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Abstract

Myocardial ischemia triggers a limited angiogenic response, part of the remodeling process that is insufficient to avoid further
functional impairment. Several strategies have been evaluated to regenerate myocardial vascularization after ischemic injury
such as transmyocardial laser revascularization and gene therapy. Attention has recently been focused on the potential of cell
therapy to induce angiogenesis. Enhancing myocardial neovascularization is a major goal of myocardial cell transplantation
because it would provide patients, who cannot undergo conventional revascularization, with an alternative therapy. Additionally,
neovascularization would provide the implanted cells with adequate microenvironment to enhance survival and function. This
short review gives an overview of the effect of various cell transplantation strategies on myocardial neovascularization. It
suggests that in order to optimize myocardial neovascularization induced by cell therapy, future experiments should focus on
the contribution of exogenous and endogenous stem cells to new vessels formation, and on the identification of the molecular
pathways involved in the process. (Mol Cell Biochem 264: 133–142, 2004)
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Introduction: Ischemic cardiomyopathy
and myocardial revascularization

Ischemic cardiomyopathy is the leading cause of heart failure
which remains a major public health problem with 15 million
affected patients worldwide, a 5-year mortality of 50%, and
a healthcare expenditure of 1–2% of the total health care
budget in developed countries [1, 2]. Myocardial ischemia,
which is secondary to coronary artery disease (CAD) may
lead to heart failure through extensive myocardial necrosis,
hibernation, and ventricular dilatation. The adaptive myocar-
dial response involves myocyte hypertrophy, extracellular
matrix modification and neoangiogenesis [3]. The angio-
genic response is mediated by numerous factors including
endothelial growth factors, cytokines, angiopoietin, matrix
metalloproteinases, plasminogen activator, and nitric oxide
synthases [4, 5]. Under normal conditions, this response is
insufficient to restore appropriate vascularization of the peri
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infarct area. Sustained ischemia leads to apoptosis of viable
myocytes and infarct expansion [6–8].

Myocardial revascularization potentially improves ven-
tricular function by restoring blood flow to viable my-
ocardium [9, 10]. Clinical trials of myocardial revascular-
ization have demonstrated improvement in ventricular func-
tion and clinical outcomes in patients with CAD and severe
left ventricular dysfunction [11, 12]. The increasing number
of patients suffering chronic refractory myocardial ischemia
who are not candidates for conventional revascularization by
angioplasty or bypass grafting has urged the need for alterna-
tive methods of myocardial revascularization. Several strate-
gies have been devised in the past decade which include trans-
myocardial laser revascularization (TMLR), growth factors
therapy, gene therapy, cell transplantation, and combination
of gene and cell therapy. Cellular transplantation improves
regional systolic function in experimental models and of-
fers the hope of reversing heart failure [13]. The functional
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benefit of cell transplantation is proportional to the num-
ber of surviving cells [14, 15]. As an adequate microen-
vironment with vascular support is more likely to sustain
transplanted cell’s survival and differentiation, the need for
recovering microvascularization within the context of cell
transplantation has emerged. The present review aims to out-
line the contribution of cell transplantation to neovascular-
ization of ischemic myocardium and its potential therapeutic
perspectives.

Angiogenic response to ischemia

The development of collateral circulation is a physiological
response to severe chronic ischemia. Neovascularization may
be divided into three subtypes: angiogenesis, arteriogenesis,
and vasculogenesis [16]. Angiogenesis results from prolif-
eration and migration of mature endothelial cells from pre
existing vascular structures toward an angiogenic stimulus
(hypoxia). Arteriogenesis refers to an increase in caliber of
pre existent vessels regulated by local flow and pressure con-
ditions. It involves vascular remodeling with modification of
the extracellular matrix and proliferation of both endothelial
and smooth muscle cells [16]. More recently, vasculogenesis
has been described in analogy to embryonic formation of
vascular structure from endothelial progenitors. Endothelial
progenitor cells (EPCs) from peripheral blood [17], and en-
dothelial growth factors such as vascular endothelial growth
factor (VEGF) or basic fibroblast growth factor (bFGF) play a
major part in the regulation of these angiogenic mechanisms
[18, 19].

