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Abstract

We proposed that pharmacological manipulation of mesenchymal stem cells (MSCs) with diazoxide enhanced
their survival and regenerative potential via NFkB regulation. MSCs preconditioned (PCMSCs) with diazoxide
and later subjected to oxidant stress with 100 mmol=L H2O2 either immediately or after 24 h exhibited higher
survival ( p< 0.01 vs nonpreconditioned MSCs; Non-PCMSCs) with concomitantly increased phosphorylation of
PI3K, Akt, GSK3b (cytoplasmic), and NF-kB (p65) (nuclear). Akt kinase activity was determined as a function of
GSK3b activity. Pretreatment of PCMSCs with Wortmannin (Wt), NEMO-binding domain (NBD), or NF-kB (p50)
siRNA abolished NF-kB (p65) activity. Preconditioning increased NF-kB-dependent elevation of secretable
growth factors associated with their paracrine effects. Inhibition of PI3K activity with Wt reduced PCMSCs
viability at both early and 24 h time-points. However, inhibition of NF-kB reduced viability of PCMSCs only at
24 h time-point. For in vivo studies, DMEM without cells (group-1) or containing 1�106 male Non-PCMSCs (group-
2), PCMSCs (group-3), PCMSCs pretreated with Wortmannin (group-4) or NF-kB decoy (group-5) were trans-
planted in a female rat model of acute myocardial infarction. Group-3 showed highest cell survival and growth
factor expression, increased angiomyogenesis, and functional improvement. We conclude that activation of NF-
kB by preconditioning promoted PCMSCs survival and angiomyogenic potential in the infarcted heart. Antioxid.
Redox Signal. 12, 693–702.

Introduction

Preconditioning of stem cells is an emerging strategy
to curtail the massive death of cells after transplantation

(13). Different strategies have been used to precondition the
cells before transplantation (3). Despite encouraging results,
the underlying mechanism of preconditioning-induced cyto-
protection in stem cells remains contentious. Using skeletal
myoblasts as a cellular model, we have previously shown that
preconditioning of the cells with diazoxide (DZ) significantly
enhanced their post-transplantation survival (13). DZ, a
known activator of ATP sensitive potassium ion channels, is a
preconditioning mimetic. Treatment with DZ causes local
relaxation in smooth muscle by increasing membrane per-
meability to potassium ions and switching off voltage-gated
calcium ion channels that inhibits the generation of an action
potential (22). In this study however, we did not administer
DZ to the animals. Rather, DZ was used to precondition MSCs
to improve their survival post engraftment. Little is known
regarding the mechanistic involvement of NF-kB in cytopro-

tective effects of DZ in general and in the preconditioned stem
cells in particular. The present study elucidated the underly-
ing mechanism of preconditioning-induced cytoprotection in
mesenchymal stem cells with activation of nuclear factor-kB
(NF-kB), besides determining the versatility of cellular pre-
conditioning approach.

NF-kB is a family of inducible transcription factors that are
assembled through dimerization of five subunits: RelA (p65),
c-Rel, RelB, NF-kB1 (p50), and NF-kB2 (p52) (6). In a native
unstimulated MSC, most NF-kB dimers are present in the
cytoplasm in a bound state with the specific inhibitors of NF-
kBs (IkBs). Cell stimulation however, activates the IkB kinase
(IKK) complex that is composed of two catalytic subunits
(IKK-a and IKK-b) and a regulatory subunit (IKK-g=NEMO)
(16). The activated IKK phosphorylates NF-kB-bound IkB
proteins and targets them for polyubiquitination and rapid
degradation. The freed NF-kB dimers thus translocate to the
nucleus where they coordinate the transcriptional activa-
tion of their target genes (15, 24). NF-kB has been exten-
sively studied in relation to immune reactions and cancer (6).
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Deletion of NF-kB (p65) subunit or expression of an inhibi-
tor of NF-kB (IkB) inhibits the expression of several critical
anti-apoptotic proteins including the specific inhibitor of
caspase-8, caspase inhibitors cIAP1 and cIAP2, and Bcl-xL
(7). The pro-survival role of NF-kB has also been attributed
to the production of cytokines such as IL-6 which is encoded
by an NF-kB target gene (1). Although extensively studied in
neoplastic and immune cells, none of these studies have
looked into the role of NF-kB in MSCs as a pro-survival
factor.

