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Coronary artery disease is the most common cause of cardiac failure
in the Western world, and to date there is no alternative to bypass
surgery for severe coronary atherosclerosis. We report that c-kit-
positive cardiac progenitor cells (CPCs) activated with insulin-like
growth factor 1 and hepatocyte growth factor before their injection
in proximity of the site of occlusion of the left coronary artery in rats,
engrafted within the host myocardium forming temporary niches.
Subsequently, CPCs divided and differentiated into endothelial cells
and smooth muscle cells and, to a lesser extent, into cardiomyocytes.
The acquisition of vascular lineages appeared to be mediated by the
up-regulation of hypoxia-inducible factor 1�, which promoted the
synthesis and secretion of stromal-derived factor 1 from hypoxic
coronary vessels. Stromal-derived factor 1 was critical in the conver-
sion of CPCs to the vascular fate. CPCs formed conductive and
intermediate-sized coronary arteries together with resistance arte-
rioles and capillaries. The new vessels were connected with the
primary coronary circulation, and this increase in vascularization more
than doubled myocardial blood flow in the infarcted myocardium.
This beneficial effect, together with myocardial regeneration atten-
uated postinfarction dilated myopathy, reduced infarct size and
improved function. In conclusion, locally delivered activated CPCs
generate de novo coronary vasculature and may be implemented
clinically for restoration of blood supply to the ischemic myocardium.

coronary blood flow � infarct size � myocardial regeneration � stem cells �
vasculogenesis

A lteration in the balance between oxygen demand and supply
has been viewed as the critical determinant of ischemic

cardiomyopathy in humans (1, 2). The etiology of ischemic myo-
cardial injury is represented by lesions of the major epicardial
coronary arteries that restrict blood flow to the distal myocardium
leading to infarction and scar formation. Coronary artery disease
(CAD) is the most common cause of cardiac failure and accounts
for 500,000 cases of bypass surgery per year in the United States
alone. To date there is no alternative to bypass surgery for severe
coronary atherosclerosis, which increases with age and dramatically
affects the elderly population (1, 2). Regeneration of coronary
arteries would change dramatically the goal of cell therapy for the
ischemic heart. Prevention of myocardial injury would become the
end point of cell therapy rather than the partial repair of established
damage.

The adult heart contains a population of c-kit-positive cardiac
progenitor cells (CPCs), which are self-renewing, clonogenic, and
multipotent in vitro and regenerate infarcted myocardium in vivo (3,
4). Additionally, CPCs possess the hepatocyte growth factor (HGF)
c-Met receptor system (HGF–c-Met) and the insulin-like growth
factor 1 (IGF-1)–IGF-1 receptor (IGF-1R) system (IGF-1–IGF-
1R). The HGF–c-Met modulates predominantly CPC migration,
and the IGF-1–IGF-1R modulates primarily CPC division and
survival (4, 5). These observations formed the basis of the present
study, in which we report that CPCs activated in vitro with IGF-1
and HGF before their delivery in vivo have the potential to

reconstitute the various portions of the coronary circulation in the
infarcted rat heart. This increase in vascularization has multiple
beneficial effects; it improves myocardial blood flow, attenuates the
development of the postinfarction myopathy, reduces infarct size,
and enhances ventricular function.

Results
CPC Survival and Engraftment. Injection of clonogenic CPCs (non-
activated CPCs) or clonogenic CPCs, activated with HGF and
IGF-1 (activated CPCs) before their implantation in proximity of
the occluded left coronary artery, had different consequences on
cell homing, growth, and differentiation. Both cell populations
expressed EGFP, which was used as a marker of the progeny of the
transplanted cells in the recipient heart. Activated and nonactivated
CPCs accumulated within the nondamaged myocardium at the site
of injection (Fig. 1A). However, nonactivated CPCs showed a high
apoptotic rate [see supporting information (SI) Fig. 6] and a modest
level of cell proliferation (Fig. 1B); apoptosis increased from 12 to
24 to 48 h, leading to a complete disappearance of the implanted
cells in 2 weeks. Activated CPCs behaved differently; at 12 h the rate
of apoptosis was similar to the rate of cell replication but at 24 and
48 h cell division exceeded cell death (Fig. 1C and SI Fig. 6). An
important aspect of cell survival and growth is cell engraftment;
engraftment requires the synthesis of proteins that establish cell-
to-cell contact and the interaction between cells and the extracel-
lular matrix (6). The presence of connexin and cadherins in CPCs
and adjacent cells was used as a criterion of cell engraftment.
Connexin 43, N- and E-cadherin were expressed in a large fraction
of activated CPCs (38 � 12%) and were rarely seen in nonactivated
cells (3.8 � 3.1%). These proteins were found between CPCs and
between CPCs and myocytes or fibroblasts (Fig. 1 D–G); myocytes
and fibroblasts function as supporting cells in CPC niches (7).

