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Factors Released from Embryonic Stem Cells Stimulate
c-kit-FLK-1þve Progenitor Cells

and Enhance Neovascularization

Sumbul Fatma,1,* Donald E. Selby,2,* Reetu D. Singla,1 and Dinender K. Singla1

Abstract

We examined whether factors released from embryonic stem (ES) cells inhibit cardiac and vascular cell apoptosis
and stimulate endogenous progenitor cells that enhance neovascularization with improved cardiac function. We
generated and transplanted ES-conditioned medium (CM) in the infarcted heart to examine effects on cardiac
and vascular apoptosis, activation of endogenous c-kit and FLK-1+ve cells, and their role in cardiac neovascu-
larization. TUNEL, caspase-3 activity, immunohistochemistry, H&E, and Masson’s trichrome stains were used to
determine the effect of transplanted ES-CM on cardiac apoptosis and neovascularization. TUNEL staining and
caspase-3 activity confirm significantly ( p< 0.05) reduced apoptosis in MI+ES-CM compared with MI+ cell
culture medium. Immunohistochemistry demonstrated increased ( p< 0.05, 53%) c-kit+ve and FLK-1+ve positive
cells, as well as increased ( p< 0.05, 67%) differentiated CD31-positive cells in ES-CM groups compared with
respective controls. Furthermore, significantly ( p< 0.05) increased coronary artery vessels were observed in ES-
CM transplanted hearts compared with control. Heart function was significantly improved following ES-CM
transplantation. Next, we observed significantly increased ( p< 0.05) levels of c-kit activation proteins (HGF and
IGF-1), anti-apoptosis factors (IGF-1 and total antioxidants), and neovascularization protein (VEGF). In con-
clusion, we suggest that ES-CM following transplantation in the infarcted heart inhibits apoptosis, activates
cardiac endogenous c-kit and FLK-1+ve cells, and differentiates them into endothelial cells (ECs) that enhances
neovascularization with improved cardiac function. Antioxid. Redox Signal. 13, 1857–1865.

Introduction

Myocardial infarction (MI) induces irreversible
loss of myocytes and vascular cells within the infarct

and peri-infarct regions, leading to cardiovascular remodel-
ing and ultimately, end stage heart failure and death (2, 4, 17,
19). Novel cell transplantation approaches have been exam-
ined to regenerate and repair injured myocardium (3, 10, 11,
27, 28). Many different cell types such as bone marrow stem
cells, neonatal cardiac myocytes, ventricular cardiomyocytes,
skeletal myoblasts, smooth muscle cells, fetal cardiac myo-
cytes, mesenchymal stem cells (MSCs), and mouse and
human embryonic stem (ES) cells were transplanted in vari-
ous animal models to regenerate injured myocardium (3, 10,
11, 27, 28). We and others demonstrated that mouse ES cells
transplanted after MI in the heart can differentiate into cardiac
myocytes (18, 23, 28). Furthermore, we also suggested that
transplanted ES cells differentiate into vascular smooth
muscle and endothelial cells (ECs), suggesting neovascular-

ization may contribute to improved cardiac function (18, 23,
28). Both adult and ES cell transplantation studies indicate
that improved cardiac function is associated with myogenesis
and neovascularization (11, 18, 23, 28).

Autocrine or paracrine factors released from MSCs fol-
lowing transplantation in the infarcted heart inhibit cardiac
myocyte apoptosis and improve function (7, 8). Furthermore,
we developed oxidative stress-induced apoptosis in H9c2
cells and demonstrated that factors released from ES cells
inhibit apoptosis in the cell culture model (30, 31). However,
whether factors released from ES cells can inhibit apoptosis
and enhance neovascularization following transplantation in
the infarcted mouse heart remains unknown.

Accordingly, we hypothesized that transplanted factors
released from ES cells in the infarcted heart inhibit apoptosis,
enhance neovascularization, and improve cardiac function.
To test this hypothesis, we generated conditioned medium
(CM) from cultured ES cells and transplanted it in the in-
farcted mouse heart. We demonstrate that released factors in
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ES-CM following transplantation inhibit cardiac apoptosis,
activate endogenous c-kitþve-fetal liver kinase (FLK1þve)
progenitor cells, and enhance neovascularization post-MI.