Our results demonstrated that preconditioning of stem cells
activated PI3K and Akt with a clear evidence of concomitant
canonical activation of NF-kB. Besides, there is convincing
evidence for the release of various pro-survival factors from
preconditioned MSCs (PCMSCs) in an NF-kB dependent
fashion. Although there was substantial evidence for phos-
phorylation and nuclear translocation of NF-kB (p65) in
PCMSCs immediately after preconditioning, the cytoprotec-
tive effects of these molecular transitions were not evident
during the first 4 h after preconditioning (early phase).
However, blockade of NF-kB reduced the survival of PCMSCs
assessed 24 h after preconditioning. Taken together, activated
NF-kB has pro-survival activity in PCMSCs and regulated the
expression of an array of growth factors in PCMSCs post-

engraftment which acted in an autocrine or paracrine fashion
for repair of the infarcted myocardium.

Materials and Methods

All experiments involving animals were approved by the
Institutional Animal Care and Use Committee of University of
Cincinnati.

Cell isolation

Bone marrow-derived MSCs were isolated from young
female Fisher-344 rats, as described in Supplemental Methods
(see online supplemental material at www.liebertonline.
com=ars). The cells were cultured for no more than 3–5 pas-
sages before use in vitro, as well as in vivo studies.

Preconditioning of MSCs and survival
under oxidant stress

The pro-survival effects of preconditioning were assessed
over a period of 24 h. The pro-survival effects observed im-
mediately or later after preconditioning were referred as early
phase and late phase effects, respectively. The experimental
design for early and late phase effects is given in Fig. 1A and B,
respectively. Briefly, 1�105 MSCs per 35 mm dish were see-

FIG. 1. Preconditioning of MSCs potentiated their viability under OGD. The experimental design for determination of
(A) early and (B) late phase effects of DZ preconditioning. Cell survival assessed during (C) early phase and (D) late phase of
preconditioning in PCMSCs and Non–PCMSCs.
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ded for 24 h to achieve a confluence of 80%–85%. The dishes
were randomly divided into two sets, one for early phase
effects (A1–A3) and the other for late phase effects (B1–B3).
One dish in each set was preconditioned (PCMSCs) with
200 mmol=L DZ for 30 min. The other two dishes in each set
were left untreated (Non-PCMSCs). The cell viability in PCMSCs
and Non-PCMSCs during the early phase of preconditioning
was assessed by treating dish A2 and A3 with 100 mmol=L
H2O2 in glucose and serum-free DMEM for 4 h. The dish A1
served as an untreated control. To assess the cell viability in
PCMSCs and Non-PCMSCs during the late phase after pre-
conditioning, the dishes B1–B3 underwent the same treatment
as described for A1–A3. However, at the end of 30 min pre-
conditioning in B2, the medium in all three dishes (B1–B3) was
replaced with low serum (2%) supplemented DMEM for 24 h.
At the end of 24 h reperfusion, the PCMSCs (B2) and one dish
of Non-PCMSCs (B3) were subjected to an oxidant stress of
100 mmol=L H2O2 in glucose and serum-free DMEM for 4 h.
The dish B1 served as untreated control. Conditioned medium
from each Petri dish was collected after 4 h of H2O2 treat-
ment. Cell viability was determined by LDH measurement
in the conditioned medium using CytoTox-ONE� Homo-
geneous Membrane Integrity Assay (Promega, San Luis, CA).
One dish of Non-PCMSCs treated with lysis solution (provided
with the kit) achieved equivalent to 100% cell damage and
was used as a positive control to calculate the percentage of
cell damage in different groups. In addition to the LDH assay,
cell viability was also determined by TUNEL immunostaining
(Supplemental Methods, see online supplemental material at
www.liebertonline.com=ars). The pro-survival effects of pre-
conditioning during early phase and late phase were also
studied in the presence of different inhibitors. The experi-
mental protocol is detailed in Supplemental Methods and is
shown in Supplemental Fig. 2A and B (see online supple-
mental material at www.liebertonline.com=ars) and the con-
centrations of inhibitors used in this study are described
earlier (13).