Apoptosis was restricted to nonengrafted cells that did not
express connexin 43 (Fig. 1H), E-cadherin, and N-cadherin; it
was never detected in engrafted cells expressing junctional and
adhesion proteins. This phenomenon is consistent with anoikis
of the nonengrafted cells, which is one of the aspects of
programmed cell death triggered by the lack of cell-to-cell
contacts (8). Quantitative measurements at 2 days showed that
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only �5% (4,800 � 2,600) of the 80,000–100,000 injected
nonactivated CPCs were present in the myocardium whereas
�50% (48,000 � 18,000) of activated CPCs were detected.
These values are the product of three variables: cellular
engraftment, death, and division.

To strengthen the possibility that activation of CPCs by
growth factors (GFs) played a role in cell engraftment, acti-
vated CPCs were injected in the intact myocardium of nonin-
farcted rats. One month later, a large quantity of cells was
present at the site of injection in the epicardial region of the
heart (Fig. 1I). The implanted cells were small and negative for
�-sarcomeric actin (�-SA) and procollagen; 4% of EGFP-
positive cells expressed �-smooth muscle actin (�-SMA) and
2% von Willebrand factor (VWF). The modest lineage com-
mitment of CPCs was most likely related to the absence of
tissue damage (3, 9, 10). Apoptosis (0.67 � 0.29%) and cell
division (0.84 � 0.35%) were minimal at this time; the
engrafted cells expressed connexin 43, N-cadherin, and E-
cadherin (SI Fig. 7).

CPC Adaptation to Ischemia. The question was then whether
changes in the cardiac microenvironment created by coronary
occlusion inf luenced the differentiation of CPCs into vascular
smooth muscle cells (SMCs) and endothelial cells (ECs),
leading to the formation of coronary vessels. Potential candi-
dates include the hypoxia-inducible factor 1� (HIF-1�), which
is a transcriptional regulator of the stromal-derived factor 1
(SDF-1) chemokine (11). HIF-1� and SDF-1 are up-regulated
with ischemia and correlate with the oxygen gradient within
the tissue (11, 12). In the absence of cell injection, the
expression of HIF-1� and SDF-1 increased significantly after
infarction below the ligature, at the border of the infarct, and
within the infarct (Fig. 2A and SI Fig. 8). HIF-1� was detected
in myocyte, EC, and SMC nuclei whereas SDF-1 was restricted
to ECs and SMCs within the wall of coronary vessels (Fig. 2B
and SI Fig. 8). The percentage of ECs and SMCs positive for
HIF-1� and SDF-1 and the percentage of myocytes positive for
HIF-1� increased from 1 to 6 h and remained elevated at 12 h
(SI Fig. 9).

At 6–12 h the concentration of HGF and IGF-1 remained
constant in the various regions of the infarcted heart (Fig. 2C).
To characterize further the effects of IGF-1 and HGF on
CPCs, these cells were stimulated in vitro with GFs and the
expression of HIF-1� and the synthesis of SDF-1 were deter-
mined. There was up-regulation of HIF-1� mRNA and protein
together with enhanced formation of SDF-1 (Fig. 2 D–F and
SI Fig. 10).

To establish whether the effects of GFs on HIF-1� and
SDF-1 were mediated by activation of the PI3K/Akt pathway,
nonactivated and activated CPCs were exposed to an inhibitor
of Akt phosphorylation. In both cases, the expression of
phospho-Akt in CPCs decreased markedly (Fig. 3A). Similarly,
HIF-1� expression was clearly attenuated. Additionally, the
synthesis of SDF-1 was decreased significantly in both cell
classes. These findings point to the critical role that IGF-1–
HGF and the PI3K/Akt pathway may have in the survival and
engraftment of CPCs on one hand and HIF-1� and SDF-1
expression on the other hand (13, 14).

