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Abstract

Circulating endothelial progenitor cells (EPCs) in adult human peripheral blood were identified in 1997. Since
their original identification, EPCs have been extensively studied as biomarkers to assess the risk of cardiovas-
cular disease in human subjects and as a potential cell therapeutic for vascular regeneration. EPCs are exposed
to oxidative stress during vascular injury as residents of blood vessel walls or as circulating cells homing to
sites of neovascularization. Given the links between oxidative injury, endothelial cell dysfunction, and vascu-
lar disease, recent investigation has focused on the responses of EPCs to oxidant stress and the molecular mech-
anisms that control redox regulation in these specialized cells. In this review, we discuss the various cell and
flow-cytometric techniques used to define and isolate EPCs from circulating blood and the current human and
mouse genetic data, which offer insights into redox control in EPC biology and angiogenesis. Finally, we re-
view how EPC responses to oxidant stress may be a critical determinant in maintaining the integrity and func-
tion of the cardiovascular system and how perturbations of redox control in EPCs may lead to various human
diseases. Antioxid. Redox Signal. 10, 1895–1907.
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Introduction to Endothelial Progenitor Cells (EPCs)

SINCE their original discovery in 1997, circulating endo-
thelial progenitor cells (EPCs) have emerged as an im-

portant biologic marker for a variety of human cardiovas-
cular diseases and a potential cell therapeutic for restoration
of damaged blood vessels (4, 34, 36, 40, 62, 87, 93, 110). One
of the earliest events in organogenesis is the development of
the vascular system. In mammals, the early blood vessels of
both the embryo and yolk sac develop after differentiation
of mesodermal cells or by aggregation of de novo forming an-
gioblasts into a primitive vascular plexus (i.e., vasculogene-
sis), which then undergoes an intricate remodeling process
whereby growth, migration, sprouting, and pruning leads to
the development of a functional circulatory system (i.e., an-
giogenesis) (39, 85, 86). The role of EPCs in vasculogenesis
and angiogenesis continue to be characterized. However, ac-
cumulating evidence strongly suggests that EPCs persist into
adult life (4, 30, 78, 84). Endothelial cells (ECs) were first de-
tected circulating in the bloodstream �30 years ago (5, 29,

41, 96), but only recently have they become incorporated into
the paradigm of vascular neogenesis.

In 1997, a landmark study by Asahara et al. (4) challenged
the traditional understanding of angiogenesis and vasculo-
genesis by suggesting that circulating cells in adult periph-
eral blood (PB) may also contribute to new blood vessel for-
mation. In these studies, a population of human circulating
CD34� cells was purified that displayed properties of both
ECs and progenitor cells. These cells were termed “endo-
thelial progenitor cells” and were purported to give rise to
differentiated ECs in a process known as postnatal vasculo-
genesis. Furthermore, subsequent studies demonstrated that
these cells were derived from the bone marrow, circulate in
PB, and home to sites of new blood vessel formation that in-
clude tumor microenvironments and ischemic tissues (42, 51,
57, 72, 81, 90, 103). Based on this paradigm, and by using
variations of basic EPC culture methods and flow-cytomet-
ric techniques, changes in EPC concentration have now been
correlated to a wide variety of human diseases including car-
diovascular disorders, diabetic vasculopathies, and progres-
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sion of angiogenesis in tumor microenvironments (10, 22, 23,
36, 40, 44, 68, 76, 87, 104, 107, 108, 110). Further, EPCs are
emerging as potential cell therapeutics for repair of damaged
blood vessels (4, 35, 36, 40, 62, 72, 81, 87, 93, 110). Therefore,
it is clear that EPCs have a role in vascular homeostasis and
pathology and potentially as a therapeutic agent for blood
vessel repair.

EPC Definition and Controversy

At present, no specific marker exists for EPCs, and thus
the term EPC is routinely used to encompass a group of cells
ranging from circulating ECs to hemangioblasts (i.e., cells
that give rise to both hematopoietic stem cells and ECs). EPCs
actually represent a minor subpopulation of PB mononuclear
cells (MNCs) that can be isolated from both adult PB (36)
and human umbilical cord blood (CB) (49) via in vitro cell
culture methods that were specifically developed to select or
expand (or both) this cell population. In general, three cul-
ture methods for isolating EPCs have been described (Fig.
1). The original method developed by Asahara et al. (4) was
subsequently modified (40, 50) and can be performed by us-
ing a commercially available kit (Endocult, Stem Cell Tech-
nologies, Vancouver, British Columbia, Canada). In this
method, unfractionated MNCs isolated from adult PB or CB
are plated on fibronectin-coated dishes. After a 48-h adher-

ence to deplete the sample of adherent macrophages and ma-
ture ECs, the nonadherent cells are replated on fresh fi-
bronectin-coated dishes. Over the next 5–9 days, in vitro clus-
ters of cells, termed colonies, emerge. These colonies
comprise round cells centrally and sprouts of spindle-shaped
cells at the periphery and are often referred to as colony-
forming unit–Hill cells (CFU-Hill) or CFU-ECs (Fig. 1;
Method I). In addition, these cells are characterized by up-
take of acetylated low-density lipoprotein (acLDL) and bind-
ing of the lectin Ulex europeus agglutinin-1 (UEA-1), pheno-
types ascribed to ECs. Of interest, it was reported that
CFU-ECs could be cultured from MNCs enriched for either
the hematopoietic stem/progenitor cell marker CD34 or vas-
cular endothelial growth factor receptor-2 (VEGFR-2, other-
wise known as KDR) expression (4).

In another widely used and methodologically similar ap-
proach, unfractionated MNCs are cultured in supplemented
endothelial growth media for 4 days, and the nonadherent
cell fraction is then removed, thus resulting in an adherent
target cell population (Fig. 1; Method II) (16, 17, 55). The re-
sulting cultured cells display morphologic features similar
to ECs, although discrete colonies are not formed. These cells
are also characterized by uptake of acLDL and binding to
UEA-1 (17, 55). These cells are widely referred to as circu-
lating angiogenic cells (CACs) because they promote neo-
vascularization in animal models of myocardial infarction
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FIG. 1. Endothelial progenitor cell culture methods. Method I: Culture of CFU-ECs is a 5-day process in which nonad-
herent PB or CB MNCs give rise to an EPC colony (scale bar, 100 �m). Method II: CACs are the adherent PB or CB MNCs
of a 4- to 7-day culture procedure. CAC cultures do not form colonies (scale bar, 200 �m). Method III: ECFCs are derived
from adherent PB or CB MNCs cultured for 5–21 days in endothelium-specific conditions and display colonies with a cob-
blestone morphology (scale bar, 100 �m). Images were collected by using a Zeiss Axiovert 2 inverted microscope with
10�/0.25Ph1 CP-ACROMAT (CFU-EC and ECFC) or 32�/0.40Ph1 LD-ACROSTIGMAT (CAC) objectives. Images were ac-
quired by using a SPOT RT color camera (Diagnostic Instruments, Sterling Heights, MI) with the manufacturer’s software.
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(MI) and critical limb ischemia (55, 56, 82, 83). CACs and
CFU-ECs appear similar in both in vitro function and cell-
surface antigen expression. Thus, in the literature, both dis-
tinct cell types are often grouped together under the term
EPCs.

The third and least studied of all EPC types are referred
to as endothelial colony-forming cells (ECFCs). ECFCs are
derived from the adherent cells that attach when adult PB
or CB MNCs are plated on collagen type 1–coated culture
dishes in endothelial-specific growth media. In brief, non-
adherent cells are discarded during gentle wash steps and
10–21 days after plating (5–7 days for CB), ECFC colonies
emerge from the resulting adherent cell population and dis-
play a typical cobblestone EC appearance (Fig. 1; Method III)
(48, 49, 65, 113). Furthermore, ECFCs are phenotypically in-
distinguishable from cultured ECs, uptake acLDL, bind to
UEA-1, and possess de novo vessel-forming ability (48, 49, 65,
113). Importantly, our group identified a differentiation hi-
erarchy of ECFCs based on colony-forming ability, prolifer-
ative potential, and self-renewal capacity of individual cells
(Fig. 2). In short, high proliferative potential-ECFCs (HPP-
ECFCs) form large, macroscopic colonies that are replatable,
demonstrating self-renewal capacity. HPP-ECFCs give rise
to all subsequent stages of ECFC progenitors in addition to
secondary replated HPP-ECFCs. Low proliferative potential-
ECFCs (LPP-ECFCs) form colonies that contain �50 cells,
and EC clusters are colonies with two to 50 cells. Neither
LPP-ECFCs or EC-clusters form colonies on replating (49).
Interestingly, our group determined that ECFCs are enriched
in CB and vascular endothelium such as human aortic ECs
and human umbilical vein ECs (HUVECs) (48). Although
these data are intriguing and support the concept that EPCs
are resident in blood vessel walls, these findings make in-
terpretation of previous studies challenging because cell
lines derived from vessel walls are routinely used as a source
of differentiated ECs in the literature. Because ECFCs appear
later in culture compared with both CFU-ECs and CACs,

they are also referred to as “late outgrowth” EPCs in the lit-
erature, whereas CFU-ECs and CACs are referred to as
“early outgrowth” EPCs. However, this nomenclature is con-
fusing and may no longer be appropriate, as it does not ac-
curately identify the various EPC subpopulations being stud-
ied.