Western blot analysis

Cell lysate was fractionated into cytoplasmic and nuclear
fraction from different groups followed by Western blotting,
as described in the Supplemental Methods (see online sup-
plemental material at www.liebertonline.com=ars).

Quantitative assessment of Akt and NF-kB

The quantitative assessment of Akt was done by using Akt
kinase assay (Cell Signaling, Danvers, MA). The activation of
NF-kB was determined by using an ELISA-based kit from
Active Motif (Carlsbad, CA) as described in the Supplemental
Methods (see online supplemental material at www
.liebertonline.com=ars).

Gene silencing studies

NF-kB acts either as homodimers of p50=p50 or hetero-
dimers of p50=p65 subunits (6). Gene silencing studies were
performed using NF-kB (p50) specific siRNA to block trans-
location of homodimers and heterodimers into the nucleus.
The NF-kB (p50) specific siRNA and scrambled siRNA (con-
trol siRNA) were purchased from Qiagen (Valencia, CA)
(Supplemental Methods, see online supplemental material at
www.liebertonline.com=ars).

Real-time PCR

Real time PCR studies were performed using our published
protocol (13). The primer sequence for different primers used
is given in Supplemental Table 1 (see online supplemental
material at www.liebertonline.com=ars).

In vivo studies

Experimental rat model of acute myocardial infarction and
cell transplantation. All experimental procedures were per-
formed in accordance with the standard human care guide-
lines of the ‘‘Guide for the Care and Use of Laboratory
Animals’’ and Institutional Animal Care and Use of Com-
mittee of University of Cincinnati, which conforms to Na-
tional Institutes of Health guidelines.

For cell transplantation studies, the cells were labeled with
PKH26 cell tracker dye to study the fate of the transplanted
cells (13). An experimental rat model of acute myocardial
infarction in young female Fisher-344 rats was developed by
permanent ligation of the coronary artery, as described ear-
lier (13). Immediately after the coronary artery ligation, the
animals were grouped to receive 60 ml DMEM without cells
(group-1) or containing 1�106 male Non-PCMSCs (group-2),
PCMSCs (group-3), PCMSCs pretreated with Wt (group-4), or
PCMSCs pretreated with NF-kB decoy (group-5). The cells
were injected intramyocardially under direct vision at multi-
ple sites in and around the infarction area. For molecular
analysis, the animals were euthanized on day-7 after their
respective treatment, and the left ventricle was cut (n¼ 3 per
group) and processed for isolation of gDNA and RNA for sry-
gene analysis and growth factor expression analysis, respec-
tively. Functional and histological studies were performed on
the animals from groups 1–3 (n¼ 6 per group) after 6 weeks of
their respective treatment, following which the animals were
euthanized for collection of the heart tissue for histologi-
cal studies. Histological studies were performed on paraffin-
embedded or cryopreserved heart tissue samples, as described
in the Supplemental Methods (see online supplemental ma-
terial at www.liebertonline.com=ars).

Echocardiography

Cardiac function was assessed by echocardiography on
day 7 and 6 weeks after their respective treatment as de-
scribed earlier (13).

Statistics

All the data were described as mean� SEM. To analyze the
data statistically, we performed Student’s t-test and 1-way
ANOVA with post-hoc analysis and considered a value of
p< 0.05 as statistically significant.

Results

Preconditioning of MSCs potentiated
their survival under OGD

PCMSCs showed better survival than Non-PCMSCs over a
period of 24 h. The percentage of cell death assessed during
the early phase of preconditioning was significantly less
in the PCMSCs (4.7� 1.8%) as compared to Non-PCMSCs
(64.3� 4.7%; p< 0.001) (Fig. 1C). The survival of PCMSCs was
decreased as a function of time as indicated by higher cell

ROLE OF NF-jB IN PRECONDITIONED MSCS 695



death (18� 3%) during late phase of preconditioning (Fig.1D).
However, the degree of cell death in PCMSCs during late
phase remained significantly lower (18� 3%) as compared to
the corresponding Non-PCMSCs (66� 3.9%; p< 0.001) (Fig.
1D). These results clearly showed that cytoprotective effects of
preconditioning lasted at least 24 h. The number of TUNEL-
positive cells was significantly less in the PCMSCs (24� 7.6%
and 34� 10.3%) as compared with the Non-PCMSCs (64.3�
4.7% and 75� 9.4%) during early and late phases, respectively
(Supplemental Fig. 1A and B).

