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1. ABSTRACT

Endothelial progenitor cells (EPCs) are involved
in the maintenance of endothelial homoeostasis and in the
process of new vessel formation. Experimental and clinical
studies have shown that atherosclerosis is associated with
reduced numbers and dysfunction of EPCs; and that
medications alone are able to partially reverse the
impairment of EPCs in patients with atherosclerosis.
Therefore, novel EPC-based therapies may provide
enhancement in restoring EPCs’ population and
improvement of vascular function. Here, for a better
understanding of the molecular mechanisms underlying
EPC impairment in atherosclerosis, we provide a
comprehensive  overview on EPC  characteristics,
phenotypes, and the signaling pathways underlying EPC
impairment in atherosclerosis.
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2. INTRODUCTION

Myocardial infarction and stroke are the leading
causes of death worldwide (1, 2). Current therapies for
these cardiovascular diseases (CVD) include life style
management, pharmacological control of risk factors, and
surgical revascularization, which cannot completely control
the diseases. Therefore, new approaches like-cell based
therapies are needed (3). Since endothelial progenitor cells
(EPCs) have been shown to contribute to tissue
vascularization after ischemic events in limbs, retina, and
myocardium (4, 5), EPCs therefore hold a great promise as
a novel therapeutics in vascular repair and CVD control.

Vascular endothelium plays an essential role in
maintaining and regulating vascular tone, structure, growth,
fibrinolysis, and homeostasis, and thus protects the vessels
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from inflammation, immune response, thrombosis and
CVD (6). Endothelial cell (EC) activation is associated
with the shedding of components of the glycocalyx (7),
upregulation of adhesion molecules (8), and endothelial
microparticles (0.1-1 microm) (9, 10) into the circulation.
As a related process, EC dysfunction is considered to be an
early event, which subsequently leads to vascular wall
disorders. The loss of EC function could result from the
changes in the hemodynamic forces (shear and/or hoop
stress), drug-induced cytotoxicity, device implant-induced
injury, and immune-mediated mechanisms (11). These
processes may result in the detachment of ECs and
recruitment of circulating myeloid and progenitor cells,
which are involved in vascular remodeling and repair (12).
Apparently, inflammation of the endothelium caused by
several stimuli such as hyperlipidemia and other CVD risk
factors (13) leads to injury of the endothelium. According
to the response-to-injury hypothesis (14), injuries to the
endothelium trigger the concomitant invasion of
macrophages and lipid depositions (15).  Therefore,
endothelium damage may represent an early, causative
event involving arteriogenesis, atherogenesis, and
angiogenesis (16, 17), which compromise the capabilities
of ECs in maintaining vascular function and homeostasis.
Recent studies indicate that EPCs, which were first isolated
by Asahara and his colleagues in 1997 (18), play an
important role in the recovery and repair of injured
endothelium by counteracting the detrimental CVD risk
factor-induced damages (19). Thus, EPCs contribute to
postnatal physiological and pathological
neovascularization. EPCs are precursor cells that express
some cell surface markers characteristic of mature
endothelium and some from hematopoietic stem cells (NIH
stem cell report
http://stemcells.nih.gov/staticresources/info/scireport/PDFs/
H.percentage20Chapterpercentage206.pdf) (20-23). In
fact, evidence suggests that these EPCs are mobilized from
the bone marrow (BM) into the peripheral blood in
response to a chemical or mechanical injury of the
endothelium caused by tissue ischemia or trauma. The
mobilized EPCs migrate to sites of injured endothelium and
differentiate into mature ECs in situ (24). The
identification of EPCs from circulating, blood-derived
mononuclear cells further supports this hypothesis (25, 26).
Moreover, studies in both animals and humans
demonstrated that EPCs contribute to neovascularization
and re-endothelialization (24), which supports the
possibility that exogenous therapeutic EPCs may provide
additional benefits to endogenous repair mechanisms by
counteracting ongoing risk factor-induced EC injury and by
replacing dysfunctional/damaged endothelium. EPCs
display three fundamental activities within the vascular
system: I) paracrine, II) healing of endothelial damage
(integration) and III) formation of new blood vessels in
ischemic tissues(3). In the latter studies, EPCs have been
shown to express a variety of EC surface markers (27),
incorporate into sites of neovascularization (5, 28, 29), and
home to sites of endothelial denudation (30-32), which
further shows the potential of EPCs as a novel therapeutic
approach for the neovascularization in some diseases.
EPCs are of great interest for investigators, who have
studied vessel repairing mechanisms in atherosclerosis (33-
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37), ischemic cardiomyopathy (38), hypercholesterolemia,
smoking, aging (39), rheumatoid arthritis (40),
inflammation (41), pulmonary hypertension, systemic
hypertension (42), chronic kidney disease (43), metabolic
syndrome, and diabetes (44-49). Some preclinical or
clinical studies have shown that EPC-based treatment alone
or in combination with traditional treatments hold promise
to cure vessel diseases in patients with atherosclerosis and
diabetes, thus providing novel concepts and therapeutic
strategies in the treatment of various CVDs (50, 51).

Despite significant progress in demonstrating the
pathophysiological roles and therapeutic applications of
EPCs, there are still challenges in the characterizations of
EPCs. Although multiple pathways have been extensively
examined, more in-depth studies are needed to better define
the pathways or mechanisms by which EPC function can be
rescued in diseases. It also needs to be determined if EPCs
provide protection endothelium against acute and chronic
inflammation, immune responses, and other CVD risk
factor stimuli that deregulate mature ECs (52). It is also
uncertain that whether the decreased numbers of EPCs in
patients with atherosclerotic risk factors (53, 54) and
restenosis (55) are resulted from decreased production
and/or increased cell death of EPCs (41). In addition,
issues concerning EPC origins, EPC functions, and the
significance of diversified cell surface markers of EPCs
needs to be clarified. In our opinion, these cell surface
markers need to be standardized as well. Furthermore, to
the best of our knowledge, the pre- and/or clinical treatment
studies have not yet been concluded, and some results to
date are controversial. Thus, the characterizations of
factors and mechanisms modulating EPC numbers and
function are currently under intensive investigation.
Although EPCs are extensively studied in tumor metastasis
(56), in this review, we focus on reviewing recent results
from experimental and clinical studies investigating the
phenotypes and characteristics of EPCs, the alterations of
EPCs in inflammation and atherosclerosis. In addition, we
will also discuss the possible mechanisms underlying the
abnormalities of EPCs and therapeutic potential of EPCs in
atherosclerosis.

3. ENDOTHELIAL PROGENITOR CELLS (EPCs)

3.1. Introduction of EPCs

In the accepted paradigm for new blood vessel
formation in adults from the 1990s, new capillaries are
formed by the local migration and replication of existing
ECs, usually from venues, followed by lumen formation
and investment with mural cells (57) such as pericytes.
However, in 1997 Asahara and colleagues published a
landmark paper in Science (18), showing that BM-derived
CD34+VEGFR-2+ (vascular endothelial growth factor
receptor 2) monocytic cells, isolated from human blood and
grown in culture, are able to differentiate into cells with EC
characteristics, including expressions of CD31+, E-
selectin+, endothelial nitric oxide synthase (eNOS)+, and
uptake of modified low density lipoprotein (LDL) (6).
These cells were termed as EPCs. Currently, the PubMed
lists more than 10,000 publications when searching with
the key words of EPCs (58). Adult BM is a rich reservoir
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Figure 1. Schematic representation of endothelial progenitor cell (EPC) generation and the processes by which EPCs
differentiate to mature endothelial cells (ECs). Multiple types of EPCs contribute to the accumulation of circulating EPCs, e.g.:
bone marrow sub type (BM), vascular wall subtype (VW), and myeloid subtype. Bone marrow is the major reservoir of multiple
types of circulating EPCs. Multiple factors stimulate or inhibit the processes of EPCs differentiating to ECs. (+): stimulate; (-):
inhibit. (?): uncertain. VEGFR-2: vascular endothelial growth factor receptor-2; KDR: kinases insert domain receptor. vVWF: von
willebrand Factor. VE-cad: vascular endothelial cadherin. CD146-: cell surface marker. PPAR-gamma: Peroxisome proliferator-
activated receptor gamma. CRP-inhibitors: C-reactive protein inhibitor. TNF blockers: tumor necrosis factor blocker. ACE-
inhibitors: angiotensin converting enzyme inhibitors. G-CSF: granulocyte colony-stimulating factor. GM-CSF: granulocyte
monocyte colony-stimulating factor. IL-1 beta: interlukin-1 beta. IL-8: interleukin-8. ICAM-1: intercellular adhesion molecule-1.