The input cell populations for the three culture methods
used to isolate EPCs (Fig. 1) are typically heterogeneous (i.e.,
low-density MNCs), making it difficult to determine the ex-
act precursor cell that gives rise to the cultured EPCs. Con-
versely, EPCs can be prospectively identified without the
need for culture by selecting subpopulations of MNCs based
on cell-surface antigen expression. However, the definition of
EPCs via this method is rather complex because of the ab-
sence of any restricted and unique markers for EPCs. In the
majority of studies to date, EPCs are typically identified via
flow-cytometric techniques that prospectively identify MNCs
that coexpress the cell-surface antigens CD34, AC133, and/or
VEGFR-2 (4, 30, 64, 71, 78, 84, 92, 110). In other work con-
ducted to improve characterization of EPCs and differenti-
ated EC antigenic markers, Peichev et al. (78) reported that
nearly all CD34�VEGFR-2� circulating EPCs in human gran-
ulocyte–colony-stimulating factor (G-CSF) mobilized adult
PB, CB, and fetal liver, express AC133, whereas mature ECs
do not express AC133. These data indicate that AC133 may
be a possible discriminator antigen for undifferentiated EPCs
versus differentiated ECs (78). Additionally, these investiga-
tors conducted experimental bone marrow transplants with
CD34� cells in patients with left ventricular assist devices to
examine antigenic expression profiles of ECs that colonize 
implanted devices. These studies demonstrated that
AC133�VEGFR-2� and CD34�VEGFR-2� cells were detected
on the surface of left ventricular assist devices. Thus, these
data suggest that in vivo angiogenesis may be achieved by 
the mobilization and recruitment of circulating EPCs to the
site of vascular injury (78). Furthermore, these findings sug-
gested to the authors that the circulating CD34� cells co-ex-
pressing AC133 and VEGFR-2 represent a functionally dis-
tinct population of EPCs that may play a role in blood vessel
formation (78).

Interestingly, despite their original identification and 
increasing use as a biomarker for vascular disease,
CD34�AC133�VEGFR-2� cells had never been isolated and
simultaneously plated in EC and hematopoietic clonogenic
assays to ascertain the identity of their clonal progeny. There-
fore, our group and others recently challenged the use of the
CD34�AC133�VEGFR-2� surface antigen combination to
identify clonally expandable circulating EPCs with a high ca-
pacity to acquire an endothelial phenotype (9, 98). By using
G-CSF–mobilized PB and CB (enriched sources of both he-
matopoietic stem cells and EPCs), we isolated and purified
CD34�AC133�VEGFR-2� cells by fluorescence-activated 
cell sorting and assayed for the presence of clonogenic
ECFCs as well as hematopoietic progenitors in the sorted 
cell population. These studies demonstrated that
CD34�AC133�VEGFR-2� cells are enriched for hematopoi-
etic progenitors, and �98% of these cells express the uni-
versal hematopoietic cell surface antigen, CD45. In addition,
these studies demonstrated that CD34�AC133�VEGFR-2�

cells do not form ECFCs in culture. Further studies by our
group and others suggest that CD34�CD45� cells have a
higher capacity to acquire an EC phenotype, whereas
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FIG. 2. Endothelial colony-
forming cell hierarchy model
based on proliferative and
clonogenic potentials. High
proliferative potential–endo-
thelial colony-forming cells
(HPP-ECFCs) are large
colonies that, on replating,
form secondary and tertiary
colonies. In addition to replat-
ing into secondary HPP-
ECFCs, they also give rise to
all the subsequent stages of
endothelial progenitors. Low
proliferative potential–endo-
thelial colony-forming cells
(LPP-ECFCs) do not form sec-
ondary colonies or LPP-
ECFCs after replating and
contain �50 cells. EC-clusters
contain �50 cells and can
arise from a single cell. Mature
terminally differentiated en-
dothelial cells do not divide.
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CD34�AC133�VEGFR-2� cells do not differentiate into ECs
(9, 98).

To address the need for a more accurate identification
strategy for EPCs in the blood, two independent groups re-
cently reported a more rigorous definition by multi-param-
eter flow cytometry (19, 69). Most recently, Duda and col-
leagues (19) refined EPC descriptions by devising an
alternate set of antigenic expression profiles. Specifically, a
standardized flow-cytometric–based method was estab-
lished for enumerating distinct EPC subpopulations in PB
that serve as biomarkers for vascular disease risk and re-
sponse to antiangiogenic therapies in human cancers (19). In
brief, unfractionated MNCs are stained with antibodies di-
rected against endothelial- and progenitor-specific antigens.
Viable MNCs are analyzed for CD34�AC133� and
CD34�CD45� cells, which are surrogate markers for CFU-
ECs (40) and ECFCs, (9) respectively. Additionally, Duda et
al. (19) describe a CD31�CD45�CD34�AC133� population
of circulating endothelial cells (CECs, which are hypothe-
sized to be differentiated ECs) that correlate with disease
progression in various pathologies (Fig. 3). However, despite
the phenotypic identification of CECs, CD31�CD45�

CD34�AC133� cells have never been prospectively isolated
and plated into either EC or hematopoietic clonogenic assays
to assess the true identity/origin of their clonal progeny. Fu-
ture studies to address this question are important to en-
hance our understanding of the biologic implications for
changes in circulating levels of these cells.

Regardless of the lack of a consensus definition for circu-
lating EPCs, analysis of EPC concentration in the blood to
evaluate for a correlation with disease has been conducted
in a variety of clinical settings. As mentioned previously, a
common definition for the most primitive EPC precursor in
the circulating MNC population is cells that co-express
CD34, AC133, and VEGFR-2 (4, 30, 64, 71, 78, 84, 92, 110).
Because EPCs are hypothesized to facilitate healing through
direct vessel repair or via the formation of new vessels, this
EPC definition has formed the basis of many clinical studies
designed to determine the role of EPCs in several cardio-
vascular disorders. Generally, the concentration of circulat-
ing CD34�, VEGFR-2�, or CD34�AC133�VEGFR-2� cells in
the PB correlates with the risk of developing adverse car-
diovascular outcomes. Specifically, an inverse correlation
with each of these phenotypically defined cell subsets and
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FIG. 3. Flow-cytometry method to assess accurately the frequency of rare circulating EPC subpopulations in the pe-
ripheral blood. The first fluorescent channel is a “dump channel” used to exclude nonviable cells, platelets, and red blood
cells from the analysis. The antigens used are CD34 and CD133 (both stem and progenitor antigens), CD45 (hematopoietic
cell antigen), and CD31 (endothelial cell antigen). The gating strategies illustrated depict the three main EPC subpopula-
tions: CD34�CD133�, CD34�CD45�, and CD31�CD45�CD34�CD133�, enriched for CFU-ECs, ECFCs, and CECs, respec-
tively.
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the highest cardiovascular disease risk category exists (20,
62, 91, 92, 110).

Interactions Between CFU-ECs and ECFCs

As outlined earlier, adult PB and CB contain subpopula-
tions of EPCs that are identified by in vitro culture methods
and flow cytometry. Two major subpopulations of EPCs with
distinct functional properties have been reported, CFU-ECs
and ECFCs. Recent studies are beginning to dissect how
CFU-ECs and ECFCs may interact to facilitate blood vessel
repair. Our previous studies demonstrate that CFU-ECs are
derived from hematopoietic stem cells and exhibit macro-
phage characteristics, even though they remain classified as
EPCs (113). In contrast, ECFCs possess de novo vessel-form-
ing ability in vivo and are clonally distinct from hematopoi-
etic stem cells (113). Furthermore, it is possible that bone
marrow–derived CFU-ECs (i.e., CD34�AC133� cells) circu-
late in the PB to facilitate the angiogenic response of resident
and circulating ECFCs (i.e., CD34�CD45� cells). In support
of this concept, several in vitro studies demonstrate that CFU-
ECs stimulate ECFC proliferation to form new vessels via
endothelial sprouting or to repair sites of endothelial dam-
age (Fig. 4) (48, 49, 113). Recently, Yoon et al. (115) tested the
hypothesis that the delivery of a mixed population of CFU-
ECs and ECFCs would have synergistic angiogenic effects in
vivo with murine ischemic models. These studies initially
demonstrated that in vitro coculture of CFU-ECs (or the use
of conditioned media from CFU-ECs) stimulated the ability

of ECFCs to proliferate and form tubes via secretion of IL-8
and VEGF. When a mixed population of CFU-ECs and
ECFCs were injected into a murine model of hindlimb isch-
emia, an increase in limb salvage and limb perfusion was ob-
served compared with injection of either CFU-ECs or ECFCs
alone (115). Furthermore, in mice injected with both CFU-
ECs and ECFCs, a marked increase in the number of deliv-
ered cells was detected, signifying an enhanced viability or
resistance of the mixed cell populations to apoptosis in an
ischemic environment. Taken together, these data indicate
that CFU-ECs and ECFCs are both operative in vascular re-
pair, which is consistent with their distinct developmental
origins. Further studies are now needed to determine the
specific molecular interactions between cells that give rise to
CFU-ECs and ECFCs in facilitating blood vessel repair.

Oxidant Stress Response of EPCs

The concept that endogenous reactive oxygen species
(ROS) cumulatively damage cells over time emerged as a
mechanism for organismal aging and disease �50 years ago.
It is now recognized that, in addition to inducing cellular
damage, ROS serve as secondary intracellular messengers
and affect the overall redox status of a cell (2, 26, 74, 102).
Importantly, the intracellular redox environment has a crit-
ical role in controlling apoptosis, proliferation, self-renewal,
senescence, and differentiation (2, 58, 59, 116). Dysregulation
of any one of these phenotypes in EPCs will alter EC func-
tion, predisposing to the development of vascular pathology.
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FIG. 4. Model for the interaction between CFU-ECs, ECFCs, and CECs in angiogenesis and vascular repair. CFU-ECs
(CD34�CD133�) are derived from hematopoietic stem cells and circulate in the blood, facilitating the angiogenic response
of ECFCs (CD34�CD45�). CFU-ECs and ECFCs are not clonally related. The CFU-ECs stimulate the proliferation of ECFCs
to form new vessels via endothelial sprouting or to aid in repairing sites of endothelial damage. The exact function of CECs
(CD31�CD45�CD34�CD133�) in sustaining endothelial integrity is less clear.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2118&iName=master.img-003.jpg&w=372&h=278


Numerous disease states enhance oxidant stress in vivo be-
fore clinically significant vascular disease (13, 67, 97). In ad-
dition, acute ischemia is characterized by enhanced ROS pro-
duction in affected microenvironments. Therefore, it was
suggested that EPCs may be resistant to ROS-induced tox-
icity to facilitate vascular repair and vessel formation in pro-
oxidant tissue microenvironments. To test this premise,
Dernbach et al. (14) examined oxidant sensitivity of EPCs
from healthy adult donors. The culture conditions used to
harvest EPCs in these studies isolated an adherent cell pop-
ulation that co-expresses hematopoietic and endothelial anti-
gens (Fig. 1; Method II). Thus, these cells are CACs. Impor-
tantly, these studies demonstrated that CACs from healthy
adults generate low levels of intracellular ROS and undergo
less oxidant-induced apoptosis compared with HUVECs,
which were used as differentiated EC controls. Interestingly,
CACs had increased expression of the antioxidants man-
ganese superoxide dismutase, glutathione peroxidase, and
catalase compared with HUVECs. Based on these findings,
the authors speculated that high antioxidant levels in CACs
may be the molecular mechanism that promotes survival and
vascular regeneration in ROS-rich environments. Additional
insight can be gleaned from these important studies after tak-
ing into account recent data from our group showing that
HUVECs are enriched for ECFCs (Fig. 1; Method III) (48).
Therefore, these studies suggest that vessel wall–derived
ECFCs, which contain EPCs with de novo vessel-forming abil-
ity, are highly sensitive to oxidant stress and that CACs, or
the angiogenesis-facilitating cells, are equipped with en-
hanced antioxidant systems to detoxify ROS, resulting in im-
proved resistance to oxidants.