To test whether the formation of SDF-1 by ECs and the
interaction of ECs with CPCs promote the commitment of
CPCs into vascular cells, in vitro studies were performed.
Activated and nonactivated CPCs were cocultured with human
umbilical vein endothelial cells (HUVECs) under normoxic
and hypoxic conditions. CPCs express CXCR4, the receptor of
SDF-1 (Fig. 3B and SI Fig. 10). At baseline, HUVECs showed
low degrees of HIF-1�, and hypoxia markedly up-regulated its
expression (Fig. 3C). In normoxia, the coculture of HUVECs
with CPCs enhanced the commitment of activated and non-

Fig. 1. Engraftment of CPCs. (A) Site of injection of activated EGFP-positive
CPCs (green) 24 h after infarction. (B and C) Apoptosis and proliferation in
nonactivated and activated CPCs. (D–G) Connexin 43 (Cx43, yellow) and
E-cadherin (E-cadh, yellow) are expressed between activated CPCs and myo-
cytes (D, �-SA, white; D Inset, arrowheads) and between CPCs and fibroblasts
(F, procollagen, red; F Inset, arrowhead). (E and G) Positive controls: cardio-
myocytes and coronary vessel. (H) Apoptotic nonactivated CPCs (magenta,
arrows) do not express Cx43 (yellow, arrowheads). (I) Site of injection of
activated EGFP-positive CPCs 1 month after implantation in intact myocar-
dium. CPCs do not express �-SA (red); only a small fraction of cells is positive
for �-SMA (magenta, arrowheads) and VWF (yellow, arrowhead). The arrow
points to the mitotic image.
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activated CPCs to SMCs and ECs (Fig. 3D). Myocyte forma-
tion was not affected. With hypoxia, nonactivated and acti-
vated CPCs cocultured with HUVECs showed a potentiated
response; they acquired predominantly the EC and SMC
phenotype and, to a lesser extent, the cardiomyogenic fate.
Activated CPCs, however, exhibited a much higher level of
proliferation (Fig. 3D). The specificity of CXCR4 activation
was documented by inhibiting this receptor with neutralizing
antibody.

To establish whether up-regulation of HIF-1� in ECs is a
critical factor in CPC differentiation, HUVECs were trans-
fected with siRNA against HIF-1� and cocultured with non-
activated and activated CPCs. This strategy decreased dramat-
ically the expression of HIF-1� in HUVECs. Importantly, the
fraction of GATA6-positive and Ets1-positive nonactivated
and activated CPCs decreased markedly (Fig. 3E). In the
absence of HUVECs, the addition of SDF-1 to normoxic
cultures of nonactivated and activated CPCs induced cell
division and increased in a comparable manner EC and SMC
formation and to a limited degree myocyte differentiation
(Fig. 3F). Transcripts for VWF, myosin heavy chain 11
(Mhc11), and myosin light chain 2v (Mlc2v), indicative, re-
spectively, of EC, SMC, and myocyte differentiation, followed
a similar pattern (Fig. 3G and SI Fig. 10). Thus, CPC activation
by hypoxia and/or SDF-1 favors the generation of ECs and
SMCs.

Formation of Coronary Arteries. The effects of activated CPCs on the
development of conductive coronary arteries and their branches

were evaluated at 2 weeks and at 1 month. At 2 weeks, newly formed
EGFP-positive coronary arteries with a diameter up to 250 �m
were found in the epimyocardium adjacent to the site of injection
(Fig. 4A and SI Fig. 11). Vessels with a diameter �64 �m were
restricted to the viable myocardium of the base and upper mid-
region of the ventricle (Fig. 4B). They were not present in the
scarred myocardium at 2 weeks. However, newly formed resistance
arterioles were predominantly located in the infarct (Fig. 4C).
Arterioles with a diameter �25 �m were limited to the infarct and
were not detected in the spared myocardium. A few capillaries were
also present but mostly within the infarct. These observations
provide evidence for a selective response of CPCs to the regional
needs of the organ, which appear to condition stem cell behavior
(15, 16). In all cases, the wall of large, intermediate, and small
coronary arteries and capillaries was composed of EGFP-positive
SMCs and ECs. Vasculogenesis seemed to be the only mechanism
of vessel growth.