SDF-1: stromal cell-derived factor-1.
of tissue-specific stem and progenitor cells with EPCs
constituting 1 — 5 percent of the total BM cells (59). Figure
1 describes the origin and differentiation of EPCs in detail
(24). EPCs can be mobilized, by various stimuli, into the
circulation and contribute to the neo-angiogenic process or
to the repair of the damaged EC layer. Therefore, the
updated paradigm suggests that adult angiogenesis results
from migration and proliferation of both local ECs and
BM-derived EPCs. Many articles have been published in
attempting to clarify the definition, origin, and function of
EPCs and the roles of EPCs in CVD (60). It has become
apparent that many different cell types play a role in vessel
repair and regeneration, and that these cells may display a
variety of cell surface markers. Thus, one of the greatest
challenges in studying human EPC biology is the lack of a
specific marker to unequivocally identify this circulating
cell subset (61) (also see a list of stem cell markers in the

2329

ADMA: asymmetric dimethylarginine. Ox-LDL: oxidized low-density lipoprotein.

NIH stem cell report website
(http://stemcells.nih.gov/info/scireport/appendixe.asp#eii).

Considering this situation, the ISHAGE (International
Society of Hematotherapy and Graft Engineering) has
published a protocol for enumeration of hematopoietic stem
cells to enable the comparison of clinical and laboratory
data (62-64). Of note, EPCs are different from circulating
endothelial cells (CECs). CECs are very rare cells present
in the blood at levels in the range of three cells/ml, and are
detectable in vascular injury like heart catheterization,
sickle cell anemia, Dbacterial infection, thrombotic
thrombocytopenic purpura or acute coronary syndromes.
Thus, CECs might be used as a surrogate, non-invasive
marker for the study of vascular alterations (65). Of note,
based on the proliferative status, EPCs can also be divided
into two types, early EPCs and late outgrowth EPCs. Early
EPCs are present within 10 days of culture have the
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characteristics including slow proliferation; CD133
expression; less capable in new vessel formation; and
vastly capable in integrating in existing vessels. In
contrast, the late outgrowth EPCs are present after 14 days
of culture have the characteristics different from early
EPCs including elongated ‘“cobblestone morphology”;
highly proliferative, CD144 expression, and highly capable
in tube formation in vitro (3). In addition, based on the
EPC source three major types of EPCs can be identified
including EPCs from peripheral blood and bone marrow,
vascular wall EPCs, and monocyte/macrophage derived
EPCs.

3.2. EPCs from peripheral blood and bone marrow
3.2.1. Isolation, characterization, and quantification of
EPCs

At present, human EPCs are identified and
quantitated by using three general approaches. First,
putative EPCs can be isolated using the cell surface marker
phenotypes, such as positive staining of CD34+CD133+
KDR+ (kinase insert domain receptor), which display some
ability to participate in new blood vessel formation. As
noted in the first EPC description, both CD34 and VEGFR2
(KDR for humans or fetal liver kinase-1 (Flk-1) for
rodents) expressions on human peripheral blood
mononuclear cells (PBMCs) can be used to enrich for
putative EPC phenotype and function (18). CD34 has been
used for identification of BM-derived hematopoietic
progenitor and stem cells (66). The function of CD34 is for
cell-to-cell adhesion as a ligand for E-selectin in regulating
the tightness of EC adhesion to adjoining cells (67).
VEGFR2 is one of three VEGFR family members,
including VEGFRI1 (Fltl) and VEGFR3 (Flt4). VEGFR2
is a receptor tyrosine kinase for VEGF, which is critical for
EC functions such as maturation and migration (68).
VEGFR?2 is present in cells involved in vasculogenesis and
those with potential to differentiate into mature ECs (69).
Other investigators have suggested that a circulating
population of endothelial precursors could be identified in
human subjects by the phenotype of CD34+AC133
(CD133)+KDR+ (27, 70). Of note, CD133 is technically
the same as AC133 (71). CD133 is a five-transmembrane
protein found on 20-60 percentage of CD34bright cells in
BM and blood, but not on mature ECs (70). CD133 has a
function in regulating lipid composition within plasma
membrane (72). Thus, the emerging consensus is that
EPCs identified with cell surface markers CD34 and
VEGFR?2 contain very few, if any, genuine EC progenitors,
and are more accurately described as angiogenic
macrophages. Three recent papers have further
strengthened this view (73-75). However, another study
has most comprehensively demonstrated that so-called
EPCs are predominantly of monocytic lineage (76). One
estimate suggests that EPCs constitute less than 0.0001-
0.01 percent of the peripheral circulating mononuclear cells
(59). While the cell surface markers of the endothelial
colony-forming cell (ECFC) progeny are nearly
indistinguishable from the marker expression in ECs, some
progress has been made in enriching this population by
depleting monocytes, red blood cells, dead cells, and
CD45+ blood cells (77). In addition, other EPC surface
marker combinations such as stem cell antigen-1(78) (Sca-
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1)+/VEGFR2(FIk1)+(79) and c-kit+(78)/VEGFR2+ (56)
have also been widely used in mouse EPC studies. The
CD34-highly expressed cell population is shown to co-
expresses CD146, CD31, and CDI105. The
CD34highCD45- cells are enriched by 300- to 400-fold for
ECFC activity (80). Other cell surface markers used for
EPC identification, such as von Willebrand factor (vVWF),
CD31, and CD144 are actually mature EC markers,
whereas another potential EPC marker C-X-C chemokine
receptor type 4 (CXCR4) is expressed on numerous cell
types(3). Thus, no specific cell surface marker has been
identified yet that can unequivocally discriminate ECFC
from other circulating blood cells.

Second, one may isolate putative EPCs using a
colony forming unit-Hill (CFU-Hill) or ECFC assay. In the
original EPC description (18), it was noted that plated
human peripheral blood CD34+ cells rapidly form cellular
clusters in vitro, particularly if re-exposed to CD34- cells
during the co-culture. These clusters are comprised of an
aggregate of round cells with spindle-shaped cells radiating
from beneath the aggregate and away from the cluster.
Recent studies indicate that the CFU-Hill assay measures a
heterogeneous mixture of hematopoietic cells including
monocytes, lymphocytes, and hematopoietic progenitor
cells (81-84). The early outgrowth “endothelial” colonies
derived in vitro from circulating CD34+ mononuclear cells,
express the pan-leukocyte marker CD45 and the monocyte
marker CD14, but fail to proliferate (85). By contrast, a
very small proportion of the cells in culture form late
outgrowth colonies (endothelial colony-forming cells,
ECFC), which lack hematopoietic markers and do
proliferate (86). These cells are believed to be genuine
EPCs but they make up less than one percent of the
circulating “EPCs” and an even smaller fraction in the
CD34+ BM cell preparations used in clinical trials (87).
This assay ultimately permits outgrowth of alternatively
activated macrophages, which have significant stimulatory
effects on angiogenesis but fail to directly contribute to
postnatal vasculogenic activity (81). In contrast, the ECFC
assay permits the identification of colonies of endothelium
with a hierarchy of levels of proliferative potential that
form human blood vessels, when seeded within three-
dimensional collagen/fibronectin gels and implanted into
immunodeficient mice (76). While both cord blood and
adult peripheral blood ECFCs spontaneously form human
blood vessels when implanted in matrix scaffolds into
immunodeficient mice, cord blood ECFCs displays a
greater density of vessels than the ECFCs from adult blood
samples (76, 88). The ECFCs emerge as tightly adherent
colonies with a typical cobblestone appearance and are rare
in adult human blood samples with approximately one
colony/108 mononuclear cells plated. The important
aspects of the human blood vessel forming ability of
ECFCs are reflected in the features of these newly-formed
vessels: 1) to be connected to the immunodeficient mouse
host vessels; and 2) to become a part of the systemic
circulation of the host animals (76, 89).

