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Abstract

Endothelial progenitor cells (EPCs) represent a heterogeneous population of cells with a pro-angiogenic potential
that are derived not only from bone marrow but also from other tissues. Depending on the model and cell type
used, the pro-angiogenic effect is a consequence of direct vascular integration, the paracrine release of growth
factors and cytokines, or complex interactions with other cellular components like monocytes or platelets. The
pro-angiogenic potential of EPCs is dependent on the particular type of EPC studied and modulated by the risk
and life style factors of the patient as well as by local factors determining the homing to diseased tissue and the
EPC proteome. In this Forum on EPCs these aspects will be covered in individual review articles, which are
accompanied by two original research studies on the role of NADPH oxidases for EPC mobilization and the
impact of organic nitrates on EPCs. Antioxid. Redox Signal. 15, 911–914.

Circulating endothelial progenitor cells (EPCs)
were first identified in adult peripheral blood by Asahara

et al. in 1997 (4). Since then, extensive studies have been
performed to understand the EPC phenotype, biology,
and clinical potential. EPCs are mainly derived from adult
bone marrow, but also from other tissues, and form a pro-
angiogenic pool of cells. Neovascularization in the adult was
initially thought to depend solely on angiogenesis, a process
of new vessel formation via in situ proliferation and migration
of pre-existing endothelial cells (12). However, accumulating
evidence suggests that EPCs mobilized from the bone marrow
and tissue reservoirs followed by their subsequent homing to
diseased tissues also play an important role in physiological
and pathological neovascularization (1, 3, 23). EPCs partici-
pate in endothelial cell regeneration and neovascularization
either in a direct or in an indirect way: They may directly
differentiate into endothelial cells and incorporate into re-
generating vasculature, a mechanism consistent with vascu-
logenesis, which has been described for embryonic
vascularization. In addition, tissue-bound EPCs produce a
variety of pro-angiogenic cytokines and growth factors,
thereby promoting proliferation and migration of pre-existing
endothelial cells to enhance angiogenesis. Thus, EPCs may
contribute to vascular regeneration and neovascularization
via activating not only vasculogenesis but also angiogenesis
through paracrine functions. The discovery of EPC has
opened up an opportunity of using these cells for autologous

cardiovascular repair/regenerative therapies, as well as a
disease biomarker. However, their therapeutic used has been
severely limited by questions regarding their origin, cellular
and molecular regulation, low homing efficiency to diseased
tissues, the cellular heterogeneity of their population, and the
lack of understanding of the in vivo functions of EPCs. These
aspects shall be addressed in the current Forum, which con-
sists of two original articles and eight reviews contributed by
some of the leaders in the EPC field.

The term ‘‘EPC’’ in itself is an oversimplification, assem-
bling an exceedingly heterogeneous cell population of
different origin—not all EPCs derive from the bone marrow—
and, as judged on the basis of surface receptor expression, as
well as of different functional nature. Moreover, depending
on the culture condition used to transform blood- or bone
marrow-derived cells into EPCs, different cell types are se-
lected, expanded, or induced by means of differentiation,
dedifferentiation, and transdifferenation. These global as-
pects, which are central to the field at large, are covered in
basically all the articles. A separate article by Ergün et al. (9)
will, however, explicitly cover tissue-resident stem cells of the
vascular wall to emphasize the outstanding importance of this
compartment for vascular regeneration. Indeed, resident
vascular progenitor cells have several advantages over bone
narrow-derived cells, as they are more committed toward
vascular differentiation and differently respond to growth
factors. Complex transplant experiments of differentially
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labeled cell population clearly demonstrated that vascular re-
generation in part occurs through tissue-resident stem and
progenitor cells. The number and regenerative capacity of these
cells, however, over-exponentially decrease with age, and thus
more work will be needed till ex vivo-expanded tissue-resident
vascular cells will become available for therapeutic approaches.

