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Cardiovascular complications have been major concerns in the treatment of diabetes, and up
to 80% of all deaths in diabetic patients are linked to cardiovascular problems. Impaired
angiogenesis is one of the most serious symptoms associated with diabetes, resulting in delayed
wound healing and lower limb amputation. Endothelial progenitor cells (EPCs), a subpopula-
tion of adult stem cells, are recruited from bone marrow to the injured vessel to promote
endothelial regeneration and neovascularization, playing an important role in angiogenesis.
Interestingly, several clinical studies have showed that the number of recruited EPCs 1is
reduced and their function is decreased under diabetic conditions, implying that diabetic EPC
dysfunction may contribute to defective angiogenesis and resultant cardiovascular complica-
tions in diabetes. To recover the functional abilities of diabetic EPCs and to address possible
application of EPC cell therapy to diabetic patients, some studies provided explanations for
diabetic EPC dysfunction including increased oxidative stress, involvement of the inflamma-
tory response, alteration in the nitric oxide pathway and reduced signals for EPC recruitment.
This review discusses clinical evidence of impairment of EPC functions under diabetic condi-
tions and the suggested mechanisms for diabetic EPC dysfunction.

Key words: Angiogenesis, Diabetes-associated cardiovascular complications, Endothelial pro-
genitor cells, EPC Dysfunction

INTRODUCTION

endothelial regeneration, and the role of EPC in the
diabetes-associated cardiovascular imbalance has been

Accelerated cardiovascular complications are one of
the most principal causes for disability and death in
patients with diabetes mellitus (Creager et al., 2003;
Falanga, 2005). The balance between cardiovascular
injury and recovery under diabetic conditions, in
addition to impaired angiogenesis and endothelial
damage are suggested as critical steps in diabetes-
associated cardiovascular complications including
atherosclerosis, delayed wound healing, thrombosis
and hypertension (Beckman et al., 2002; Brem and
Tomic-Canic, 2007; Shantsila et al., 2007; Leeper et
al., 2010). Endothelial progenitor cells (EPCs) are
known to be recruited to the injured site to promote
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raised. Interestingly, the number of recruited EPCs as
well as their function is decreased in diabetic patients,
implying that impaired EPC function may contribute
to cardiovascular problems in diabetes (Tepper et al.,
2002; Loomans et al., 2004; Gallagher et al., 2007;
Shantsila et al., 2007). Supporting these clinical data,
several studies have given some explanations for dia-
betic EPC dysfunction including increased oxidative
stress, NADPH oxidase activation, an altered nitric
oxide pathway and increases in inflammatory cyto-
kines. It is unlikely that the dysfunction of diabetic
EPCs could be explained by a separate independent
mechanism, but the complicated patho-physiological
changes under diabetes could exacerbate the functional
damage of EPCs contributing to retarded reendothe-
lialization and vascular recovery. Nevertheless, the
precise understanding of the mechanisms underlying
diabetic EPC dysfunction is required to overcome
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diabetes-associated EPC dysfunction and resultant
vascular damage, as well as to address the therapeu-
tic potential of EPCs for the prevention and treatment
for cardiovascular complications in diabetes. The goal
of this review is to provide an overview of the clinical
role for EPCs in diabetes-associated cardiovascular
complications and the relevant mechanisms for im-
pairment of EPC function under diabetic conditions.
Here we discuss the general characteristics of EPCs,
the role of EPCs in cardiovascular diseases, EPC dys-
function under diabetic conditions and suggested
mechanisms for diabetic EPC dysfunction.

EPCs AND VASCULAR REGENERATION

Since Asahara et al. discovered the vasculogenic
properties of the EPC population in 1997, there have
been many attempts to expand the therapeutic appli-
cation of EPCs for vascular regeneration and restora-
tion of vascular function. The exact characteristics and
the function of EPCs are still under intensive inves-
tigation. Rather than a specific cell type with fixed
characteristics, it should be more correct to define
EPCs as a heterogeneous cell population with distinct
phenotypes, which can differentiate into functionally
competent endothelial cells. There have been various
opinions regarding whether to include EPCs as stem
cells or not. Leeper et al. (2010) categorized EPCs as
one of the ‘lineage-committed adult stem cells’ and
Urbich and Dimmeler (2004) suggested that EPCs have
degrees of stemness including self-renewal, clonogeni-
city and differentiation capacity (Leri and Kajstura,
2005). Strictly speaking, however, progenitor cells have
been distinguished from stem cells due to lack of self-
renewing activity. Although the definition of EPCs is
controversial, it is well accepted that EPCs have
increased proliferative capacity and repairing ability
(Young et al., 2005; Leeper et al., 2010), contributing
to vascular recovery and angiogenesis.

CELLULAR CHARACTERISTICS OF EPCs

EPCs are thought to be differentiated from heman-
gioblasts along with hematopoietic stem cells, and
located within the stem cell niche in bone marrow
(Asahara and Kawamoto, 2004). There are also cir-
culating EPC populations at low concentrations in the
peripheral blood and the circulating EPC counts can
be increased by stimulation under pathogenic condi-
tion such as ischemia, or by various factors including
vascular endothelial growth factor (VEGF), stromal
cell-derived factor-1 (SDF-1) or stem cell factor (SCF)
(Urbich and Dimmeler, 2004; Holderfield and Hughes,
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2008; Kim et al., 2011). Upon stimulation, bone marrow-
derived EPCs migrate and incorporate into the vas-
culature and differentiate into mature endothelial cells
(ECs). Through their proliferative and regenerative
capacity, EPCs contribute to the restoration of normal
vascular function and structure, as well as the growth
of new vessels, which are also known as reendotheliali-
zation and neovascularization, resulting in enhanced
angiogenesis (Urbich and Dimmeler, 2004; Tilki et al.,
2009). Due to their unique characters of progressive
differentiation, EPCs are usually described by cellular
origin, the isolation methods and their surface markers.
Several cell surface markers have been used for EPC
identification, such as Flk-1 (VEGFR-2; KDR for human
counterpart), Sca-1, CD34 and CD133. Unfortunately,
there is no specific surface marker that definitely dis-
tinguishes EPCs. Peichev et al. (2000) characterized
EPCs as VEGFR-2/CD133*/CD34" cells, while Reyes
et al. (2002) demonstrated that CD34/CD133*/VEGFR-
2" mesenchymal stem cells can differentiate to EPCs
and generate into mature endothelial cells. Recently,
Tian et al. (2009) employed Sca-1 as a bone marrow
cell marker and used VE-cadherin and E-selectin as
endothelial markers to identify EPCs. Currently, in-
vestigators use the approach that defines the hemato-
poietic lineage with endothelial cell character, along
withthe distinct morphological cobblestone pattern
and the capacity for tubular network formation in
Matrigel for the characterizatlon of EPCs. The exact
phenotype and the lineage of EPCs are not yet known,
and most of the investigators demonstrate the func-
tional characteristics of EPCs with their own charac-
terization of isolated/cultured cells under the same
experimental conditions.

EPC types

Although the markers for identification of EPC
populations vary between studies, several investigators
agreed that there are lineage and functional hetero-
geneities within the EPC population. There are at least
two differEnt types of EPC3, which are early and late
EPCs. Early EPCs are usually referred as the angiogenic
EPC population obtained from short-term cultures of
4-7 days in vitro. Late EPCs, often called out-growth
EPCs, have different growth patterns and are usually
obtained from long term cultures of at least 2-4 weeks
in vitro (Zhang et al., 2009). These two types of cells
have several distinct aspects such as morphology,
growth rate, cellular markers and involvement of certain
diseases. Hur et al. (2004) showed that early EPCs
have spindle-like shapes while late EPCs have a
cobblestone shape. They also demonstrated that the
number of early EPCs increased for 2 weeks after in
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vitro culture followed by a gradual disappearance, but
late EPCs appeared in 2 to 4 weeks and grew rapidly.
Shantsila et al. (2008) focused on the differential dis-
tribution of cellular makers between early and late
EPCs. Despite the challenges for defining specific
markers for these cells with continual maturation and
antigenic marker shifts, they suggested that early
EPCs show CD14/CD45/KDRlow and then CD31/
vWF, while late EPCs express CD34/KDR and CD31/
vWF. They claimed that EPC subpopulations may
display different angiogenic properties, as early EPCs
have a relatively low proliferative capacity and a low
ability to express mature endothelial proteins (Hur et
al., 2004; Shantsila et al., 2008). Interestingly, it was
reported that the number of late EPCs is higher in
patients with coronary disease than normal subjects,
whereas early EPCs show the opposite pattern, sug-
gesting that the pathological roles of these two types
of EPCs might be different (Hill et al., 2003; Guven et
al., 2006).