Third, one may isolate putative EPCs by cell
adhesion to fibronectin-coated dishes with display of
certain lectin and lipoprotein binding properties. The



Endothelial progenitor cells and atherosclerosis

attached cells, after 7 day culture, display the ability to take
up lectin Ulex europeaus agglutinin-1 (UEA-1) and
fluorescence-labeled acetylated low density lipoprotein
(acLDL) (18). In subsequent studies, EPCs were defined as
those cells that attach to fibronectin-coated culture dishes
within 4 — 7 days and display the ability to take up UEA-1
and acLDL (5, 90, 91). Use of this definition permits
investigators to isolate low-density peripheral blood
mononuclear cells or BM cells from rodents, rabbits, or
human subjects and to compare their properties to rescue
blood flow in ischemic states in animals with induced
vascular injuries. However, UEA-1, which recognizes L-
fucosylated molecules on the surface of mammalian cells,
is not only restricted to binding to ECs, but also bound to
many types of epithelial cells (transformed and non-
transformed) and various hematopoietic cells including
platelets (84, 92-99). In addition, peripheral blood
monocytes are known to be highly enriched upon plating
on fibronectin-coated dishes (100) and are expected to
display many proteins. The scavenger receptors are
believed as one kind of these proteins and these receptors
are capable of binding with acLDL, which are also
expressed by ECs (in the presence of the growth factors and
serum used in the “EPC” assay culture medium) (101,
102). In summary, neither acLDL nor UEA-1 binding is
restricted in binding of EPCs. Furthermore, platelets (or
platelet microparticles) and monocytes bind to the
fibronectin-coated dishes used in this assay and have to be
depleted from the mononuclear cells prior to defining any
putative adherent cell as an EPC. These findings suggest
that putative EPCs are identified using UEA-1 and ac-LDL
binding to adherent human mononuclear cells as the sole
definitive criteria. Of note, a recent report clearly suggests
the stem/progenitor differentiation hierarchy of c-Kit+/Sca-
1+/Lin- cells (KSL), c-kit+/Lin- cells (KL), Sca-1+/Lin-
cells (SL), and CD34+ cells. In the EPC-colony forming
assay, small EPC colonies (mostly KSL cells and some KL
cells) are capable of differentiating into large colonies (KL
cells and SL cells), and large EPC colonies can further
differentiate into adherent, more vasculogenic non-colony
forming EPCs in culture (CD34+ cells). Small colonies
reveal a predominant potential for proliferation, while large
colonies demonstrate a predominantly vasculogenic
potential including cell adhesion and tube-like structure
formation in vitro (103).

3.2.2. Mobilization of EPCs

EPCs in BM are located within a stem cell niche,
which is characterized by low oxygen tension and high
levels of SDF-1/CXCL12, a chemoattractant for EPCs (3).
Physiological factors mobilizing EPCs from BM niches
include peripheral tissue hypoxia, trauma, physical
exercise, estrogen, age and others. These conditions cause
the production and release of EPC activation factors
including stromal cell-derived factor-1 (SDF-1) (104, 105),
soluble intercellular adhesion molecule (sICAM),
VEGF(106), hypoxia-inducible factor-1alpha (HIF-1alpha),
erythropoietin (EPO) (107), granulocyte colony-stimulating
factor (G-CSF) (108), granulocyte monocyte colony-
stimulating factor (GM-CSF), hepatocyte growth factor
(109), interleukin-6 (IL-6), estrogen, and matrix
metalloproteinase-9 (MMP-9) (110) (3, 107, 111, 112).
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These EPC activation factors mediate EPC mobilization,
proliferation, and migration via activation of the Akt
(protein kinase B, PKB) pathway (3, 113, and 114).
Moreover, estrogens mobilize EPCs through a direct action
on alpha and beta estrogen receptors via matrix MMP-9
and an eNOS-mediated mechanism. The role of estrogen in
mobilizing EPCs helps to explain the lower rates of CV
events in pre-menopausal women when compared with
men (115). Furthermore, MMP-9 functions in releasing
soluble kit ligand from EPCs in the BM, allowing EPCs to
move out to the peripheral circulation (3, 116). In contrast,
several studies have demonstrated that aging has a negative
impact on EPCs’ mobilization at different steps (117, 118).

3.2.3. Homing of EPCs

The peripheral blood of healthy adults contains
very low concentrations of circulating EPCs. However, as
we mentioned above, several EPC activation factors and
transducers can boost the mobilization of these progenitor
cells from the BM into peripheral blood for accelerated in
situ endothelialization. These growth factors, cytokines,
and chemokines may also influence the homing of EPCs.

However, the numbers of EPCs can be reduced
by pre-activation of these cells with cytokines that
upregulate expression of adhesion molecules, which in turn
enhances the adhesion of EPCs at sites of vascular injury.
Therefore, several groups propose the stimulation of
isolated EPCs before application with for e.g. SDF-1 (104),
8-pCPT-2'-O-MecAMP (an analogue of the natural signal
molecule cyclic AMP), ephrin-B2-Fc chimera (119), Mn2+
or an activating beta2-integrin antibody (KIM185), and
high mobility group box-1 protein (HMGB-1) to increase
homing of systemically administered progenitor cells to the
sites where vascular repair and neovascularization are
needed. The SDF-1/chemokine C-X-C receptor 4
(CXCR4) axis plays a critical role in homing and
engraftment of hematopoietic stem/progenitor cells (HSCs)
during BM transplantation.

The interaction of EPC surface molecules with
their ligands on activated ECs or sub-endothelial matrix
proteins plays an important role in EPC homing (57). In
general, the recruitment of EPCs involves chemotaxis,
tethering, adhesion, and migration of cells into the sub-
endothelial tissue (120). The adhesion molecules, P-
selectin and E-selectin, appear to play an important role in
adhesion and migration of EPCs. Further studies showed
that EPCs also express beta2-integrins, the ligand of
intercellular adhesion molecule-1 (ICAM-1). These
integrins mediate the adhesion of EPCs to mature ECs,
recombinant human ICAM-1, fibrinogen and the
chemokine-induced transendothelial migration of EPCs.
The activation of beta2-integrins on EPCs significantly
enhances the homing of these cells to sites of ischemia and
EPC-induced neovascularization (121). Furthermore, the
tissue cells that are activated by pro-inflammatory
cytokines and the necrotic cells in damaged tissue lead to
the secretion of the high-mobility group protein Bl
(HMGBI) into the extracellular space. EPCs express the
HMGBI receptors, the receptor for advanced glycation end
products (RAGE), and Toll-like receptor 2 (TLR2),



Endothelial progenitor cells and atherosclerosis

suggesting that EPCs are equipped to respond to
stimulations by HMGB1, advanced glycation end products
(AGE), and endogenous/exogenous ligands for TLR2.
More findings (122) show that the binding of HMGBI
activates betal- and beta2-integrins on the surface of EPCs
and induces the EPC adhesion to mature ECs, ICAM-1, and
fibronectin. Moreover, the increase of EPC recruitment to
sites of vascular injury accelerates re-endothelialization and
decreases neointima formation in vivo (123, 124).