Preconditioning of MSCs induced canonical
activation of NF-kB

In order to delineate the pro-survival pathway in PCMSCs,
we isolated the cell lysate from different treatment groups for
Western blot studies which showed increased phosphoryla-
tion of PI3K (Fig. 2A), Akt (Fig. 2B), and GSK3b (Fig. 2C) in
PCMSCs as compared with Non-PCMSCs. Activity of Akt de-

termined by an Akt-kinase assay using GSK3b as substrate
was also significantly higher in the PCMSCs as compared to
Non-PCMSCs (Fig. 2D). Pretreatment of PCMSCs with Wt sig-
nificantly abrogated these molecular events. These data in-
dicate that phosphorylation of Akt and GSK3b in PCMSCs
was mediated via activation of PI3K. Next we examined the
activity of NF-kB in different treatment groups of the cells.
Nuclear and cytoplasmic fraction of the cell lysate from each
treatment group was isolated after 30 min of preconditioning.
The pNF-kB (p65) subunit (phosphorylated NF-kB) was used
as a surrogate marker for NF-kB activity. The amount of pNF-
kB (p65) was significantly increased in cytoplasmic and nu-
clear protein fractions of PCMSCs as compared to Non-PCMSCs
(Fig. 3A and B) which was significantly reduced in PCMSCs in
the presence of Wt and NBD (IKKa=IKKß Inhibitor). Trans-
AM NF-kB (p65) assay performed to detect and quantify the
activity of NF-kB in the nuclear fraction was consistent with
Western blot data (Fig. 3C). The reduction of pNF-kB (p65) in
PCMSCs in the presence of NBD confirmed that this activa-

FIG. 2. Preconditioning induced expression of pro-survival proteins. Immunoblots from the protein samples collected
from the cells harvested 4 h after their respective treatment. Immunodetection with respective antibody showed significantly
increased phosphorylation of (A) PI3K, (B) Akt, and (C) GSK3b in Non-PCMSCs, PCMSCs, and PCMSCs treated with Wt. The
densitometry was done by using b-actin as internal control. (D) Immunoblot showing phospho-GSK3b from Akt kinase assay
which used GSK3b as substrate.
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tion occurred via IKKa=IKKß. This is the first evidence for
canonical activation of NF-kB in PCMSCs. Gene silencing
studies also supported the activation of NF-kB in PCMSCs.
Immunoblotting performed on nuclear fraction from PCMSCs
transfected with NF-kB (p50) siRNA showed abrogation
of pNF-kB (p65) as compared to PCMSCs transfected with
scramble siRNA (Fig. 3D). The data from TransAM assay
performed on the same nuclear lysate was in accordance with
Western blotting results (Fig. 3E).

Canonical activation of NF-kB results in sustained
survival of MSCs

We speculated that early effects of preconditioning were
dependent on Akt activation but independent of NF-kB acti-
vation. Therefore, in order to determine the functional sig-
nificance of NF-kB activation in PCMSCs, cell survival studies
were performed during early phase and late phase pre-
conditioning in the presence of different inhibitors. Pharma-
cological blockers (Wt and NBD) and nonpharmacological
blockers (NF-kB decoy) were used to elucidate the survival