Further evidence that increased antioxidant capacity im-
proves survival of EPCs was shown by He and colleagues
(38). In these studies, adult PB-circulating ECFCs were pro-
tected against oxidant-induced apoptosis compared with
vessel wall–derived ECFCs (i.e., HUVECs and coronary
artery endothelial cells) via upregulation of manganese su-
peroxide dismutase (38). However, in our hands, similar lev-
els of H2O2-induced apoptosis were observed in ECFCs de-
rived from either HUVECs or adult PB (Fig. 5). The apparent

discrepancy between these studies may relate to differences
in the passage number of ECFCs used, because extended cul-
ture enhances EC differentiation, senescence, and risk for cy-
togenetic alterations. Our studies were conducted on early-
passage ECFCs (P�4) in contrast to He et al. (48), who used
later-passage ECFCs (P4 to 8). In addition, other potential
confounding variables include the age of adult PB donors
and the health of the pregnancy from which HUVECs were
obtained. Nevertheless, given that HUVECs are highly en-
riched for immature ECFCs compared with adult PB ECFCs,
together these data suggest that in the setting of ischemic in-
jury, primitive ECFCs are highly sensitive to oxidant stress,
a critical conceptual change within the vascular biology field.

Formally to test the oxidant sensitivity of circulating
ECFCs from different sources of blood, our group examined
CB- and adult PB-derived ECFCs for reduced progenitor
colony formation and function after oxidant treatment. Sin-
gle-cell assays evaluated whether primitive ECFCs (i.e., HPP-
ECFCs) were differentially sensitive to oxidants compared
with more-differentiated ECFCs (i.e., LPP-ECFCs and EC-
clusters). Interestingly, CB and adult PB HPP-ECFCs were
highly sensitive to oxidant treatment compared with LPP-
ECFCs and EC-clusters. Furthermore, matrigel assays and
xenograft transplant experiments demonstrated that oxidant
treatment severely impairs the vessel-forming ability of
ECFCs in vitro and in vivo, respectively. However, an unex-
pected finding was that ECFCs from adult PB samples were
more sensitive to oxidant stress compared with CB-derived
ECFCs. These data are intriguing and support the concept
of a developmentally regulated oxidant-stress response in
ECFCs, whereby the physiologic process of aging changes
responsiveness to oxidant stimuli.

Understanding the molecular pathways contributing to
this response may provide important mechanistic insights
into the development of endothelial dysfunction and vascu-
lar disease.

One component of age-related differences in oxidant re-
sponsiveness of ECFCs may be due in part to accumulation
of oxidative damage over time from normal metabolic func-
tions, which produce harmful ROS by-products. These in-
ternally produced moieties, together with external stressors
(i.e., inflammatory cytokines, hyperglycemia, and hyper-
triglyceridemia), constitute the elements of oxidative stress
that ECFCs encounter in vivo. Over an individual’s lifetime,
long-lived cells such as EPCs incur repeated exposures to ox-
idative stress. Initially, EPCs may compensate by increasing
antioxidant responses to counteract the untoward effects of
oxidant injury. Over time, oxidant damage likely accumu-
lates in EPCs, diminishing cellular function, and enhancing
vascular disease risk. Recent studies from our group support
this concept in ECFCs exposed to hyperglycemia in vitro or
a diabetic intrauterine environment in vivo (47).

Emerging epidemiologic data demonstrate that infants
born to women with diabetes are at increased risk of devel-
oping subsequent vascular dysfunction. However, little is
known about the effect of maternal diabetes on fetal EPCs.
Therefore, we examined neonatal ECFC function from con-
trol and diabetic pregnancies. These studies demonstrated
that CB-derived ECFCs from diabetic pregnancies were re-
duced in number and function compared with controls (47).
Specifically, ECFCs exposed to a diabetic intrauterine envi-
ronment exhibited premature senescence, reduced cytokine-
stimulated proliferation, and reduced vessel-forming capac-
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FIG. 5. HUVECs and ECFCs harvested from adult pe-
ripheral blood have similar levels of H2O2-induced apop-
tosis. Low-passage (P�4) HUVECs and ECFCs from adult
PB were treated with 200 �M H2O2 before assessing apop-
tosis by using a TUNEL assay, as previously described (46,
88). The percentage of TUNEL-positive cells is illustrated.
Data shown are the mean � standard error of the mean of a
representative experiment conducted in triplicate, n � 3 in-
dependent experiments with similar results; *p � 0.01 by
Student’s paired t test.
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ity in vitro and in vivo compared with neonatal ECFCs har-
vested from uncomplicated pregnancies. These studies sup-
port a model whereby fetal exposure to a maternal diabetic
environment results in functional changes in the fetal vas-
culature consistent with premature aging. Given that oxidant
stress is involved in the pathogenesis of diabetic vascular
disease in adults (7, 8, 67, 73, 75, 97, 101), together with the
premature aging phenotypes identified in ECFCs from dia-
betic pregnancies, we tested whether ECFCs from diabetic
pregnancies had evidence of significant oxidative DNA dam-
age. With a flow cytometry–based quantitation of 8-oxogua-
nine, a marker of oxidative DNA modification, our recent
studies demonstrate that ECFCs from diabetic pregnancies
have nearly a threefold increase in oxidative DNA damage
(Fig. 6). Future studies to understand further the molecular
mechanisms involved in promoting the premature aging
phenotypes observed in ECFCs exposed in utero to maternal
diabetes will be interesting. Furthermore, examining
whether CFU-EC or CAC functions are similarly impaired
will be crucial to extend current knowledge in vascular dis-
ease pathogenesis. Given that the burden of diabetes in preg-
nancy is increasing (1, 6, 15), identifying the underlying
mechanisms responsible for the increased risk of vascular
disease in offspring of diabetic pregnancies is paramount to
finding potential preventive strategies and to having impact
on an escalating health care problem.

In addition to accumulation of oxidative cellular damage,
it is possible that the overall redox environment of EPCs may
be altered as a consequence of aging. In this case, the cyto-
plasmic reducing environment of adult ECFCs may be more
oxidized, or alternatively, less reduced compared with
neonatal ECFCs. Therefore, one might predict activation of
redox-sensitive molecules after encountering lower levels of
oxidant stress. To determine whether oxidant-induced apop-
tosis in ECFCs is dependent on a redox-regulated protein,
we examined activation of apoptosis signal-regulating ki-

nase 1 (ASK1) in CB-derived ECFCs treated with H2O2. ASK1
activity is controlled by multiple redox-sensitive proteins in-
cluding thioredoxin, glutathione-S-transferases, and glutare-
doxin (Fig. 7) (11, 18, 31, 43, 66, 89, 94, 95). Oxidation of free
sulfhydryl groups within these redox-sensitive proteins re-
sults in ASK1 activation, which induces a variety of cellular
fates, depending on the stimulus and cell type examined, in-
cluding apoptosis, senescence, proliferation, and inflamma-
tory cytokine secretion. H2O2-treated ECFCs had a signifi-
cant increase in ASK1 activity compared with untreated
controls (46). Furthermore, the predisposition of ECFCs to
undergo H2O2-induced apoptosis leading to reduced capil-
lary tube formation in matrigel assays was dependent on in-
tact ASK1 kinase activity. Importantly, these data implicate
enhanced ASK1 signaling as a critical molecular mechanism
involved in diminished vessel-forming ability of ECFCs af-
ter oxidant stress.

Molecular Mechanisms of Redox Control 
in Angiogenesis

Redox signaling is an emerging area of investigation in
vascular biology. ECs generate ROS such as superoxide and
H2O2, which function as intracellular secondary messengers
to regulate many aspects of growth factor–mediated re-
sponses, including angiogenesis. A key source of ROS in ECs
is through an NADPH oxidase pathway. NADPH oxidase is
a major source of ROS in the vasculature (34), with several
studies suggesting that gp91phox (also referred to as Nox2) is
a critical component of the ROS-generating NADPH oxidase
activated by a range of stimulants in ECs (27, 33, 63). Inter-
estingly, Ushio-Fukai et al. (106) and Harfouche et al. (37)
demonstrated that both angiopoietin-1 and VEGF, two im-
portant angiogenic cytokines, stimulate EC migration via the
activation of a gp91phox containing NADPH oxidase. In ad-
dition, gp91phox expression increases in association with the
enhanced ROS production observed in pathologic murine
models of angiogenesis, including retinopathy and hindlimb
ischemia (3, 100). Furthermore, neovascularization in re-
sponse to VEGF or ischemia is inhibited in gp91phox�/� mice,
and in wild-type mice treated with NADPH oxidase inhibi-
tors (gp91ds-tat or apocynin), or the antioxidant, ebselen (3,
100, 106). Collectively, these studies support an essential role
of gp91phox in angiogenesis.