3.3. Vascular wall EPCs

In addition to EPCs identified in BM and
peripheral circulation, progenitor and stem cells also reside
in the vascular wall. Traditionally, vascular wall cells
include ECs in the intima, vascular smooth muscle cells
(VSMCs) in the media, and fibroblasts in the adventitia.
The human embryonic aorta is a rich source of
CD34+CD31- EPCs (125). This report is correlated well
with similar findings in the human fetal aorta, where the
immature vascular cells coexpress endothelial and
myogenic markers located in the human fetal paraortic
membrane or at the periphery of aorta wall parenchyma
(126). Further study strongly supports the presence of
EPCs in the adult vascular wall (127) by providing
evidence of the existence of EPCs and stem cells in a
distinct zone of the vascular wall, which are capable of
differentiating into mature ECs, hematopoietic, and local
immune cells such as macrophages. Evidence in animal
models and human vessels have also shown that various
types of stem and progenitor cells, such as vascular wall
resident vascular stem cells (VW-VSCs)/vascular wall-
EPCs (VW-EPCs), VW resident hematopoietic
stem/progenitor cells (VW-HSCs /-HPCs), and VW
resident mesenchymal stem cells (MSCs) located in fetal
and adult arterial and venous vessel walls. This niche-zone
acts as a source of progenitors for angiogenesis and
postnatal vasculogenesis (128). Some in vivo data have
shown that liver-derived c-kit+CD45- progenitors can
arrive in the peripheral blood and contribute to the pool of
circulating EPCs and then contribute to the
neovascularization of ischemic hindlimb, which suggests
the existence of EPC sources outside the BM (129). The
abundant evidence strongely indicate that EPCs exist not
only in the wall of large blood vessels outside the organs,
like aorta or internal thoracic artery, but also in the wall of
large and middle-sized blood vessels within organs such as
liver, prostate, heart, kidney, testes, and lung. In searching
for the detailed location of EPCs in vessel walls, a different
vasculogenic niche-containing progenitor cells at the
medial-adventitial border has been described in murine
arteries (130). These cells, in a similar location in human
thoracic arteries, could be differentiated in culture to yield
cells with smooth muscle markers and EPCs (127, 128).
Finally, in single cell clonogenic assays a small proportion
of human arterial ECs in culture have a very high
proliferative potential (131), suggesting that in situ
endothelium has embedded within it a small number of
resident progenitor cells (132), which act as a niche for
endothelial regeneration and repair.

Further study using immunostaining methods
shows the VW-EPCs are CD34+VEGFR-2+Tie-2+CD31-
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CD144-, whereas the outgoing VW-EPCs become CD144+
(128). The advantage of VW-EPCs might be in their
location with easy accessibility in ischemic disorders and
tissue regeneration. Therefore, the concept of the non-BM
EPCs is an essential prerequisite not only for a better
understanding of their role in postnatal vasculogenesis but
also for their therapeutic manipulation and diagnostic use in
diseases such as cardiovascular disorders, tumor growth,
and metastasis.

3.4. Monocyte-/macrophage-derived EPCs
Conventionally, researchers have considered
CD34+ or CD133+ cells, which are derived from peripheral
blood or BM to be EPCs (27, 133), but these cells are a
very small percentage of the PBMCs ranging from 0.02 to
0.1 percent (134), which implies that 12 liters of autologous
blood would be needed to perhaps have enough EPCs to
increase angiogenesis in patients after intravenous cell
infusion (135).  Thus, to acquire sufficient EPCs,
granulocyte colony-stimulating factor (G-CSF) is used to
mobilize BM-derived CD34+ or CD133+ (136, 137).

Being the big subset of PBMCs, monocytes are
also recognized to have the potential to reside in the
endothelium of vessels in mouse ischemic limbs (138).
Recent evidence showed that circulating monocytes have
potential to differentiate into a variety of cell types. After 2
- 4 weeks in culture, CD14+/CD34- monocytes, isolated
from PBMCs, express EC markers such as von willebrand
factor (vVWF), VE-cadherin and eNOS (101). In addition,
CD14+ monocytes experience phenotypical changes
toward EC morphology. The attached cells gradually
develop into spindle shape and undergo a functional
change, and cord- and tubular-like structures in matrigel are
observed after 4 - 7 days in culture. More interestingly,
when these cells upregulate the expression of EC markers,
the expression of CDI14 is decreased without cell
proliferation, indicating that the existing cells change their
characteristics. These findings are supported by another
study (85). A subset of cells termed monocyte-derived
multipotential cells (MOMC:s) also are able to differentiate
into ECs (139, 140). MOMCs, previously termed
monocyte-derived mesenchymal progenitors, originate
from circulating CD14+ monocytes since they are positive
for monocytic markers. In endothelial cell induction
medium, these MOMCs can change their morphology from
spindle shape to typical caudate appearance. Similar to
CD14+/CD34- monocytes, these MOMCs also have some
EC characteristics, such as acLDL uptake, releasing of
vWF, and the promotion of tubular formation. Different
from the monocyte-derived endothelial like cells (ECLs),
MOMCs-derived ECLs express higher levels of
CD34/CD144, implying that MOMCs correspond to early
EPCs. On the other hand, CD14+CD34low cells are also
recognized as the source of MOMC:s, indicating that those
cell-types have the capacity to differentiate into different
cell types.

The PBMCs are able to express both CDI14
(47percent) and CD34 (16percent). The expression of
CD14 can be easily detected using flow cytometry in
almost all PBMCs-derived adherent cells in EC culture



Endothelial progenitor cells and atherosclerosis

Table. Summary of cell marker expression on progenitor cells

Source/species Cell marker expression PMID

mouse aortic Sca-17, c-kit™""; Lin- CD34"°%) 16306431

mouse embryonic/adult arteries Sca-1" 18591670

ApoE-/- mouse Sca-1" 15124016

rat aorta CD34/Tie-2, NG2, nestin, PDGFR 16079185

human arteries and veins CD34", CD31°, CD34"VEGFR2", Tie-2 2006 16524930; 12384418
human embryonic aorta rings CD317/CD31" 11406648

human CD34'FGFR1" 12411316

human CD34'CD11b"; CD34°CD45'CD146" 15213103; 16411405
human CD34°CD45" 12969964

human HUVEC/HAEC CD31",CD141°,CD105", CD146", CD144", vWF", FIK-1" 15585655

human saphenous vein-internal surface CDI13", CD29", CD44", CD54", CD90" HLA classl’, HLA-"X 16018999

human CD14°CD34" 16020753

human CD34CDI33"VEGFR2'; CD34'CD133'VEGFR2'CD45" 16439688; 15191940
human thoracic aorta CD34" or c-kit * 17446560

human CD34'CD133"; CD34'CD133'VEGFR2' 17417992; 10648408
human aorta and mammary arteries CD34, c-kit, Sca-1 16787646

human ALDH™" 18061073

human CD31'CD34"; CD34'CD62L" 18063830

human CD34'CD133°CD45"; CD133°CD45 18401642 16455670
human CD34'CD144+CD3" 18402976

human blood and transplant atherosclerotic | EC: eNOS, Tie-2, CD31, VECAD 19571578

vessels Myeloid: CD14, CD68

human saphenous vein CD34'/vWE", CD34'/CD31" 20368523

human arteries Oct-4, Stro-1, Sca-1, Notch-1 17446560

human fetal aorta CDI105", CD34, FLK" 20404027

medium (134). However, the expression of CD34 in these
cells can be detected only by using antibody-conjugated
magnetofluorescent liposomes since this method can
significantly amplify the fluorescence signal intensity up to
100-1000 fold higher than traditional flow cytometry.
Further study shows that more than 90percent of KDR
positive cells from PBMNCs are CD14+, which strongly
supports that this cell population can also differentiate into
ECs. Furthermore, these cells are found to express the
unique markers of stem cells such as Nanog, which
confirms the multi-differentiation capacity of the cells.
More interestingly, similar to PBMCs, almost all of the
BM-derived CD14+ cells also appear to be
CD14+CD34low.

