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Endothelial progenitor cells as a new agent 
contributing to vascular repair

Ewa Miller−Kasprzak and Paweł P. Jagodziński

Department of Biochemistry and Molecular Biology, Karol Marcinkowski University of Medical Sciences, Poznañ, Poland

Received: 2006.10.18, Accepted: 2007.04.26, Published online first: 2007.07.23

Abstract
A special type of stem cells, defined as endothelial progenitor cells (EPCs), has been found in the bone marrow and periph-
eral blood. These EPCs are incorporated into injured vessels and become mature endothelial cells during re-endothelializa-
tion and neovascularization processes. Though a complete phenotypic description of EPCs remains unclear, these cells
express several surface markers, the most relevant including CD34 and CD133 antigens. Furthermore, EPCs derived from
other sources could also give rise to mature endothelial cells, which makes this group of cells more diverse. The recruitment
of EPCs from the bone marrow to homing sites of vasculogenesis is subject to regulation by many factors, including
chemokines and growth factors. The precise mechanism of EPC mobilization and differentiation is not entirely elucidated
and is still under investigation. Recent studies have suggested that EPCs may promote local angiogenesis by secreting angio-
genic growth factors in a paracrine manner. The number and function of EPCs can be affected during pathological condi-
tions, including diabetes mellitus, cardiovascular risk factors for ischemic disease, and graft vasculopathy. Additionally, EPC
number and migration capacity could be improved by such factors as drugs, physical exercise, and growth factors.
Transplantation of EPCs into ischemic tissues may emerge as a promising approach in the therapy of diseases associated with
blood vessel disorders.
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REVIEW

INTRODUCTION

Both vasculogenesis and angiogenesis are defined as
processes responsible for new blood vessel formation [5,
38]. Consistent with the definitions proposed by Risau
[48], vasculogenesis occurs during early embryogenesis,
while angiogenesis takes place during both embryonic
development and postnatal life. Under physiological
conditions, angiogenesis occurs during the female
reproductive cycle and vascular regeneration after
wound healing, whereas under pathological conditions
this process can be engaged in the creation of tumor vas-
culature [30, 48]. 

For several years, vascular growth and remodeling in
postnatal life were traditionally explained as results of
the proliferative and migratory capacity of mature
endothelial cells. According to this hypothesis, fully dif-
ferentiated endothelial cells were proposed to partici-
pate by sprouting from existing blood vessels and giving
rise to new vasculature [50]. The discovery of bone mar-
row (BM)-derived endothelial progenitor cells (EPCs)

circulating in the peripheral blood (PB) of adults
extended the view of the angiogenic process in humans
[5]. There is a growing body of data that the cells
defined as EPCs play a significant role in the re-
endothelialization and neovascularization of injured
endothelium [58]. Asahara et al. [5] provided the first
evidence that the PB is a reservoir of BM-derived EPCs
circulating in the blood vessel system and exhibiting
reparative properties. Umbilical cord blood (CB) also
contains EPCs with even greater proliferative potential
than EPCs from sources such as BM or PB [43]. 

The number of EPCs as well as their proliferative
potential may change under pathological conditions
(Fig. 1), including cardiovascular diseases, diabetes mel-
litus, and rheumatoid arthritis (RA) [19, 21, 23, 44, 52,
57, 58]. It has been shown that smoking tobacco is
accompanied by a low level of EPCs, which increases
after cessation of smoking [31]. Several factors are
believed to be involved in the regulation of the number
and functionality of circulating EPCs (Fig. 1). One of
them, vascular endothelial growth factor (VEGF), was



proposed to regulate EPC proliferation and differentia-
tion [8, 13, 23, 58]. Patients with acute myocardial
infarction (AMI) exhibited significantly increased
VEGF plasma levels compared with a control group
[52]. Bahlmann et al. [6, 7] discovered that erythropoi-
etin is another factor able to regulate EPC count in PB.
C-reactive protein (CRP) is involved in the negative reg-
ulation of EPC function during the vascular reparative
process [61]. Recent studies reported the presence of
the leptin receptor in EPCs and proposed leptin as
a factor which could affect EPC function [63].
Interesting candidates for EPC regulation are also
statins, inhibitors of 3-hydroxy-3-methylglutaryl coen-
zyme A reductase, that are used for the treatment of
hypercholesterolemia. These compounds are able to
induce EPC differentiation via activation of the phos-
phatidylinositol 3 kinase (PI3K) pathway [13]. Pistrosch
et al. [44] demonstrated that treatment with rosiglita-
zone, an agonist of peroxisome proliferator-activated
receptor γ (PPARγ), causes an increase in the count and
migratory activity of cultivated EPCs obtained from type
2 diabetic patients. Estrogens and physical exercise were
also able to increase EPC number in human and animal
models [1, 24, 25, 27, 36, 46, 56].

We decided to highlight the characteristics and
properties of EPCs, which can be promising agents in
the therapy of vascular disorders.