Cellular function of EPCs

In normal physiology, ECs play important roles in
regulating vessel constriction/relaxation, thrombosis,
coagulation and adhesion of blood cells. Damage to
ECs occur under pathological conditions or by xeno-
biotic exposure, leading to disruption of vascular homeo-
stasis (Dimmeler and Zeiher, 2000; Verma and
Anderson, 2002). As discussed above, EPCs have the
capacity to proliferate, migrate, and differentiate into
mature ECs to recover vascular function. Regeneration
of ECs by incorporating EPCs into injured vessels is
critical in terms of endothelium maintenance and
restoration of normal EC function. Several clinical
and experimental reports showed that EPCs have
important roles in vascular regeneration. Takahashi
and Yamanaka (2006) demonstrated that circulating
mononuclear blood cells including EPCs can differen-
tiate to an EC phenotype and can incorporate into
capillary vessels. Shi et al. (1998) showed that bone
marrow transplantation to adult dogs resulted in the
formation of a new endothelial lineage in aorta after
graft lesion by CD34" cells of donor origin. Using an
ischemic hindlimb model, Ikenaga et al. (2001) proved
that bone marrow transplantation enhanced angio-
genesis, and Chen et al. (2009) found that transplan-
tation of ex vivo expanded EPCs improved neovas-
cularization in a porcine model of chronic myocardial
ischemia, improving vascular density in the damaged
area. The vascular regenerative capacity of EPCs has
been also demonstrated in clinical trials, where bone
marrow cells containing EPCs were transplanted to
human patients with coronary artery diseases (T'se et
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al., 2007) or infarcted myocardium (Assmus et al.,
2002; Strauer et al., 2002). Conclusively, ex vivo ex-
panded or in vivo transplanted EPCs have shown
their regenerative and repairing activity in damaged
endothelial lesions through their adhesive, prolifera-
tive and migratory abilities as well as by their cap-
acity for tubular capillary network formation. The
therapeutic potential of EPCs are promising and
many investigators are trying to identify the regula-
tory mechanisms underlying EPC function prior to
further application of EPC in the clinical.

EPCs in cardiovascular diseases

Numerous studies have supported the notion that
EPCs are deregulated by cardiovascular risk factors
or in cardiovascular diseases through clinical data.
The number of EPCs both in circulation and in the
bone marrow niche is decreased, and the functional
capacities of circulating EPCs or ex vivo expanded
EPCs are significantly impaired by cardiovascular
events (Hill et al., 2003; Werner et al., 2005; Tilki et al.,
2009). In hypertensive patients, the circulating number
and migratory capacity of EPCs have decreased (Vasa
et al., 2001; Huang et al., 2010), and the role of angio-
tensin II in impaired EPC function under hyperten-
sion has been suggested through its effect on EPC
senescence in addition to reduced proliferation in
in vitro and in vivo studies (Imanishi et al., 2005;
Endtmann et al., 2011). Abnormal lipid metabolism
including cholesterol, lipoprotein and triglycerides are
related to impaired function and decreased numbers
of circulating EPCs. Oxidized low density lipoprotein
(oxLLDL) exposure to culture EPCs results in senes-
cence, apoptosis as well as decreasing EPC differenti-
ation and numbers (Imanishi et al., 2004; Wu et al.,
2009; Tie et al., 2010). We will discuss in more detail
oxLDL-induced EPC dysfunction in migratory capacity
later. High serum cholesterol levels are inversely
correlated to the number and functional properties of
EPCs in patients with coronary artery diseases (CADs)
(Vasa et al., 2001; Hill et al., 2003). Diabetes mellitus
is other representative cardiovascular risk factor asso-
clated with decreased number and function of EPCs,
as we will focus on the diabetic EPC impairment in
this article. Endogenous mediators which enhance the
development of cardiovascular problems, such as homo-
cysteine or C-reactive protein (CRP), can also affect
EPC function. Chen et al. (2004) showed that homocy-
steine exposure reduced the number of EPCs isolated
from the peripheral circulation and inhibited EPC
function such as proliferation, adhesion and migra-
tion. Alam et al. (2009) proved that the level of homo-
cysteine is inversely correlated to circulating EPC
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number in patients with stroke. The levels of CRP
were related with the number of circulating EPCs in
patients with unstable angina (George et al., 2004),
and Fujii et al. (2006) showed that CRP alters antioxi-
dant defenses, inhibits proliferation and promotes
apoptosis in EPCs. Besides the relationship with car-
diovascular risk factors, EPC dysregulation of number
and function is seen in various cardiovascular diseases.
Circulating EPC levels are significantly decreased in
patients after stroke (Taguchi et al., 2004; Ghani et
al., 2005) and in those with atherosclerosis (Xiao et al.,
2007) or rheumatic diseases (Westerweel and Verhaar,
2009). The degree of decreased number of EPCs in
patients with heart failure is found to be related to the
stage of heart failure, with relatively higher numbers
in the early stage and progressively lower numbers in
severe heart failure (Valgimigli et al., 2004). A strong
correlation with EPC dysfunction and CAD, including
ischemic heart diseases has been reported in several
reports, and Heeschen et al. found that isolated bone
marrow cells from patients with chronic CAD have
reduced neovascularization capacity and impaired
ability to improve tissue (Heeschen et al., 2004). Inter-
estingly, there is a close relationship between cir-
culating EPC number and their functions (Tousoulis
et al., 2008). Recently, studies have shown that cir-
culating EPC number could be a predictor for defec-
tive vascular regenerative capacity in clinical condi-
tions. Schmidt-Lucke et al. (2005) suggested that
decreased number of EPCs which express CD34 and
VEGFR-2 is an independent risk biomarker for cardio-
vascular events. Fadini et al. (2006a, 2006b) reported
that the number and function of EPCs can be used as
a determinant marker of the severity of vascular issues
after diabetes or subclinical atherosclerosis.

EPC DYSFUNCTION UNDER DIABETIC
CONDITIONS

Abnormality of EPCs has been related to various
cardiovascular symptoms and severe vascular compli-
cations are known to be major concerns in diabetes-
associated cardiovascular complications (Tepper et al.,
2002; Loomans et al., 2004, 2005; Fadini et al., 2005).
Numerous studies demonstrated that endothelial dys-
function is the key initiator that precedes development
of vascular problems in diabetes (Dimmeler and
Zeiher, 2000; Verma and Anderson, 2002). Impaired
endothelial regeneration and retarded angiogenesis
contribute to the progression of diabetic vascular
complications, and therefore the roles of EPCs have
been raised as one of the major concerns (Liew et al.,
2008; Jarajapu and Grant, 2010). Until now, most of
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the studies related to EPC function in diabetes pri-
marily focused on early EPCs. The decreased number
and function of EPCs were found to be associated with
diabetes-related complications (Loomans et al., 2004;
Fadini et al., 2006b). Recently, Chen et al. (2007)
demonstrated that early and late EPCs can be impair-
ed by high glucose through nitric oxide signaling. In
this section, we will focus on the clinical evidencefor
EPC dysfunction in diabetic patients.