Overall, the up-to-date evidence implies that
monocytes consist of a subset of cells termed EPCs which
can differentiate into mature ECs. The consequence of
their differentiation is shown in Figure 1. Same as BM-
derived EPCs, treatment with monocyte-derived EPCs may
also provide a potential therapeutical opportunity for
CVDs.

3.5. Roles of EPCs in vascular biology

EPCs are differentiated into an endothelial
phenotype, express endothelial markers, and incorporated
into neovessels at sites of ischemia (18). EPCs provide
both instructive (release of pro-angiogenic cytokines) and
structural (vessel incorporation and stabilization) functions
that contribute to the initiation of neo-angiogenesis (141).
EPCs enhance angiogenesis and vascular repair in a variety
of experimental models.

3.5.1. EPCs and neovascularization

Recent studies (85) show that EPCs have
multiple surface markers and secrete angiogenic factors
including VEGF. Herein, the cell markers of progenitor
cells in the vessel wall are summarized as shown in the
Table 1 (125, 128, 130, 131, 142-150). An interesting
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study revealed that both early outgrowth EPCs and late
outgrowth ECFCs secrete pro-inflammatory cytokines,
though with different profiles, which could be inhibited by
statin treatment (151). A recent review (152) summarizes
that new adult blood vessel formation is primarily due to
sprouting and replication of ECs from existing local blood
vessels, but is stimulated and facilitated by the prior arrival
of blood-derived monocytic EPCs. Via a plethora of
mechanosensors and mechanotransduction  signaling
pathways, stem cells differentiate into endothelial cells
when exposed to fluid shear stress (153). The cited
evidence suggest that a fraction of the new ECs may be
BM-derived, presumably from the rare CD34+CD14-
circulating cells. Though this remains controversial, at
least four studies in animals with reconstituted genetically-
marked BM have concluded that BM-derived cells are
present only as perivascular cells, and not as luminal lining
cells in new blood vessels (154-157) (158). Finally, the
therapeutic efficacy of EPCs is shown in a myocardial
infarction (MI) model (159).

3.5.2. EPCs and endothelial regeneration

Other parallel lines of evidence have also
advanced the idea that BM-derived EPCs are important for
large vessel repair after injury or in atherosclerosis. There
is evidence that EPCs can enhance vascular repair and
reduce neo-intima formation and atherogenesis. Early
results (51) show that after wire injury to denude
endothelium in murine carotid arteries, BM-derived cells
could be detected adhering to the vessel area. Statin
treatment increases circulating EPCs and adherent BM-
derived cells, and concomitantly reduces neointima
formation and increases re-endothelialization. In vivo study
shows that delivery of purified circulating CD34+ cells to
the site of balloon-induced injury in rabbit carotid arteries
enhances re-endothelialization and reduces neointima
formation (31, 160). Since more rapid EC regrowth
reduces intimal hyperplasia, the desired cell therapy should
ideally deliver genuine EPCs to the site of injury, or deliver
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other cell types that can selectively encourage local
regrowth and repair of the denuded endothelium. However,
despite of the ability (noted above) of blood-derived cells
to maintain an antithrombotic lining in large vascular
grafts, it is still uncertain that EPCs contribute directly to
the re-endothelialization of injured vessels (161, 162).

Taken together, these results strongly suggest that
in most models studied to date, the beneficial effects of
EPCs are not only because of their direct incorporation and
expansion of the endothelial cells in the repairing tissue,
but also predominantly due to paracrine effects caused by
the release of angiogenic or other factors from the
transplanted cells to stimulate local vessel repair
mechanisms.

3.6. EPC interaction with other cells

A specialized microenvironment, termed stem
cell niche, influences stem cell decision on self-renewal
and differentiation (163), which implicates the importance
of cell-cell interaction in maintaining the phenotypes and
function of stem cells/progenitor cells. This principle has
also been demonstrated in EPCs. To improve the survival,
vascular differentiation, and regenerative potential of
umbilical cord blood (UCB)-derived hematopoietic stem
cells (CD34+ cells), the stem cells are co-cultured with
CD34+-derived ECs in a 3D (three dimensional) fibrin gel.
ECs differentiated from CD34+ cells appear to have
superior angiogenic properties to fully differentiated ECs,
such as human umbilical vein endothelial cells (HUVECs).
The pro-survival effect of CD34+-derived ECs on CD34+
cells is mediated, at least in part, by bioactive factors
released from ECs. This effect likely involves the secretion
of novel cytokines, including pro-inflammatory cytokine
interleukin-17 (IL-17) and anti-inflammatory cytokine
interleukin-10 (IL-10), and the activation of the
extracellular signal-regulated kinases 1 and 2 (ERK1/2)
pathway in CD34+ cells. Thus, the endothelial
differentiation of CD34+ cells in co-culture with CD34+-
derived ECs is mediated by a combination of soluble and
insoluble factors. The regenerative potential of this co-
culture system is demonstrated in a chronic wound diabetic
animal model. The co-transplantation of CD34+ cells with
CD34+-derived ECs improves the wound healing
comparing to controls, by decreasing the inflammatory
reaction and increasing the neovascularization of the
wound (164).

In addition to repairing pulmonary endothelium,
EPCs can also migrate into the arterial intima and
differentiate into smooth muscle-like (mesenchymal) cells
contributing to intimal hyperplasia. =~ The molecular
mechanisms by which this process proceeds have not been
fully elucidated. Co-culture of EPCs with vascular smooth
muscle cells (VSMCs) increases the expression of the
mesenchymal cell markers including alpha-smooth muscle
actin, sm22-alpha, and myocardin, and decreases the
expression of the EC marker CD31. In the same
conditions, a concomitant increase is found in the gene
expression of the endothelial-to-mesenchymal transition
(EnMT)-related transcription factors, such as slug, snail,
zebl, and vessel-constricting protein endothelin-1. This
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indicates that mesenchymal phenotype acquisition of EPCs
occurs through an EnMT-like process. Inhibition of
transforming growth factor-beta (TGF-beta) receptor I
(TGF-betaRI) downregulates snail gene expression, blocks
the EnMT, and facilitates the differentiation of EPCs to the
EC lineage. Furthermore, TGF-betaRI inhibition decreases
migration of EPCs stimulated by VSMC without affecting
their functionality and adhesion capacity. These results
indicate that EPCs may differentiate into VSMC-like cells
through an EnMT-like process and that TGF-betal plays an
important role in the fate of EPCs (165).

The CD34+ cell is often designated as an EPC,
because it contributes to the repair of ischemic injuries
through neovascularization. However, incorporation of
CD34+ cells into the neovasculature is limited, suggesting
the potential paracrine role of EPCs. CD14+ cells can also
differentiate into ECs and contribute to neovascularization.
However, the low proliferative capacity of CD14+ cell-
derived ECs hampers their use as therapeutic cells. To
determine whether an interaction between CD34+ and
CD14+ cells augments endothelial differentiation of the
CD14+ EPCs, endothelial differentiation is analyzed by
expression of EC markers CD31, CDI144, vWF, and
endothelial Nitric Oxide Synthase (eNOS); the proliferative
capacity; and EC function of the cells in culture. In
monocultures, 63 percent of the CD14+-derived cells adopt
an EC phenotype, whereas in CD34+/CD14+ co-cultures
95 percents of the cells show EC differentiation.