ORIGIN OF EPCs

It has been proposed that EPCs may originate from
a BM hematopoietic stem cell population defined as
hemangioblasts [23, 50, 58]. Furthermore, the BM-
-derived myeloid cell line and non-BM cells can also give
rise to mature endothelial cells [23, 58]. Stem cells that
can differentiate into EPCs exist in a quiescent state asso-
ciated with BM stromal cells. Transformation from the
quiescent to the proliferative state in the BM depends on

specific factors preceding the mobilization of stem cells to
the PB. Recruitment of EPCs from the BM quiescent
niche has been found to be associated with the activation
of proteinases such as elastase, cathepsin G, and matrix
metalloproteinases (MMPs) [20]. These enzymes prote-
olytically cleave the extracellular matrix- or cell mem-
brane-bound molecules responsible for EPCs’ adhesive
bonds on BM stromal cells. These cells express mem-
brane-bound Kit ligand (mKitL), which binds to the EPC
membrane receptor c-kit when the ligand is in its soluble
form (sKitL). MMP-9 proteolytically cleaves mKitL to
sKitL, which then interacts with the EPC c-kit receptor to
conduct the signal essential for BM EPC differentiation
and migration to the PB (Fig. 2) [20, 23]. 

One of the models used in studying the recruitment
of BM hematopoietic EPCs uses BM cell suppression by
cytotoxic agents. This suppression does not affect
hematopoietic stem cells in the G0 phase of the cell
cycle. Therefore, these cells may serve as a cell popula-
tion to reconstitute hematopoiesis and EPC release.
The introduction of cytotoxic suppression in the BM of
MMP-9+/+ and MMP-9–/– mice resulted in poor recruit-
ment and differentiation of hematopoietic cells only in
the latter group of animals [20]. Treatment of MMP-
-9+/+ mice with VEGF, stromal-derived factor-1 (SDF-
-1), and granulocyte colony-stimulating factor (G-CSF)
caused a marked increase in the concentration of plas-
ma sKitL compared with untreated animals [20]. The
results of this experiment proved that VEGF, SDF-1,
and G-CSF play significant roles in the induction of
MMP-9 precursor biosynthesis, secretion, and further
mobilization of BM EPCs to the PB [8, 23, 33, 58]. 

GROWTH FACTORS 
THAT EFFECT EPC FUNCTION

SDF-1 and VEGF have been considered crucial in
the differentiation and migration of EPCs [8, 23, 33, 58].
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Fig. 1. The counts of EPCs in the peripheral blood
and their proliferative potential can change under
various conditions. Pathological stages, including
diabetes, smoking, C-reactive protein (CRP), up-
regulation of some factors, and vascular diseases,
reduce EPC counts and their reparative ability.
However, factors including physical exercise, estro-
gen, erytropoetin, statins, vascular endothelial
growth factor (VEGF), and stromal-derived factor-
1 (SDF-1) increase EPC count and function. 



Increased plasma levels of SDF-1 and VEGF are even-
tually accompanied by the mobilization of hematopoiet-
ic cells, among them EPCs, into the circulation (Fig. 3).
SDF-1 is a chemokine that binds specifically to the
receptor designated as CXCR4 [33]. This receptor is
expressed on the surface of hematopoietic stem cells,
including EPCs [33, 34]. SDF-1 is expressed in various
tissues, including lung, lymph nodes, liver, and BM [41].
The expression of SDF-1 is increased during stress con-
ditions such as hypoxia or the presence of toxic agents.
Recently it was reported that up-regulation of SDF-1
expression leads to the recruitment of cells expressing
CXCR4 into ischemic tissue [33]. Binding of SDF-1 to
the CXCR4 receptor activates the PI3K-AKT kinase-
-nuclear factor κB (PI3K-AKT-NF-κB) pathway, lead-
ing to mitogen-activated protein kinase (MAPK,
p42/44) phosphorylation, intracellular calcium efflux,
and fibronectin and fibrinogen adhesion properties [33]. 

Binding of VEGF to VEGF receptor 2 (VEGFR2)
also mediates cell proliferation, migration, and survival
via the PI3K-AKT-NF-κB or MAPK p42/44 signal
transduction pathways. The expression of VEGFR2 was
confirmed in the population of BM-derived cells,
including EPCs. The physiological function of VEGF is
focused mainly on the female reproductive cycle and the
wound healing process [8]. However, an increased 
plasma level of VEGF was observed in various patho-
logical conditions, including hypoxia, RA, diabetes, and
tumor vascularization. Recent data has provided evi-
dence for VEGF autocrine action in hematopoietic
cells, including apoptosis protection and survival 
effect [8].

Granulocyte macrophage colony-stimulating factor
(GM-CSF) is also proposed as a possible candidate for
EPC function regulation [9]. In a study performed by
Cho et al. [9], recombinant GM-CSF was able to mobi-
lize EPCs and accelerated the re-endothelialization
process in hypercholesterolemic rabbits.

EPC MARKERS EXPRESSION PATTERN

Identification of EPCs is based on the cell surface
expressions of various protein markers. There is no
straightforward definition of an EPC marker because
these cells seem to be a heterogeneous group associated
with different cell surface antigen expression profiles.
The most commonly described molecules that serve as
biomarkers for recognition of an EPC population
include CD34, CD133, and VEGFR2 (Fig. 3 and 4). The
pioneer study performed by Asahara et al. [5] recognized
EPCs as CD34-positive mononuclear cells (MNCs).
Hematopoietic stem cells that serve as a source of EPCs
express CD34; however, this marker is also present on
the surface of mature endothelial cells [15]. 