Similar as for tissue-resident progenitor cells, also the
number and biological activity of circulating EPCs of bone
marrow-derived origin decline with age. Moreover, cardio-
vascular disease and systemic disorders such as diabetes have
a strong negative impact on the regenerative capacity of EPCs,
which is a major limiting factor for the success of autologous
EPC transplantation. Assuming that the function of EPCs, at
least in part, can be predicted on the basis of ‘‘–omics’’ ana-
lyses, Gremmels et al. (14) contributed a review on the tran-
scriptome analysis of EPCs. This unbiased approach can be
used to identify differences among EPC populations on the
molecular level, far extending beyond the subjective charac-
terization of cell population based on arbitrarily selected
surface markers. Transcriptome analysis also helps to uncover
the true changes occurring in EPCs during culture processes
and most importantly to identify unexpected disease-specific
alterations decreasing the function of EPCs.

In fact, although several complex interactions have already
been identified to explain EPC dysfunction, truly novel
mechanisms of dysfunction are still rare. Examples are spe-
cific dysfunctions of CXCR4 (29), altered p38 MAPK signaling
(22), or unexpected regulations by microRNAs (10). Regard-
ing redox regulation, EPCs appear to be surprisingly similar
to endothelial cells although, quantitatively, their set of redox-
active enzymes such as nitric oxide (NO) synthases, NADPH
oxidase (20, 26), and different forms of superoxide dismutases
(7) differs from that of endothelial cells. The review by
Fleissner and Thum (11), however, demonstrates that the
fundamental principles of endothelial dysfunction can also be
applied to EPCs: The function of EPC is dependent on NO and
reactive oxygen species (ROS) (24). Although excess amounts
of ROS, particularly superoxide, rapidly react with NO to
reduce its bioactivity, ROS at physiological levels functions as
signaling molecules to mediate various biological responses,
including cell proliferation, migration, differentiation, and
gene expression (20, 26). Besides mitochondria (8), NADPH
oxidase is one of the major sources of ROS in endothelial cells
(ECs) and stem/progenitor cells, and activated by various
growth factors, cytokines, hypoxia, and ischemia. ROS de-
rived from NADPH oxidase play an important role in redox
signaling linked to angiogenesis (27) in ECs as well as stem/
progenitor cell mobilization, homing, and differentiation,
thereby promoting neovascularization. This notion is impor-
tant as it opens space for approaches to treat EPC dysfunction
with similar tools as previously used to normalize endothelial
function. This could be cardiovascular pharmacotherapy like
the treatment with statins (28) or angiotensin II receptor
blockers (17), but also live style interventions (18). Among
these, particularly, physical exercise and training have bene-
ficial effects on endothelial function via mobilization of EPCs
from the bone marrow. In this Forum, Möbius-Winkler et al.
address (16) the mechanism by which acute and long-term
exercise training affects mobilization of EPCs. They suggest
that acute exercise increases ROS generation via activation of
NADPH oxidase, which stimulates EPCs’ mobilization from
the bone marrow, whereas chronic exercise training increases

the bioavailable NO. These events are regulated by the anti-
oxidant enzymes such as superoxide dismutases and gluta-
thione peroxidase-1. Thus, effects of exercise training in
regulating EPC function are mediated through alterations of
the redox balance.

The family of ROS-producing NADPH oxidases consists of
seven members (Nox1–Nox5 and DUOX1 and DUOX2). ECs
express mainly Nox2 and Nox4, although recent findings
suggest expression of Nox5 in human microvascular ECs.
Most studies suggest that the classic NADPH oxidase Nox2 is
involved in signaling activated by receptor tyrosine kinases
such as vascular endothelial growth factor receptor and
erythropoietin receptor. One of the original articles by
Schroder et al. (21) provides the new information that hepa-
tocyte growth factor-induced mobilization of EPCs in vivo and
its pro-angiogenic effects in ECs are mediated through Nox2-
derived ROS. They also show that Nox2 activated by hepa-
tocyte growth factor contributes to the phosphorylation of
Jak2-STAT3 and Jnk, which mediate the pro-angiogenic re-
sponse. As a possible downstream molecular targets of Jak2
and Jnk regulating EPCs mobilization, matrix metallo-
proteinases have been suggested, which may contribute to
release the cells out of the bone marrow into the blood stream.