Proliferation increases up to 12 percent in the
CD34+/CD14+  co-cultures  compared to  both
monocultures. CD34- conditioned medium also increases

endothelial differentiation of CD14+ cells. This effect is
abrogated by hepatocyte growth factor-neutralizing
antibodies, but not by neutralizing antibodies to interleukin-
8 and monocyte chemoattractant protein-1. Thus, co-
culturing of CD34+ and CD14+ cells results in a
proliferating population of functional endothelial cells,
which may be suitable for treatment of ischaemic diseases
such as myocardial infarction (166).

4. EPCs AND ATHEROSCLEROSIS

4.1. The earliest changes of atherosclerosis—EC
dysfunction
Seventy-five percent of all deaths from

cardiovascular diseases are due to heart attack or stroke
caused by atherosclerosis, which remains the leading cause
of morbidity and mortality in the U.S. (167).
Atherosclerosis, a formation of atherosclerotic plaques in
large and medium sized arteries (168), is characterized by
focal arterial lesions containing cholesterol, fibrosis, and
inflammatory cell infiltrates (169, 170). The endothelial
lining is a dynamically mutable interface, locally
responsive to various stimuli originating from the
circulating blood and/or neighboring cells and tissues, and
thus can actively participate in the physiological adaptation
or pathophysiological dysfunction of a given region of the
vasculature (171). From a structure-function relationship,
the endothelium appears ideally suited to function in this
capacity given its unique anatomical position between
blood and tissues. In the early 1980s, a study (172)
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confirmed the movement of foam cells through vascular
endothelium overlying fatty lesions in the aortic arch of
hypercholesterolemic swine.

In recent study, the cellular origin of
chondrocyte-like  cells in  atherosclerotic  intimal
calcification is observed by using BM transplantation
(BMT) in C57BL/6 low density lipoprotein receptor
deficient (LDLr-/-) mice, an atherogenic mouse model.
The data showed that the majority of chondrocyte-like cells
are of BM origin (173). These results suggest that BM-
derived myeloid CD34+/CD13+ precursors actively
infiltrate the plaque, where they are capable of trans-
differentiating into chondrocytes-like cells in the
progression of atherosclerosis. Numerous
pathophysiological findings in humans and animals (174)
lead to the formulation of the response-to-injury hypothesis
of atherosclerosis, which initially proposed that endothelial
denudation is the first step in atherosclerosis. Endothelial
dysfunction leads to compensatory responses that alter the
normal homeostatic properties of the endothelium (2, 12).
Thus, activation and damage of the endothelial monolayer
trigger the development of the lesions. These changes
include increased endothelial permeability to lipoproteins
and the generation of a long list of biological effectors (e.g.
nitric oxide, eicosanoids, cytokines, growth stimulators and
inhibitors, vasoactive peptides, pro- and anticoagulants, and
fibrinolytic ~ factors). In  addition, the EC
dysfunctional/activation changes also include up-regulation
of leukocyte adhesion molecules, including L-selectin,
integrins, and platelet—-EC adhesion molecule 1, and the up-
regulation of endothelial adhesion molecules, which
include E-selectin, P-selectin, ICAM-1, and vascular-cell
adhesion molecule 1 (VCAM-1). Consequently, recruited
leukocytes are migrated across activated ECs and into the
artery wall, which is mediated by oxidized low-density
lipoprotein (oxLDL), monocyte chemotactic protein-1
(MCP-1), interleukin-8 (IL-8), platelet-derived growth
factor, macrophage colony-stimulating factor (M-CSF), and
osteopontin. Some important issues remain regarding the
roles of EPCs in atherogenic process: 1) how do pro-
atherogenic factors affect the homeostasis of EPCs? 2) Can
EPCs repair impaired ECs induced by pro-atherogenic
factors?

4.2. EPC levels—independent predictive biomarker
Several clinical conditions are characterized by
both increased inflammation and oxidative stress (175)
such as diabetes mellitus (48), heart failure (19),
hypertension (176), rheumatoid arthritis (40), and
preeclampsia (177). These diseases are significantly
associated with reduced numbers and impaired
functionality of EPCs. In addition, the availability and
function of EPCs are also adversely affected by the
proatherogenic risk factors. The numbers of circulating
CD34+/KDR+ precursor cells are significantly reduced in
patients with coronary artery disease (CAD) by 48 percent.
To determine the influence of atherosclerotic risk factors a
risk factor score including age, sex, hypertension, diabetes,
smoking, positive family history of CAD and LDL
cholesterol levels has been used. The number of risk
factors is significantly correlated with a reduction of EPC
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levels (54). In addition, the study shows that chronic
treatment with BM—derived progenitor cells from young
non-atherosclerotic apolipoprotein E knock-out (ApoE-/-)
mice prevents atherosclerosis from progression in ApoE-/-
recipients in spite of persistent hypercholesterolemia (39).
In contrast, treatment with BM cells from older ApoE-/-
mice with atherosclerosis is much less effective. These
results suggest that ApoE gene deficiency may not affect
EPC repairing efficiency but that the chronic stimulation of
EPCs with hypercholesterolemia in older ApoE-/- mice
significantly weakens EPC repairing function.

Moreover, a strong correlation between the
number of circulating EPCs and the combined Framingham
risk factor score for atherosclerosis exists, which suggests
that EPCs can be used as a predictive biomarker for
cardiovascular risk and vascular function(53). The levels
of circulating EPCs are a better predictor of vascular
reactivity than conventional risk factors. An inverse
correlation between the number of EPCs and the number of
risk factors has been documented in patients with known
CAD (54). In summary, with regard to pathophysiological
stimuli, EPC numbers are proven to be inversely related to
the number of cardiovascular risk factors (53, 158) and to
the Framingham cardiovascular total risk scores, and
directly related to brachial reactivity (89, 178).
Interestingly, a decrease in circulating EPCs with
subsequently impaired EC repair is shown to contribute to
reduced arterial elasticity, a hallmark of aging in healthy
humans (179). This observation may explain why the
measurement of flow-mediated brachial-artery reactivity
could reveal a significant relationship between endothelial
function and the number of progenitor cells. In general, the
greater the EPC numbers, the better the vasculature health.

Hypercholesterolemia causes a reduction in
EPC’s proliferative, migratory, and vasculogenetic
properties (46) which is secondary to a rise in
senescence/apoptosis ratio, as demonstrated after EPC
incubation with OxLDL (180), whereas high density
lipoprotein (HDL)-cholesterol could exert a vascular
protection by increasing EPC numbers. After an acute
myocardial infarction (AMI), progenitor/stem cells are
mobilized from BM, released into peripheral blood, and
subsequently home in the myocardium (38, 181).
Furthermore, atherosclerotic patients, suffering from
cardiovascular events such as cardiovascular death,
unstable angina, myocardial infarction, percutaneous
transluminal coronary angioplasty (PTCA), coronary artery
bypass graft (CABG), or ischemic stroke, have
significantly lower numbers of EPCs. In a prospective
study, a single measurement of CD34+KDR+ EPCs is
demonstrated to be a wuseful tool in predicting
cardiovascular outcomes in patients with CAD (37). The
association between these reduced EPC levels and
increased death from cardiovascular diseases is
independent of the severity of CAD diagnosis of an acute
coronary syndrome at the time of enrollment,
cardiovascular risk factors, and drug therapy known to
influence cardiovascular outcomes. EPC numbers can also
be used to predict severe endothelial dysfunction in patients
with coronary heart disease (182). However, the relation
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between heart failure and EPC levels is complex. A recent
study provides novel evidence of a selective functional
exhaustion of the EPCs in patients with post-ischaemic
heart failure. Interestingly, BM niches as well as the
colony-forming capacity seem to be reduced, whereas BM
hematopoietic progenitor cell numbers are preserved (183),
implying that EPC dysfunction may follow EPC reduction.