Another well-known regulator of angiogenesis that is un-
der redox control is the protein ASK1. ASK1 is a member of
the mitogen-activated protein kinase kinase kinases and ac-
tivates the c-Jun NH2-terminal kinase and p38 kinase path-
ways. Activation of the ASK1 pathway constitutes a pivotal
molecular response to numerous types of stress-induced
apoptosis (43). ASK1 has an essential role in both oxidative
stress– and endoplasmic reticulum stress–induced apoptosis
(99). Additionally, ASK1 activation regulates cellular senes-
cence, cytokine production, and proliferation (Fig. 7) (52, 70,
114). Importantly, Yokoi et al. (114) recently demonstrated
that high glucose induces activation of ASK1 and cellular
senescence in ECs and that downregulation of ASK1 activ-
ity suppresses EC senescence induced by high glucose. In
addition, these investigators demonstrated that ASK1 acti-
vation enhances plasminogen activator inhibitor-1 (PAI-1)
expression in ECs. PAI-1 is a key protein involved in aging-
associated thrombosis and a major inhibitor of fibrinolysis.
In diabetic patients, PAI-1 expression in the arterial wall and
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FIG. 6. ECFCs isolated from the cord blood of diabetic
pregnancies exhibit increased oxidative DNA damage com-
pared with controls. To assess oxidative DNA damage in
cord blood ECFCs, ECFCs were fixed and permeabilized, fol-
lowed by a 60-min incubation with a fluorescein isothio-
cyanate–labeled Biotrin OxyDNA probe (BD Biosciences),
which binds 8-oxoguanine. Labeled ECFCs were then ana-
lyzed with flow cytometry, and mean fluorescence intensity
was measured. The data shown represent the mean � stan-
dard error of the mean calculated from four different cord
blood donors for control (C) and diabetic (DM) pregnancies.
*p � 0.01 by Student’s paired t test. Higher mean fluores-
cence intensity reflects increased oxidative DNA damage.
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PAI-1 plasma concentrations are elevated (54, 77). With
streptozotocin-induced diabetic mice, an elevation of plasma
PAI-1 levels and enhanced senescent ECs in aortas were ob-
served. Interestingly, when ASK1 knockout mice were ex-
amined, the changes induced by streptozotocin were atten-
uated (114). Taken together, these results suggest that
hyperglycemia accelerates EC senescence and upregulation
of PAI-1 expression via an ASK1-dependent mechanism.
Furthermore, in independent studies using ASK1-deficient
mice, Yamashita and colleagues (112) implicated ASK1 in the
development of endothelial dysfunction and cardiovascular
remodeling induced by NO deficiency. Therefore, ASK1 may
be a potentially novel therapeutic target in diabetic patients
to prevent vascular aging and thrombosis.

Another critical redox protein, glutathione peroxidase
type 1 (GPx-1), is involved in maintaining vascular homeo-
stasis. Several studies demonstrate that GPx-1 has a major
biologic role in protecting the endothelium from oxidative
damage. GPx-1 diminishes oxidant stress by using glu-

tathione to reduce both H2O2 and lipid peroxides to their
corresponding alcohols (80, 105). A correlation between vas-
cular injury and decreased GPx-1 activity has been reported.
Lapenna et al. (60) demonstrated a decrease in GPx-1 activ-
ity in atherosclerotic plaque excised from carotid arteries.
Furthermore, Weiss et al. (109) showed that overexpression
of GPx-1 restored normal endothelial function to cultured
ECs exposed to elevated homocysteine concentrations. In ad-
dition, Forgionne et al. (24,25) showed that mice with a de-
ficiency in GPx-1 not only have endothelial dysfunction, but
also have significant structural cardiac and vascular abnor-
malities. Moreover, loss of GPx-1 expression renders mice
susceptible to ischemia/reperfusion injury (24). In contrast
to wild-type mice, GPx-1–deficient mice had no increase in
circulating EPCs, defined as Ac-LDL�Lectin�VEGFR-
2�eNOS� cells, in response to either exogenous VEGF treat-
ment or ischemic injury. Importantly, it is not clear how this
definition of EPCs in mice correlates with the human phe-
notypes reviewed earlier (Fig. 3) and shown to correlate with
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FIG. 7. ASK1 activity is regulated by
multiple redox-sensitive proteins. Binding
of ASK1 to redox-sensitive proteins (GST,
GR, and TRX) in a reduced conformation
keeps ASK1 inactive. The redox-sensitive
proteins “sense” oxidant stress (ROS) by in-
tramolecular disulfide bond formation and
dissociate from ASK1. Unbound ASK1 is
then activated, which can lead to diverse
cellular fates, depending on the cell type
and initiating oxidant stress examined.

FIG. 8. Redox molecular mechanisms in-
volved in controlling endothelial function.
The majority of ROS production in ECs is via
activation of NADPH oxidase, which stimu-
lates diverse redox signaling pathways that
regulate angiogenesis. (A) ROS production:
gp91phox is activated by a range of stimulants
including VEGF and angiopoietin I. This acti-
vation leads to the stimulation of EC migration
and thus has an essential role in angiogenesis.
(B) Redox signaling: Oxidative stress and high
glucose induce activation of ASK1 and down-
stream MAP kinases, including p38 MAP ki-
nase and c-Jun NH2-terminal kinase (JNK),
which can induce cellular senescence or apop-
tosis in ECs. In addition, ASK1 activation en-
hances PAI-1 expression in ECs, which en-
hances thrombosis. (C) ROS detoxification:
Glutathione peroxidase type 1 (GPx-1) protects
the vascular endothelium from oxidative dam-
age by using glutathione to reduce H2O2 and
lipid peroxides to their corresponding alco-
hols.
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vascular disease risk. Furthermore, Ac-LDL�Lectin�VEGFR-
2�eNOS� cells isolated from GPx-1 knockout mice were
functionally deficient in promoting angiogenesis both in vivo
and in vitro and exhibited an increased susceptibility to ox-
idative stress in vitro (28). Collectively, these studies suggest
that an imbalance of ROS production, redox signaling, or
ROS detoxification contributes to EPC dysfunction and vas-
cular disease (Fig. 8).

Implications for Human Disease

Evidence of in vivo exposure to oxidative stress is observed
in several diseases or with risk factors associated with en-
hanced vascular pathologies, including homocystinemia, di-
abetes, hypercholesterolemia, and the metabolic syndrome
(13, 67, 97). Interestingly, cellular oxidant damage is detected
before clinically significant vascular disease. These observa-
tions support the concept that increased endogenous oxidant
stress promotes the development of vasculopathies (7, 13,
61). Unfortunately, the limited success of antioxidant ther-
apy to treat patients with vascular disease has been disap-
pointing (12). A potential explanation for these findings may
be that oxidant injury occurs early in the pathophysiologic
process of developing vascular disease. Therefore, by the
time symptomatic vascular disease is apparent, irreversible
oxidant injury has occurred, making antioxidant therapy un-
likely to improve vascular function. Furthermore, antioxi-
dants include a diverse set of compounds that function in a
variety of capacities, from direct ROS detoxification to en-
hancing the function of redox-dependent molecular signal-
ing pathways. Future studies that target specific antioxidant
therapy to individuals at high risk of developing vascular
disease, before clinical symptoms, will be interesting to de-
termine whether vascular disease can be prevented. Hints
that this approach might be useful are the observations that
fruit and vegetable intake and moderate red wine con-
sumption, nutritional methods of increasing antioxidant in-
take, reduce cardiovascular disease risk (21, 32, 53, 111).
However, continued mechanistic studies to define how these
relatively simple diet-modification strategies protect from
vascular disease are warranted and will guide the future de-
velopment of potential novel antioxidant therapies.

Summary

Homeostatic regulation of the endothelium is a complex
process that requires dynamic interactions between EPCs
resident in vessel walls (i.e., ECFCs) and bone marrow–de-
rived EPCs circulating in the PB (i.e., CFU-ECs and CACs)
to sustain endothelial integrity and function. Although sig-
nificant debate remains over the optimal method for defin-
ing EPCs (45, 79), numerous studies demonstrate an inverse
correlation between circulating EPC numbers and vascular
disease risk (10, 22, 23, 40, 44, 68, 76, 104, 107, 108). These
observations suggest that prospective enumeration of EPCs
may be a useful biomarker for vascular disease risk and a
method to evaluate the effectiveness of interventions to re-
duce vascular morbidities and mortalities. Whether accu-
mulation of oxidant damage over time directly leads to age-
related impairments in EPC function is an important
unanswered question. However, an irreversible age-related
decline in EPC function may explain in part the limited suc-
cess of clinical trials testing the efficacy of antioxidants in the

treatment of patients with vascular disease. Identification of
the molecular mechanisms involved in oxidant-induced vas-
cular pathology are beginning to be elucidated, and future
studies to examine these pathways in well-defined EPC sub-
populations will be important. In addition, future studies
that carefully examine the impact of oxidant stress–induced
impairments on CFU-EC, CAC, and ECFC function are re-
quired to appreciate fully the complexity of vascular disease
progression. Analysis of distinct EPC subpopulations to-
gether with studies evaluating interactions between oxidant-
exposed EPC types will be necessary to more completely un-
derstand the role individual EPC subpopulations have in
promoting endothelial dysfunction and vascular disease.

Acknowledgments

We are grateful for the grant support of 1 KO8 CA096579
(D.A.I.), NF08675 Department of Defense (D.A.I.), P50
NS052606 (D.A.I.), R01 HL077175 (L.S.H.), R21 HL088885
(L.S.H. and D.A.I.), P30 CA82709 (L.S.H. and D.A.I.), and the
Riley Children’s Foundation (L.S.H. and D.A.I.).

We acknowledge the excellent administrative support re-
ceived from Janice Walls. We also thank Dr. Mervin Yoder
(Indiana University) for many valuable discussions and
thoughtful critique of the manuscript. Additionally, Laura
Mead and Myka Estes performed and illustrated the un-
published studies reported.