signaling. The experimental design is shown in Supplemental
Fig. 2A and B. Our results showed that presence of Wt during
preconditioning resulted in higher cell death during early
phase (39� 6.2%; Fig. 4A) and late phase (46� 2.8%; Fig. 4B)
of preconditioning as compared to the corresponding PCMSCs
without Wt pretreatment (4.8� 1.3% and 18� 3%, respec-
tively). Although the presence of NBD during precondition-
ing significantly blocked NF-kB (p65) activation (Fig. 3A–C),
nevertheless it failed to abolish the cytoprotective effects of
preconditioning during the early phase (Fig. 4A). The cell
death in this group was insignificantly different from PCMSCs
( p> 0.05). The transfection of NF-kB decoy also failed to re-
duce PCMSCs survival during the early phase of pre-
conditioning (Fig. 4A). The survival studies with NBD and
NF-kB decoy showed that activation of NF-kB has a minimal
role in cytoprotection during the early phase after pre-
conditioning. Interestingly, both NBD treatment and NF-kB
decoy significantly reduced the survival of PCMSCs during
the late phase of preconditioning (43� 3.2 and 44� 4.5,
respectively), thus signifying the predominant role of NF-kB
activation during the late phase (Fig. 4B).

FIG. 3. Preconditioning of MSCs induced canonical activation of NF-jB. Immunoblots from the protein samples collected
from the cells harvested 4 h after their respective treatment. Immunodetection with respective antibodies showed phospho-
NF-kB (p65) in (A) cytoplasmic and (B) nuclear protein fraction in Non-PCMSCs, PCMSCs, PCMSCs treated with Wt and
PCMSCs treated with NBD. (C) TransAM assay showing activity of phospho-NF-kB (p65) in the nuclear fraction in the same
samples. (D) Immunoblot showing phospho-NF-kB (p65) in the nuclear protein fraction from Non-PCMSCs, PCMSCs, and
PCMSCs transfected with NF-kB (p50) siRNA and PCMSCs transfected with scrambled siRNA. (E) TransAM assay showing
activity of NF-kB (p65) in the nuclear fraction from different groups used in gene silencing studies. The densitometry (IDV) in
all the blots was determined by using b-actin (Octamer-1 for nuclear fraction) as internal control.
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Activation of NF-kB induced expression of pro-survival
and angiogenic factors

The significant contribution of NF-kB activation during the
late phase preconditioning prompted us to look for the ex-
pression and association of different pro-survival molecules
associated with NF-kB activation in PCMSCs. Real-time PCR
showed higher expression of HGF, IGF, FGF-2, and Ang-2 in
PCMSCs (Fig. 4C) which was abrogated in the presence of
Wt and NF- kB decoy ( p< 0.05). These data indicated that
preconditioning-induced activation of NF-kB led to higher
expression of pro-survival factors that were presumably re-
sponsible for enhanced survival of PCMSCs during the late
phase.

Preconditioning enhanced MSCs survival
after transplantation via activation of NF-kB

The survival of male MSCs was assessed by sry-gene de-
tection in a female rat model of acute myocardial infarction on
day 7 after transplantation. The cells transplanted in group-3

showed higher survival as compared with group-4 and
group-5 (Fig. 5A). The fold change was calculated by using
group-2 as control. Group-1 (DMEM injected) hearts did not
show any amplification of sry-gene and served as negative
controls. The rate of cell survival in various treatment groups
was not determined. The left ventricular tissue used for sry-
gene studies was also used for transcriptional profiling of pro-
survival and pro-angiogenic factors. The results showed
higher expression of HGF, IGF, FGF-2, and Ang-2 in group-3
as compared to group-4 and group-5 (Fig. 5B). These results
supported our rationale that preconditioning which activated
NF-kB in PCMSCs improved the survival of PCMSCs and led to
higher expression of pro-survival factors in the ischemic
myocardium.

PCMSCs improved cardiac function
and attenuated infarction size

Baseline transthoracic echocardiography measurements for
LV ejection fraction (LVEF) 67� 3.4% and LV fractional