Materials and Methods

Preparation of ES-CM

Mouse ES cells were maintained in Dulbecco’s minimum
essential medium (DMEM, Invitrogen, Carlsbad, CA) supple-
mented with sodium pyruvate, leukemia inhibitory factor (LIF),
glutamine, penicillin-streptomycin, b-mercaptoethanol, nones-
sential amino acids, and 15% FBS (Invitrogen) as we previously
reported (30, 31). ES-CM was prepared by growing 9000 ES
cells/cm2 in Petri dishes containing cell culture medium with
LIF for 24 h and then replaced with fresh cell culture medium
without LIF for 48 h (30, 31). After 48 h, cell culture supernatants
(CM) from growing ES cells were collected and labeled as ES-
CM as reported previously (30, 31). To prepare 15�concentrated
ES-CM we used Centriprep filter devices (Billerica, MA). In brief,
15 ml of ES-CM was poured onto Centriprep filter and the cap
was closed provided with the tubes. Centrifugation was per-
formed at 3000 g for 40–60 min, as detailed in the instructions.

Myocardial infarction and ES-CM transplantation

Animal protocols were approved by University of Vermont
and Central Florida animal approval committees. 8–10 week-
old male and female C57BL/6 mice (Taconic Farms, Hudson,
NY) mice were used and divided into different study groups:
Sham control (C), MIþ cell culture medium, MIþES-CM (1x),
MIþES-CM (15x). Under general anesthesia, MI was pro-
duced as we reported previously (16). In brief, left thoracot-
omy was performed under sterile conditions. The mid left
anterior descending (LAD) coronary artery was ligated, and
the chest was closed. Sham controls were considered when
some animals experienced complete surgery but no LAD li-
gation was performed. Cell culture medium or ES-CM was
directly injected into the infarcted left ventricle at 3-5 hrs post-
MI. Two intramyocardial injections of 40 ml of ES-CM or cell
culture medium injections were performed at three different
peri-infarct sites using a 29 gauge floating needle modified for
cell delivery. The chest was closed and the animals allowed to
recover. Animals were examined for echocardiography 24 h
post-MI and used for further studies.

Preparation of paraffin sections and histopathology

Hearts were removed, placed in ice cold saline, fixed in 5%
buffered formalin, and embedded in paraffin. Five mm serial
sections were cut and used for histology. Tissue sections were
deparaffinized by incubation in xylene for 5 min at room tem-
perature, followed by transfer into fresh xylene for an additional
5 min. Sections were rehydrated using sequential incubation in
100%, 95%, and 70% ethanol for 5 min, each at room tempera-
ture, followed by washing in distilled water and phosphate-
buffered saline (PBS) for 5–10 min. Heart sections were stained
with standard H&E and Masson’s trichrome stains.

Determination of apoptotic nuclei by TUNEL staining

Heart sections were deparaffinized as described above and
permeabilized with proteinase K (25 mg/ml in 100 mM Tris
HCl). TUNEL assay (TMR red, Roche Applied Bio Sciences)

was used to determine apoptotic cell death. Negative con-
trols were used in each case by omitting reaction mixture
provided in the kit to develop staining. Sections were
mounted with Antifade Vectashield mounting medium con-
taining 4’,6-diamidino-2-phenylindole (DAPI, Vector Labora-
tories, Burlingame, CA) to stain nuclei. Olympus and confocal
microscopes were used to identify TUNEL stained nuclei.

Quantitative analysis of apoptotic nuclei was performed on
1–2 heart sections from 4–6 different hearts as reported by us
and other investigators (15, 21, 29, 33). The percentage of
apoptotic nuclei per section was calculated by counting the
total number of TUNEL-staining nuclei divided by the total
number of DAPI-positive nuclei in 5–7 randomly selected
fields at�20 magnification.

Caspase-3 activity

Caspase-3 activity was performed using a colorimetric ac-
tivity assay kit from BioVision (Mountain View, CA), as we
reported previously (30, 31). In brief, LV heart tissue was re-
moved, washed with PBS, and homogenized in the cell lysis
buffer provided in the kit. Cell lysate was centrifuged and
supernatants were collected for protein concentration and
caspase-3 activity. The protein concentrations were deter-
mined in the supernatant using a standard colorimetric Bio-
Rad assay (Hercules, CA). Caspase-3 activity was measured as
per instructions detailed in the kit. Colorimetric reaction was
developed and measured at 405 nm in a microtiter plate reader.