Abbreviations

acLDL, acetylated low-density lipoprotein; ASK1, apop-
tosis signal-regulating kinase 1; CACs, circulating angio-
genic cells; CECs, circulating endothelial cells; CB, cord
blood; CFU-ECs, colony-forming unit–endothelial cells;
CFU-Hill, colony-forming unit–Hill; DNA, deoxyribonucleic
acid; ECs, endothelial cells; ECFCs, endothelial colony-form-
ing cells; eNOS, endothelial nitric oxide synthase; EPCs, 
endothelial progenitor cells; FSC, forward scatter; GPx-1,
glutathione peroxidase type 1; G-CSF, granulocyte–colony-
stimulating factor; HPP-ECFCs, high proliferative poten-
tial–endothelial colony-forming cells; HAECs, human aortic
endothelial cells; HUVECs, human umbilical vein endothe-
lial cells; JNK, c-Jun NH2-terminal kinase; LPP-ECFCs, low
proliferative potential–endothelial colony-forming cells;
MNCs, mononuclear cells; PB, peripheral blood; PAI-1, plas-
minogen activator inhibitor-1; ROS, reactive oxygen species;
SSC, side scatter; UEA-1, Ulex europeus agglutinin-1; VEGF,
vascular endothelial growth factor; VEGFR-2, vascular en-
dothelial growth factor receptor-2.

References

1. Centers for Disease Control and Prevention. National dia-
betes fact sheet: general information and national estimates on
diabetes in the United States, 2005. Atlanta, GA: U.S. De-
partment of Health and Human Services, Centers for Dis-
ease Control and Prevention, 2005.

2. Adler V, Yin Z, Tew KD, and Ronai Z. Role of redox po-
tential and reactive oxygen species in stress signaling.
Oncogene 18: 6104–6111, 1999.

3. Al-Shabrawey M, Bartoli M, El-Remessy AB, Platt DH, Ma-
tragoon S, Behzadian MA, Caldwell RW, and Caldwell RB.
Inhibition of NAD(P)H oxidase activity blocks vascular en-
dothelial growth factor overexpression and neovascular-

OXIDANT STRESS IMPAIRS EPC FUNCTION 1903



ization during ischemic retinopathy. Am J Pathol 167:
599–607, 2005.

4. Asahara T, Murohara T, Sullivan A, Silver M, van der Zee
R, Li T, Witzenbichler B, Schatteman G, and Isner JM. Iso-
lation of putative progenitor endothelial cells for angio-
genesis. Science 275: 964–967, 1997.

5. Bouvier CA, Gaynor E, and Cintrol JR. Circulating endo-
thelium as an indication of vascular injury. Thromb Diath
Haemorrh 40: 163, 1970.

6. Buchanan TA and Xiang AH. Gestational diabetes melli-
tus. J Clin Invest 115: 485–491, 2005.

7. Cai H and Harrison DG. Endothelial dysfunction in car-
diovascular diseases: the role of oxidant stress. Circ Res 87:
840–844, 2000.

8. Callaghan MJ, Ceradini DJ, and Gurtner GC. Hyper-
glycemia-induced reactive oxygen species and impaired
endothelial progenitor cell function. Antioxid Redox Signal
7: 1476–1482, 2005.

9. Case J, Mead LE, Bessler WK, Prater D, White HA, Saa-
datzadeh MR, Bhavsar JR, Yoder MC, Haneline LS, and In-
gram DA. Human CD34�AC133�VEGFR-2� cells are not
endothelial progenitor cells but distinct, primitive hemato-
poietic progenitors. Exp Hematol 35: 1109–1118, 2007.

10. Chen JZ, Zhang FR, Tao QM, Wang XX, Zhu JH, and Zhu
JH. Number and activity of endothelial progenitor cells
from peripheral blood in patients with hypercholestero-
laemia. Clin Sci (Lond) 107: 273–280, 2004.

11. Cho SG, Lee YH, Park HS, Ryoo K, Kang KW, Park J, Eom
SJ, Kim MJ, Chang TS, Choi SY, Shim J, Kim Y, Dong MS,
Lee MJ, Kim SG, Ichijo H, and Choi EJ. Glutathione S-trans-
ferase mu modulates the stress-activated signals by sup-
pressing apoptosis signal-regulating kinase 1. J Biol Chem
276: 12749–12755, 2001.

12. Clarke R and Armitage J. Antioxidant vitamins and risk of
cardiovascular disease: review of large-scale randomised
trials. Cardiovasc Drugs Ther 16: 411–415, 2002.

13. Davi G and Falco A. Oxidant stress, inflammation and
atherogenesis. Lupus 14: 760–764, 2005.

14. Dernbach E, Urbich C, Brandes RP, Hofmann WK, Zeiher
AM, and Dimmeler S. Antioxidative stress-associated
genes in circulating progenitor cells: evidence for enhanced
resistance against oxidative stress. Blood 104: 3591–3597,
2004.

15. Devlin HM, Desai J, Holzman GS, and Gilbertson DT.
Trends and disparities among diabetes-complicated births
in Minnesota, 1993-2003. Am J Pub Health 98: 59–62, 2008.

16. Dimmeler S, Aicher A, Vasa M, Mildner-Rihm C, Adler K,
Tiemann M, Rutten H, Fichtlscherer S, Martin H, and Zei-
her AM. HMG-CoA reductase inhibitors (statins) increase
endothelial progenitor cells via the PI 3-kinase/Akt path-
way. J Clin Invest 108: 391–397, 2001.

17. Dimmeler S and Zeiher AM. Endothelial cell apoptosis in
angiogenesis and vessel regression. Circ Res 87: 434–439,
2000.

18. Dorion S, Lambert H, and Landry J. Activation of the p38
signaling pathway by heat shock involves the dissociation
of glutathione S-transferase mu from Ask1. J Biol Chem 277:
30792–30797, 2002.

19. Duda DG, Cohen KS, Scadden DT, and Jain RK. A proto-
col for phenotypic detection and enumeration of circulat-
ing endothelial cells and circulating progenitor cells in hu-
man blood. Nat Protocol 2: 805–810, 2007.

20. Eizawa T, Ikeda U, Murakami Y, Matsui K, Yoshioka T,
Takahashi M, Muroi K, and Shimada K. Decrease in circu-
lating endothelial progenitor cells in patients with stable

coronary artery disease. Heart (Br Cardiac Soc) 90: 685–686,
2004.

21. Ellingsen I, Hjerkinn EM, Seljeflot I, Arnesen H, and Ton-
stad S. Consumption of fruit and berries is inversely asso-
ciated with carotid atherosclerosis in elderly men. Br J Nutr
99: 674–681, 2008.

22. Fadini GP, Miorin M, Facco M, Bonamico S, Baesso I, Grego
F, Menegolo M, de Kreutzenberg SV, Tiengo A, Agostini
C, and Avogaro A. Circulating endothelial progenitor cells
are reduced in peripheral vascular complications of type 2
diabetes mellitus. J Am Coll Cardiol 45: 1449–1457, 2005.

23. Fadini GP, Sartore S, Albiero M, Baesso I, Murphy E, Mene-
golo M, Grego F, Vigili de Kreutzenberg S, Tiengo A, Agos-
tini C, and Avogaro A. Number and function of endothelial
progenitor cells as a marker of severity for diabetic vascu-
lopathy. Arterioscler Thromb Vasc Biol 26: 2140–2146, 2006.

24. Forgione MA, Cap A, Liao R, Moldovan NI, Eberhardt RT,
Lim CC, Jones J, Goldschmidt-Clermont PJ, and Loscalzo
J. Heterozygous cellular glutathione peroxidase deficiency
in the mouse: abnormalities in vascular and cardiac func-
tion and structure. Circulation 106: 1154–1158, 2002.

25. Forgione MA, Weiss N, Heydrick S, Cap A, Klings ES, Bierl
C, Eberhardt RT, Farber HW, and Loscalzo J. Cellular glu-
tathione peroxidase deficiency and endothelial dysfunc-
tion. Am J Physiol Heart Circ Physiol 282: H1255–1261, 2002.

26. Fujino G, Noguchi T, Takeda K, and Ichijo H. Thioredoxin
and protein kinases in redox signaling. Semin Cancer Biol
16: 427–435, 2006.

27. Furst R, Brueckl C, Kuebler WM, Zahler S, Krotz F, Gor-
lach A, Vollmar AM, and Kiemer AK. Atrial natriuretic
peptide induces mitogen-activated protein kinase phos-
phatase-1 in human endothelial cells via Rac1 and
NAD(P)H oxidase/Nox2-activation. Circ Res 96: 43–53,
2005.

28. Galasso G, Schiekofer S, Sato K, Shibata R, Handy DE,
Ouchi N, Leopold JA, Loscalzo J, and Walsh K. Impaired
angiogenesis in glutathione peroxidase-1-deficient mice is
associated with endothelial progenitor cell dysfunction.
Circ Res 98: 254–261, 2006.

29. Gaynor E, Bouvier C, and Spaet TH. Vascular lesions: pos-
sible pathogenetic basis of the generalized Shwartzman re-
action. Science 170: 986–988, 1970.

30. Gehling UM, Ergun S, Schumacher U, Wagener C, Pantel
K, Otte M, Schuch G, Schafhausen P, Mende T, Kilic N,
Kluge K, Schafer B, Hossfeld DK, and Fiedler W. In vitro
differentiation of endothelial cells from AC133-positive
progenitor cells. Blood 95: 3106–3112, 2000.

31. Gilot D, Loyer P, Corlu A, Glaise D, Lagadic-Gossmann D,
Atfi A, Morel F, Ichijo H, and Guguen-Guillouzo C. Liver
protection from apoptosis requires both blockage of initia-
tor caspase activities and inhibition of ASK1/JNK pathway
via glutathione S-transferase regulation. J Biol Chem 277:
49220–49229, 2002.

32. Goldfinger TM. Beyond the French paradox: the impact of
moderate beverage alcohol and wine consumption in the
prevention of cardiovascular disease. Cardiol Clin 21:
449–457, 2003.

33. Gorlach A, Brandes RP, Nguyen K, Amidi M, Dehghani F,
and Busse R. A gp91phox containing NADPH oxidase se-
lectively expressed in endothelial cells is a major source of
oxygen radical generation in the arterial wall. Circ Res 87:
26–32, 2000.

34. Griendling KK, Sorescu D, and Ushio-Fukai M. NAD(P)H
oxidase: role in cardiovascular biology and disease. Circ Res
86: 494–501, 2000.

CASE ET AL.1904



35. Gulati R, Jevremovic D, Peterson TE, Chatterjee S, Shah V,
Vile RG, and Simari RD. Diverse origin and function of cells
with endothelial phenotype obtained from adult human
blood. Circ Res 93: 1023–1025, 2003.

