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Endothelial progenitor cells in angiogenesis
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Abstract: Circulating blood contains a subtype of progenitor cells that have the capacity to differentiate into mature endothelial cells
in vitro and in vivo. These cells have been termed endothelial progenitor cells (EPCs). The isolation of EPCs by adherence culture or
magnetic microbeads has been described. EPCs are characterized by the expression of 3 markers, CD133, CD34, and the vascular
endothelial growth factor receptor-2. After differentiation, EPCs express CD31, vascular endothelial cadherin, and von Willebrand
factor.  Evidence is accumulating that EPCs can facilitate endothelial repair and angiogenesis in vivo. We observed that EPCs can
regenerate damaged endothelial cells in vascular grafts in apoE-deficient mice, and that abundant vascular progenitor cells are present in
the adventitia of the vessel wall. It is not clear yet, however, whether these EPCs are essential for these angiogenic and atherogenic
processes. Moreover, there are still many uncertainties about how cardiovascular risk factors alter EPC function. Thus, further studies
on the mechanisms of EPC homing, releasing and attaching will be of help to explore areas of potential basic research and clinical
application of EPCs.
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血管再生中的内皮祖细胞
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摘  要: 循环血液里存在一种被称为内皮祖细胞(endothelial progenitor cells, EPCs)的祖细胞亚群，具有在体内外分化为成熟内皮

细胞的能力。根据内皮祖细胞与其他血液细胞的粘附能力的差异和内皮祖细胞的抗原特异性，内皮祖细胞可通过贴壁培养和

免疫磁珠筛选而分离获得。内皮祖细胞可特异性表达三种祖细胞分子标志：CD133、CD34 和血管内皮生长因子受体 -2。当

内皮祖细胞分化为成熟内皮细胞后，血小板内皮细胞粘附分子 -1 (CD31)、血管内皮粘附素(VE-cadherin，又称 CD144)和Ⅷ

因子(vWF)表达将上调。越来越多的证据显示，内皮祖细胞有利于体内内皮损伤后修复和血管再生。我们的研究发现，内

皮祖细胞可修复 apoE- 缺陷小鼠血管移植物中的损伤内皮并且在动脉血管外膜中存在大量的血管祖细胞。然而，在机体的血

管再生和动脉硬化的形成进程中，这些内皮祖细胞的作用和机制还不太明确。另外，有关机体内相应心血管疾病危险因素是

如何影响内皮祖细胞功能的机制也不清楚。因此，对内皮祖细胞的归巢、释放和粘附机制的进一步深入研究将有助于人们探

索内皮祖细胞的基础理论和临床应用价值。
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Introduction
In 1997, Asahara et al.[1] reported for the first time about
endothelial progenitor cells (EPCs) that differentiated from
CD34+-enriched mononuclear cells in peripheral blood and

participated in vasculogenesis in the animal hindlimb is-
chemic model. In these studies, they used EPCs that was
spindle-shaped, derived from peripheral blood, and cul-
tured for less than 3 weeks. This EPC showed the limited
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proliferating potential for long-term culture and disappeared
4 to 6 weeks later in in vitro condition. But there were
reports[2,3] suggesting the existence of another type of EPC
that originated from bone marrow, circulated in peripheral
blood, and showed different morphology and proliferation
pattern from EPCs that Asahara[1] reported.

Accumulating evidence indicates the both types of EPCs
in the blood have the capacity to proliferate, migrate, and
differentiate into mature endothelial cells. EPCs are char-
acterized by expressing CD34 and vascular endothelial
growth factor receptor-2 (VEGFR-2), 2 antigens shared
by embryonic endothelial progenitors, and hematopoietic
stem cells[1]. Bone marrow-derived endothelial progenitors
are largely responsible for generating endothelial cells of
microvessels or neovascularization in ischemic or dam-
aged tissues[4,5], while vascular progenitor cells might be
important for replacement of dead endothelial cells in large
vessels. Vascular progenitor cells mainly localize in the ad-
ventitial layer and few, if any, in the intima under the en-
dothelium[6]. In addition, Planat et al.[7] reported that adi-
pose tissues contain progenitor cells which serve as com-
mon progenitors for both adipocytes and endothelial cells.
These vascular progenitor cells could be a source for re-
pairing the endothelium via direct or indirect pathways.

Stem/progenitor cells
One of the most promising areas in basic research to-
day involves the use of stem cells. These unique cells
have the capability to transform and replenish the dif-
ferent tissue types that make up the body, and they also
represent the fundamental building blocks of organ
development. In general, stem cells can be divided into
two broad categories: adult (somatic) stem cells and
embryonic stem cells[8]. One of the most fascinating
and important aspects of stem cells is their ability to
differentiate in vitro, via “progenitor cells”, into termi-
nally differentiated somatic cells of all tissue types, in-
cluding cardiomyocytes[9] and endothelial cells[10]. Be-
cause of the discovery that stem cells have a role in
vascular repair, stem cell research could be important
not only for understanding the pathogenesis of the
disease, but also for development of cell-based thera-
pies and tissue-engineering.