To determine whether the formed coronary vasculature repre-
sented temporary vessels that subsequently atrophied or function-
ally competent vessels that grew further with time, we extended our
observations to 1 month. At this interval, numerous EGFP-positive
coronary vessels with diameters ranging from 6 to 250 �m were
present in both the infarct and viable myocardium, suggesting that
time resulted in an expansion of the coronary vasculature. Large,
intermediate, and small coronary arteries and arterioles together
with capillary profiles were detected in both regions of the infarcted
heart (SI Figs. 12 and 13). As at 2 weeks, the regenerated vessels
were composed only of EGFP-positive SMCs and ECs. This
possibility was strengthened by the detection of the DNA sequence

Fig. 2. Ischemia, HIF-1�, and SDF-1. (A) HIF-1� and SDF-1 are up-regulated after infarction [see SI Fig. 8 A and B (for sampling and for OD, respectively)]. MI,
myocardial infarct; SO, sham-operated. (B) SDF-1 was negligible in resistance arterioles above the ligature (Left) but was highly expressed in arterioles located
below the ligature (Right). (Middle) Myocytes (�-SA, red), ECs (VWF, white), and SMCs (�-SMA, magenta). (C) HGF and IGF-1 in the myocardium by ELISA. (D)
Real-time RT-PCR of HIF-1� in CPCs exposed to IGF-1, HGF, and IGF-1–HGF. Control, CPCs not treated with IGF-1 or HGF. Nucleotide sequences are in SI Fig. 10.
(E) HIF-1� (yellow) is rarely present in CPCs (c-kit, green) in the absence of IGF-1 and HGF (Left) whereas HIF-1� is detected in numerous CPCs exposed to IGF-1–HGF
(Right). Colocalization of HIF-1� and c-kit is shown in Lower. (F) SDF-1 levels in CPCs by ELISA at baseline and after IGF-1 and/or HGF stimulation.
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of EGFP by PCR in treated infarcted hearts (Fig. 4D and SI Fig. 14).
Quantitative results documented that all classes of coronary vessels
had developed or expanded from 2 weeks to 1 month (Fig. 4E).

To assess whether the reconstitution of coronary vessels
involved fusion events, the formation of heterokaryons was
established by measuring the number of sex chromosomes in
nuclei of EGFP-positive ECs and SMCs within the vessel wall
(5, 17). Because female clonogenic activated CPCs were
implanted in female hearts, the number of X chromosomes was
identified by FISH (Fig. 4 F and G and SI Fig. 15). Sixty-four

vessels were examined in five animals; this magnitude of
sampling accounted for nearly 2,000 EC and SMC nuclei. In all
cases, at most two X chromosomes were found in EC and SMC
nuclei, suggesting that cell fusion played a minor role in the
restoration of the coronary vasculature by activated CPCs.

To determine whether new coronary vessels were connected
with the aorta and the existing coronary circulation, an ex vivo
preparation was used. The heart was perfused through the
aorta with rhodamine-labeled dextran. This molecule does not
cross the endothelium, and it allows the visualization of the

Fig. 3. Hypoxia, SDF-1, and CPC differentiation. (A) Akt inhibition (Akt I) of nonactivated and activated CPCs decreased the expression of phospho-Akt, HIF-1� (56%
decrease in controls and 44% decrease in GF-treated CPCs), and SDF-1 synthesis. (B) CPCs express CXCR4 at the mRNA and protein levels. The presence of CXCR4 (red)
in CPCs was confirmed by immunocytochemistry. (C) Hypoxia up-regulates 16-fold HIF-1� expression in HUVECs. P19CL6 cells were used as positive control. (D)
Differentiation and proliferation of nonactivated and activated CPCs. Exposure of activated CPCs to CXCR4 antibody attenuates differentiation in the presence of
hypoxia. (E) Expression of HIF-1� in HUVECs transfected with HIF-1� siRNA. When CPCs are cocultured with transfected HUVECs, the differentiation of CPCs into vascular
cells decreased as documented by immunocytochemistry. (F) SDF-1 favors CPC differentiation. (G) SDF-1 up-regulates VWF, Mhc11, and Mlc2v in CPCs. Nucleotide
sequences are in SI Fig. 10.
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coronary vasculature by two-photon microscopy (5, 17). Res-
ident and generated coronary vessels were distinguished,
respectively, by the absence and presence of EGFP labeling of
the wall. Collagen was detected by second harmonic genera-
tion (18). A discrete localization of collagen corresponded to
viable myocardium whereas extensive accumulation of colla-
gen ref lected infarcted myocardium (SI Fig. 16). By this
approach, the red f luorescence of rhodamine-labeled dextran,
the green f luorescence of EGFP, and the blue f luorescence of
collagen were detected directly in the nonfixed infarcted heart
in the absence of immunolabeling (19).