4.3. Endothelial progenitor cells repair injured vessels
and prevent atherosclerosis

In the atherogenic process there is a balance
between two ongoing events, endothelial damage and
repair. Under physiological conditions the integrity of the
endothelial monolayer is maintained by replication of
adjacent cells; however, in the conditions of increased
endothelial injury, regeneration of the injured endothelium
may be assisted by EPCs homing into the artery wall (184).
A more detailed understanding of EPCs in the
pathophysiology of vascular turnover may be helpful for
more effectively preventing the clinical consequences. The
suppression of BM myeloid proliferation, leukocytosis and
monocytosis might represent a previously unidentified anti-
atherogenic effect of HDL function in the early stage in the
leukocyte life cycle, which is followed by subsequent anti-
inflammatory of antioxidant effects occurring in the vessel
wall (185). Further findings have provided quantitative
data on endothelial turnover and repair by EPCs that are, at
least in part, derived from BM during development of
atherosclerosis in ApoE-/- mice (186). Furthermore, there
is evidence that ECs of neointimal lesions in allografts are
derived from circulating EPCs and that BM-derived
progenitors are responsible for angiogenesis of the
allograft, that is, the formation of microvessels in transplant
arteriosclerosis (187). Evidence shows that mature ECs of
vein grafts are derived from circulating progenitor cells, of
which one-third are derived from BM progenitor cells
(188). Hyperlipidemia due to apoE deficiency results in a
lower number of EPCs in blood, which is consequently
correlated with enhanced atherosclerosis. The wild-type
BM transplantation results in a restoration of ApoE
expression, normalization of plasma cholesterol, and
substantial reduction of atherosclerotic lesions in apoE/-
mice with irradiated BM (189). Although the mechanisms
involved are still unclear, EPCs seem to contribute to the
restoration of the endothelial monolayer (150, 190-192).

4.4. Transfer of progenitor cells is not always beneficial
The transfer of progenitor cells is not always
beneficial.  ApoE-/- mice, that have received BM
mononuclear cells following induced hind limb ischemia,
displayed not only increased neovascularization to these
oxygen deficient regions, but also accelerated
atherosclerotic plaque formation and lesion size compared
with control animals (187). A study was designed to define
the association between the degree of restenosis following
wire injury and their mobilization of monocytic cells from
BM in response to the injury. Interestingly, the degree of
restenosis and the presence of leukocytes in the vessel wall
were greater in the strain with higher cell mobilization
(193). In an alternative study, EPC-treated mice also
displayed accelerated atherosclerosis along with reduced
plaque stability. This may be attributed to the pro-
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inflammatory properties of these cells since a reduction in
suppressive cytokine IL-10 levels in the atherosclerotic
aortas was observed (194). Nevertheless, one should bear
in mind that the term EPC is loosely defined and used to
describe a vastly mixed cell population that consists of
different progenitors.

4.5. The mechanisms underlying EPC dysfunction and
reduction in atherosclerosis

Oxidized low density lipoprotein (0xLDL) is one
of the most important causative factors of cardiovascular
disease (195, 196). OxLDL decreases EPC survival and
impairs its adhesive, migratory, and tube formation
capacities in a dose-dependent manner (197). However, all
of the detrimental effects of oxLDL are attenuated by the
pre-treatment of EPCs with lectin-like oxidized low density
lipoprotein receptor (LOX-1) monoclonal antibody or L-
arginine, suggesting that LOX-1 or L-arginine pathways
mediates the oxLDL effects. OxLDL decreases protein
kinase B/Akt (a serine/threonine kinase) phosphorylation
and eNOS protein expression, and increases LOX-1 protein
expression. In correlation, OXLDL also causes a decrease
in eNOS mRNA expression and an increase in LOX-1
mRNA expression. These data indicate that OxLDL
inhibits EPC survival and impairs its function, and this
action is attributable to an inhibitory effect on eNOS (197).
Additionally, OxLDL induces apoptosis and senescence of
EPCs (Figure 2). Senescence is a programmed cellular
response, parallel to apoptosis, which is turned on when a
cell reaches Hayflick’s limit (198). Once cells enter the
senescence stage, they cease to proliferate and undergo a
series of morphological and functional changes (199). In
addition, oxidative alteration of LDL impairs the
angiogenic properties of EPCs at sub-apoptotic levels by
the downregulation of E-selectin and integrin alphaVbeta5
expressions, both substantial mediators of EPC-EC
interaction (200). Cigarette smoking is associated with the
formation of L5, electronegative LDL, which inhibits EPC
differentiation by impairing Akt phosphorylation via the
LOX-1 receptor pathway (201). Moreover, carbamylated
low-density lipoprotein (cLDL) plays a role in
atherosclerosis. cLDL is generated after incubation of
native LDL (nLDL) with uremic serum from patients with
chronic kidney disease (CKD) stages 2-4. The percentage
of cLDL converted by uremic serum is related to the
severity of CKD. Compared with nLDL, cLDL induces an
increase in  oxidative stress and  mitochondrial
depolarization, and a decrease in EPC proliferation and
angiogenesis. cLDL also induces accelerated senescence of
EPCs as judged by beta-galactosidase activity and telomere
length, which is associated with a decrease in the
expression of phosphorylated histone H2AX. The degree
of injury induced by cLDL is comparable to that observed
with oxLDL (200 microg/ml). This study supports the
hypotheses that cLDL triggers genomic damage in EPCs,
resulting in premature senescence and ultimately an
increase in atherosclerotic disease in CKD (202).
Similarly, smoking increases oxidative stress and reduces
NO bioavailability, resulting in depletion of EPCs and
attenuation of vascular repair in a dose-dependent
manner (203). The EPC levels experience a rapid
amelioration  after ~ smoking  cessation  (176).
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Figure 2. Schematic summarizes the mechanisms through which the factors influence endothelial progenitor cell (EPC)
homeostasis, survival and function. (+): stimulation. (-): inhibition. (1): up-regulation. (|): down-regulation. ROS: reactive
oxygen species. CRP: C-reactive protein. OxLDL: oxidized low-density lipoprotein. LOX-1: lectin-like oxidized low density
lipoprotein receptor. eNOS: endothelial nitric oxide synthase. VEGF: vascular endothelial growth factor. VEGFR2: vascular
endothelial growth factor receptor 2. ATII: angiotensin II. SDF-1alpha: stromal cell-derived factor-1alpha. CXCR4: Chemokine
receptor type 4. EPO: erythropoietin. G-CSF: granulocyte colony-stimulating factor. GM-CSF: granulocyte monocyte colony-
stimulating factor. IL-6: interlukin-6. MMP-9: matrix metalloproteinase-9. TNF-alpha: tumor necrosis factor-alpha. LPS:
Lipopolysaccharide. P38 MAPK: P38 mitogen-activated protein kinase. AGE: advanced glycation end products. PI3K/Akt:
phosphatidylinositol-3/Akt pathway. FoxOs: forkhead family of transcription factor.

C-reactive protein (CRP) participates in the
development of atherosclerosis in part by promoting
endothelial dysfunction and impairing EPC survival and
differentiation. EPCs, isolated from human peripheral
venous blood, are cultured in the absence or presence of
native pentameric azide and lipopolysaccharide (LPS)-free
CRP (0, 5, 15, and 20 microg/mL), N-acetylcysteine
(NAC), hydrogen peroxide (H202) or monoclonal anti-
CRP antibodies. Incubation of the EPCs with CRP causes a
concentration-dependent increase in reactive oxygen
species (ROS) production and apoptosis, with an effect
quantitatively similar to that of H202. This effect is
attenuated during coincubation with NAC or anti-CRP
antibodies. Furthermore, CRP alters EPC antioxidative
enzyme levels, demonstrating a reduced expression of
glutathione peroxidase and a significant increase in
manganese superoxide dismutase (MnSOD) expression.
Transfection of EPCs with MnSOD-RNAI results in a
reduction in CRP-induced ROS production, apoptosis, and
telomerase inactivation. Thus, CRP may serve to impair
EPC antioxidant defenses and promote EPC sensitivity
toward oxidant-mediated apoptosis and telomerase
inactivation (Figure 2) (204).