FIG. 4. Canonical activation of NF-jB resulted in survival of MSCs. Cell viability during (A) early phase of pre-
conditioning and (B) late phase of preconditioning in different groups in the presence of inhibitors. (C) Real time
PCR showing expression of prosurvival and pro-angiogenic factors in PCMSCs as compared to Wt-treated and NF-kB decoy-
treated PCMSCs. The fold change was calculated by using Non-PCMSCs as normalizing control.
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shortening (LVFS) 42� 2.3% were obtained in pre-surgical
animals (n¼ 6) to serve as a baseline control (Fig. 6A and B).
LVEF after 7 days of surgery was significantly reduced in
group-1 (44� 1.9 %) and group-2 (41� 1.2%) as compared
to group-3 (50� 5.7%). Unlike group-1 which showed a
continued functional deterioration as indicated by LVEF
(37.3� 3.3%) at 6 weeks, LVEF was preserved in group-2
(42� 3.7%) and group-3 (50� 5.7%) (Fig. 6A). End dia-
stolic and systolic dimensions as indices of LV remodeling
were also preserved in group-3 (Supplemental Fig. 3A–D).
Masson trichrome-stained sections of the hearts harvested
after 6 weeks of transplantation had reduced infarction size in
group-2 and group-3 as compared with group-1 (Fig. 6C–E).
The infarction size was significantly reduced in group-3
(24� 5.3%) as compared to group-2 (42� 4.8%; p< 0.02) and
group-1 (50� 1.8%; p< 0.001) (Fig. 6F).

PCMSCs promoted myoangiogenesis

Using DMEM injected animal hearts (group-1) as a control
(Supplemental Figs. 4A and B), extensive presence of PKH26
labeled donor cells was observed in the infarction and peri-
infarction areas in group-2 and group-3 animal hearts both
at day 7 and 6 weeks after cell engraftment (Supplemental
Figs. 4C–F). Immunostaining for cardiac actin (green) was
co-localized with PKH-26 labeled cells (red), thus revealing

neomyogenesis after 7 days of cell transplantation (Supple-
mental Figs. 4C and E). Similarly, double fluorescent im-
munostaining for cardiac actin (green, Supplemental Fig. 4D;
cyan, Supplemental Fig. 4F) and connexin-43 (purple, Sup-
plemental Fig. 4D; yellow, Supplemental Fig. 4F) co-localized
with PKH-26 labeled PCMSCs showed their myogenic differ-
entiation and functional integration at 6 weeks after cell
transplantation. Myogenic differentiation in group-2 how-
ever, was markedly less.

An extensive angiogenic response was observed in group-3
as compared with the group-2. Immunostaining for vWF-VIII
was performed to elucidate the angiogenic response after
6-weeks of transplantation (Supplemental Fig. 5). The blood
vessel density was significantly higher in the peri-infarct
and infarct areas in group-3 as compared with group-1 and
group-2. Blood vessel density per surface area (0.155 mm2) at
400�magnification in the infarct and peri-infarct regions was
35.5� 8.6 and 58� 9.8, respectively, in group-3 as compared
with group-2 (14.2� 1.4; p< 0.001; 21.7� 3.6; p< 0.001).

Discussion

Preconditioning of stem cells before transplantation is a
novel albeit less studied concept in heart cell therapy. The
previous studies have used different preconditioning strate-
gies (2, 13, 18). The present study provides new insight into
the mechanistic involvement of NF-kB as a pro-survival tran-
scription factor that also stimulated the expression of multiple
growth factors. The salient findings of our study include a)
preconditioning enhanced survival of MSCs against oxidant
stress; b) the cytoprotective effects during the early phase after
preconditioning were predominantly due to increased phos-
phorylation of PI3K; and Akt; c) the cytoprotective effects
after preconditioning were NF-kB dependent; and d) pre-
conditioning significantly enhanced the survival and growth
factor expression of transplanted MSCs in NF-kB -dependent
manner with resultant attenuated infarct size and improved
cardiac function after 6 weeks.