Decreased EPC counts in diabetes

EPC abnormality in the clinical can be seen in
several situations. First, the circulating number of
EPCs in diabetic patients is significantly reduced
compared to non-diabetic controls. This reduction has
been reported in both types of diabetes, type 1 and
type 2 diabetes (Tepper et al., 2002; Loomans et al.,
2004; Fadini et al., 2005; Reinhard et al.,, 2010).
Loomans et al. (2004) isolated and cultured peripheral
blood mononuclear cells (PBMCs) from type 1 diabetic
patients and healthy controls. The differentiated
number of EPCs from patients with type 1 diabetes
was decreased by 44% compared to the control group.
Interestingly, the severity of EPC reduction is well
correlated to the levels of HbA1C, which is a represen-
tative marker for diabetic conditions (Loomans et al.,
2004). Reduction of EPC number was also found in
patients with type 2 diabetes (Tepper et al., 2002;
Fadini et al., 2005). The number of circulating EPCs
was analyzed using a EPC/CPC ratio, which repre-
sents the fraction of EPCs among all circulating pro-
genitor cells. The number of ex vivo expanded EPCs
isolated from patients with type 2 diabetes was
decreased, and the reduced number of EPCs was in-
creased after multifactorial treatment which induced
glycemic control and total cholesterol improvement
(Reinhard et al., 2010).

Functional impairment in diabetic EPCs
Besides the reduction of circulating EPCs, several
clinical studies have supported the role of functional
damage to EPCs under diabetic conditions (Tepper et
al., 2002; Loomans et al., 2004; Gallagher et al., 2007;
Shantsila et al., 2007; Liew et al., 2008; Jarajapu and
Grant, 2010). EPCs isolated from diabetic patients
showed impaired abilities in proliferation, adhesion
and incorporation into blood vessels, resulting in
angiogenic dysfunction. Tepper et al. (2002) demon-
strated that diabetic EPCs had a poor proliferation
ability compared to non-diabetic EPCs, when they were
isolated and cultured for 7 days. They also reported
that EPC adhesion ability is significantly impaired
under type 2 diabetic conditions to matrix molecules
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as well as to HUVEC monolayers activated with TNF-
o, which is a crucial character during new vessel
growth. The incorporation of EPCs from diabetes into
vascular structures was significantly lower than that
of EPCs from healthy controls, suggesting that overall
angiogenic function of the EPC was impaired in dia-
betic patients (Tepper et al., 2003; Shantsila et al.,
2007). Moreover, EPCs isolated from diabetic patients
showed functional impairment which correlated to the
severity of peripheral artery diseases, suggesting the
pathogenic role of EPC dysregulation in diabetic vas-
culopathy (Fadini et al., 2006b). Using an in vivo
animal model, Sorrentino et al. (2007) transplanted
EPCs from healthy subjects or type 2 diabetic patients
into denuded carotid arteries in nude mice. The dam-
aged endothelial layer of arteries was not repaired by
diabetic EPC transplantation, whereas significant
improvement was found in groups transplanted with
normal EPCs.

Reduced responses to stimuli by diabetic EPCs
Diabetic EPCs showed impaired responses to acti-
vating stimuli. When peripheral tissue is under a
certain stimulus such as ischemic injury, EPCs can
migrate into the tissue then differentiate to ECs in
order to create a new vessel. However, diabetic EPCs
have impaired ability in response to this stimulus.
Capla et al. (2007) demonstrated that type 2 diabetic
EPCs had impaired functions under hypoxic condi-
tions. But, there was no significant functional differ-
ence between type 2 diabetic EPCs and non-diabetic
EPCs during normoxia. On the other hand, diabetic
EPCs showed significantly impaired adhesion, migra-
tion and proliferation under hypoxia. Similarly, Segal
et al. (2006) demonstrated that EPCs isolated from
diabetic patients had a decreased response to SDF-1,
a representative recruiting stimulus for EPC migra-
tion, suggesting that diabetic EPCs have an impaired
ability in response to stimulus leading to decreased
angiogenesis and delayed vascular regeneration.

Paracrine manners in diabetic condition
EPCs contribute to neovascularization not only by
integration but also in a paracrine manner where
EPCs secrete several factors to the surrounding envir-
onment. Interestingly, this secretory ability of EPCs is
reported to be abnormal in the diabetic condition.
Conditioned media from type 1 diabetic EPCs resulted
in angiogenesis impairment compared to either con-
ditioned media from non-diabetic EPCs or non-con-
ditioned media from diabetic EPCs (Loomans et al.,
2004). This finding suggests that diabetic EPCs lose
their angiogenic secretory ability and may secrete
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other anti-angiogenic factors.

SUGGESTED MECHANISMS
BETIC EPC DYSFUNCTION

FOR DIA-

Elucidation of the underlying mechanisms for dia-
betic EPC dysfunction has been of great interest in
the pharmaceutical and medicinal fields to address
the possible use of EPCs in diabetes-associated cardio-
vascular symptoms. Several mechanisms have been
suggested, based on evidence from in vitro bioassays
as well as in vivo animal models (Fig. 1). Here we will
discuss the mechanisms responsible for the functional
damage in diabetic EPCs, especially for their migratory
activity which affects EPC recruitment and incor-
poration into damaged vessels.

Reactive oxygen species

Excessive generation of reactive oxygen species
(ROS) has been explained as one of the mediators of
diabetes-associated cardiovascular complications. Many
studies demonstrated that ROS production in diabetic
EPCs is also significantly higher than normal EPCs.
In EPCs isolated from type 2 diabetic mice, the levels
of antioxidant enzymes such as MnSOD are signifi-
cantly decreased (Marrotte et al., 2010) and overex-
pression of MnSOD effectively reversed diabetic EPC
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Fig. 1. Suggested mechanisms underlying diabetic EPC
dysfunction. EPC, endothelial progenitor cells; CVD, cardio-
vascular disease; NO, nitric oxide; ROS, reactive oxygen
species; oxLLDL, oxidized low density lipoprotein; MnSOD,
manganese superoxide dismutase
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dysfunction including tube formation and migration.
They also observed that improved in vivo wound heal-
ing capacity is significantly improved by cell trans-
plantation with normal EPCs to diabetic mice, and
this improvement was mimicked by transplantation
with MnSOD-overexpressed diabetic EPCs. Several
studies also demonstrated that ROS generating sys-
tems such as NADPH oxidases are excessively activat-
ed in diabetic EPCs (Sorrentino et al., 2007; Werner et
al., 2007). When they inhibit NADPH oxidase through
overexpression of dominant negative subunits or
siRNAs, or by decreasing excessive oxidative stress
using antioxidants, impaired EPC functions such as
migration, adhesion, proliferation and in vivo reendo-
thelialization were improved (Sorrentino et al., 2007;
Ceradini et al., 2008). This supports the notion that
increased ROS generation contributes to diabetic EPC
dysfunction.

Oxidized LDL

Under diabetic condition, increased oxidative stress
results in excessive production of oxLDL (Hamed et
al., 2011). High levels of circulating oxLLDL are known
to contribute to cardiovascular symptoms such as
CAD in type 2 diabetic patients (Shimada et al., 2004).
oxLLDL is one of the factors that was associated with
survival and function of EPCs (Imanishi et al., 2004;
Ma et al., 2006; Tie et al., 2010). Although oxL.DL did
not affect SDF-1o-induced expression of CXC receptor-
4 (CXCR-4) and was associated with EPCs migration,
oxLLDL decreased Akt phosphorylation and eNOS ex-
pression in normal EPCs (Ma et al., 2006; Hamed et
al., 2010). When EPCs were exposed to hyperglycemia,
however, the level of CXCR-4 was modulated. Simul-
taneous exposure of normal EPCs to hyperglycemia
and oxLLDL decreased expressions of CXCR-4 and eNOS
as well as reduced eNOS and Akt phosphorylation.
The alteration of these cellular signaling pathways
resulted in impaired EPCs migration (Hamed et al.,
2010). Furthermore, oxLLDL significantly decreased
production of nitric oxide (NO), which is an important
mediator for EPC function as discussed below, leading
to reduced survival of EPCs (Hamed et al., 2010).
oxLDL-associated NO decreases and Akt pathway
impairment are known to induce EPC apoptosis in
addition to disrupting EPC adhesion, migration and
tube formation (Ma et al., 2006). Therefore, increased
generation of oxLLDL in diabetic patients is suggested
as one of the potential mechanisms underlying dia-
betic EPC dysfunction.