36. Guven H, Shepherd RM, Bach RG, Capoccia BJ, and Link
DC. The number of endothelial progenitor cell colonies in
the blood is increased in patients with angiographically sig-
nificant coronary artery disease. J Am Coll Cardiol 48:
1579–1587, 2006.

37. Harfouche R, Malak NA, Brandes RP, Karsan A, Irani K,
and Hussain SN. Roles of reactive oxygen species in an-
giopoietin-1/tie-2 receptor signaling. FASEB J 19:
S1728–S1730, 2005.

38. He T, Peterson TE, Holmuhamedov EL, Terzic A, Caplice
NM, Oberley LW, and Katusic ZS. Human endothelial pro-
genitor cells tolerate oxidative stress due to intrinsically
high expression of manganese superoxide dismutase. Ar-
terioscler Thromb Vasc Biol 24: 2021–2027, 2004.

39. Heil M, Eitenmuller I, Schmitz-Rixen T, and Schaper W.
Arteriogenesis versus angiogenesis: similarities and differ-
ences. J Cell Mol Med 10: 45–55, 2006.

40. Hill JM, Zalos G, Halcox JP, Schenke WH, Waclawiw MA,
Quyyumi AA, and Finkel T. Circulating endothelial pro-
genitor cells, vascular function, and cardiovascular risk. N
Engl J Med 348: 593–600, 2003.

41. Hladovec J. Circulating endothelial cells as a sign of vessel
wall lesions. Physiol Bohemoslovaca 27: 140–144, 1978.

42. Hristov M and Weber C. Endothelial progenitor cells: char-
acterization, pathophysiology, and possible clinical rele-
vance. J Cell Mol Med 8: 498–508, 2004.

43. Ichijo H, Nishida E, Irie K, ten Dijke P, Saitoh M, Moriguchi
T, Takagi M, Matsumoto K, Miyazono K, and Gotoh Y. In-
duction of apoptosis by ASK1, a mammalian MAPKKK that
activates SAPK/JNK and p38 signaling pathways. Science
275: 90–94, 1997.

44. Imanishi T, Moriwaki C, Hano T, and Nishio I. Endothe-
lial progenitor cell senescence is accelerated in both exper-
imental hypertensive rats and patients with essential hy-
pertension. J Hypertens 23: 1831–1837, 2005.

45. Ingram DA, Caplice NM, and Yoder MC. Unresolved ques-
tions, changing definitions, and novel paradigms for defin-
ing endothelial progenitor cells. Blood 106: 1525–1531, 2005.

46. Ingram DA, Krier TR, Mead LE, McGuire C, Prater DN,
Bhavsar J, Saadatzadeh MR, Bijangi-Vishehsaraei K, Li F,
Yoder MC, and Haneline LS. Clonogenic endothelial pro-
genitor cells are sensitive to oxidative stress. Stem Cells 25:
297–304, 2007.

47. Ingram DA, Lien IZ, Mead LE, Estes M, Prater DN, Derr-
Yellin E, DiMeglio LA, and Haneline LS. In vitro hyper-
glycemia or a diabetic intrauterine environment reduces
neonatal endothelial colony-forming cell numbers and
function. Diabetes 57: 724–731, 2008.

48. Ingram DA, Mead LE, Moore DB, Woodard W, Fenoglio
A, and Yoder MC. Vessel wall-derived endothelial cells
rapidly proliferate because they contain a complete hierar-
chy of endothelial progenitor cells. Blood 105: 2783–2786,
2005.

49. Ingram DA, Mead LE, Tanaka H, Meade V, Fenoglio A,
Mortell K, Pollok K, Ferkowicz MJ, Gilley D, and Yoder
MC. Identification of a novel hierarchy of endothelial pro-
genitor cells utilizing human peripheral and umbilical cord
blood. Blood 104: 2752–2760, 2004.

50. Ito H, Rovira II, Bloom ML, Takeda K, Ferrans VJ, Quyyumi
AA, and Finkel T. Endothelial progenitor cells as putative
targets for angiostatin. Cancer Res 59: 5875–5877, 1999.

51. Iwami Y, Masuda H, and Asahara T. Endothelial progeni-
tor cells: past, state of the art, and future. J Cell Mol Med 8:
488–497, 2004.

52. Izumi Y, Kim S, Yoshiyama M, Izumiya Y, Yoshida K, Mat-
suzawa A, Koyama H, Nishizawa Y, Ichijo H, Yoshikawa
J, and Iwao H. Activation of apoptosis signal-regulating ki-
nase 1 in injured artery and its critical role in neointimal
hyperplasia. Circulation 108: 2812–2818, 2003.

53. Jacob RA. Evidence that diet modification reduces in vivo
oxidant damage. Nutr Rev 57: 255–258, 1999.

54. Juhan-Vague I, Roul C, Alessi MC, Ardissone JP, Heim M,
and Vague P. Increased plasminogen activator inhibitor ac-
tivity in non insulin dependent diabetic patients: relation-
ship with plasma insulin. Thromb Haemost 61: 370–373, 1989.

55. Kalka C, Masuda H, Takahashi T, Kalka-Moll WM, Silver
M, Kearney M, Li T, Isner JM, and Asahara T. Transplan-
tation of ex vivo expanded endothelial progenitor cells for
therapeutic neovascularization. Proc Natl Acad Sci U S A 97:
3422–3427, 2000.

56. Kawamoto A, Gwon HC, Iwaguro H, Yamaguchi JI, Uchida
S, Masuda H, Silver M, Ma H, Kearney M, Isner JM, and
Asahara T. Therapeutic potential of ex vivo expanded en-
dothelial progenitor cells for myocardial ischemia. Circula-
tion 103: 634–637, 2001.

57. Khakoo AY and Finkel T. Endothelial progenitor cells.
Annu Rev Med 56: 79–101, 2005.

58. Lander HM. An essential role for free radicals and derived
species in signal transduction. FASEB J 11: 118–124, 1997.

59. Lander HM, Milbank AJ, Tauras JM, Hajjar DP, Hempstead
BL, Schwartz GD, Kraemer RT, Mirza UA, Chait BT, Burk
SC, and Quilliam LA. Redox regulation of cell signalling.
Nature 381: 380–381, 1996.

60. Lapenna D, de Gioia S, Ciofani G, Mezzetti A, Ucchino S,
Calafiore AM, Napolitano AM, Di Ilio C, and Cuccurullo
F. Glutathione-related antioxidant defenses in human ath-
erosclerotic plaques. Circulation 97: 1930–1934, 1998.

61. Leopold JA and Loscalzo J. Oxidative enzymopathies and
vascular disease. Arterioscler Thromb Vasc Biol 25: 1332–
1340, 2005.

62. Leor J and Marber M. Endothelial progenitors: a new Tower
of Babel? J Am Coll Cardiol 48: 1588–1590, 2006.

63. Li JM and Shah AM. Intracellular localization and pre-
assembly of the NADPH oxidase complex in cultured en-
dothelial cells. J Biol Chem 277: 19952–19960, 2002.

64. Li Z. Hematopoiesis: a developmental approach. New York: Ox-
ford University Press, 2001.

65. Lin Y, Weisdorf DJ, Solovey A, and Hebbel RP. Origins of
circulating endothelial cells and endothelial outgrowth
from blood. J Clin Invest 105: 71–77, 2000.

66. Liu H, Nishitoh H, Ichijo H, and Kyriakis JM. Activation
of apoptosis signal-regulating kinase 1 (ASK1) by tumor
necrosis factor receptor-associated factor 2 requires prior
dissociation of the ASK1 inhibitor thioredoxin. Mol Cell Biol
20: 2198–2208, 2000.

67. Loomans CJ, De Koning EJ, Staal FJ, Rabelink TJ, and Zon-
neveld AJ. Endothelial progenitor cell dysfunction in type
1 diabetes: another consequence of oxidative stress? An-
tioxid Redox Signal 7: 1468–1475, 2005.

68. Loomans CJ, de Koning EJ, Staal FJ, Rookmaaker MB,
Verseyden C, de Boer HC, Verhaar MC, Braam B, Rabelink
TJ, and van Zonneveld AJ. Endothelial progenitor cell dys-
function: a novel concept in the pathogenesis of vascular
complications of type 1 diabetes. Diabetes 53: 195–199, 2004.

69. Mancuso P, Burlini A, Pruneri G, Goldhirsch A, Martinelli
G, and Bertolini F. Resting and activated endothelial cells

OXIDANT STRESS IMPAIRS EPC FUNCTION 1905



are increased in the peripheral blood of cancer patients.
Blood 97: 3658–3661, 2001.

70. Matsuzawa A, Saegusa K, Noguchi T, Sadamitsu C, Nishi-
toh H, Nagai S, Koyasu S, Matsumoto K, Takeda K, and
Ichijo H. ROS-dependent activation of the TRAF6-ASK1-
p38 pathway is selectively required for TLR4-mediated in-
nate immunity. Nat Immunol 6: 587–592, 2005.

71. Mauro E, Rigolin GM, Fraulini C, Sofritti O, Ciccone M, De
Angeli C, Castoldi G, and Cuneo A. Mobilization of endo-
thelial progenitor cells in patients with hematological ma-
lignancies after treatment with filgrastim and chemother-
apy for autologous transplantation. Eur J Haematol 78:
374–380, 2007.

72. Murasawa S and Asahara T. Endothelial progenitor cells
for vasculogenesis. Physiology (Bethesda) 20: 36–42, 2005.

73. Niedowicz DM and Daleke DL. The role of oxidative stress
in diabetic complications. Cell Biochem Biophys 43: 289–330,
2005.

74. Noble M, Smith J, Power J, and Mayer-Proschel M. Redox
state as a central modulator of precursor cell function. Ann
N Y Acad Sci 991: 251–271, 2003.

75. Ogita H and Liao J. Endothelial function and oxidative
stress. Endothelium 11: 123–132, 2004.

76. Oliveras A, Soler MJ, Martinez-Estrada OM, Vazquez S,
Marco-Feliu D, Vila JS, Vilaro S, and Lloveras J. Endothe-
lial progenitor cells are reduced in refractory hypertension.
J Hum Hypertens 22: 183–190, 2008.