Dihydroethidium staining

Dihydroethidium (DHE) is a lipophilic dye used to measure
superoxide levels in the samples, as reported (6). In brief, heart
sections were deparaffinized as stated before and were incu-
bated with DHE (1mm/ml, Invitrogen) dye for 15–25 min in a
dark chamber at room temperature. After incubation, sections
were washed with PBS and counterstained with DAPI contain-
ing mounting medium. Sections were examined under Olympus
and confocal fluorescence microscopes (Center Valley, PA).

c-kit, FLK-1, and CD31 immunostaining

Tissue sections were deparaffinized in xylene and rehy-
drated by sequential incubation in 100%, 95%, and 70% eth-
anol for 4 min each at room temperature, followed by washing
in distilled water and phosphate-buffered saline (PBS) for
6 min. Nonspecific sites were blocked by incubation in 10%
normal goat serum (NGS) for 30 min. Sections were incubated
with anti-c-kit, anti-FLK-1, or with anti-CD31 mouse mono-
clonal antibodies (Santa Cruz Biotechnologies, Santa Cruz,
CA), diluted 1:25 with 10% NGS for an hour, and followed by
three washes in PBS. Next, sections were incubated with
secondary antibody Alexa Fluor 568 or 488-conjugated goat
anti-mouse IgG (Invitrogen) diluted 1:50 with PBS for 1 h. The
sections were mounted with Vectashield antifade medium
containing nuclear stain DAPI (Vector Laboratories). Quan-
titative analysis of c-kitþve, FLK-1þve, and CD31 was per-
formed on heart sections from 3–5 different hearts using our
Olympus and confocal fluorescence microscopes.

Coronary artery formation

Hematoxylin and eosin (H&E) and Masson’s Trichrome
stained heart sections were used to determine the presence of
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coronary artery vessels. The cross-sectional area of the lumen
of the vessel was determined by multiplying the length of the
perpendicular axes measured using the grid (1–100m, Hunt
Optics, Pittsburgh, PA) loaded in the microscope eye piece
and observed at 20�. The vessels with less than 50mm2 were
classified as small, 51–300 mm2 medium, and more than
300 mm2 as large coronary artery vessel.

Echocardiographic analysis

Echocardiography was performed with 2%–4% isoflurane
anesthesia administered via nose cone. The anesthetized an-
imal was placed supine on a heated (378C) imaging platform
that is a component of the Visual Sonics (Toronto, CA) Vevo
770 high-resolution ultrasound imaging system. Imaging was
performed with a 60 MHz probe, and two-dimensional
echocardiographic images were obtained. M-mode mea-
surements were performed for determination of anteroseptal
and posterior wall thickness as well as internal dimen-
sions during systole and diastole. From the chamber dimen-
sions, fractional shortening ([diastolic-systolic]/diastolic) was
derived.

Total antioxidant capacity assay

Antioxidants play a pivotal role in scavenging free radicals
(19). There are mainly three different types of antioxidant
species: enzymes (catalase, peroxidase, etc.), small molecules
(vitamin E, ascorbate, uric acid, GSH, etc.), and proteins
(transferrin) (14). The Bio-Vision Technologies (Exton, PA) kit
used in the present study measures both small molecules
antioxidants and proteins. In brief, the detection total anti-
oxidant capacity (TAC) in CMs from ES cells or cell culture
medium (control) was performed using ELISA kits in accor-
dance with the manufacturer’s instructions.

VEGF, IGF-1, and HGF ELISA assays

The detection of hepatocyte growth factor (HGF), insulin
growth factor (IGF-1), and vascular endothelial growth factor

(VEGF) in CMs from ES cells or cell culture medium (control)
were performed using ELISA kits in accordance with the
manufacturer’s instructions. Kits were obtained from R&D
(VEGF and IGF-1; Minneapolis, MN), and B-Bridge Interna-
tional (HGF; Mountain View, CA).

Data analysis

All values were expressed as means� SE. Statistical sig-
nificance was assigned when p< 0.05 using t-test.