Defective nitric oxide pathway
The NO and cyclic GMP (¢cGMP) axis is one of the
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representative regulatory pathways in normal endo-
thelial function (Moncada and Higgs, 2006). Likewise,
EPCs require NO-cGMP signaling for proper function
including migration, and NO signaling in EPCs is
damaged by diabetes (Irie et al., 2005; Segal et al.,
2006; Hamed et al., 2011). Cell migration is regulated
by the Ena/VASP protein family which plays a crucial
role in promoting actin filament elongation at the
leading edge by forming an active molecular motor
complex that propels motility. Ena/VASP proteins are
substrates for phosphorylation by cyclic-nucleotide-
dependent protein kinase at a number of sites and it
is known that they are regulated by protein kinase G
(PKG) which is activated by cGMP generated through
NO-stimulated soluble guanylate cyclase (sGC) acti-
vation (Butt et al., 1994; Li Calzi et al., 2008). Cell
movement requires a coordinated cycle of adhesion
and detachment, and NO-induced regulation of cyto-
skeleton might be subject to rapid changes that allow
for cycles of lamellipodial extension and retraction
(Lindsay et al., 2007). In EPCs isolated from diabetic
patients showed significantly reduced NO bioavail-
ability and impaired endothelial nitric oxide synthase
(eNOS) activity (Segal et al., 2006; Hamed et al., 2011).
Moreover, as discussed earlier, increased generation
of reactive oxygen species, including superoxide anion,
decreased NO concentrations and NO bioavailability
in EPCs under diabetic conditions (Thum et al., 2007b).
Reduced NO concentration is not sufficient to regulate
VASP phosphorylation and actin polymerization for
cell migration, contributing to defective migratory
activity in diabetic EPCs. Segal et al. (2006) demon-
strated that EPCs isolated from diabetic patients
showed impaired migration to SDF-1 stimulation
through defective cell deformability and they proved
that exogenous NO corrected impaired cytoskeletal
arrangement and migratory response to SDF-1.

Impaired mobilization signaling

As we discussed for oxLLDL, NO bioavailability could
modulate the mobilization of EPCs into the circula-
tion. EPC mobilization from the bone marrow depends
on the activation of eNOS in the presence of several
mobilizing factors (Leone et al., 2009). Substances that
increase NO bioavailability such as growth hormone
(GH) and insulin growth factor-1 (IGF-1), enhance the
number of circulating EPCs (Thum et al., 2007a). In
contrast, substances that impair NO bioavailability
like asymmetric dimethylarginine (ADMA), are known
to decrease circulating EPC populations. Decreased
NO bioavailability results in impaired EPC recruit-
ment to the circulation under diabetic condition. In
addition to the role of NO, several mediators cooper-
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ate to induce EPC mobilization. In normal conditions,
mobilization is regulated by growth factors such as
SDF-1, G-CSF, fibroblast growth factor (FGF) and
VEGF with the involvement of matrix metalloprotei-
nases such as MMP-2 and MMP-9, cathepsin-G and
elastase. However, the recruiting signals due to
vascular injury are weaker in diabetes, resulting in
decreased mobilization of EPCs into the circulation
(Jarajapu and Grant, 2010). Disrupted regulation of
the SDF-1/CXCR-4 axis is known to contribute to
impaired EPC mobilization (Jujo et al., 2010). Egan et
al. (2008) observed that circulating EPCs were signi-
ficantly reduced in type 2 diabetic patients and reduced
EPC levels were well correlated with a decreased ex-
pression in CXCR-4. In addition, the levels of putative
CXCR-4 positive cells were further decreased in pati-
ents with diabetic cardiovascular complications sug-
gesting that impaired CXCR-4 expression play key
roles in diabetic EPC mobilization and function (Egan
et al., 2008). Fadini et al. demonstrated that the dia-
betic defect in the release of EPCs is reversed by glu-
cose normalization, implying that the mobilization
mechanisms are sensitive to chronic hyperglycemic
conditions (Fadini et al., 2007). Interestingly, Busik et
al. (2009) showed that the numbers of EPCs within
the bone marrow is increased while circulating EPCs
are significantly decreased in a rat model of type 2
diabetes, confirming that damaged migratory activity
may be the main cause for the reduced levels of
circulating EPCs.

Inflammatory mediators
Diabetes is known to be closely linked to chronic
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inflammation (Schuster, 2010). Notably, inflammation
affects both EPC number and function, and EPCs
react in two different ways to an inflammatory environ-
ment. In low levels of inflammatory cytokines, the
number and function of EPCs are positively regulated.
Low inflammatory cytokine concentrations help recrui-
ting and adhering of EPCs to the injured area, and the
circulating numbers of EPCs are increased (Rabelink
et al., 2004; Tousoulis et al., 2008). However, in a
severe and chronic inflammatory environment such as
diabetes, EPC functions including mobilization, adhe-
sive ability and proliferation are impaired, and the
numbers of EPCs are reduced leading to retarded
angiogenesis. Inflammatory cytokines including TNF-
o are increased in hyperglycemic conditions, it in-
duces EPC apoptosis, insulin-resistance and reduction
of AKT phosphorylation, leading to a reduction in the
number of EPCs. Inhibition of NF-B, which regulates
TNF-oo and other inflammatory mediators, reversed
EPC apoptosis and insulin-resistance thereby improv-
ing impaired EPC migration (Desouza et al., 2011).

RESTORATION OF DIABETIC EPC FUNC-
TION

In an attempt to address the therapeutic potential
of EPCs for diabetes-associated cardiovascular compli-
cations, recent studies demonstrated that diabetic
EPC dysfunction could be modulated by pharmacolo-
gical or genetic intervention. As summarized in Table
I, several treatments affected molecular pathways in-
cluding eNOS activity, CXCR-4 expression and heme-
oxygenase-1 (HO-1) expression in EPCs, resulting in

Table I. Genetic and pharmacological intervention for diabetic EPC recovery

Therapy Gene or Drug Target Subject Effects on EPC References
Genetic MnSOD MnSOD Mouse T Angiogenesis, Marrotte et al. (2010)
TWound healing
Genetic shh shh Mouse  TWound healing, Asai et al. (2006)
TProliferation, TMigration,
T Adhesion, TTube formation
Pharmacological D-4F Up-regulation Rat T HO-1 activity, Peterson et al. (2007)
of HO-1, eNOS TeNOS level, TProliferation
Pharmacological Rosiglitazone PPAR-y Human TMigration, TEPCs number Pistrosch et al. (2005)
Pharmacological Pioglitazone PPAR-y Human TAdhesion, Ruiz et al. (2009)
T CXCR-4 expression
Pharmacological UAG (Unacylated Ghre- Ghrelin pathways Human, TMobilization, TTube forma- Togliatto et al. (2010)
lin) Mouse  tion, TeNOS activity
Pharmacological Nitropravastatin HMG-CoA Mouse  TEPCs number, Emanueli et al. (2007)
(NO-releasing pravasta- reductase, NO TMigration
tin derivative)
Pharmacological Olmesartan, Irbesartan Angiotensin Il Re  Human TEPCs number Bahlmann et al. (2005)
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functional recovery of mobilization, adhesion, tube for-
mation and proliferation. These alterations ultimately
contributed to in vivo improvement of cardiovascular
complications like angiogenesis and wound healing in
the diabetic condition, supporting the potential use of
EPC cell therapy against diabetic vascular problems.