77. Pandolfi A, Cetrullo D, Polishuck R, Alberta MM, Calafiore
A, Pellegrini G, Vitacolonna E, Capani F, and Consoli A.
Plasminogen activator inhibitor type 1 is increased in the
arterial wall of type II diabetic subjects. Arterioscler Thromb
Vasc Biol 21: 1378–1382, 2001.

78. Peichev M, Naiyer AJ, Pereira D, Zhu Z, Lane WJ, Williams
M, Oz MC, Hicklin DJ, Witte L, Moore MA, and Rafii S.
Expression of VEGFR-2 and AC133 by circulating human
CD34(�) cells identifies a population of functional endo-
thelial precursors. Blood 95: 952–958, 2000.

79. Prater DN, Case J, Ingram DA, and Yoder MC. Working
hypothesis to redefine endothelial progenitor cells. Leuke-
mia 21: 1141–1149, 2007.

80. Raes M, Michiels C, and Remacle J. Comparative study of
the enzymatic defense systems against oxygen-derived free
radicals: the key role of glutathione peroxidase. Free Radic
Biol Med 3: 3–7, 1987.

81. Rafii S and Lyden D. Therapeutic stem and progenitor cell
transplantation for organ vascularization and regeneration.
Nat Med 9: 702–712, 2003.

82. Rehman J, Li J, Orschell CM, and March KL. Peripheral
blood “endothelial progenitor cells” are derived from
monocyte/macrophages and secrete angiogenic growth
factors. Circulation 107: 1164–1169, 2003.

83. Rehman J, Li J, Parvathaneni L, Karlsson G, Panchal VR,
Temm CJ, Mahenthiran J, and March KL. Exercise acutely
increases circulating endothelial progenitor cells and
monocyte-/macrophage-derived angiogenic cells. J Am
Coll Cardiol 43: 2314–2318, 2004.

84. Reyes M, Dudek A, Jahagirdar B, Koodie L, Marker PH, and
Verfaillie CM. Origin of endothelial progenitors in human
postnatal bone marrow. J Clin Invest 109: 337–346, 2002.

85. Risau W. Mechanisms of angiogenesis. Nature 386: 671–674,
1997.

86. Risau W and Flamme I. Vasculogenesis. Annu Rev Cell Dev
Biol 11: 73–91, 1995.

87. Rosenzweig A. Circulating endothelial progenitors—cells
as biomarkers. N Engl J Med 353: 1055–1057, 2005.

88. Saadatzadeh MR, Bijangi-Vishehsaraei K, Hong P,
Bergmann H, and Haneline LS. Oxidant hypersensitivity of
Fanconi anemia type C-deficient cells is dependent on a re-
dox-regulated apoptotic pathway. J Biol Chem 279: 16805–
16812, 2004.

89. Saitoh M, Nishitoh H, Fujii M, Takeda K, Tobiume K,
Sawada Y, Kawabata M, Miyazono K, and Ichijo H. Mam-
malian thioredoxin is a direct inhibitor of apoptosis signal-
regulating kinase (ASK) 1. EMBO J 17: 2596–2606, 1998.

90. Schatteman GC. Adult bone marrow-derived heman-
gioblasts, endothelial cell progenitors, and EPCs. Curr Top-
ics Dev Biol 64: 141–180, 2004.

91. Schmidt-Lucke C, Rossig L, Fichtlscherer S, Vasa M, Brit-
ten M, Kamper U, Dimmeler S, and Zeiher AM. Reduced
number of circulating endothelial progenitor cells predicts
future cardiovascular events: proof of concept for the clin-
ical importance of endogenous vascular repair. Circulation
111: 2981–2987, 2005.

92. Shaffer RG, Greene S, Arshi A, Supple G, Bantly A, Moore
JS, and Mohler ER, 3rd. Flow cytometric measurement of
circulating endothelial cells: the effect of age and periph-
eral arterial disease on baseline levels of mature and pro-
genitor populations. Cytometry 70: 56–62, 2006.

93. Shi Q, Rafii S, Wu MH, Wijelath ES, Yu C, Ishida A, Fujita
Y, Kothari S, Mohle R, Sauvage LR, Moore MA, Storb RF,
and Hammond WP. Evidence for circulating bone marrow-
derived endothelial cells. Blood 92: 362–367, 1998.

94. Song JJ and Lee YJ. Differential role of glutaredoxin and
thioredoxin in metabolic oxidative stress-induced activa-
tion of apoptosis signal-regulating kinase 1. Biochem J 373:
845–853, 2003.

95. Song JJ, Rhee JG, Suntharalingam M, Walsh SA, Spitz DR,
and Lee YJ. Role of glutaredoxin in metabolic oxidative
stress: glutaredoxin as a sensor of oxidative stress medi-
ated by H2O2. J Biol Chem 277: 46566–46575, 2002.

96. Stump MM, Jordan GL Jr, Debakey ME, and Halpert B. En-
dothelium grown from circulating blood on isolated in-
travascular dacron hub. Am J Pathol 43: 361–367, 1963.

97. Taniyama Y and Griendling KK. Reactive oxygen species
in the vasculature: molecular and cellular mechanisms. Hy-
pertension 42: 1075–1081, 2003.

98. Timmermans F, Van Hauwermeiren F, De Smedt M, Raedt
R, Plasschaert F, De Buyzere ML, Gillebert TC, Plum J, and
Vandekerckhove B. Endothelial outgrowth cells are not de-
rived from CD133� cells or CD45� hematopoietic precur-
sors. Arterioscler Thromb Vasc Biol 27: 1572–1579, 2007.

99. Tobiume K, Matsuzawa A, Takahashi T, Nishitoh H, Morita
K, Takeda K, Minowa O, Miyazono K, Noda T, and Ichijo
H. ASK1 is required for sustained activations of JNK/p38
MAP kinases and apoptosis. EMBO Rep 2: 222–228, 2001.

100. Tojo T, Ushio-Fukai M, Yamaoka-Tojo M, Ikeda S, Patru-
shev N, and Alexander RW. Role of gp91phox (Nox2)-con-
taining NAD(P)H oxidase in angiogenesis in response to
hindlimb ischemia. Circulation 111: 2347–2355, 2005.

101. Touyz RM. Reactive oxygen species, vascular oxidative
stress, and redox signaling in hypertension: what is the clin-
ical significance? Hypertension 44: 248–252, 2004.

102. Ueda S, Masutani H, Nakamura H, Tanaka T, Ueno M, and
Yodoi J. Redox control of cell death. Antioxid Redox Signal
4: 405–414, 2002.

103. Urbich C and Dimmeler S. Endothelial progenitor cells:
characterization and role in vascular biology. Circ Res 95:
343–353, 2004.

104. Urbich C and Dimmeler S. Risk factors for coronary artery
disease, circulating endothelial progenitor cells, and the

CASE ET AL.1906



role of HMG-CoA reductase inhibitors. Kidney Int 67:
1672–1676, 2005.

105. Ursini F, Maiorino M, Brigelius-Flohe R, Aumann KD,
Roveri A, Schomburg D, and Flohe L. Diversity of glu-
tathione peroxidases. Methods Enzymol 252: 38–53, 1995.

106. Ushio-Fukai M, Tang Y, Fukai T, Dikalov SI, Ma Y, Fuji-
moto M, Quinn MT, Pagano PJ, Johnson C, and Alexander
RW. Novel role of gp91(phox)-containing NAD(P)H oxi-
dase in vascular endothelial growth factor-induced signal-
ing and angiogenesis. Circ Res 91: 1160–1167, 2002.

107. Valgimigli M, Rigolin GM, Fucili A, Porta MD, Soukho-
movskaia O, Malagutti P, Bugli AM, Bragotti LZ, Fran-
colini G, Mauro E, Castoldi G, and Ferrari R. CD34� and
endothelial progenitor cells in patients with various de-
grees of congestive heart failure. Circulation 110:
1209–1212, 2004.

108. Vasa M, Fichtlscherer S, Aicher A, Adler K, Urbich C, Mar-
tin H, Zeiher AM, and Dimmeler S. Number and migra-
tory activity of circulating endothelial progenitor cells in-
versely correlate with risk factors for coronary artery
disease. Circ Res 89: E1–E7, 2001.

109. Weiss N, Zhang YY, Heydrick S, Bierl C, and Loscalzo J.
Overexpression of cellular glutathione peroxidase rescues
homocyst(e)ine-induced endothelial dysfunction. Proc Natl
Acad Sci U S A 98: 12503–12508, 2001.

110. Werner N, Kosiol S, Schiegl T, Ahlers P, Walenta K, Link
A, Bohm M, and Nickenig G. Circulating endothelial pro-
genitor cells and cardiovascular outcomes. N Engl J Med
353: 999–1007, 2005.

111. Wollin SD and Jones PJ. Alcohol, red wine and cardiovas-
cular disease. J Nutr 131: 1401–1404, 2001.

112. Yamashita T, Yamamoto E, Kataoka K, Nakamura T, Matsuba
S, Tokutomi Y, Dong YF, Ichijo H, Ogawa H, and Kim-Mit-
suyama S. Apoptosis signal-regulating kinase-1 is involved in

vascular endothelial and cardiac remodeling caused by nitric
oxide deficiency. Hypertension 50: 519–524, 2007.

113. Yoder MC, Mead LE, Prater D, Krier TR, Mroueh KN, Li
F, Krasich R, Temm CJ, Prchal JT, and Ingram DA. Re-
defining endothelial progenitor cells via clonal analysis and
hematopoietic stem/progenitor cell principals. Blood 109:
1801–1809, 2007.

114. Yokoi T, Fukuo K, Yasuda O, Hotta M, Miyazaki J, Take-
mura Y, Kawamoto H, Ichijo H, and Ogihara T. Apoptosis
signal-regulating kinase 1 mediates cellular senescence in-
duced by high glucose in endothelial cells. Diabetes 55:
1660–1665, 2006.