Transmyocardial laser
revascularization

Transmyocardial laser revascularization (TMLR) has been
reported to stimulate myocardial angiogenesis as a non-
specific reaction to tissue injury in ovine myocardium [20].
Chu et al. [21] showed that mechanical transmyocardial
revascularization using an 18-gauge needle increased angio-
genic factor expression and concomitant neovascularization
and that these changes were indistinguishable from those
of TMLR. As for ischemia, angiogenesis following TMLR
seems to be related to the myocardial remodeling process
involving extracellular matrix modifications [22]. Contro-
versial results have been published on the clinical outcomes
of TMLR; despite encouraging improvements on symptoms
and events in open labeled prospective studies, more re-
cent trials did not show any difference when TMLR was
prospectively and blindly compared to medical treatment
[23–30].

Endothelial growth factor and gene
transfer to enhance neovascularization
of injured myocardium

The identification of potent endothelial growth factors in the
early 90s opened the way for experiments in the field of thera-
peutic angiogenesis. Since Yannagisawa-Miwa et al. [31] first
reported in 1992 on the potential benefit of induced angiogen-
esis, after treatment with bFGF in a canine model of myocar-
dial infarction, the experiments in therapeutic angiogenesis
have been mainly focused on protein and gene transfer.

Several reports have assessed the efficacy of endothelial
growth factor delivery to increase capillary density and collat-
eral blood flow in various animal models of ischemia [31–35].
Recent studies performed in patients with severe myocardial
ischemia have suggested the short-term safety and functional
benefit of recombinant VEGF and bFGF delivery [36–38].
However, the relative brief half-lives of these proteins and
their potential side-effect on non targeted tissues like tumor,
raised important limitation and clinical safety concerns.

In order to obtain in situ sustained stimulation of therapeu-
tic angiogenesis, gene transfer of plasmid encoding various
endothelial growth factors have been used. Various growth
factor cDNAs and methods of delivery have been evaluated
in animal models to assess the feasibility and efficacy of an-
giogenic gene therapy [39–41]. Among them, gene trans-
fer delivery of VEGF, bFGF, and hepatocyte growth factor
(HGF) through implantation of transfected adult or fetal car-
diomyocytes has been reported to enhance myocardial angio-
genesis in murine models [42–44]. Phase I and early phase
II trials in patients with symptomatic CAD have assessed the
feasibility and safety of direct intramyocardial injection of
genes encoding VEGF [45, 46]. Hedman et al. [47] recently
reported that intracoronary VEGF adenovirus gene transfer
significantly increased myocardial perfusion in patients with
CAD. Increased VEGF expression induces mobilization of
EPCs that likely play an important role in vasculogenesis [48,
49]. Local delivery of angiogenic factors is more likely to en-
hance local homing and differentiation of cells involved in
neovascularization, whereas systemic delivery may increase
the risk of tumoral proliferation in other organs. Even though
many issues are still to be clarified regarding long-term safety
and clinical outcomes, gene delivery of angiogenic factors
through implantation of gene enhanced cells offers the hope
of neovascularization and cardiomyogenesis.

Neovascularization induced
by cell transplantation

Transplantation of exogenous cells to regenerate damaged
myocardium has been a major field of research since the early
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1990s. Several population of differentiated cells and stem
cells have been evaluated with the ultimate goal of restoring
myocardial function through regeneration of functionally ac-
tive myocardial tissue. Improvement of myocardial function
and prevention of adverse remodeling was observed in vari-
ous experimental models of heart failure after implantation of
exogenous cells with almost all the experimented cell types
[13, 50, 51]. Recent studies have more specifically focused
on the angiogenic effect of myocardial cell therapy (Table 1).

Endothelial progenitor cells induce both
angiogenesis and vasculogenesis

EPCs are bone marrow-derived progenitor cells that are
implicated in the maintenance of endothelium through their
ability to mature into endothelial cells [52]. They have a
common precursor with hematopoietic stem cells (HSCs)
[53], and can be isolated and expended from bone marrow,
umbilical chord blood, or peripheral blood mononuclear
cells (PBMCs) [54–56]. These cells express both endothelial
cell markers: VEGF-receptor-2 (VEGFR-2), von Willebrand
factor (vWF), vascular endothelial cadherin (VE-cadherin),
CD31, and progenitor cell markers: CD34 and/or CD133
[57, 58]. Circulating EPCs number in human adult peripheral
blood is low under normal conditions but can be increased
by bone marrow stem cells mobilization with granulocyte-
colony stimulating factor (G-CSF) and VEGF [49, 59, 60].
Interestingly, it has been recently reported that circulating
EPC number is also increased in patients receiving HMG-
CoA reductase inhibitors [61]. Kaushal et al. [62] showed
that in vitro expended EPCs were able to recreate functional
small vessel endothelial tissue. More recently, Badorff et al.
[63] showed that EPCs could also transdifferentiate into
functionally active cardiomyocytes in vitro.