CONCLUDING REMARK

A variety of signaling molecules and pathways are
involved in diabetic EPC dysfunction. Besides im-
paired intracellular homeostasis including excessive
NADPH oxidase activation, decreased NO pathway
function and defective cytoskeleton regulation inside
diabetic EPCs, complicated pathophysiological diabet-
ic environments such as increased oxidative stress,
inflammation and activating/inhibiting signaling
mediators may contribute to the dysregulation of
diabetic EPCs. With an overall understanding of the
mechanisms underlying diabetic EPC dysfunction,
potential for the use of EPCs in the clinical setting can
be considered. Moreover, strategies for the develop-
ment of chemicals or drugs that improve EPC function
may be promising for the prevention and/or treatment
of diabetes-associated cardiovascular symptoms. It
may not be easy to develop the optimal strategy for
effective EPC therapy or to develop drug candidates
for EPC functional recovery, however, more clinical
and laboratory evidence will help us to understand
EPCs better, leading us to increase their therapeutic
potential in clinical trials.

ACKNOWLEDGEMENTS

This work was supported by a grant from Hanyang
University (201100000000164).

REFERENCES

Alam, M. M., Mohammad, A. A., Shuaib, U., Wang, C., Ghani,
U., Schwindt, B., Todd, K. G., and Shuaib, A., Homocys-
teine reduces endothelial progenitor cells in stroke patients
through apoptosis. J. Cereb. Blood Flow Metab., 29, 157-
165 (2009).

Asahara, T., Murohara, T., Sullivan, A., Silver, M., van der
Zee, R., Li, T., Witzenbichler, B., Schatteman, G., and
Isner, J. M., Isolation of putative progenitor endothelial
cells for angiogenesis. Science, 275, 964-967 (1997).

Asahara, T. and Kawamoto, A., Endothelial progenitor cells
for postnatal vasculogenesis. Am. J. Physiol. Cell Physiol.,
287, C572-C579 (2004).

Asai, J., Takenaka, H., Kusano, K. F., Ii, M., Luedemann, C.,
Curry, C., Eaton, E., Iwakura, A., Tsutsumi, Y., Hamada,
H., Kishimoto, S., Thorne, T., Kishore, R., and Losordo, D.

K.-A Kim et al.

W., Topical sonic hedgehog gene therapy accelerates wound
healing in diabetes by enhancing endothelial progenitor
cell-mediated microvascular remodeling. Circulation, 113,
2413-2424 (2006).

Assmus, B., Schachinger, V., Teupe, C., Britten, M., Lehmann,
R., Dobert, N., Grunwald, F., Aicher, A., Urbich, C., Martin,
H., Hoelzer, D., Dimmeler, S., and Zeiher, A. M., Trans-
plantation of progenitor cells and regeneration enhance-
ment in acute myocardial infarction (topcare-ami). Cir-
culation, 106, 3009-3017 (2002).

Bahlmann, F. H., de Groot, K., Mueller, O., Hertel, B., Haller,
H., and Fliser, D., Stimulation of endothelial progenitor
cells: A new putative therapeutic effect of angiotensin II
receptor antagonists. Hypertension, 45, 526-529 (2005).

Beckman, J. A., Creager, M. A., and Libby, P., Diabetes and
atherosclerosis: Epidemiology, pathophysiology, and man-
agement. JAMA, 287, 2570-2581 (2002).

Brem, H. and Tomic-Canic, M., Cellular and molecular basis
of wound healing in diabetes. J. Clin. Invest., 117, 1219-
1222 (2007).

Busik, J. V., Tikhonenko, M., Bhatwadekar, A., Opreanu, M.,
Yakubova, N., Caballero, S., Player, D., Nakagawa, T., Afzal,
A., Kielczewski, J., Sochacki, A., Hasty, S., La Calzi, S., Kim,
S., Duclas, S. K., Segal, M. S., Guberski, D. L., Esselman,
W. dJ., Boulton, M. E., and Grant, M. B., Diabetic retino-
pathy is associated with bone marrow neuropathy and a
depressed peripheral clock. J. Exp. Med., 206, 2897-2906
(2009).

Butt, E., Abel, K., Krieger, M., Palm, D., Hoppe, V., Hoppe, J.,
and Walter, U., Camp- and cgmp-dependent protein kinase
phosphorylation sites of the focal adhesion vasodilator-
stimulated phosphoprotein (vasp) in vitro and in intact
human platelets. J. Biol. Chem., 269, 14509-14517 (1994).

Capla, J. M., Grogan, R. H., Callaghan, M. J., Galiano, R. D.,
Tepper, O. M., Ceradini, D. J., and Gurtner, G. C., Diabetes
impairs endothelial progenitor cell-mediated blood vessel
formation in response to hypoxia. Plast. Reconstr. Surg.,
119, 59-70 (2007).

Ceradini, D. J., Yao, D., Grogan, R. H., Callaghan, M. J.,
Edelstein, D., Brownlee, M., and Gurtner, G. C., Decreas-
ing intracellular superoxide corrects defective ischemia-
induced new vessel formation in diabetic mice. J. Biol.
Chem., 283, 10930-10938 (2008).

Chen, J. Z., Zhu, J. H., Wang, X. X,, Xie, X. D., Sun, J., Shang,
Y. P., Guo, X. G., Dai, H. M., and Hu, S. J., Effects of homo-
cysteine on number and activity of endothelial progenitor
cells from peripheral blood. J. Mol. Cell Cardiol., 36, 233-
239 (2004).

Chen, S. Y., Wang, F., Yan, X. Y., Zhou, Q., Ling, Q., Ling, J.
X.,Rong, Y. Z., and Li, Y. G., Autologous transplantation of
epcs encoding fgfl gene promotes neovascularization in a
porcine model of chronic myocardial ischemia. Int. oJ.
Cardiol., 135, 223-232 (2009).

Chen, Y. H., Lin, S. J., Lin, F. Y., Wu, T. C,, Tsao, C. R., Huang,
P.H,, Liu, P. L., Chen, Y. L., and Chen, J. W., High glucose
impairs early and late endothelial progenitor cells by modi-



Mechanisms for Diabetic EPC Dysfunction

fying nitric oxide-related but not oxidative stress-mediated
mechanisms. Diabetes, 56, 1559-1568 (2007).

Creager, M. A., Luscher, T. F., Cosentino, F., and Beckman, J.
A., Diabetes and vascular disease: Pathophysiology, clinical
consequences, and medical therapy: Part 1. Circulation,
108, 1527-1532 (2003).

Desouza, C. V., Hamel, F. G., Bidasee, K., and O'Connell, K.,
Role of inflammation and insulin resistance in endothelial
progenitor cell dysfunction. Diabetes, 60, 1286-1294 (2011).

Dimmeler, S. and Zeiher, A. M., Endothelial cell apoptosis in
angiogenesis and vessel regression. Circ. Res, 87, 434-439
(2000).

Egan, C. G., Lavery, R., Caporali, F., Fondelli, C., Laghi-
Pasini, F., Dotta, F., and Sorrentino, V., Generalised reduc-
tion of putative endothelial progenitors and CXCR4-posi-
tive peripheral blood cells in type 2 diabetes. Diabetologia,
51, 1296-1305 (2008).

Emanueli, C., Monopoli, A., Kraenkel, N., Meloni, M., Gadau,
S., Campesi, 1., Ongini, E., and Madeddu, P., Nitroprava-
statin stimulates reparative neovascularisation and im-
proves recovery from limb ischaemia in type-1 diabetic
mice. Br. J. Pharmacol., 150, 873-882 (2007).

Endtmann, C., Ebrahimian, T., Czech, T., Arfa, O., Laufs, U.,
Fritz, M., Wassmann, K., Werner, N., Petoumenos, V.,
Nickenig, G., and Wassmann, S., Angiotensin II impairs
endothelial progenitor cell number and function in vitro
and in vivo: Implications for vascular regeneration. Hyper-
tension, 58, 394-403 (2011).