Human CD133 antigen is a membrane glycoprotein
whose expression is related to hematopoietic stem cell dif-
ferentiation into EPCs [58, 65]. This attribute explains the
significance of using this marker to isolate EPCs [66]. The
third marker proposed for EPC identification is
VEGFR2, a protein predominantly expressed on the
endothelial cell surface [5, 8]. Urbich and Dimmeler [58]
claim that EPCs are positive for the CD34, CD133, and
VEGFR2 markers. However, EPCs in culture have
a slightly altered marker expression profile. Hristov and
Weber [23] proposed a schema for human hemangioblast
differentiation into EPCs throughout the early and late
EPC stages. Differentiation was associated with changes
in the marker expression profile. BM CD133+, CD34+,
and VEGFR2+ hemangioblasts giving rise EPCs were
designated as angioblasts by Hristov and Weber [23]. In
contrast to the subgroup of late EPCs, early EPCs showed
expression of the CD133 and CD31 markers and were
negative for von Willebrand factor, vascular endothelial
cadherin (VE-cadherin), E-selectin, and endothelial nitric
oxide synthase (eNOS) expression. Late EPCs still display
expression of the CD34 marker and reveal no CD133 pro-
tein (Fig. 4) [23]. Among other biomarkers used for EPC
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Fig. 2. Recruitment of EPCs from the bone
marrow (BM) to the peripheral blood (PB).
Stem cells that can differentiate into EPCs
exist in a quiescent state associated with
bone marrow stromal cells (BMSCs).
Recruitment of EPCs from the BM quies-
cent niche is associated with the activation
of proteinases such as elastase, cathepsin G,
and matrix metalloproteinases (MMPs).
These enzymes proteolytically cleave the
extracellular matrix or cell membrane-
bound molecules responsible for EPCs’
adhesive bonds on BMSCs. These cells
express membrane-bound Kit ligand
(mKitL), which is proteolyticaly split by
MMP-9 to its soluble form (sKitL). This
sKitL form binds to the EPC membrane
receptor c-kit and conducts signals essential
for BM EPC differentiation and migration
to the PB.



identification is tyrosine kinase, with immunoglobulin and
epidermal growth factor homology domains-2 (Tie-2) [5,
23]. On the other hand, Pistrosch et al. [45], in their study
performed on MNC culture, recognized the EPC popula-
tion as cells staining positively for ulex europeaus lectin
(UEA-I) and able to uptake DiL-labeled acetylated low-
density lipoprotein [44]. In a similar study, Simper et al.
[54] termed PB endothelial cells positive for UEA-I and
DiLDL markers as circulating endothelial cells (CECs).
Remarkably, CECs originate from mature blood vessel
wall cells, whereas EPCs are derived from circulating
angioblasts [18, 54, 58]. 

Furthermore, blood-derived monocyte/macrophages
were also found to be positive for UEA-I and showed
DiLDL uptake and can secrete angiogenic growth fac-
tors such as VEGF, GM-CSF, and G-CSF [47, 59].
Rehman et al. [47] proposed the term circulating angio-

genic cells (CACs) as more suitable for PB-derived
UEA-I- and DiLDL-positive cells. However, they did
not exclude the possibility that CACs involve a small
population of true stem/progenitor cells and endothelial
cells. In contrast, in the study performed by Urbich et al.
[59] both CD14+ and CD14– cultured cells were positive
for UEA-I and DiLDL markers, expressed comparable
levels of endothelial proteins, and had similar colony-
-forming capacity. According to the authors, the origin
of blood-derived EPCs is not necessarily associated with
the monocytic lineage marker CD14 [59]. 

EPC ISOLATION AND EVALUATION METHODS 

Two main methods for EPC isolation from MNCs
have been described so far (Fig. 5). The first technique
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Fig. 3. EPCs are involved in blood
vessel repair and tumor angiogene-
sis. A – CD34, CD133, and vascular
endothelial growth factor receptor
2 (VEGFR2) are considered com-
mon markers of EPCs. B – increas-
es in the expressions of matrix met-
alloproteinase-9 (MMP-9), vascular
endothelial growth factor (VEGF),
and stromal-derived factor-1 (SDF-
1) are responsible for the mobiliza-
tion and attraction of EPCs from
the bone marrow (BM) into the
peripheral blood (PB). PB EPCs
are incorporated into injured vessel
walls during the repair of distinct
tissue vasculature. Under patholog-
ical conditions, tumor hypoxia leads
to the up-regulation of VEGF and
SDF expression, which attract
EPCs and augment the formation
of tumor vasculature. Tumor
VEGF and SDF-1 are also able to
stimulate the proliferation of
endothelial cells in a paracrine
manner. 
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for EPC evaluation includes flow cytometry analysis
with an array of antibodies to EPC markers. EPCs can
be pre-selected from the PB by the immuno-magnetic
technique using microbeads coated with antibodies
against various surface markers, chiefly CD34 or
CD133. This protocol is often performed on MNCs
obtained by gradient density centrifugation of PB cells
through ficoll. The second method of EPC evaluation
encompasses ex vivo cultivation of MNCs or pre-select-
ed CD34+ cells on fibronectin or gelatin-coated dishes
in the presence of a specific medium. Cultured EPCs
appear as an adherent type of colony-forming units
(CFUs). EPC CFUs obtained from a culture of 5–7 days
are named early EPC CFUs, whereas a 1- to 4-week cul-
ture gives rise to late CFUs. The colony is defined as
a group of “round cells” accompanied by thin cells of
endothelial phenotype sprouting from the core [5, 22,
23, 58, 60]. Evaluation of the angiogenic properties of
EPCs includes a migration assay and matrix assay for
tube formation [43, 44]. The migration assay is based on
EPC chemotactic ability. For example, in the experi-
ment performed by Pistrosch et al. [44], after cultivation
EPCs were harvested, counted, and resuspended in
fresh medium. The cells were moved into a modified
Boyden chamber that was placed in the culture dish with
recombinant VEGF. During incubation, cells migrated
to the lower side of the filter. The filter was washed, and
after staining the nuclei the cells were counted [44]. In
the matrix gel assay, EPCs obtained after culture are
placed on a basement membrane matrix gel. In the work
performed by Naruse et al. [43], after 3–7 days of culture
on the matrix gel the number of endothelial cell net-
works, designated as tubes, was detected and counted
using a fluorescence microscope.