Large coronary arteries and their branches were identified within
the noninfarcted epimyocardium of treated rats at 2 weeks (Fig.
5A). These vessels had EGFP-positive walls that were surrounded
by minimal amounts of collagen. Similar vessels were found in the
border zone and in the scarred myocardium at 2 weeks and at 1
month (SI Fig. 17). When resolution permitted, a direct connection
was recognized between preexisting and generated coronary vessels
(Fig. 5B). These findings documented the integration of temporally
distinct, old and new, segments of the coronary vasculature. Mea-
surements of coronary blood flow with nonradioactive micro-
spheres were then obtained. In comparison with untreated infarcts,
myocardial perfusion was 2.5-fold higher in treated infarcts at 1
month (Fig. 5C).

At times the new coronary vessels traversed the epicardial
region of the infarct where they were surrounded by extensive
foci of newly formed EGFP-positive myocytes (Fig. 5D). The
regeneration of infarcted myocardium was detected first in the
region proximal to the ligature and the site of injection of the
activated CPCs. From 2 weeks to 1 month, myocardial regen-

eration extended toward the mid-region of the infarct and
began to invade the apical portion of the heart (SI Fig. 17).
Cardiac repair reduced infarct size at the base of the heart by
12% and 38% at 2 weeks and at 1 month, respectively. Smaller
decreases were detected in the mid-region and apex (Fig. 5E).
The improvement in coronary circulation together with myo-
cardial reconstitution led to attenuation of ventricular dilation
and to an increase in wall thickness-to-chamber radius ratio
and ventricular mass-to-chamber volume ratio (SI Fig. 18).
Importantly, cell therapy reduced the hemodynamic alter-
ations in left ventricular end-diastolic pressure, developed
pressure, positive and negative dP/dt, and diastolic wall stress
(Fig. 5F).

Discussion
During development, endothelial and hematopoietic cells arise
from a common progenitor, the hemangioblast (20). The endothe-
lial differentiation of hemangioblasts, however, was considered
restricted to the embryo, and the possibility of vasculogenesis in
adulthood was questioned. The identification of circulating endo-
thelial progenitor cells (EPCs) and the documentation of their
ability to transdifferentiate into SMCs and form arterioles and
capillaries in the peripheral circulation (21, 22), and potentially in
the infarcted human heart (23), have introduced a novel perspective
for the treatment of CAD. Other subsets of bone marrow cells have
also been shown to promote vasculogenesis in the heart (24) and
damaged organs (25).

We report that activated CPCs regenerate conductive, in-
termediate-sized and small coronary arteries and arterioles
together with capillary structures in vivo, replacing partly the