Fadini, G. P., Miorin, M., Facco, M., Bonamico, S., Baesso, 1.,
Grego, F., Menegolo, M., de Kreutzenberg, S. V., Tiengo, A.,
Agostini, C., and Avogaro, A., Circulating endothelial pro-
genitor cells are reduced in peripheral vascular compli-
cations of type 2 diabetes mellitus. J. Am. Coll. Cardiol., 45,
1449-1457 (2005).

Fadini, G. P., Coracina, A., Baesso, 1., Agostini, C., Tiengo, A.,
Avogaro, A., and de Kreutzenberg, S. V., Peripheral blood
CD34+KDR+ endothelial progenitor cells are determinants
of subclinical atherosclerosis in a middle-aged general po-
pulation. Stroke, 37, 2277-2282 (2006a).

Fadini, G. P., Sartore, S., Albiero, M., Baesso, 1., Murphy, E.,
Menegolo, M., Grego, F., Vigili de Kreutzenberg, S., Tiengo,
A., Agostini, C., and Avogaro, A., Number and function of
endothelial progenitor cells as a marker of severity for
diabetic vasculopathy. Arterioscler. Thromb. Vasc. Biol., 26,
2140-2146 (2006b).

Fadini, G. P., Sartore, S., Agostini, C., and Avogaro, A., Signi-
ficance of endothelial progenitor cells in subjects with
diabetes. Diabetes Care, 30, 1305-1313 (2007).

Falanga, V., Wound healing and its impairment in the
diabetic foot. Lancet, 366, 1736-1743 (2005).

Fujii, H.,, Li, S. H., Szmitko, P. E., Fedak, P. W., and Verma,
S., C-reactive protein alters antioxidant defenses and pro-
motes apoptosis in endothelial progenitor cells. Arterio-
scler. Thromb. Vasc. Biol., 26, 2476-2482 (2006).

Gallagher, K. A,, Liu, Z. J., Xiao, M., Chen, H., Goldstein, L.
J., Buerk, D. G., Nedeau, A., Thom, S. R., and Velazquez, O.

231

C., Diabetic impairments in no-mediated endothelial pro-
genitor cell mobilization and homing are reversed by
hyperoxia and SDF-1 alpha. J. Clin. Invest., 117, 1249-
1259 (2007).

George, dJ., Goldstein, E., Abashidze, S., Deutsch, V.,
Shmilovich, H., Finkelstein, A., Herz, 1., Miller, H., and
Keren, G., Circulating endothelial progenitor cells in
patients with unstable angina: Association with systemic
inflammation. Eur. Heart J., 25, 1003-1008 (2004).

Ghani, U., Shuaib, A., Salam, A., Nasir, A., Shuaib, U.,
Jeerakathil, T., Sher, F., O'Rourke, F., Nasser, A. M.,
Schwindt, B., and Todd, K., Endothelial progenitor cells
during cerebrovascular disease. Stroke, 36, 151-153 (2005).

Guven, H., Shepherd, R. M., Bach, R. G., Capoccia, B. J., and
Link, D. C., The number of endothelial progenitor cell
colonies in the blood is increased in patients with angio-
graphically significant coronary artery disease. J. Am. Coll.
Cardiol., 48, 1579-1587 (2006).

Hamed, S., Brenner, B., Abassi, Z., Aharon, A., Daoud, D., and
Roguin, A., Hyperglycemia and oxidized-LDL exert a
deleterious effect on endothelial progenitor cell migration
in type 2 diabetes mellitus. Thromb. Res., 126, 166-174
(2010).

Hamed, S., Brenner, B., and Roguin, A., Nitric oxide: A key
factor behind the dysfunctionality of endothelial progenitor
cells in diabetes mellitus type-2. Cardiovasc. Res., 91, 9-15
(2011).

Heeschen, C., Lehmann, R., Honold, J., Assmus, B., Aicher,
A., Walter, D. H., Martin, H., Zeiher, A. M., and Dimmeler,
S., Profoundly reduced neovascularization capacity of bone
marrow mononuclear cells derived from patients with
chronic ischemic heart disease. Circulation, 109, 1615-1622
(2004).

Hill, J. M., Zalos, G., Halcox, J. P., Schenke, W. H., Waclawiw,
M. A, Quyyumi, A. A., and Finkel, T., Circulating endothelial
progenitor cells, vascular function, and cardiovascular risk.
N. Engl. J. Med., 348, 593-600 (2003).

Holderfield, M. T. and Hughes, C. C., Crosstalk between vas-
cular endothelial growth factor, notch, and transforming
growth factor-beta in vascular morphogenesis. Circ. Res.,
102, 637-652 (2008).

Huang, P. H., Huang, S. S., Chen, Y. H., Lin, C. P., Chiang, K.
H., Chen, J. S., Tsai, H. Y., Lin, F. Y., Chen, J. W., and Lin,
S. J., Increased circulating CD31+/annexin V+ apoptotic
microparticles and decreased circulating endothelial pro-
genitor cell levels in hypertensive patients with microal-
buminuria. J. Hypertens., 28, 1655-1665 (2010).

Hur, J., Yoon, C. H., Kim, H. S., Choi, J. H., Kang, H. J.,
Hwang, K. K., Oh, B. H., Lee, M. M., and Park, Y. B., Char-
acterization of two types of endothelial progenitor cells and
their different contributions to neovasculogenesis. Arterio-
scler. Thromb. Vasc. Biol., 24, 288-293 (2004)

Ikenaga, S., Hamano, K., Nishida, M., Kobayashi, T., Li, T. S.,
Kobayashi, S., Matsuzaki, M., Zempo, N., and Esato, K.,
Autologous bone marrow implantation induced angio-
genesis and improved deteriorated exercise capacity in a



232

rat ischemic hindlimb model. J. Surg. Res., 96, 277-283
(2001).

Imanishi, T., Hano, T., Sawamura, T., and Nishio, I., Oxidized
low-density lipoprotein induces endothelial progenitor cell
senescence, leading to cellular dysfunction. Clin. Exp.
Pharmacol. Physiol., 31, 407-413 (2004).

Imanishi, T., Morinobu, A., Hayashi, N., Kanagawa, S.,
Koshiba, M., Kondo, S., and Kumagai, S., A novel poly-
morphism of the SSA1 gene is associated with anti-SS-A/
Ro52 autoantibody in japanese patients with primary
sjogren's syndrome. Clin. Exp. Rheumatol., 23, 521-524
(2005).

Irie, H., Tatsumi, T., Takamiya, M., Zen, K., Takahashi, T.,
Azuma, A., Tateishi, K., Nomura, T., Hayashi, H., Nakajima,
N., Okigaki, M., and Matsubara, H., Carbon dioxide-rich
water bathing enhances collateral blood flow in ischemic
hindlimb via mobilization of endothelial progenitor cells
and activation of NO-cGMP system. Circulation, 111, 1523-
1529 (2005).

Jarajapu, Y. P. and Grant, M. B., The promise of cell-based
therapies for diabetic complications: Challenges and solu-
tions. Circ. Res., 106, 854-869 (2010).

Jujo, K., Hamada, H., Iwakura, A., Thorne, T., Sekiguchi, H.,
Clarke, T., Ito, A., Misener, S., Tanaka, T., Klyachko, E.,
Kobayashi, K., Tongers, J., Roncalli, J., Tsurumi, Y.,
Hagiwara, N., and Losordo, D. W., CXCR4 blockade aug-
ments bone marrow progenitor cell recruitment to the
neovasculature and reduces mortality after myocardial
infarction. Proc. Natl. Acad. Sci. U. S. A., 107, 11008-11013
(2010).

Kim, K. L., Meng, Y., Kim, J. Y., Baek, E. J., and Suh, W.,
Direct and differential effects of stem cell factor on the
neovascularization activity of endothelial progenitor cells.
Cardiovasc. Res., 92, 132-140 (2011).