THE INVOLVEMENT OF THE ONSET 
OF VARIOUS DISEASES IN EPC BIOLOGY

Cardiovascular diseases

It has been well proven that dysfunction of endothe-
lium is associated with the course of cardiovascular dis-
eases. Hill et al. [22] reported a strong inverse correla-
tion between PB EPC level measured by colony-forming
assay and the risk score of coronary artery disease
(CAD) in healthy individuals. The authors found that
EPC CFUs were fewer in volunteers with coronary
artery risk compared with those without risk factors [22]. 

Vasa et al. [60] showed that in patients with CAD,
the number of EPCs and their migration capacity were
impaired. The number of PB-derived CD34+/VEGFR2+

cells evaluated by flow cytometric assay was found to be
reduced by 48% in CAD patients compared with healthy
controls. Similarly, UEA-I+ and DiLDL+ EPCs cultured
from CAD patients showed a reduction by 40% and
revealed significantly impaired migratory capacity in
response to VEGF compared with a control group. The
reduction in EPC level and the migratory capacity of

these cells inversely correlated with the numbers of risk
factors predisposing to CAD [60]. 

A recent report by Werner et al. [62] concerned the
relationship between EPC level and the occurrence of
vascular events in patients with CAD. Results obtained
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Fig. 4. Hemangioblast origin of EPCs. Proposed schema of
angioblast differentiation into mature endothelial cells (ECs). Bone
marrow hemangioblasts giving rise to EPCs, designated by Hristov
and Weber [23] as CD133+, CD34+, and VEGFR2+ angioblasts [23,
58]. Hristov and Weber proposed the schema of human angioblast
differentiation into EPCs throughout the early and late EPC stages.
Conversely to the subgroup of late EPCs, early EPCs showed
expression of CD133 and CD31 markers and were negative for von
Willebrand factor (vWF), vascular endothelial cadherin (VE-cad-
herin), endothelial selectin (E-selectin), and endothelial nitric oxide
synthase (eNOS) expression. Late EPCs still display expression of
CD34 marker and reveal no CD133 protein expression. vWF,
eNOS, VE-cadherin, E-selectin, CD31, and VEGFR2 proteins are
also expressed in mature EPCs. + + and + represent higher and
lower protein marker expression, respectively. 



in this study clearly indicated that increased levels of
CD34+/VEGFR2+ EPCs and EPC CFUs were accom-
panied by decreasing risk of death from cardiovascular
cause, revascularization, hospitalization, and the occur-
rence of a first major cardiovascular event. These find-
ings suggest that the level of PB EPCs may serve as an

indicator of cardiovascular outcome in patients with
CAD [62].

Shintani et al. [52] found significantly increased num-
bers of circulating CD34+ cells in patients with AMI com-
pared with control subjects. The highest count of CD34+

cells measured by flow cytometric assay was observed
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Fig. 5. EPCs can be isolated from bone marrow or peripheral blood. Two main methods are exploited to purify and determine EPC counts
in mononuclear cells (MNCs) obtained from bone marrow and peripheral blood. The first technique of EPC evaluation is ex vivo cultivation
of MNCs or CD34+ cells on fibronectin or gelatin-coated dishes in the presence of specific medium. After 2–3 days of culture, adherent cells
(ACs) that contain monocytes, macrophages, and mature endothelial cells are discarded. Non-adherent cells (NACs) containing EPCs are
harvested and transferred into fresh medium. Cultured EPCs appear as an adherent type of colony-forming units (CFUs) and are counted
using a light microscope. EPC CFUs are usually obtained after 5–7 days of culture and are designated as early EPC CFUs, whereas those
CFUs formed after 1–4 weeks of culture are designated as late. The second method of EPC evaluation in PB is flow cytometry analysis with
an array of antibodies (Ab) directed against EPC markers and conjugated with fluorescent dyes (FD). 



seven days after the onset of an acute ischemic event of
the heart. The authors also found that EPCs cultivated
from MNCs obtained at day 7 of the experiment were
more numerous than EPCs derived from MNC probes
obtained at day 1 from AMI patients. Conversely, no dif-
ferences in cultured EPC count between days 1 and 7 were
found in controls. These studies showed that the onset of
human AMI is associated with BM mobilization and grad-
ual differentiation of PB CD34+ cells to EPCs [52].