Human EPCs, when infused in athymic nude rats mod-
els of myocardial infarction, induced angiogenesis, and re-
duced apoptosis and adverse remodeling [64, 65]. Kawamoto
et al. [66] recently reported a significant increase in capil-
lary density, angiographic collateral development, and left
ventricular ejection fraction 4 weeks after transplantation of
autologous EPCs in a swine model of myocardial infarction.
Kocher et al. [65] also showed that infusion of human EPCs
in rats after myocardial infarction resulted in vasculogenesis
and enhanced local angiogenesis suggesting that engrafted
EPCs secreted angiogenic factors. These factors could be
responsible for mobilization, homing and differentiation of
endogenous stem cells. A recent clinical trial conducted by
Assmus et al. [67] reported the feasibility and safety of in-
tracoronary infusion of autologous EPCs after myocardial
infarction.

Thus, EPCs appear to be a major cell model for myocardial
cellular therapy as they seem to combine both the potential

beneficial effect of angiogenesis, myogenesis, and mobi-
lization of endogenous stem cells. Their beneficial effect on
myocardial function could be related to neovascularization,
recruitment of hibernating myocardium, and/or an indirect
enhancement of local homing and transdifferentiation of
endogenous stem cells. Moreover, their easy isolation from
peripheral blood makes them attractive in comparison to
stem cells obtained from bone marrow aspiration. Yet,
further investigations are required to assess the mechanisms
of such effects and their clinical relevance in human. One can
hypothesize that EPCs could be transplanted in combination
with other stem cells in order to regenerate both vascular
endothelium, other vascular cell types such as pericytes and
smooth muscle cells, and myocardium.

Smooth muscle cells can contribute to neovascularization

Smooth muscle cells (SMCs) are the major cell population
of arterial media and are responsible for vascular tone. Under
pathologic conditions they can dedifferentiate, migrate,
proliferate, and secrete extracellular matrix to heal vascular
injuries (SMCs plasticity) [68]. SMCs can also secrete fac-
tors such as NO, bFGF and VEGF involved in the angiogenic
process [69–71]. Li et al. [72] successfully transplanted
SMCs into the cryo-necrosed left ventricle of adult rats and
observed a four- to five-fold increase in blood vessel forma-
tion and significant improvement in contractile function in
the transplanted group. Whether implanted SMCs have the
capacity to enhance angiogenesis by proliferation and secre-
tion of angiogenic factors needs to be assessed. As for other
cell type, the contribution of SMCs to neovascularization and
improvement of myocardial function may be related to a non-
specific mechanism of endogenous stem cell mobilization.

Modest skeletal myoblasts contribution
to neovascularization

Skeletal myoblasts are skeletal muscle precursor cells that
have the capacity for self renewal and differentiation. Since
the first experiment reported by Chiu et al. [73] of skele-
tal myoblast successful engraftment in a canine model of
cryo-injured myocardium, several studies have assessed the
ability of these cells to engraft, differentiate into myotubes,
and improve post infarction cardiac function in animal mod-
els [74–76]. Menashé et al. [77, 78] reported the first human
phase I trial of myocardial cellular therapy using skeletal
myoblast in patients undergoing CABG with left vetricular
ejection fraction ≤35%. Based on their observations in ani-
mal models, they reported that myoblast transplantation did
not increase angiogenesis beyond that seen in control hearts
[79]. In a study evaluating transfected skeletal myoblasts ex-
pressing VEGF, Suzuki et al. [80] showed that implantation
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Table 1. Cell therapy and myocardial neovascularization.