Leeper, N. J., Hunter, A. L., and Cooke, J. P., Stem cell therapy
for vascular regeneration: Adult, embryonic, and induced
pluripotent stem cells. Circulation, 122, 517-526 (2010).

Leone, A. M., Valgimigli, M., Giannico, M. B., Zaccone, V.,
Perfetti, M., D'Amario, D., Rebuzzi, A. G., and Crea, F.,
From bone marrow to the arterial wall: The ongoing tale of
endothelial progenitor cells. Eur. Heart J., 30, 890-899
(2009).

Leri, A. and Kajstura, J., Endothelial progenitor cells: unex-
pected disclosures. Circ. Res., 97, 299-301 (2005).

Li Calzi, S., Purich, D. L., Chang, K. H., Afzal, A., Nakagawa,
T., Busik, J. V., Agarwal, A., Segal, M. S., and Grant, M. B.,
Carbon monoxide and nitric oxide mediate cytoskeletal
reorganization in microvascular cells via vasodilator-sti-
mulated phosphoprotein phosphorylation: Evidence for
blunted responsiveness in diabetes. Diabetes, 57, 2488-
2494 (2008).

Liew, A., McDermott, J. H., Barry, F., and O'Brien, T., En-
dothelial progenitor cells for the treatment of diabetic
vasculopathy: Panacea or pandora's box? Diabetes Obes.
Metab., 10, 353-366 (2008).

Lindsay, S. L., Ramsey, S., Aitchison, M., Renne, T., and

K.-A Kim et al.

Evans, T. J., Modulation of lamellipodial structure and
dynamics by no-dependent phosphorylation of VASP
ser239. oJ. Cell Sci., 120, 3011-3021 (2007).

Loomans, C. J., de Koning, E. J., Staal, F. J., Rookmaaker, M.
B., Verseyden, C., de Boer, H. C., Verhaar, M. C., Braam,
B., Rabelink, T. J., and van Zonneveld, A. J., Endothelial
progenitor cell dysfunction: A novel concept in the
pathogenesis of vascular complications of type 1 diabetes.
Diabetes, 53, 195-199 (2004).

Loomans, C. J., De Koning, E. J., Staal, F. J., Rabelink, T. J.,
and Zonneveld, A. J., Endothelial progenitor cell dysfunc-
tion in type 1 diabetes: Another consequence of oxidative
stress? Antioxid. Redox Signal., 7, 1468-1475 (2005).

Ma, F. X, Zhou, B., Chen, Z., Ren, Q., Lu, S. H., Sawamura,
T., and Han, Z. C., Oxidized low density lipoprotein impairs
endothelial progenitor cells by regulation of endothelial
nitric oxide synthase. J. Lipid Res., 47, 1227-1237 (2006).

Marrotte, E. J., Chen, D. D., Hakim, J. S., and Chen, A. F.,
Manganese superoxide dismutase expression in endothelial
progenitor cells accelerates wound healing in diabetic mice.
J. Clin. Invest., 120, 4207-4219 (2010).

Moncada, S. and Higgs, E. A., Nitric oxide and the vascular
endothelium. Handb. Exp. Pharmacol., 213-254 (2006).

Peichev, M., Naiyer, A. J., Pereira, D., Zhu, Z., Lane, W. J.,
Williams, M., Oz, M. C., Hicklin, D. J., Witte, L., Moore, M.
A., and Rafii, S., Expression of VEGFR-2 and AC133 by cir-
culating human CD34(+) cells identifies a population of
functional endothelial precursors. Blood, 95, 952-958 (2000).

Peterson, S. J., Husney, D., Kruger, A. L., Olszanecki, R., Ricci,
F., Rodella, L. F., Stacchiotti, A., Rezzani, R., McClung, J.
A., Aronow, W. S., Tkehara, S., and Abraham, N. G., Long-
term treatment with the apolipoprotein al mimetic peptide
increases antioxidants and vascular repair in type I
diabetic rats. JJ. Pharmacol. Exp. Ther., 322, 514-520 (2007).

Pistrosch, F., Herbrig, K., Oelschlaegel, U., Richter, S.,
Passauer, J., Fischer, S., and Gross, P., PPARgamma-agonist
rosiglitazone increases number and migratory activity of
cultured endothelial progenitor cells. Atherosclerosis, 183,
163-167 (2005).

Rabelink, T. J., de Boer, H. C., de Koning, E. J., and van
Zonneveld, A. J., Endothelial progenitor cells: More than
an inflammatory response? Arterioscler. Thromb. Vasc.
Biol., 24, 834-838 (2004).

Reinhard, H., Jacobsen, P. K., Lajer, M., Pedersen, N.,
Billestrup, N., Mandrup-Poulsen, T., Parving, H. H., and
Rossing, P., Multifactorial treatment increases endothelial
progenitor cells in patients with type 2 diabetes. Dia-
betologia, 53, 2129-2133 (2010).

Reyes, M., Dudek, A., Jahagirdar, B., Koodie, L., Marker, P.
H., and Verfaillie, C. M., Origin of endothelial progenitors
in human postnatal bone marrow. J. Clin. Invest., 109, 337-
346 (2002).

Ruiz, E., Redondo, S., Gordillo-Moscoso, A., Rodriguez, E.,
Reguillo, F., Martinez-Gonzalez, J., and Tejerina, T., Epc
adhesion to arteries from diabetic and non-diabetic patients:
Effect of pioglitazone. Front. Biosci., 14, 3608-3618 (2009).



Mechanisms for Diabetic EPC Dysfunction

Schmidt-Lucke, C., Rossig, L., Fichtlscherer, S., Vasa, M.,
Britten, M., Kamper, U., Dimmeler, S., and Zeiher, A. M.,
Reduced number of circulating endothelial progenitor cells
predicts future cardiovascular events: Proof of concept for
the clinical importance of endogenous vascular repair.
Circulation, 111, 2981-2987 (2005).

Schuster, D. P., Obesity and the development of type 2
diabetes: The effects of fatty tissue inflammation. Diabetes
Metab. Syndr. Obes., 3, 253-262 (2010).

Segal, M. S., Shah, R., Afzal, A., Perrault, C. M., Chang, K.,
Schuler, A., Beem, E., Shaw, L. C., Li Calzi, S., Harrison, J.
K., Tran-Son-Tay, R., and Grant, M. B., Nitric oxide cyto-
skeletal-induced alterations reverse the endothelial pro-
genitor cell migratory defect associated with diabetes.
Diabetes, 55, 102-109 (2006).

Shantsila, E., Watson, T., and Lip, G. Y., Endothelial pro-
genitor cells in cardiovascular disorders. J. Am. Coll.
Cardiol., 49, 741-752 (2007).

Shantsila, E., Watson, T., Tse, H. F., and Lip, G. Y., New
insights on endothelial progenitor cell subpopulations and
their angiogenic properties. J. Am. Coll. Cardiol., 51, 669-
671 (2008).

Shi, Q., Rafii, S., Wu, M. H., Wijelath, E. S., Yu, C., Ishida, A.,
Fujita, Y., Kothari, S., Mohle, R., Sauvage, L. R., Moore, M.
A., Storb, R. F., and Hammond, W. P., Evidence for cir-
culating bone marrow-derived endothelial cells. Blood, 92,
362-367 (1998).

Shimada, K., Mokuno, H., Matsunaga, E., Miyazaki, T.,
Sumiyoshi, K., Kume, A., Miyauchi, K., and Daida, H., Pre-
dictive value of circulating oxidized LDL for cardiac events
in type 2 diabetic patients with coronary artery disease.
Diabetes Care, 27, 843-844 (2004).

Sorrentino, S. A., Bahlmann, F. H., Besler, C., Muller, M.,
Schulz, S., Kirchhoff, N., Doerries, C., Horvath, T.,
Limbourg, A., Limbourg, F., Fliser, D., Haller, H., Drexler,
H., and Landmesser, U., Oxidant stress impairs in vivo
reendothelialization capacity of endothelial progenitor cells
from patients with type 2 diabetes mellitus: Restoration by
the peroxisome proliferator-activated receptor-gamma
agonist rosiglitazone. Circulation, 116, 163-173 (2007).