Diabetes mellitus

Endothelial cell dysfunction associated with reduced
reparative neovascularization is also a characteristic fea-
ture of the permanent hyperglycemia in diabetes mellitus
[40]. The influence of glucose itself on the reduction of the
function of EPCs was investigated by Kränkel et al. [32].
MNCs from healthy donors were cultivated with a glucose
concentration resembling the condition observed in dia-
betic patients. Decreased count, increased apoptosis rate,
and impaired migratory and integrative capacities of
EPCs were observed after culture under hyperglycemic
conditions compared with normal-condition controls [32].
The study performed by Pistrosch et al. [44] on ten
patients with type 2 diabetes revealed a decreased migra-
tory ability of EPCs in the examined group. However, the
number of EPCs did not differ between patients and
healthy controls. These researchers, after flow cytometry
evaluation of EPC baseline counts, treated diabetes
patients with rosiglitazone. After 12 weeks of rosiglitazone
treatment, both migratory ability and counts of EPCs were
ameliorated in the type 2 diabetic patients. Rosiglitazone
activation of PPARγ receptor eventually improved
endothelial cell function in type 2 diabetic patients [45].
Similar results were also obtained with respect to type 1
diabetes patients. Loomans’s group observed 44% lower
counts of cultured EPCs and impaired in vitro angiogenic
activity of EPCs isolated from type 1 diabetic patients
compared with controls [40]. They proposed that EPCs
secreted angiogenic factors to activate mature endothelial
cells. They suggested that the dysfunction of diabetic
EPCs may be a consequence of secreted putative factors
functioning as angiogenesis inhibitors in vitro [40]. 

Rheumatoid arthritis

RA is a disease accompanied by a risk of cardiovascu-
lar disorder. Compared with control subjects, reduced
counts of EPCs and their migration impairment were doc-
umented in patients with RA [21]. Grisar et al. [19] report-
ed that in the active stage of RA, flow cytometry-deter-
mined EPC counts in PB were significantly decreased
compared with healthy controls. In this study, EPCs were
defined as CD34+, CD133+, and VEGFR2+ PB cells [19].

Transplant vasculopathy

In renal transplant recipients, EPC counts correlat-
ed significantly with graft function, and in stable renal

graft recipients, EPC counts resembled those observed
in healthy controls [11]. 

Atherosclerotic plaque formation within the graft of
a cardiac transplant is associated with the chronic form
of vascular rejection. Simper et al. [54] completed the
quantification of both EPCs and CECs in cardiac trans-
plantation patients. These subjects differed in angio-
graphic evidence of vasculopathy, defined as >20%
stenosis in a main, branch epicardial, or intramyocardial
coronary artery [54]. They demonstrated that recipient-
derived endothelial cells were present in areas of trans-
plant atherosclerotic plaque and in coronary arteries of
patients with transplant vasculopathy. Additionally, an in
vitro assay revealed that EPC colonies from cardiac
transplantation subjects with transplant vasculopathy
were significantly reduced compared with those cultured
from cardiac transplantation patients without angio-
graphic evidence of vasculopathy. No such differentia-
tion in these patients was observed with PB CEC count
[54]. This suggests that BM EPC mobilization has a sig-
nificant function in the development of coronary vascu-
lopathy and the successful function of vascular grafts.

Physical exercise

A decrease in the blood supply to a bodily organ or
tissue, caused by constriction or obstruction of the blood
vessels, is a common cause of ischemia. This process is
probably responsible for the use of EPCs in postnatal
vascular growth and remodeling. In the study performed
by Adams et al. [1], patients with stable CAD were sub-
jected to the single-exercise stress test to compare PB
EPC counts before and after the experiment. It was
found that the PB EPC count was increased significant-
ly in ischemic patients within 24–48 h after exercise. The
authors observed that an increase in EPC levels was
accompanied by an elevation of VEGF plasma concen-
tration in these patients. This result confirmed that
VEGF is a significant factor responsible for EPC mobi-
lization from BM to PB [1]. 

Since the incidence of cardiovascular disorders
decreases with physical training, this suggests a possible
contribution of EPCs in the reduced development of
cardiovascular disorders. Laufs et al. [35] studied the
effect of physical training on EPC count in wheel-ran-
domized and non-wheel-randomized mice. The authors
observed that the EPC count in the PB of the trained
mice was significantly increased compared with the
untrained mice [35]. Human subjects undergoing
exhaustive dynamic exercise also revealed an increased
EPC counts in the PB [35, 46]. Laufs et al. [35] applied
three protocols of a running exercise for healthy human
volunteers. The experiment proved that, in contrast to
a moderate short-term run of 10 min, an intensive and
moderate 30-minute run increased the EPC count in the
PB of healthy persons. Consistent with the authors’ find-
ings, the migratory and in vitro colony-forming capaci-
ties of EPCs were also elevated after the physical exer-
cise therapy [36]. 
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The effects of exercise and ischemia on the mobi-
lization and functional activation of PB EPCs was exam-
ined by Sandri et al. [51]. Three groups encompassing
patients with peripheral arterial occlusive disease
(PAOD), successfully revascularized patients with
PAOD, and patients with CAD compared with three
suitable control groups were enrolled in the randomized
study. Patients with PAOD took part in ischemic train-
ing, successfully revascularized patients with PAOD
were enrolled in a non-ischemic training study, and
CAD patients underwent a sub-ischemic training
option. After the experiment an increased fraction of
CD34+/VEGFR2+ cells accompanied by an increased
number of MNC-cultured DiLDL+/UEA-I+ cells were
observed in the first group of patients compared with
the control group. In contrast, in the remaining two
groups of patients, changes in EPC level during the
experiment were not observed. Nevertheless, the capac-
ity of EPCs for vascular network formation assessed by
the Matrigel assay was found to be significantly
increased with respect to all three examined groups. The
data obtained by the authors suggest that symptomatic
ischemia during exercise is related to EPC release and
mobilization into the PB in patients with POAD.
Moreover, sub-ischemic exercise training performed in
successfully revascularized PAOD patients and CAD
patients also exerted benefits by improving the capacity
of EPC incorporation into the vasculature [51]. 