Cell source Strategy Recipient Outcome References

Human EPCs derived from PBMCs IV injection 3 h after LAD
CA ligation

Athymic nude
rats

At 4 weeks: increase capillary density with
incorporation of human specific endothelial
cells. Improvement of myocardial function

[64]

Human EPCs derived from PBMCs
after mobilization by G-CSF

IV injection 48 h after LAD
CA ligation

Athymic nude
rats

At 2 weeks: increase number of capillary of
human and rat origin. Improvement of
myocardial function

[65]

Autologous EPCs derived from
PBMCs harvested 4 weeks after
MI

IM transplantation 4 weeks
after LCx CA ligation

Swine At 4 weeks: increase of angiographic collateral
development and capillary density.
Improvement of myocardial function

[66]

Human EPCs derived from PBMCs
or unselected BMD-MCs
harveste after AMI

IC infusion 5 days after AMI Human At 4 months: improvement of myocardial
function, myocardial viability, and coronary
flow reserve

[67]

Fetal rat stomach SMC IM transplantation 4 weeks
after cryo injury

Rats At 4 weeks: increase capillary density.
Improvement of myocardial function

[72]

Syngenic skeletal myoblasts
transfected or not with VEGF
cDNA

IM transplantation 1 hour
after LAD CA ligation

Rats At 4 weeks: increase capillary density and
improvement of myocardial function in
VEGF transfected myoblasts > non
transfected myoblasts > medium free alone

[80]

Autologous BMD-MC harvested 4
weeks after MI

IM implantation 4 weeks
after LCx CA occlusion

Swine At 4 weeks: increase endothelial cells number
and myocardial perfusion. Improvement of
myocardial function

[83]

Autologous BMD-MC harvested 2
weeks after myocardial injury

Trans coronary sinus
injection 2 weeks after
ischemic myocardial injury

Swine At 2 weeks: increase angiogenesis [84]

Syngenic BMD-MC IM injection after creation of
a LAD CA stenosis

Rats At 2 months: increase capillary density, blood
flow, angiopoietine 1 and VEGF expression.
Improvement of myocardial function

[85]

Autologous BMD-MC IM injection 60 min after
LAD CA ligation

Swine At 3 weeks: increase capillary density, blood
flow, and angiographic collateral vessels.
Improvement of myocardial function

[86]

BMC mobilized by 8 days of
cytokines treatment

Coronary ligation at day 5 of
cytokine treatment

Splenectomized
mice

At 4 weeks: increase functional arterioles and
capillaries. Improvement of myocardial
function

[81]

Autologous BMD-MC harvested
5–9 days after AMI

IC infusion 5–9 days after
AMI

Humans At 3 months: Improvement of myocardial
perfusion and function

[87]

Autologous BMD-MC from
patients with severe ischemic
heart disease

IM injection Humans At 3 months: Improvement of myocardial
perfusion and function

[88]

Autologous BMD-MC from
patients with severe ischemic
heart disease

IM injection Humans At 2 months: Improvement of myocardial
perfusion and function

[89]

HSC from transgenic GFP+ male
mice

IM injection 5 h after LAD
CA ligation

Female mice At 9 days: Donor derived endothelial cells and
SMCs in de novo capillaries and arterioles.
Donor derived cardiomyocytes

[93]

BMT of CD34 HSC 60 min LAD CA occlusion 10
weeks after BMT

Mice At 2 or 4 weeks: Donor derived endothelial cells
and cardiomyocytes

[94]

Autologous MSC ± treated with
5-azacytidine

IM injection 3 weeks after
cryo injury

Rats At 8 weeks: increase capillary density.
Improvement of myocardial function

[100]

Isogenic MSC Intra aortic infusion 2 weeks
after LAD CA ligation

Rats At 4 weeks: Donor derived endothelial cells,
cardiomyocytes and fibroblasts

[101]

Autologous MSCs treated with
5-azacytidine

IM injection 4 weeks after
LAD CA occlusion

Swine At 4 weeks: increase capillary density.
Improvement of myocardial function

[102]

Syngenic MSCs immortalized and
treated with 5-azacytidine

Intra ventricular and IM
injection of
noninjured heart

Mice At 1, 4, 8 and 12 weeks: increase capillary
density. Donor derived endothelial cells

[104]

EPCs: endothelial progenitor cells; PBMCs: peripheral blood mononuclear cells; IV: intra venous; LAD CA: left anterior descendant coronary artery; IM:
intra myocardial; LCx CA: left circumflex coronary artery; BMD-MCs: bone marrow derived mononuclear cells; AMI: acute myocardial infarction; IC: intra
coronary; BMT: bone marrow transplantation; MSCs: mesenchymal stem cells; GFP: green fluorescent protein
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of non transfected skeletal myoblasts still resulted in signifi-
cantly increased capillary number when compared to control.
Skeletal myoblasts modest contribution to neovascularization
may be a non specific effect of myocardial cell transplanta-
tion. The hypothesis of local secretion of angiogenic factors
and mobilization of endogenous progenitors are still to be
addressed.