Results

MIs were generated in mice hearts and ES-CMs were
transplanted post-MI. To determine whether ES-CM trans-
plantation demonstrated an anti-apoptotic effect, we per-
formed TUNEL staining and caspase-3 activity. TUNEL
staining data confirmed apoptosis in the infarcted mouse
heart was significantly reduced ( p< 0.05, Fig. 1) in the
MIþES-CMs compared with the MIþ cell culture medium-
transplanted hearts. Next, we examined caspase-3 activity
since it is considered a hallmark of apoptosis that plays a
major role in stress-induced cardiac myocyte apoptosis. Our
data confirm that caspase-3 activity was significantly reduced
( p< 0.05, Fig. 2) in MIþES-CMs compared with MIþcell
culture medium. The reduced apoptosis confirmed with TU-
NEL staining in MIþES-CM groups correlates with a decrease
in caspase-3 activity post-MI. DHE staining was used as a
qualitative approach to detect the generation of superoxide
radicals, oxidative stress marker as reported previously (14).
Our data show DHE staining was abundant in the infarcted
heart sections compared with ES-CM treated groups, sug-
gesting an increase in oxidative stress that is inhibited with
ES-CM (Fig. 3).

To determine the effect of transplanted ES-CM on cardiac
endogenous vascular progenitor FLK-1 cells and their con-
tribution in enhanced neovascularization, we performed c-kit
staining combined with a FLK-1 marker to identify c-kit and
FLK-1 positive vascular progenitor cells. Figure 4 shows a
significant increase in the combined expression of c-kit and

FIG. 1. Effects of transplanted ES-CM following MI on inhibited vascular cell apoptosis confirmed with TUNEL
staining. Representative photomicrograph shows red bright immunoflurescence, apoptotic nuceli (A and D) and total nuclei
stained with DAPI in blue (B and E). Merge images are shown in panel C and F, 40�. Right histogram shows quantitative
number of total apoptotic nuclei in the heart are significantly reduced in MIþES-CMs group compared with MIþ cell culture
medium at D1 post-MI. *p< 0.05 vs. MI. Data are from the set of 4–6 different animals. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com/ars).
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FLK-1 stained cells in the infarcted heart following ES-CM
transplantation. Our quantitative data suggest MIþES-CM
has significantly increased ( p< 0.05, 53%) c-kitþve and FLK-
1þve cells compared with MIþ cell culture medium (Fig. 4).
Moreover, FLK-1 cells were also increased and were present
in the small mature arteries, suggesting their contribution in
repair or new artery formation in the ES-CM treated groups
(data not shown). Next, we examined whether c-kitþve cells
are present in mature coronary artery sites. We performed
c-kit cell staining combined with CD31, a mature endothelial
cell marker. Our data suggest evidences of c-kit positive cells
and co-stained with mature EC marker CD31 were present in

MIþES-CM group, but no such evidences were observed in
the control groups. These data suggest that transplanted
ES-CM activate c-kit cells that then differentiate into mature
ECs (Fig. 5). Next, immunohistochemistry staining for mature
EC marker CD31 identified a 67% increase in positive cells in
MIþES-CM compared with MIþ cell culture medium (Fig. 6).

Next, we determined the effect of transplanted ES-CM on
coronary artery formation. Our data shows that coronary
artery formation was significantly ( p< 0.05) increased fol-
lowing ES-CM transplantation (Fig. 7). Importantly, the in-
crease was observed in small coronary arteries (<50mm2) in
MIþES-CM compared with MIþ cell culture groups, but no
statistically significant difference was observed in the large
arteries in all the groups examined (data not shown).

Echocardiography was used to examine the effects of
ES-CM transplantation on cardiac function in mice at D1 post-
MI. MIþES-CM-15x group demonstrated significantly reduced
LV end diastolic dimension (LVEDd) compared to MIþ cell
culture medium group. MI hearts also demonstrated a sig-
nificant increase in LV fractional shortening post-MI in
ES-CM group compared with cell culture following trans-
plantation (Fig. 8). Overall, the echocardiographic data sug-
gest an improvement in cardiac function consistent with the
myocardial repair and neovascularization.

Moreover, we determined the presence of c-kit activation
proteins (HGF and IGF-1), anti-apoptosis factors (IGF-1 and
TAC), and neovascularization protein (VEGF) using specific
ELISA methods. ES-CM shows significant increase ( p< 0.05)
in levels of HGF, IGF-1, TAC, and VEGF in ES-CM compared
with cell culture medium (Fig. 9). These data suggest that the
presence of HGF, IGF-1, TAC, and VEGF in ES-CM compared
with control medium may contribute in the inhibition of
cardiovascular apoptosis and enhanced neovascularization.