FACTORS INFLUENCING EPC BIOLOGY

Estrogen

Imanishi et al. [24, 25] examined the effect of 17-β-
-estradiol on the senescence of human PB EPCs in cul-
ture. The authors demonstrated that 17-β-estradiol dose-
dependently inhibited the senescence of cultured EPCs by
increasing the catalytic activity of telomerase. Moreover,
the mitogenicity of EPCs after 17-β-estradiol treatment
was greater compared with the untreated controls [24]. 

Another research group reported that estrogen
accelerated the re-endothelialization process via an
increase in EPC mobilization from the BM in mice.
These authors suggested that EPC mobilization might
be dependent on nitric oxide-mediated signaling. They
observed that estradiol treatment had no impact on re-
endothelialization or EPC mobilization in eNOS–/– mice
[27]. Additionally, the study performed by Strehlow et
al. [56] reported that women with increased plasma lev-
els of estrogen, resulting from ovarian hyperstimulation,
had increased EPCs compared with controls. 

Leptin

Wolk et al. [63] proposed leptin as a factor regulat-
ing EPC function. These authors showed that the leptin
receptor was expressed in late EPC cultures. Leptin is
an adipocyte-derived hormone whose overexpression

has been found in obese humans [39]. The authors
demonstrated that leptin had no effect on EPC prolifer-
ation, but affected EPC migration when present at
a high concentration [63]. 

Statins

Inhibitors of cholesterol biosynthesis, statins, are the
next factors which are able to increase EPC counts in
vitro and in animal models in vivo [13]. Statin supple-
mentation increased the number of differentiated EPCs
isolated from human MNCs cultured in endothelial
basal medium. Similar effects were obtained with
respect to human recombinant VEGF treatment alone
in this study. To determine the signaling pathway
involved in the action of statins, cultured MNCs were
transfected with a vector containing a mutant AKT gene
encoding inactive enzyme or treated with pharmacolog-
ical PI3K inhibitors. Overexpression of this mutant
AKT form, as well as treatment with PI3K inhibitors,
resulted in the hampering of beneficial effects of statins
and VEGF on EPCs [13]. These results suggest that the
beneficial effects of statin on EPC biology is primarily
mediated by the PI3K/AKT pathway. 

Erythropoietin

Erythropoietin is a cytokine produced by the kidney
and is responsible for erythrocyte differentiation.
Erythropoietin production is effected by hypoxia and
this cytokine is considered a factor regulating the levels
of EPCs [7]. De Groot et al. [12] observed that PB EPC
counts were significantly decreased in patients with
advanced renal failure. Furthermore, Bahlmann et al.
[6, 7] examined patients with advanced renal failure who
received human recombinant erythropoietin (rhEPO)
for treatment of renal anemia. Treatment of renal ane-
mia patients with rhEPO resulted in a significant release
of BM CD34+ cells to the PB. Administration of rhEPO
also caused an increase in the number of cultivated
EPCs from the MNCs of patients and healthy individu-
als [6]. It has been suggested that rhEPO acts in EPCs
via AKT protein kinase activation. These investigations
suggest that rhEPO uses the same EPC signaling path-
way as VEGF and that both can be promising agents in
the treatment of vascular disorders. 

C-reactive protein

Increasing evidence suggests that circulating high-
sensitivity CRP contributes to the process of atherogen-
esis and may serve as a key biomarker of cardiovascular
diseases. Verma’s research group investigated the influ-
ence of CRP on EPC biology [61]. In this study, PB-
-derived EPCs were cultured in the absence or presence
of CRP and treated with rosiglitazone. The authors
observed that at a dose-dependent concentration (≥15
µg/ml), CRP led not only to a reduction in EPC counts,
but also exhibited an inhibitory effect on the expressions
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of endothelial cell markers, such as Tie-2, UEA-I, and
VE-cadherin. CRP treatment also caused impaired EPC
survival, increased EPC apoptosis, and a reduction of
angiogenesis in vitro. Administration of CRP also signif-
icantly decreased eNOS transcription and destabilized
eNOS mRNA in cultured EPCs. However, these nega-
tive effects of CRP on cultured EPCs were attenuated by
PPARγ agonist treatment, which confirmed the benefi-
cial rosiglitazone effect on the biology of EPCs [61]. 

EPCs AND TUMOR VASCULARIZATION

Besides the beneficial effects exerted by EPCs under
pathological conditions, the possibility of negative EPC
properties, particularly tumor-derived neovasculariza-
tion, should be emphasized (Fig. 3) [23]. Opposite to
normal physiological vessels, those derived from tumors
are irregularly shaped, often leaky, and form chaotic
networks [2, 8]. 

Asahara et al. [4] generated during BM transplanta-
tion experiments two mouse models expressing
VEGFR2/β-galactosidase (LacZ) and Tie-2/LacZ fused
genes. To induce tumor in these mice models, the
researchers injected them with mouse syngeneic colon
cancer cells. Fusion transcripts for VEGFR2/LacZ and
Tie-2/LacZ were found in the tumor cells. Moreover,
histological samples stained for 5-bromo-4-chloro-3-
-indolyl-beta-D-galactopyranosidase (X-gal) revealed
the presence of VEGFR2/LacZ or Tie-2/LacZ fusion
proteins in the tumor vasculature [4]. This observation
provides evidence for the significance of EPCs in the
development of tumor vasculature, which supports the
proliferation of malignant cells. 