The massive death of transplanted cells remains a major
challenge in heart cell therapy (17). The underlying cause of
unusually high and accelerated cell death is multifactorial.
Besides other mechanisms, the dynamics of the early phase
cell death implicates local immune and inflammatory re-
sponses, loss of trophic factors and local tissue ischemia as the
prime factors (3). Hence, a strategy aimed at modifying the
cytokine-rich harsh milieu of the ischemic myocardium to
become friendlier may significantly enhance the stem cell
survival. Alternatively, donor cells can be modified to en-
hance their resistance to ischemic stress. Our approach of
pharmacological preconditioning of stem cells prior to en-
graftment is not only limited to their better survival through
paracrine effects, it also improves their therapeutic effective-
ness by promoting their myogenic differentiation and inte-
gration with the host myocytes. The immediate protection in
the early phase of preconditioning was mediated by activa-
tion of diverse signaling pathways and allowed the cells
ample time to acclimatize in the harsh microenvironment of
the infarcted heart. The cytoprotective effects in the late phase
of preconditioning was the result of upregulation of various
transcription factors and synthesis of various growth factor
proteins. Furthermore, such manipulation also promotes
their paracrine activity to exert cytoprotective effects on the

FIG. 5. Activation of NF-jB induced pro-survival factors
and enhanced survival of MSCs post-transplantation. Real
time PCR for (A) sry-gene and (B) growth factor expression
in group-3, as compared to group-4 and group-5 using
group-2 as normalizing control.
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host cardiomyocytes and angiomyogenic activity in the in-
farcted heart.

NF-kB is critical for survival of PCMSCs

Activation of NFkB is an important molecular event in both
pro-apoptotic and pro-survival signaling (8, 11). On account
of its extensive involvement in diverse biological processes,
the dysfunctioning NFkB has been implied in various car-
diovascular pathologies (4). Experimental animal studies
have also implicated NF-kB in the late phase of ischemic
preconditioning of heart (14). Using a murine model of
ischemia-reperfusion injury, we have already reported that
activation of NF-kB was responsible for cardioprotection
during the late phase of preconditioning (21). Our present
study is an extrapolation of this observation to the stem cells
and showed that preconditioning-induced canonical activa-
tion of NFkB is downstream of Akt phosphorylation in
PCMSCs. Similar results have been recently reported by Zhang
and colleagues who showed that activation of Toll-like re-
ceptors on MSCs using lipopolysaccharides was cytoprotec-
tive and involved phosphorylation of Akt (Ser 473) and NF-kB
(Ser 536) (23).

In the process of NFkB activation, pAkt activates IkB ki-
nase, thus increasing IkB phosphorylation and degradation
(5). NF-kB dimer (i.e., p50=p65) then translocates to the nu-
cleus to bind with its cognate DNA element and activates
transcription. We observed that NBD significantly reduced
p65=NFkB phosphorylation in the nuclear fraction, thus re-
vealing canonical activation of p65=NFkB. The induction of
nuclear translocation of NFkB and its activation by pre-
conditioning was sensitive to Wt pretreatment that signifi-
cantly abrogated PI3K=Akt activation along with abrogation
of p65=NFkB activation and its nuclear translocation. More-
over, Wt pretreatment of PCMSCs reduced their viability in the
early phase of preconditioning. Although activation and nu-
clear translocation of NFkB immediately after precondition-
ing of the cells were observed, inhibition with NF-kB decoy
and NBD in PCMSCs did not affect their survival under sub-
sequent oxidant stress. These results suggest that NF-kB ac-
tivation and nuclear translocation has little significance in the
early phase preconditioning-induced cell survival. On the
other hand, the use of NBD or an NF-kB decoy in late phase
preconditioning reaffirms that activation of NF-kB is not an
epiphenomenon and NF-kB activation is critical for sustained
cytoprotection of PCMSCs during the late phase precondi-

FIG. 6. Transplantation of PCMSCs improved cardiac function and attenuated infarction size. (A) LVEF and (B) LVFS on
day 7 post-infarction deteriorated significantly in all the treatment groups as compared with the baseline. However, further
deterioration in heart function was observed in group-1 until 6 weeks of observation, as compared to non-PCMSCs trans-
planted group-2 and PCMSCs transplanted group-3 ( p< 0.05). Group-3 showed significantly preserved LV contractile
function indices as compared to group-2. (C–F) Quantitative assessment of infarction size in Masson’s trichrome-stained
histological tissue sections (C) group-1, (D) group-2, and (E) group-3 at 6 weeks after their respective treatment. (F) Com-
parison of the fibrotic area in the infarcted heart (n¼ 4=group) showed significantly attenuated infarct size in group-3 as
compared with group-2 ( p< 0.02) and group-1 ( p< 0.001).
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tioning. The use of NBD to block the activity of regulatory
subunit (IKK-g=NEMO) of IKK complex in PCMSCs was
supportive of canonical activation of NF-kB in these cells. Due
to the nature of many kinases having multiple phosphoryla-
tion targets, kinase inhibitors may exhibit nonspecific ‘‘off-
target’’ effects in addition to NF-kB blockade. Therefore,
transcription factor decoys were preferred over kinase inhib-
itors for inhibition of NF-kB due to the increased specificity
that can be achieved with the decoys.