Discussion

Apoptotic or necrotic cardiac myocytes and vascular
cell death contribute in the development and progression of

FIG. 2. Effects of transplanted ES-CM following MI on
caspase-3 activity shows quantitative decrease in both 1�
and 15�, MIþES-CM groups compared with MIþ cell
culture medium at D1 post-MI. *p< 0.05 vs. MI. Data are
from the set of 6 different animals.

FIG. 3. Effects of transplanted
ES-CM on the generation of su-
peroxide free radicals were deter-
mined by dihydroethidium dye.
Heart sections shows positive for
DHE staining (A and D), total nuclei
stained with DAPI in blue (B and E).
Merged images of all three labeled
sections are shown in C and F (40�).
Data are from the set of 3–5 differ-
ent animals. (For interpretation of
the references to color in this figure
legend, the reader is referred to the
web version of this article at www
.liebertonline.com/ars).
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FIG. 4. Effects of transplanted ES-CM following MI on c-kit and FLK-1 stainings post-MI at D1. Representative pho-
tomicrograph shows green staining, c-kitþve (A and E), red fluorescence, FLK-1 cells (B and F), and total nuclei stained with
DAPI in blue (C and G). Merged images of triple-labeled sections are shown in D and H (40�). Right histogram shows
quantitative number of c-kitþve and FLK-1 positive cells significantly reduced following MI compared with sham controls.
MIþES-CM groups shows significant increase in c-kitþve and FLK-1þve cells compared with MIþ cell culture medium at D1
post-MI. #p< 0.05, vs C *p< 0.05 vs. MI. Data are from the set of 3–5 different animals. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com/ars).

FIG. 6. Effects of transplanted ES-CM following MI on endothelial cell marker, CD31 post-MI at D1. Representative
photomicrographs show red fluorescence, CD31 endothelial cells (A and D); total nuclei stained with DAPI in blue (D and E).
Merged images of labeled sections are shown in C and F (40�). Right histogram shows quantitative number of CD31 positive cells
significantly increased in MIþES-CM-15x compared with controls. *p< 0.05 vs. MI. Data is from the set of 3–5 different animals.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article at
www.liebertonline.com/ars).

FIG. 5. Heart sections were stained for c-kit and co-labeled with endothelial cell marker CD31 antibody. Representative pho-
tomicrographs show c-kitþve staining green (A and E); CD31, red (B and F); total nuclei stained with DAPI in blue (C and G). Merged
images of all three labeled sections are shown in D and H (40�). Data are from the set of 3–5 different animals. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com/ars).
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cardiovascular disorders (1, 4, 17, 19). Oxidative stress-
induced apoptosis leading to MI and heart dysfunction is well
documented (1, 4, 17, 19). Moreover, inhibition of apoptosis
has been reported in MI and ischemic cardiomyopathy mouse
and rat models by angiotensin II inhibitors, caspase inhibitors,
expression of the antiapoptotic protein Bcl-2, and antioxidants
such as probucol (1, 4, 17, 19). We reported recently that
transplanted ES cells in the infarcted mouse heart inhibit
myocyte apoptosis and fibrosis (29). However, whether the
inhibited apoptosis in the infarcted heart is mediated through
autocrine or paracrine mechanisms of transplanted ES cells
remains unclear. We produced ES-CM and confirmed the
presence of anti-apoptotic factors released in the medium (30,

31). Released factors inhibit H2O2-induced apoptosis in the
H9c2 cardiomyoblast cell culture model (30, 31). In the present
study, our data suggest cardiac myocyte and vascular cells
apoptosis, confirmed by TUNEL staining and caspase-3 ac-
tivity, was significantly reduced in the ES-CM transplanted
hearts. Moreover, we also observed increased amount of su-
peroxide production in the infarcted hearts, and this increase
was inhibited with ES-CM transplantation, suggesting a role
of oxidative stress in increased apoptosis. Our data are con-
sistent with the recent findings that factors released from
MSCs inhibit cardiac myocyte apoptosis in the infarcted heart
(7, 8). These studies suggest that reduction in post-MI apo-
ptosis of cardiac myocytes and vascular cells in the native

FIG. 7. Effects of transplanted ES-CM following MI on coronary artery formation post-MI. Representative photomi-
crographs show less number of coronary arteries are present in MI group (A, arrow) and increased number of coronary
vessels were observed in ES-CM group (B). Right histogram shows quantitative number of vessels in MI and MIþES-CM
groups. #p< 0.05 vs C, *p< 0.05 vs. MI. Data are from the set of 5 different animals. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com/ars).