Stoll et al. [55] proposed a mathematical model of
the contribution of EPCs to tumor vasculature.
According to them, EPCs play an important role in the
growth and angiogenesis of tumors at early stages,
whereas at late stages, EPCs concentrate in the periph-
eral areas of the tumor [55].

It has been noted that tumor hypoxia leading to an
up-regulation of VEGF expression resulted in the pro-
motion of angiogenesis. Tumor cells are able to secrete
VEGF in a paracrine manner to stimulate the prolifera-
tion of endothelial cells [8]. Complete understanding of
the neovascularization processes in tumor cell growth is
also highly relevant in designing new anti-cancer drugs.

EPCs IN THERAPY

Animal experiments

The discovery of EPCs changed the view of the
reparative mechanism involved in vascular injury and
provided the possibility of exploiting EPCs as a power-
ful tool for vascular therapy. Asahara et al. [5] used
athymic nude mouse and rabbit models of hind-limb
ischemia to test CD34+ MNCs for their angiogenic

properties in vivo. Nude mice after femoral artery exci-
sion were injected with human CD34+ MNCs labeled
with the fluorescent dye 1,1’-dioctadecyl-3,3,3’,3’-
-tetramethylindocarbocyanine perchlorate (DiL). This
experiment revealed that DiL-positive cells were able
to be incorporated into blood capillaries after six weeks
of the study. This research group also isolated
VEGFR2+ MNCs from transgenic mice constitutively
overexpressing β-galactosidase (β-GAL) and further
injected them into mice with hind-limb ischemia. They
found that cells expressing β-GAL were arranged into
blood capillaries and small arteries. Injection of rabbits
with autologous CD34+ DiL-labeled MNCs resulted in
accumulation of DiL cells in the neovascular zone of
the ischemic limbs [5]. 

Kalka et al. [28] injected cultured in vitro human
EPCs into mice and found these cells ameliorated the
neovascularization area of blood vessels. In this experi-
ment, athymic nude mice with impaired angiogenesis
after femoral artery excision were injected with in vitro
expanded DiL-labeled EPCs [28]. The researchers
underlined that in vitro expanded EPCs were more effi-
cient in improving neovascularization than freshly iso-
lated CD34+ cells. 

Recently, Naruse et al. [43] carried out a study relat-
ed to the therapeutic treatment of diabetic neuropathy
by in vitro expanded human EPCs. In this experiment,
streptozocin-induced diabetic nude rats were injected
with human umbilical CB-derived EPCs into hind-limb
skeletal muscles. Investigators demonstrated that rats
injected with EPCs, compared with controls, developed
augmented conduction velocity and ameliorated blood
flow of the sciatic nerve. Moreover, an increased num-
ber of microvessels were observed on the side of EPC
injection. The results of these experiments suggest that
culture-expanded EPCs may serve as a potential healing
tool for diabetic neuropathy [43]. EPC therapy has also
been proposed for cerebrovascular disease treatment.
Improvement of neurological function was reported in
chronic cerebral ischemic rats injected intracerebrally
with PB CD34+ hematopoietic stem cells, including
EPCs. Injected cells developed into glial cells, neurons,
and vascular endothelial cells in the ischemic brain [53]. 

To avoid intimal hyperplasia (IH), which is the main
cause of graft rejection, Rotmans et al. [49] carried out
an experiment involving the application of special poly-
tetrafluoroethylene grafts for hemodialysis. According
to the authors, the occurrence of IH is closely related to
the lack of a functional endothelial monolayer on the
prosthetic polytetrafluoroethylene graft. Therefore they
decided to attract CD34+ cells to the surface of the
prosthetic grafts covered with an antibody to the CD34
marker. These grafts were implanted between the
carotid artery and internal jugular vein of pigs [49]. On
day 3 of the experiment, the coverage of grafts by
endothelial cells reached 95% compared with the sur-
face of bare grafts. On day 28, bare graft endothelial cell
coverage expanded to 32%, whereas antibody-covered
grafts were seeded in 85% by endothelial cells.
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However, after 28 days of the experiment, significant IH
was observed in the grafts covered with antibody com-
pared with the bare grafts [49]. Despite the fact that this
experiment did not stop IH development after prosthet-
ic polytetrafluoroethylene graft implantation, the
involvement of CD34+ EPCs in the healing of vascular
grafts was again proved. 

To determine the extent to which EPCs may partici-
pate in postnatal vascularization, Murayama et al. [42]
performed an experiment on a mouse BM transplanta-
tion model. In this study, lethally irradiated mice were
transplanted with BM from a mouse consecutively
expressing β-GAL under the Tie-2 promoter. Four
weeks after BM transplantation, the mice obtained
either Matrigel with fibroblast growth factor-2 subcuta-
neusly or a VEGF pellet into the cornea. X-gal staining
and anti-β-GAL antibody reaction elegantly demon-
strated the incorporation of about 6–27% BM-derived
EPCs into the newly formed vasculature of Matrigel and
cornea [42].