Paracrine factors and cardioprotection

There is mounting evidence that stem cells orchestrate the
repair process in the heart by secreting an array of angiogenic,
anti-apoptotic, and anti-inflammatory cytokines that act in a
paracrine manner (7, 13). The ability to release paracrine fac-
tors was accentuated in response to preconditioning with
PCMSCs expressing copious levels of the secretable growth
factors. The higher expression of HGF, IGF, FGF-2, and Ang-2
in PCMSCs occurred in Akt and NF-kB dependent fashion.
There is a possibility that a part of the elevated growth factor
expression was contributed by the resident or mobilized in-
flammatory cells homing into the infarcted myocardium as a
part of the intrinsic repair process. Nevertheless, a compari-
son between the PCMSCs (group-3) transplanted heart tissues
with those transplanted with Non-PCMSCs (group-) clearly
support our conclusion that a major contribution of these
growth factors was from the transplanted PCMSCs. Moreover,
the significant reduction in the growth factor expression ob-
served in groups-4 and -5 animal hearts that received PCMSCs
pretreated with Wt and NF-kB decoy, respectively, further
vindicate our inference that the observed elevated expression
of growth factors in group-3 animal hearts was mainly con-
tributed by the transplanted PCMSCs. In the light of the earlier
study results that the use of individual growth factors is car-
dioprotective (7), we anticipated that delivery of PCMSCs ca-
pable of releasing a multitude of pro-survival factors would
be more appealing than individual proteins.

Preconditioning of MSCs enhanced
their differentiation potential

Preconditioning is also believed to enhance the differenti-
ation potential of stem cells. The marked difference between
PCMSCs and Non-PCMSCs in their myogenic differentiation
post engraftment in the heart may be attributed to the inhi-
bition of pGSK3b. Previous studies have shown that inhibi-
tion of GSK-3b downstream of pAkt is sufficient to duplicate
the effects of IGF-1 on protein synthesis and muscle differ-
entiation (19, 20). We have observed increased pGSK3 in
PCMSCs after transplantation of PCMSCs and anticipate that
this molecular event contributed to improved myogenesis
in the PCMSCs transplanted animal hearts as compared with
Non-PCMSCs transplanted hearts. Taken together, we specu-
late that activation of NF-kB is a primary event leading to the
secretion of different paracrine factors that play an important
role in the longevity of transplanted cells, thus increasing their
chances of successful engraftment.

In conclusion, preconditioning is an important strategy to
enhance survival of MSCs after transplantation. Moreover,
activation of NF-kB during the late phase of precondition-
ing (24 h after preconditioning) is the primary event leading

to upregulation of different angiogenic growth factors, pro-
survival and anti-apoptotic genes which are responsible for
sustained protection of MSCs after preconditioning. Ex-vivo
MSC modification may be an important strategy to improve
MSC mediated paracrine protection.

Study limitations

Despite portraying the significance of PI3=Akt signaling
and the involvement of downstream NFkB in pharmacologi-
cal preconditioning of stem cells, there are some study limi-
tations. Most importantly, the effect of preconditioning was
assessed only on two time points, 4 h and 24 h. Experiments at
time points in between 4 h and 24 h will determine the sig-
nificance of NF-kB phosphorylation as a pro-survival event in
PCMSCs. An important feature of our study was the depen-
dence of growth factor expression on NF-kB activation in
PCMSCs. An extensive and in-depth analysis of the secretable
growth factors other than angiogenic factors, which are up-
regulated in PCMSCs and are released in NFkB dependent
manner, would be of greater interest.
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