Mobilized and transplanted bone marrow
cells enhance neovascularization

Bone marrow contains many cell types, including stromal
cells, vascular cells, adipocytes, osteoblasts and osteoclasts,
as well as mesenchymal stem cells and hematopoietic stem
cells. Bone marrow derived progenitor have the capacity to
home to different tissue, proliferate, and acquire the pheno-
types of the host organ [81, 82]. Many reports have eval-
uated the potential of unselected bone marrow cells for the
regeneration of infarcted myocardium in various animal mod-
els. All the experiments focused on angiogenesis showed a
significant improvement of capillary density together with
an improvement of myocardial function of the injured my-
ocardium receiving bone marrow cells when compared to
control [83–85]. Kamihata et al. [86] reported that 16% of
the bone marrow derived mononuclear cells (BMD-MCs)
they implanted in a swine model of myocardial infarction
were of endothelial lineage expressing bFGF, VEGF, and
angiopoietin 1 suggesting a combined mechanism of angio-
genesis and vasculogenesis. Orlic et al. [81] reported that
bone marrow cells mobilized by stem cell factor (SCF) and
G-CSF in a mouse model of myocardial infarction partially
restored myocardial mass and induced angiogenesis. Recent
studies performed in patients with ischemic heart disease
have assessed the feasibility, safety, and potential of unse-
lected autologous BMD-MCs in inducing neovascularization
[87–89]. In the TOPCARE-AMI trial, Assmus et al. [67] ob-
served no significant difference between unselected BMD-
MCs and EPCs on various parameters such as normalization
of coronary flow reserve as neovascularization marker. Be-
cause unselected BMD-MCs is composed of various cells in-
cluding hematopoietic stem cells, mesenchymal stem cells,
and stromal cells, these studies do not provide direct mea-
sures of the contribution of each cell population to neovas-
cularization. In a recent report, Agbulut et al. [90] showed
that unselected BMD-MCs had a higher potential of transdif-
ferentiation into cardiomyogenic and endothelial phenotype
than purified hematopoietic progenitors. Future experiments
should address whether the combination of different pop-
ulation of bone marrow derived stem cells provide a syn-
ergistic beneficial effect on neovascularization and myocar-
dial regeneration when compared to a populations of purified
progenitors.

Adult stem cells contribution to neovascularization
still needs to be investigated

Adult bone marrow contains several stem cell population in-
cluding HSCs and MSCs. HSCs ability to differentiate to
multiple lineages has been recently assessed by Krause et al.
[91]. HSCs participation in neovascularization is expected
because they may be mobilized by angiogenic factors such as
VEGF and angiopoietin-1 [92], and have a common precursor
with EPCs (hemangioblasts) [53]. Orlic et al. [93] observed
GFP-positive endothelial and SMCs in developing capillar-
ies and small arterioles in the infarct area of mice after im-
plantation of GFP-positive lin− c-kitpos BMD-MCs. Jackson
et al. [94] reported the participation of engrafted CD34−/low

c-Kitpos Sca-1pos cells, referred as side population HSCs, in
the neoangiogenesis process of irradiated mice subsequently
rendered ischemic by temporary coronary artery occlusion.

