results [66, 67,
70, 76, 77]. A comparison of Bcl-2 overexpression and heat
shock treatment for antiapoptotic effects on smooth muscle
cells showed significantly reduced cell loss after transplan-
tation and improved cardiac function after myocardial
infarction [84]. In one of our previous studies, we have
combined transgenic overexpression of Akt and angiopoie-
tin 1 in mesenchymal stem cells to show that concomitant
overexpression of Akt and Ang-1 is more effective as
compared with overexpression of either one of the factors
[47]. Ang-1, a potent modulator of vascular development,
promotes endothelial cell survival and interacts with its
receptor to activate Akt survival signaling [9, 26, 54]. We
observed that co-overexpression of the two genes was
cytoprotective for the cells under lethal anoxia. Further-
more, the cells co-overexpressing Akt and Ang-1 were able
to engraft better after transplantation in an infarcted rat
heart and were able to adopt myogenic and endothelial
phenotype.

Concluding Remarks

Stem and progenitor cell survival postengraftment in the
heart is influenced by many factors including limited blood
supply, deficiency of nutrients, hypoxia, oxidative stress,
inflammatory response, and others. The environment is
even harsher in the center of the infarcted myocardium
where vascular structures are damaged and trophic support
is lacking. The death of the transplanted cells further
accentuates the harness of the microenvironment by
initiating immune and inflammatory response. It is there-
fore imperative to optimize the cell transplantation con-
ditions by programming and priming the cells before
transplantation to withstand the rigors especially during
the acute phase after engraftment to allow a time window
long enough for the cells to acclimatize and engraft. Cell
death is a complex and multifactorial phenomenon and
hence requires a multifarious approach to achieve protec-
tion of the donor stem cells. A thorough understanding of

the cell death mechanisms is therefore prerequisite to define
prosurvival strategies. Thus, it would be imperative to
prime the cells to a state of “readiness” by stimulation of
their survival signaling pathways before their introduction
into the ischemic environment. The approach of cellular
preconditioning has powerful cytoprotective effects and the
signaling pathways involved in cellular preconditioning can
be successfully employed for antiapoptotic measures in
cell-based therapies.
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