Fig. 4. Vessel regeneration. (A) Epimyo-
cardium of an infarcted treated heart at 2
weeks: three new coronary arteries (Upper,
EGFP, green) are present in the spared myo-
cardium (SM) and border zone (BZ). The
arrow points to a branching vessel. Colocal-
ization of EGFP and �SMA is shown (Lower,
orange). Preexisting coronary branches are
EGFP-negative (Upper) and �-SMA-positive
(Lower, red, asterisks). A cluster of EGFP-
positive cells is present at the injection site
(IS). Myocytes, �-SA: white. (B) Large regen-
erated arteries (Upper, EGFP, green) in
spared myocardium at 2 weeks. Colocaliza-
tion of EGFP and �-SMA is shown (Lower,
orange). Inset illustrates ECs (VWF, white).
(C) Infarct with regenerated intermediate
and small coronary arteries. In three panels
in Lower ECs are labeled by lectin or VWF
(white). The leftmost panel in Lower shows
one capillary (arrow). (D) EGFP DNA in in-
farctedtreatedhearts (MI-T)at2weeksand
at 1 month. MI, untreated infarcted hearts.
Peripheral blood from EGFP transgenic
mice was used as positive control (�). Nu-
cleotide sequences are in SI Fig. 13. (E) Ves-
sel formation.Solidbars (Art) correspondto
the regeneration of arteries in the spared
and infarcted myocardium. The luminal di-
ameters of the regenerated arteries are
shown in the adjacent panels. *, Different
vs. 2 weeks. (F and G) SMCs and ECs in re-
generated largecoronaryarteriesexhibitat
most two X chromosomes. In G the colocal-
ization of EGFP (green), �-SMA (red), VWF
(yellow),andXchromosomes(whitedots) is
shown separately and merged together.
The area included in the rectangle in F is
shown at a higher magnification in Inset.
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function of the occluded coronary artery and its distal
branches. This unprecedented degree of vasculogenesis im-
proves myocardial perfusion and positively interferes with the
development of the postinfarction myopathy. Blood f low to the
myocardium can be enhanced only by formation of arteries and
arterioles whereas capillaries control oxygen diffusion but
have no inf luence on f low regulation (26). The documentation
that undifferentiated cells with angiogenic properties reside in
the heart questions the bone marrow as the exclusive reservoir
or source of stem cells for therapeutic angiogenesis. Moreover,
there is no evidence that EPCs or bone marrow cell subsets can
form large conductive arteries pointing to activated CPCs as
the cell of choice for biological coronary bypass.

The pharmacological and surgical management of patients
affected by CAD has improved significantly in the last three
decades (1), but, despite these advances, morbidity and mor-
tality for ischemic cardiomyopathy continue to increase and
parallel the extension in median lifespan of the population
(27). The inevitable small number of surgical grafts that can be
performed, the possibility of restenosis of the grafted vessels,
and the complexity of reintervention in high-risk patients (28)
emphasize the need for the development of new strategies for
the management of CAD. Moreover, cardiac transplantation
for end-stage ischemic cardiomyopathy has age restriction and
is limited by the small number of donor hearts.

Our observations suggest that CPCs possess a significant
degree of plasticity and that the formation of a committed
progeny is conditioned by the etiology of the tissue injury
and/or the needs of the damaged organ (15, 16). When CPCs
are implanted in proximity of an acute infarct, they sense
signals that ultimately lead to tissue regeneration (3, 4).
However, as shown here, CPCs delivered in proximity of an
occluded coronary artery are inf luenced by signals transmitted
from the hypoxic ECs, which, in the end, result in the
restoration of various segments of the coronary vasculature.
Importantly, caution has to be exercised in the interpretation
of our data because the long-term outcome of this type of cell
therapy remains unknown. Additionally, studies in large ani-
mals will have to be performed to carefully characterize the
effects of CPCs on the physiology of the coronary circulation.

Materials and Methods
CPCs used in these studies were isolated from female Fischer 344 rats. A single
clonogenic c-kit-positive CPC expressing EGFP was used to develop an EGFP-
positive, c-kit-positive CPC clone (see SI Materials and Methods).
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Fig. 5. Newly formed coronary vessels are functionally competent. (A) Large
coronary artery and its branches located in the viable myocardium of a treated
rat contain rhodamine-labeled dextran (Rh-D, red) and possess EGFP-positive
wall (green). Coll, collagen (blue). (B) Functional integration of newly formed
vessels (EGFP-positive wall, green) with resident vessels (EGFP-negative wall).
The white circles delimit the sites of anastomosis. (C) Coronary blood flow in
untreated (MI) and treated (MI-T) infarcts. SO, sham-operated. (D) The new
vessel and its branches are surrounded by EGFP-positive cells within the
infarct. EGFP-positive cells (green) correspond to newly formed myocytes
(Lower, �-SA, red). (E) Myocardial regeneration in the apex, mid-portion of
the left ventricle (MP), and base is shown quantitatively. (F) Cardiac function.
Left ventricular end-diastolic pressure (LVEDP), LV developed pressure (LVDP),
positive and negative dP/dt, and diastolic wall stress improved in treated rats.
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