EPC numbers inversely correlate with cardiovascular dis-
ease risk (15, 28, 30). Symptomatic coronary artery disease
(CAD) is frequently treated with organic nitrates. In the other
original article, Dr. Bauersachs and his group (25) compared
the effects of the NO donors isosorbide dinitrate and pen-
taerythritol tetranitrate (PETN) on numbers and function of
EPC and endothelial function in patients with symptomatic
CAD. They show that PETN treatment increased EPC number
and function by increasing antioxidative enzymes in ECs,
whereas isosorbide dinitrate has no effects on EPC and rather
worsens endothelial function in patients with CAD. This ob-
servation is important as it suggests that among a broad
choice of organic nitrates, some might be more beneficial than
others. Indeed, previous studies in animals and humans
suggest that PETN differs from all other nitrates in that it does
not induce nitrate tolerance and rather have additional anti-
oxidative properties (13). The work by Thum et al. (25) in this
Forum now demonstrates that this beneficial effect extends
beyond a simple action on the vessel toward a systemic ben-
eficial property, which also improves EPC function.

After the initial report on circulating endothelial precur-
sors, a population of vascular smooth muscle progenitor cells
was cultured from the circulating blood, adventitia, and bone
marrow. During atherosclerotic plaque and/or neointima
formation, neighboring cells such as mature endothelial cells
and smooth muscle cells from the media migrate to the intima
to replace dead endothelial cells through replication and ac-
quisition of a synthetic, pro-proliferative phenotype. How-
ever, recent data suggest that vascular smooth muscle cells
may also arise from EPCs and smooth muscle progenitors
recruited from adventitia, resident vascular stem/progenitor
cells, circulation, and other sites. Importantly, these cells have
the potential to contribute to atherosclerotic plaque develop-
ment and neointima formation. Thus, both endothelial and
smooth muscle progenitors may act as a double-edged sword
in the pathogenesis of arteriosclerosis. In this Forum, Cam-
pagnolo et al. (5) update the role of vascular progenitors in the
development of arteriosclerosis, specially focusing on the
nature, the characterization, the mechanisms of differentia-
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tion, and the controversial issues regarding the role of pro-
genitor cells in cardiovascular disease progression. Under-
standing the mechanism for controlling fate decision of
EPC differentiation into endothelial and smooth muscle is
fundamental for both basic research and for the treatment
of atherosclerosis.

A central factor limiting the success of the current thera-
peutic approaches of EPC therapy is the low homing effi-
ciency of EPCs to diseased tissue, in particular if not inflamed.
Homing of EPCs predominantly depends on the chemokines
attracting these cells into the target tissue and on the receptors
present on EPCs to allow an interaction with the target tissue.
The review by Chavakis and Dimmeler (6) specifically ad-
dresses the complex process of EPCs homing, covering all
important aspects from the attraction of the cells by chemo-
kines, the rolling induced by selectins and the firm adhesion
via integrins and adhesion molecules as well as the processes
of diapedesis and tissue integration. This detailed article also
analyzes the signal transduction of EPCs occurring during
these processes and sheds light on the complex interactions
between the signaling pathways and the differences in re-
ceptor expression and signaling between EPC populations.

The remaining article of this Forum by Asahara et al. (2) is
devoted to therapeutic aspects of EPCs. It updates the potential
value and current limitation of EPCs for therapeutic angio-
genesis in ischemic diseases, covering all aspects from a proper
definition of EPCs to the different therapeutic approaches.

Collectively, this Forum on EPCs draws a complex pic-
ture. The flawed terminology of the EPC field gave rise to a
large body of in part contradictive literature. It is now obvious
that a careful definition of the specific EPC in focus must
accompany any study on these cells and that findings in one
EPC population are not necessarily transferable to a different
population. Thus, in the best of all meanings, also in this sci-
ence, the model selected largely predicts the outcome of a
study. Scientifically, these developments are positive as they
have helped tremendously in improving our understand-
ing on EPC biology. Clinically, however, it is becoming pro-
gressively clearer that the initial expectations in EPCs as a
versatile, highly potent regenerative tool were more than ex-
aggerated. In humans, bone marrow-derived cells and even
EPCs can be used for regenerative cell therapy, but so far, the
functional improvements elicited by this technically ad-
vanced and laborious approach, which is not without clinical
risks, are relatively minor (19). The challenge of today’s
translational regenerative medicine therefore will be to select
the best EPC population for an individual therapeutic inter-
vention, and to expand these EPCs ex vivo to a significant
number sufficient for in vivo approaches. Finally, it is essential
to functionally improve these cells so that they have a higher
homing and integration capacity and a strong functional
impact.
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