MSCs are self renewing clonal precursor of non
hematopoietic tissues that provide the microenvironment for
hematopoiesis. They can be induced to differentiate into cells
of mesenchymal lineage including fibroblasts, fat, cartilage,
bone, skeletal and cardiac muscle [95–99]. MSCs have
been used extensively for myocardial cell transplantation
in various animal models. As for the other population of
bone marrow derived stem cells, they significantly increased
myocardial neovascularization after engraftment into injured
myocardium [100–102]. Human MSCs do not express spe-
cific markers of EPCs and were not reported to transdifferen-
tiate into endothelial phenotype [97, 98, 103]. However, Gojo
et al. [104] recently reported that immortalized murine MSCs
treated in vitro with 5-azacytidine were able to differentiate to
endothelial cells, pericytes and SMCs. Verfaillie et al. [105,
106] showed the presence of bone marrow multipotent adult
progenitor cells (MAPCs), copurified in vitro with MSCs,
that express the VEGF receptor Flk1 and other phenotypic
markers of endothelial lineage under VEGF stimulation. The
existence of these cells in vivo has not been assessed yet but
if they exist even in a very small number, they may contribute
to the neovascularization observed after MSCs implantation.
Moreover most of the studies performed with MSCs used a
non purified plastic adherent cell fraction of BMD-MCs that
also include a population of HSCs likely to be involved in
the neovascularization process [107]. Thus, the contribution
of MSCs and other fraction of bone marrow derived stem
cells to neovascularization still needs to be fully addressed.

Possible mechanism for cell transplantation
to induce neovascularization

EPCs induce neovascularization in infarcted myocardium
through angiogenesis and vasculogenesis [8]. This may
be related to the endothelial differentiation potential of
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Fig. 1. Various mechanisms of angiogenesis and vasculogenesis after labelled stem cell implantation. (a) Exogenous labelled stem cell transdifferentiation
into labelled endothelial cells (Vasculogenesis); (b) exogenous labelled stem cell triggers endogenous unlabelled stem cell transdifferentiation into endothelial
cells (Vasculogenesis); (c) exogenous labelled stem cell stimulates endogenous unlablled endothelial cells proliferation (Angiogenesis); (d) fusion between
exogenous labelled stem cell and endogenous unlabelled endothelial cell resulting in proliferation of diploids labelled endothelial cells.

EPCs, and their ability to secrete angiogenic factors such as
VEGF.

Thus far the various BMD-MC preparations enhance neo-
vascularization and improve myocardial function after trans-
plantation [108]. Various mechanisms may be involved in
neovascularization following cell transplantation: (i) trans-
planted cells may transdifferentiate to endothelial cells
(Fig. 1a), (ii) transplanted cells may trigger endogenous stem
cells transdifferentiation to endothelial cells (Fig. 1b), and
(iii) transplanted cells trigger endothelial cells proliferation
through secretion of angiogenic factors (Fig. 1c). Since it
was suggested by Orlic et al. [109] that circulating autol-
ogous stem cells could traffic to the infarcted myocardium
and undergo differentiation into cardiomyocytes and vascu-
lar structures, we also hypothesize that exogenous implanted
cells may trigger mobilization, homing and differentiation of
endogenous bone marrow and cardiac stem cells. Regarding
the expression of donor stem cell characteristics in host or-
gan differentiated endothelial cells after engraftment, stem
cell plasticity has recently been challenged by the potential
contribution of cell fusion (Fig. 1d) [110–113]. Cell fusion

could be a mechanism by which exogenous stem cells trigger
the differentiation and proliferation of endogenous cells con-
tributing to the beneficial functional outcomes of cell trans-
plantation. Additionally, the high rate of early transplanted
cell death observed in various experiments [15, 79] may ini-
tiate a non-specific inflammatory response stimulating short-
term local angiogenesis. Further studies are required to assess
the long term existence of neovascularization as a specific
effect of cell transplantation.

Future research and outlook

The molecular signaling pathway leading from stem cell im-
plantation to new capillary formation are still to be addressed
in order to increase the benefit of cell transplantation in in-
ducing neovascularization. New experimental models using
transgenic mice expressing various fluorescent proteins may
be useful to assess the cellular origin of the new forming ves-
sels observed after cell transplantation [114]. Other model of
transgenic mice lacking major angiogenic receptors would
also be useful to investigate their contribution in post cellular
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transplantation neovascularization. Ultimately, a comparison
of various purified stem cell population such as EPCs, HSCs,
and MSCs on their ability to induce neovascularization and
improve myocardial function would provide important infor-
mation for future clinical trials.

Gene therapy and EPCs implantation increase capillary
density; however, future research should focus on inducing
large blood vessels regeneration, which are more likely to
be clinically relevant in patients suffering from CAD. Cell
transplantation may provide new strategies combining thera-
peutic angiogenesis with functional myocardial regeneration
as a synergistic process to improve clinical outcomes.
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