115. Yoon CH, Hur J, Park KW, Kim JH, Lee CS, Oh IY, Kim
TY, Cho HJ, Kang HJ, Chae IH, Yang HK, Oh BH, Park YB,
and Kim HS. Synergistic neovascularization by mixed
transplantation of early endothelial progenitor cells and
late outgrowth endothelial cells: the role of angiogenic cy-
tokines and matrix metalloproteinases. Circulation 112:
1618–1627, 2005.

116. Yoshida T, Oka SI, Masutani H, Nakamura H, and Yodoi
J. The role of thioredoxin in the aging process: involvement
of oxidative stress. Antioxid Redox Signal 5: 563–570, 2003.

Address reprint requests to:
Laura S. Haneline

Herman B Wells Center for Pediatric Research
1044 W. Walnut St. R4-476

Indianapolis, IN 46202

E-mail: lhanelin@iupui.edu

Date of first submission to ARS Central, May 12, 2008; date
of final revised submission, May 14, 2008; date of acceptance,
May 16, 2008.

OXIDANT STRESS IMPAIRS EPC FUNCTION 1907





This article has been cited by:

1. Joshua A. Wood, Evan Colletti, Laura E. Mead, David Ingram, Christopher D. Porada, Esmail D. Zanjani, Mervin C. Yoder,
Graça Almeida-Porada. 2012. Distinct contribution of human cord blood-derived endothelial colony forming cells to liver
and gut in a fetal sheep model. Hepatology 56:3, 1086-1096. [CrossRef]

2. Julia Maria Kroepfl , Karin Pekovits , Ingeborg Stelzer , Robert Fuchs , Sieglinde Zelzer , Peter Hofmann , Peter Sedlmayr ,
Gottfried Dohr , Sandra Wallner-Liebmann , Wolfgang Domej , Wolfram Mueller . Exercise Increases the Frequency
of Circulating Hematopoietic Progenitor Cells, But Reduces Hematopoietic Colony-Forming Capacity. Stem Cells and
Development, ahead of print. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

3. Joseph M. Collaco, Lewis H. Romer, Bridget D. Stuart, John D. Coulson, Allen D. Everett, Edward E. Lawson, Joel I.
Brenner, Anna T. Brown, Melanie K. Nies, Priya Sekar, Lawrence M. Nogee, Sharon A. McGrath-Morrow. 2012. Frontiers in
pulmonary hypertension in infants and children with bronchopulmonary dysplasia. Pediatric Pulmonology n/a-n/a. [CrossRef]

4. Ji Hye Kim , So-Hyun Park , Sang Gyu Park , Joon-Seok Choi , Ying Xia , Jong-Hyuk Sung . 2011. The Pivotal Role of
Reactive Oxygen Species Generation in the Hypoxia-Induced Stimulation of Adipose-Derived Stem Cells. Stem Cells and
Development 20:10, 1753-1761. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links] [Supplemental
material]

5. Yiu-fai Cheung, Shing Chan, Mo Yang, Jie-yu Ye, Shau-yin Ha, Sophia J. Wong, Godfrey Chi-fung Chan. 2011. Circulating
CD133+VEGFR2+ and CD34+VEGFR2+ cells and arterial function in patients with beta-thalassaemia major. Annals of
Hematology . [CrossRef]

6. Anna Maria Curatola, Jie Xu, Karen D. Hendricks-Munoz. 2011. Cyclic GMP protects endothelial progenitors from oxidative
stress. Angiogenesis . [CrossRef]

7. Daolin Tang , Rui Kang , Herbert J. Zeh III , Michael T. Lotze . 2011. High-Mobility Group Box 1, Oxidative Stress, and
Disease. Antioxidants & Redox Signaling 14:7, 1315-1335. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF
with Links]

8. Ewa Miller-Kasprzak, Pawet Bogda#ski, Danuta Pupek-Musialik, Pawet P. Jagodzi#ski. 2011. Insulin Resistance and
Oxidative Stress Influence Colony-Forming Unit-Endothelial Cells Capacity in Obese Patients. Obesity 19:4, 736-742.
[CrossRef]

9. Fang Jia, Chunfang Wu, Zhenyue Chen, Guoping Lu. 2011. AMP-Activated Protein Kinase Inhibits Homocysteine-Induced
Dysfunction and Apoptosis in Endothelial Progenitor Cells. Cardiovascular Drugs and Therapy 25:1, 21-29. [CrossRef]

10. Carl A. Hubel, Peter I. Sipos, Ian P. Crocker. 2011. Endothelial progenitor cells: Their potential role in pregnancy and
preeclampsia. Pregnancy Hypertension: An International Journal of Women's Cardiovascular Health 1:1, 48-58. [CrossRef]

11. Michael S. GoligorskyStem Cell Injury and Premature Senescence 275-288. [CrossRef]

12. Eric J. Marrotte, Dan-Dan Chen, Jeffrey S. Hakim, Alex F. Chen. 2010. Manganese superoxide dismutase expression in
endothelial progenitor cells accelerates wound healing in diabetic mice. Journal of Clinical Investigation 120:12, 4207-4219.
[CrossRef]

13. Linda A. DiMeglio, Aneesh Tosh, Chandan Saha, Myka Estes, Julie Mund, Laura E. Mead, Izlin Lien, David A. Ingram, Laura
S. Haneline. 2010. Endothelial Abnormalities in Adolescents with Type 1 Diabetes: A Biomarker for Vascular Sequelae?.
The Journal of Pediatrics 157:4, 540-546. [CrossRef]

14. Cornelius F.H. Mueller, Shazia Afzal, Ulrich Marc Becher, Sven Wassmann, Georg Nickenig, Kerstin Wassmann. 2010. Role
of the multidrug resistance protein-1 (MRP1) for endothelial progenitor cell function and survival. Journal of Molecular and
Cellular Cardiology 49:3, 482-489. [CrossRef]

15. Matthijs S. Ruiter, Jolanda M. van Golde, Nicolaas C. Schaper, Coen D. Stehouwer, Maya S. Huijberts. 2010. Diabetes impairs
arteriogenesis in the peripheral circulation: review of molecular mechanisms. Clinical Science 119:6, 225-238. [CrossRef]

16. John Paul Kirton, Qingbo Xu. 2010. Endothelial precursors in vascular repair. Microvascular Research 79:3, 193-199.
[CrossRef]

17. Kenta Iwasaki, Yuko Miwa, Masataka Haneda, Kazuharu Uchida, Akimasa Nakao, Takaaki Kobayashi. 2010. Significance
of HLA class I antibody-induced antioxidant gene expression for endothelial cell protection against complement attack.
Biochemical and Biophysical Research Communications 391:2, 1210-1215. [CrossRef]

18. P.I. Sipos, I.P. Crocker, C.A. Hubel, P.N. Baker. 2010. Endothelial Progenitor Cells: Their Potential in the Placental
Vasculature and Related Complications. Placenta 31:1, 1-10. [CrossRef]

http://dx.doi.org/10.1002/hep.25753
http://dx.doi.org/10.1089/scd.2012.0017
http://online.liebertpub.com/doi/full/10.1089/scd.2012.0017
http://online.liebertpub.com/doi/pdf/10.1089/scd.2012.0017
http://online.liebertpub.com/doi/pdfplus/10.1089/scd.2012.0017
http://dx.doi.org/10.1002/ppul.22609
http://dx.doi.org/10.1089/scd.2010.0469
http://online.liebertpub.com/doi/full/10.1089/scd.2010.0469
http://online.liebertpub.com/doi/pdf/10.1089/scd.2010.0469
http://online.liebertpub.com/doi/pdfplus/10.1089/scd.2010.0469
http://online.liebertpub.com/doi/suppl/10.1089/scd.2010.0469
http://online.liebertpub.com/doi/suppl/10.1089/scd.2010.0469
http://dx.doi.org/10.1007/s00277-011-1302-4
http://dx.doi.org/10.1007/s10456-011-9211-7
http://dx.doi.org/10.1089/ars.2010.3356
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3356
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3356
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3356
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3356
http://dx.doi.org/10.1038/oby.2010.169
http://dx.doi.org/10.1007/s10557-010-6277-1
http://dx.doi.org/10.1016/j.preghy.2010.11.001
http://dx.doi.org/10.1016/B978-0-12-380928-5.10018-1
http://dx.doi.org/10.1172/JCI36858
http://dx.doi.org/10.1016/j.jpeds.2010.04.050
http://dx.doi.org/10.1016/j.yjmcc.2010.02.023
http://dx.doi.org/10.1042/CS20100082
http://dx.doi.org/10.1016/j.mvr.2010.02.009
http://dx.doi.org/10.1016/j.bbrc.2009.12.042
http://dx.doi.org/10.1016/j.placenta.2009.10.006


19. Istvan Lekli, Narasimman Gurusamy, Diptarka Ray, Arpad Tosaki, Dipak K. Das. 2009. Redox regulation of stem cell
mobilizationThis article is one of a selection of papers published in a special issue on Advances in Cardiovascular Research.
Canadian Journal of Physiology and Pharmacology 87:12, 989-995. [CrossRef]

20. Masuko Ushio-Fukai , Norifumi Urao . 2009. Novel Role of NADPH Oxidase in Angiogenesis and Stem/Progenitor Cell
Function. Antioxidants & Redox Signaling 11:10, 2517-2533. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF
with Links]

21. Anna Csiszar , Stephanie Lehoux , Zoltan Ungvari . 2009. Hemodynamic Forces, Vascular Oxidative Stress, and Regulation
of BMP-2/4 Expression. Antioxidants & Redox Signaling 11:7, 1683-1697. [Abstract] [Full Text PDF] [Full Text PDF with
Links]

22. Laura S. Haneline . 2008. Redox Regulation of Stem and Progenitor Cells. Antioxidants & Redox Signaling 10:11, 1849-1852.
[Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

http://dx.doi.org/10.1139/Y09-102
http://dx.doi.org/10.1089/ars.2009.2582
http://online.liebertpub.com/doi/full/10.1089/ars.2009.2582
http://online.liebertpub.com/doi/pdf/10.1089/ars.2009.2582
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2009.2582
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2009.2582
http://dx.doi.org/10.1089/ars.2008.2401
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2401
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2401
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2401
http://dx.doi.org/10.1089/ars.2008.2141
http://online.liebertpub.com/doi/full/10.1089/ars.2008.2141
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2141
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2141