FIG. 8. Effects of ES-CM intramyocardial injection on cardiac function at D1 post-MI. Left panel, average echocardio-
graphic left ventricular fractional shortening (FS); right panel, end diastolic diameter (LVEDd) for different treatment groups.
ES cells-CM (15�) treatment was significantly different from MI� cell culture Media group: *p< 0.05 vs MI.
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myocardium is mediated through autocrine or paracrine ac-
tion following cells transplantation (7, 8, 30, 31).

Neovascularization has been achieved with endothelial
progenitor cells (EPCs) present in the peripheral blood or
derived from adult and ES cell sources (20, 22, 35). Trans-
plantation of EPCs in mouse and rat models of MI demon-
strate an increase in capillary density and improved cardiac
function (9, 13, 34). Similarly, G-CSF and stem cell factor (SCF)
enhanced neovascularization and cardiac regeneration in
mice (24). Unfortunately, clinical trials of G-CSF were unable
to improve cardiac remodeling or infarct size compared with
controls (25, 37). The specific stimulation of stem cells with
G-CSF and contribution of EPCs in neovascularization is not
clearly understood. Moreover, the effect of transplanted
ES-CM on endogenous cardiac neovascularization is a new

concept that remains unclear. In this context, we determined
the effect of transplanted ES-CM on the stimulation of vas-
cular progenitor cells and their role in enhanced cardiac
neovascularization. In the present study, we demonstrate that
ES-CM stimulates resident c-kitþve cardiac progenitor cells
(CPCs) and circulating FLK-1 cells from the storage site to the
injury and their differentiation into ECs. Our data are in
agreement with the recent report that CPCs have the potential
to differentiate into ECs and promote neovascularization
following transplantation in the infarcted heart (33). More-
over, the formation and maturation of the cardiac vasculature
is a multifactorial and complex process involving different cell
types (35). Recently reported, FLK1-positive EPCs derived
from stem cells play a major role in neovascularization in the
injured myocardium and hindlimb ischemia (36). Consistent

FIG. 9. Mouse hepatocyte growth factor (HGF), insulin growth factor (IGF-1), total antioxidants (TAC), and vascular
endothelial growth factor (VEGF) ELISA kits were used to measure total amount of proteins present in the cell culture
(CC) medium as a control, and ES-CM. Significantly increased amount of HGF (A), IGF-1 (B), TAC (C), and VEGF (D) are
present in ES-CM compared with controls. Data are from 4–6 experiments. ES cells-CM shows significantly different from cell
culture medium group: *p< 0.05 vs CC.
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with an important role of FLK-1 cells, we also determined
whether endogenous vascular progenitors, FLK-1 cells, dif-
ferentiate into mature ECs and enhance neovascularization.
Our presented data suggest that ES-CM stimulate vascular
progenitor FLK-1 cells and differentiate into mature ECs with
enhanced neovascularization (Fig. 7).

Next, we determined the presence of anti-apoptotic and
pro-angiogenic factors in ES-CM. Our ELISA data suggests
that ES-CM contains increased amount of anti-apoptotic (TAC
and IGF-1), and pro-angiogenic factors (IGF-1, HGF, and
VEGF). So, we suggest that these released factors have pro-
vided beneficial effects in the enhanced neovascularization
and inhibited apoptosis as observed in the present study.
Moreover, this has shown cardiac progenitor cells primed
with IGF-1 and HGF can differentiate into endothelial and
VSM cells and promote neovascularization following trans-
plantation in the infarcted heart (32). Moreover, FLK1-
positive EPCs derived from stem cells have been reported to
play a role in neovascularization in the injured myocardium
and hindlimb ischemia (12, 26). Similarly, a recent article
published in PNAS (while our paper is under review with this
journal) suggests that combined growth factors of IGF-1 and
VEGF following transplantation in hind limb ischemia model
enhances angiogenesis and myogenesis (5). Thus, our data are
consistent with recent studies suggesting that VEGF and IGF-
1 enhance neovascularization.

In conclusion, this is the first study suggesting that ES-CM
transplanted post-MI inhibits cardiac and vascular cell apo-
ptosis, as well as enhance neovascularization mediated
through the stimulation of endogenous cardiac and vascular
progenitor cells. However, further studies are required to
answer critical questions, including defining the molecular
signaling pathways responsible for the neovascularization.
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