Several additional signaling pathways involving
in EPC reduction and dysfunction in atherosclerosis have
been suggested. In arterial hypertension, angiotensin-II
accelerates EPC senescence by reducing telomerase activity
and provoking EPC oxidative stress, although it also
stimulates VEGF-mediated EPC proliferation, most likely
due to VEGFR2 upregulation (Figure 2) (205). The
functional New York heart association (NYHA) class is
related to different levels of CD34+ cells due to the higher
serum levels of tumor necrosis factor-alpha (TNF-alpha)
(206), a known myelosuppressive cytokine. gp91phox
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(Nox2)-containing nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase deficiency protects EPCs and
neovascularization against hypercholesterolemia-induced
impairment. The potential mechanisms involved include
reduced ROS formation, preserved activation of angiogenic
signals, and improved functional activities of EPCs and
mature ECs (207).

5. EPCs AND INFLAMMATION

Apparently, inflammation is involved in the
initiation, progression, resolution, and complication of
inflammatory  cardiovascular  diseases. Vascular
inflammation is also considered to be a key component in
atherogenesis (168, 208). Emerging evidence from in vitro
and clinical studies demonstrate that the inflammatory
process influences EPC numbers and their functional
capacity (40, 41, 209-215). EPCs constitute an important
endogenous system to maintain endothelial integrity and
vascular homeostasis, thus, enhancement of EPCs by anti-
inflammatory therapies could have potential benefit for
individuals with inflammatory CVDs. A better
understanding of the role of inflammation in the regulation
of EPC mobilization and function would provide additional
insight into the pathogenesis of CVD and its complications.
5.1. Inflammation, EPC mobilization and EPC
recruitment

The effects of acute inflammation on EPC
mobilization and recruitment can be classified into two
categories: 1) a transient restricted inflammatory response;
and 2) persistent or excessive inflammatory stimulation. A
transient restricted inflammatory response may contribute a
stimulus for EPC mobilization. In vivo study has
demonstrated that EPCs are rapidly mobilized after
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vascular trauma and contribute to the revascularization of
injured vessels in response to increased circulating VEGF
levels stimulated by pro-inflammatory cytokines (216). IL-
Ibeta is involved in EPC recruitment and homing to ischemic
tissue in a VEGF-dependent manner as well as upregulating
the expressions of VEGF, VEGFR-2, and adhesion molecules
on ECs (217). In addition, further findings indicate that
circulating EPCs are mobilized endogenously in response to
tissue ischemia or exogenously by cytokine therapy with
several other inflammatory molecules such as GM-CSF and
SDF-1, which thereby augment the neovascularization of
ischemic tissues (5). Moreover, AMI is the most established
acute pathological stimulus for EPC mobilization. Indeed,
AMI leads to an increase in EPC number, which correlates
positively with plasma VEGF levels (218). An positive
association of increased CD133+ cells and IL-8, an
inflammatory chemokine with angiogenic properties, is also
reported in patients with AMI (213). After an AMI,
progenitor/stem cells are mobilized from BM, released into
peripheral blood, and subsequently homed in the myocardium
(38, 181). CDI8 and its ligand ICAM-1 play an essential role
in mediating EPC recruitment and the subsequent functional
effects on the infarcted heart (219).

Recently, in both in vitro and in vivo, microvascular
ECs, challenged with inflammatory stimuli, express the
membrane-bound form of kit-ligand and recruit EPCs via a c-
kit-mediated activation of the Akt signaling pathway.
Depletion of endogenous c-kit or inhibition of c-kit enzymatic
activity by c-kit/Abl protein tyrosine kinase inhibitor imatinib
mesylate prevents adhesion of EPCs to activated ECs in both
in vitro and in vivo, thus, indicating that a functional c-kit on
EPCs is essential for EPC recruitment (220). Furthermore, a
positive association between CRP levels and circulating EPCs
has been documented in patients with stable CAD, suggesting
that a systemic inflammatory state could potentially stimulate
EPC mobilization in these individuals (212). In addition, these
pro-inflammatory molecules are elaborated soon after
myocardial ischemic injury or vascular trauma, and they
stimulate the production of growth factors such as VEGF.
Also pro-inflammatory molecules mediate tissue repair and
adaptation (221). EPCs stimulated by cytokines will take part
in maintaining EC integrity and vascular homeostasis (Figure
1) (222). However, pro-inflammatory cytokines trigger the
synthesis of acute phase proteins in the liver while they also
stimulate the expression of adhesion molecules on EC surface,
and promoting atherogenesis (221). Studies have shown that
the functional status of progenitor cells is significantly
impaired in the presence of high inflammatory stimulation,
such as in heart failure (19, 38). More recently, evidence of
selective functional exhaustion of the EPCs is found in patients
with post-ischaemic heart failure (183). In line with these
laboratory observations, an inverse correlation between EPC
levels and TNF-alpha is also detected in patients with heart
failure, suggesting an inhibitory effect of this cytokine on EPC
mobilization and homeostasis (38).

5.2. Additional molecular mechanisms underlying the
effects of inflammation on EPCs mobilization

EPCs originate in the BM where they reside in
the local microenvironment of the so-called stem cell niche
in a quiescent state or in a more undifferentiated state.
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Cytokines, released by ischemic or damaged tissues, induce
mobilization of these cells by interfering with the
interactions between stem cells and BM (5, 223). In the
bloodstream EPCs home specifically to sites of ischemic or
damaged tissues through interactions between soluble
chemokines and their receptors expressed on the surface of
EPCs. Studies have demonstrated that the interactions of
SDF-lalpha (CXCL12)/CXCR4 and RANTES/CCRS axis,
the IL-8/GRO-alpha CXC system interacting with CXCR2,
as well as beta2-integrins and E-selectin, are among the
most relevant interactions (121, 224-228).  Besides,
proteinases such as eclastase, cathepsin G, and matrix
metalloproteinase (MMPs) also play an important role in
stem cell mobilization. A cytokine, such as G-CSF,
induces the release of the proteinases elastase and cathepsin
G from neutrophils, resulting in the cleavage of adhesive
bonds on stromal cells and consequently inducing
mobilization of CD34+ cells (223). Moreover, eNOS and
CD26, a CD34+ cell-surface peptidase, are also believed to
be associated with EPCs mobilization (116, 223).

6. CONCLUSION AND FUTURE DIRECTIONS

We have reviewed and discussed in detail the
characteristics of EPCs and their quantitative and functional
alterations in atherosclerosis and inflammation. Overall, the
emerging data consistently shows that impaired EPC biology and
mobilization appear in these disease conditions via diversified
mechanisms.  Therefore, potential therapeutic approaches are
needed to restore the capacity of EPCs and improve
neovascularization and re-endothelialization. The indication that
medications only lead to partial recovery of EPCs in patients with
these diseases, suggests necessary EPC-based approaches as a
novel alternative in the near future. Overall, the therapeutic
benefit, as well as the optimal cell source, dosage, and infusion
method of EPC therapy remain to be determined for each clinical
condition.

However, while numerous papers have been published
discussing the roles of EPCs in various human disorders and in
examining the therapeutic potentials of various EPC preparations
in experimentally-induced vascular lesions in rodents or in human
clinical trials of EPC therapy for cardiovascular disease, the field
continues to struggle in clearly defining EPCs. The inconsistent
evidence of clinical efficacy poses further important questions
including exactly how EPCs can enhance vascular repair and new
vessel growth, and whether there are alternative sources of
“genuine” EC progenitors in adults that might be exploited more
successfully for clinical use. Because several different types of
blood cells are implicated as proangiogenic, future studies will be
required to determine the exact roles that each cell type in the
process of vascular repair or regeneration, and the mechanisms
underlying EPC interactions with the host endothelium.
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