Strauer, B. E., Brehm, M., Zeus, T., Kostering, M., Hernandez,
A., Sorg, R. V., Kogler, G., and Wernet, P., Repair of in-
farcted myocardium by autologous intracoronary mononu-
clear bone marrow cell transplantation in humans. Cir-
culation, 106, 1913-1918 (2002).

Taguchi, A., Matsuyama, T., Moriwaki, H., Hayashi, T.,
Hayashida, K., Nagatsuka, K., Todo, K., Mori, K., Stern, D.
M., Soma, T., and Naritomi, H., Circulating CD34-positive
cells provide an index of cerebrovascular function. Cir-
culation, 109, 2972-2975 (2004).

Takahashi, K. and Yamanaka, S., Induction of pluripotent
stem cells from mouse embryonic and adult fibroblast
cultures by defined factors. Cell, 126, 663-676 (2006).

Tepper, O. M., Galiano, R. D., Capla, J. M., Kalka, C., Gagne,
P. J., Jacobowitz, G. R., Levine, J. P., and Gurtner, G. C.,
Human endothelial progenitor cells from type ii diabetics

233

exhibit impaired proliferation, adhesion, and incorporation
into vascular structures. Circulation, 106, 2781-2786 (2002).

Thum, T., Fleissner, F., Klink, I., Tsikas, D., Jakob, M.,
Bauersachs, J., and Stichtenoth, D. O., Growth hormone
treatment improves markers of systemic nitric oxide bio-
availability via insulin-like growth factor-i. JJ. Clin. En-
docrinol. Metab., 92, 4172-4179 (2007a).

Thum, T., Fraccarollo, D., Schultheiss, M., Froese, S., Galuppo,
P., Widder, J. D., Tsikas, D., Ertl, G., and Bauersachs, J.,
Endothelial nitric oxide synthase uncoupling impairs endo-
thelial progenitor cell mobilization and function in diabetes.
Diabetes, 56, 666-674 (2007b).

Tian, F., Liang, P. H., and Li, L. Y., Inhibition of endothelial
progenitor cell differentiation by vegi. Blood, 113, 5352-
5360 (2009).

Tie, G., Yan, J., Yang, Y., Park, B. D., Messina, J. A., Raffai,
R. L., Nowicki, P. T., and Messina, L. M., Oxidized low-
density lipoprotein induces apoptosis in endothelial pro-
genitor cells by inactivating the phosphoinositide 3-kinase/
akt pathway. J. Vasc. Res., 47, 519-530 (2010).

Tilki, D., Hohn, H. P., Ergun, B., Rafii, S., and Ergun, S.,
Emerging biology of vascular wall progenitor cells in health
and disease. Trends Mol. Med., 15, 501-509 (2009).

Togliatto, G., Trombetta, A., Dentelli, P., Baragli, A., Rosso, A.,
Granata, R., Ghigo, D., Pegoraro, L., Ghigo, E., and Brizzi,
M. F., Unacylated ghrelin rescues endothelial progenitor
cell function in individuals with type 2 diabetes. Diabetes,
59, 1016-1025 (2010).

Tousoulis, D., Andreou, 1., Antoniades, C., Tentolouris, C., and
Stefanadis, C., Role of inflammation and oxidative stress in
endothelial progenitor cell function and mobilization: Thera-
peutic implications for cardiovascular diseases. Atheros-
clerosis, 201, 236-247 (2008).

Tse, H. F., Thambar, S., Kwong, Y. L., Rowlings, P., Bellamy,
G., McCrohon, J., Thomas, P., Bastian, B., Chan, J. K., Lo,
G., Ho, C. L., Chan, W. S., Kwong, R. Y., Parker, A., Hauser,
T. H., Chan, J., Fong, D. Y., and Lau, C. P., Prospective
randomized trial of direct endomyocardial implantation of
bone marrow cells for treatment of severe coronary artery
diseases (protect-cad trial). Eur. Heart J., 28, 2998-3005
(2007).

Urbich, C. and Dimmeler, S., Endothelial progenitor cells:
Characterization and role in vascular biology. Circ. Res.,
95, 343-353 (2004).

Valgimigli, M., Rigolin, G. M., Fucili, A., Porta, M. D.,
Soukhomovskaia, O., Malagutti, P., Bugli, A. M., Bragotti,
L. Z., Francolini, G., Mauro, E., Castoldi, G., and Ferrari,
R., CD34+ and endothelial progenitor cells in patients with
various degrees of congestive heart failure. Circulation,
110, 1209-1212 (2004).

Vasa, M., Fichtlscherer, S., Aicher, A., Adler, K., Urbich, C.,
Martin, H., Zeiher, A. M., and Dimmeler, S., Number and
migratory activity of circulating endothelial progenitor cells
inversely correlate with risk factors for coronary artery
disease. Circ. Res., 89, E1-E7 (2001).

Verma, S. and Anderson, T. J., Fundamentals of endothelial



234

function for the clinical cardiologist. Circulation, 105, 546-
549 (2002).

Werner, C., Kamani, C. H., Gensch, C., Bohm, M., and Laufs,
U., The peroxisome proliferator-activated receptor-gamma
agonist pioglitazone increases number and function of
endothelial progenitor cells in patients with coronary
artery disease and normal glucose tolerance. Diabetes, 56,
2609-2615 (2007).

Werner, N., Kosiol, S., Schiegl, T., Ahlers, P., Walenta, K.,
Link, A., Bohm, M., and Nickenig, G., Circulating endo-
thelial progenitor cells and cardiovascular outcomes. N.
Engl. J. Med., 353, 999-1007 (2005).

Westerweel, P. E. and Verhaar, M. C., Endothelial progenitor
cell dysfunction in rheumatic disease. Nat. Rev. Rheumatol.,
5, 332-340 (2009).

Wu, Y., Wang, Q., Cheng, L., Wang, J., and Lu, G., Effect of
oxidized low-density lipoprotein on survival and function of
endothelial progenitor cell mediated by p38 signal path-
way. J. Cardiovasc. Pharmacol., 53, 151-156 (2009).

Xiao, Q., Kiechl, S., Patel, S., Oberhollenzer, F., Weger, S.,
Mayr, A., Metzler, B., Reindl, M., Hu, Y., Willeit, J., and

K.-A Kim et al.

Xu, Q., Endothelial progenitor cells, cardiovascular risk
factors, cytokine levels and atherosclerosis--results from a
large population-based study. PLoS ONE, 2, €975 (2007).

Young, H. E., Duplaa, C., Katz, R., Thompson, T., Hawkins,
K. C., Boev, A. N,, Henson, N. L., Heaton, M., Sood, R.,
Ashley, D., Stout, C., Morgan, J. H., 3rd, Uchakin, P. N.,
Rimando, M., Long, G. F., Thomas, C., Yoon, J. I, Park, J.
E., Hunt, D. J., Walsh, N. M., Davis, J. C., Lightner, J. E.,
Hutchings, A. M., Murphy, M. L., Boswell, E., McAbee, J.
A., Gray, B. M., Piskurich, J., Blake, L., Collins, J. A,
Moreau, C., Hixson, D., Bowyer, F. P., 3'%, and Black, A. C.,
dJr., Adult-derived stem cells and their potential for use in
tissue repair and molecular medicine. oJ. Cell. Mol. Med., 9,
753-769 (2005).

Zhang, Y., Ingram, D. A., Murphy, M. P., Saadatzadeh, M. R.,
Mead, L. E., Prater, D. N., and Rehman, J., Release of pro-
inflammatory mediators and expression of proinflam-
matory adhesion molecules by endothelial progenitor cells.
Am. J. Physiol. Heart Circ. Physiol., 296, H1675-H1682
(2009).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