In the context of this data, Ingram et al. [26] per-
formed an interesting study indicating EPC existence in
the walls of large vessels. Human umbilical vein
endothelial cells (HUVECs), human aortic endothelial
cells (HAECs), and CB-derived EPCs were cultured in
endothelial growth medium. It was demonstrated that
all three examined groups of cells shared a similar pro-
file of endothelial-specific marker expression. The sin-
gle-cell assay showed that about 50% of HUVECs and
HAECs, similarly to 55% of CB EPCs, underwent at
least one cell division. By replanting clonal progeny
derived from single CB EPCs, HUVECs, and HAECs it
was proved that HUVECs and HAECs contained high-
ly proliferative potential colony-forming cells allowing
the formation of secondary colonies or became conflu-
ent. The identification of EPCs in the HUVEC and
HAEC monolayer may be an explanation for the differ-
ent data on the level of in vivo incorporation of BM-
-derived EPCs into the vasculature [26].

On the other hand, the ability of EPCs to expand in
culture under in vitro conditions raises another tentative
prospect for the therapeutic usage of these cells.
Genetically modified and ex vivo expanded progenitor
cells may become new promising agents that will be able
to appropriately rescue impaired neovascularization
processes under disease conditions. It has recently been
demonstrated in the rhesus model that CD34+ cells may
serve as vehicles supplying modified genes to the area of
angiogenesis. It was observed that CD34+ cell transfec-
tion ex vivo with recombinant, nonreplicative herpes
virus vector and subsequent cell transplantation result-
ed in the expression of vector genes in angiogenic areas
of skin autografts of rhesus macaques. Since CD34+

cells possess a natural angiogenic tropism to injured
endothelium, they may serve as ideal candidates for the
delivery of genes into areas of angiogenesis [17].
Recently, Arafat et al. [3] showed that CD34+ cells may
be efficiently applied to deliver toxin genes into dissem-
inated areas of tumor angiogenesis. 

Active glycogen synthase kinase-3β (GSK3β)
inhibits the activation of the transcription factor β-
-catenin, which was found to induce VEGF expression
in endothelial cells and promote local angiogenesis in
vivo. EPC transfection with a vector predominantly
expressing a catalytically inactive mutant GSK3β-CI
gene increases β-catenin activation, VEGF expression,
and EPC survival [10, 29]. Choi et al. [10] transfected
cultivated human PB EPCs with a vector containing
GSK3β-CI. The engineered cells were then injected into
the ischemic hind-limb model of athymic nude mice.
The EPC expressing the GSK3β-CI gene localized into
ischemic areas and secreted VEGF, resulting in an
increase in blood capillary density and improvement of
blood flow.

Human studies

The Yamamoto group presented a study of patients
with chronic limb ischemia receiving an intramuscular
injection of autologous BM-derived MNCs containing
1% CD34+ cells [64]. At the beginning of the experi-
ment and after injection, the expressions of EPCs and
endothelial cell markers, such as CD133 and VE-cad-
herin, were quantitatively evaluated in patients and
healthy controls. Before injection, the transcription of
these molecules was undetectable in the PB cells of the
patients, whereas a steady level of this molecule’s
mRNA was observed in the healthy individuals.
Autologous MNC injection caused an elevation of EPC
marker gene transcription in the PB cells of the patients,
particularly significantly in a patient with Buerger dis-
ease [64]. This suggests that transplantation of bone
morrow-derived autologous MNCs increases the EPC
marker expression in PB cells and may be used in the
therapy of patients with arterial diseases.

To assess the clinical efficacy of autologous EPC
application, Lenk et al. [37] performed a study in
patients with PAOD and critical limb ischemia. Blood-
-derived MNCs were cultured for four days in endothe-
lial growth medium and then injected into the superfi-
cial femoral artery of each patient. The EPC treatment
resulted in a 30-fold increase in pain-free walking dis-
tance, a decrease in the subjective pain index, and ame-
lioration of the ankle-brachial pressure index in the
examined patients [37].

In line with these data is the study performed by
Erbs et al. [14] on patients who had undergone recanal-
ization of chronic coronary total occlusion (CTO). After
four days of culture in endothelial growth medium,
EPCs were injected through a catheter into the patients’
coronary vessels while control placebo patients received
serum without EPCs. The treatment with EPCs
improved coronary endothelial function and wall
motion abnormalities and had a benefit influence on the
metabolism in the target area in patients with sympto-
matic coronary atherosclerosis [7]. An improvement in
global left ventricular ejection fraction was noted with
respect to patients receiving EPCs. Conversely, in the
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control placebo group receiving EPC-free serum, the
above parameters remained unchanged. The authors
surmised that EPCs are probably involved in the rescue
of the hibernating myocardium that often remains after
successful recanalization of CTO [14]. The results
obtained by the authors in both phase I trial studies
raise the promise of a safe and effective therapeutic
method based on EPCs in the near future [14, 37].

Despite of growing data relating to the field of
EPCs, current knowledge concerning the biology of
these cells remains unclear. A recent study provided evi-
dence that adipose tissue is also a source of cells able to
differentiate into endothelial phenotype cells [16]. This
indicates that EPCs represent a population that is het-
erogenous in nature and still undefined. EPC count and
functionality may be affected by pathological or physio-
logical conditions. These stages are associated with
changes in the production and action of various factors,
including hormones and growth factors, that determine
EPC biology. Finally, numerous drugs are also able to
regulate the function of EPCs, suggesting the use of
these cells as targets in the therapy of blood vessel dis-
orders and cancer treatment. 
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