Most published papers in the field use the term progeni-
tor cells to describe circulating and bone marrow-derived
cells[11]. Evidence indicates that circulating “endothelial”
progenitor cells differentiate into mature endothelial cells,
macrophages, smooth muscle cells and cardiomyo-

cytes[12,13], although recent papers demonstrated that bone
marrow cells cannot differentiate into cardiomyocytes in
vivo[14,15]. In addition, bone marrow progenitor cells also
differentiate into other types of cells[16]. Importantly, re-
cent reports from several groups demonstrated that abun-
dant progenitor cells exist in the adventitia of the arterial
wall[6] and fat tissues[7], which might be sources of circu-
lating EPCs. At the present, it less clear how EPCs are
released from tissues into blood (Fig. 1). Further study is
needed to clarify the molecular mechanisms of progenitor
cell release and whether other sources of progenitor cells
contribute to EPC pool in circulation.

Isolation and culture of EPCs
EPCs can be isolated from bone marrow or peripheral
blood. In addition, EPCs have also been isolated from
fetal liver or umbilical cord blood[10]. To obtain two types
of EPCs sequentially from the same donors, Hur et al.[17]

cultured total mononuclear cells from human peripheral
blood, called them early EPCs and late EPCs. Early EPCs
with spindle shape showed peak growth at 2 to 3 weeks
and died at 4 weeks, whereas late EPCs with cobble-
stone shape appeared late at 2 to 3 weeks, showed ex-
ponential growth at 4 to 8 weeks, and lived up to 12
weeks. Late EPCs was different from early EPCs in the
expression of VE-cadherin, Flt-1, KDR, and CD45. Late
EPCs produced more nitric oxide, incorporated more
readily into human umbilical vein endothelial cells
monolayer, and formed capillary tube better than early
EPCs. Early EPCs secreted angiogenic cytokines
(vascular endothelial growth factor, interleukin 8) more
so than late EPCs during culture in vitro. Both types of
EPCs showed comparable in vivo vasculogenic capacity.
EPCs have the capacity to form capillary tubes in base-
ment matrix gel, to incorporate acetylated LDL and to
bind endothelial-specific lectin[17].

EPCs for angiogenesis.
EPCs may be involved in the regeneration of ischemic
myocardium by modulation of angiogenesis and
myogenesis, cardiomyocyte apoptosis, and remodeling
in the ischemic cardiac tissue[12]. EPCs have also been
reported to participate in cerebral neovascularization after
ischemic stroke. The fluorescent-labelled EPC integrated
into the vascular network and improved blood flow in
the affected limb. Furthermore, in rats, after coronary
ligation, injection of EPC improved vascularization, re-
duced infarct size and preserved cardiac function[12].
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Elegant experiments with bone marrow transplants in
animal models further proved that donor marrow-de-
rived endothelial cells (apparent from transgenic marker
gene expression behind and dependent on endothelial
promoters) are incorporated in new vasculature in
tumours, healing wounds, the myometrium and is-
chaemia-damaged brain tissues (stroke) of the host[18,19].
From these combined data, it is likely that the EPC-
dependent vasculogenesis facilitates both angiogenesis
and arteriogenesis (Fig. 1).

Progenitor cells regenerate dying mature endothe-
lial cells
Atherosclerosis is a slowly progressive disease that begins
in childhood but does not become clinically manifest until
middle age or later[20]. The atherosclerotic lesion is defined
by intimal cell proliferation, lipid accumulation, and con-
nective tissue deposition.  Depending on their size and
composition, the lesions are usually divided into fatty
streaks, predominantly consisting of lipid-rich macroph-
ages and T lymphocytes within the innermost layer of the
artery wall, and plaques, advanced stages of the lesions,

which are also called “atheroma”. The three major cellular
components of human atherosclerotic plaques are the
smooth muscle cells (SMCs), which dominate the fibrous
cap, the macrophages, which are the most abundant cell
type around the necrotic core, and the lymphocytes[21],
which have been mainly ascribed to the fibrous cap[22].

It may be impossible to determine with certainty the
lifespan of endothelial cells at different sites of the arterial
wall in humans. Therefore, systematic examination of the
sequence of endothelial turnover occurring in animal mod-
els that are like humans is particularly useful. There is evi-
dence of structural and functional heterogeneities in the
endothelium of large and middle-sized arteries[23,24]. While
overall rates of cell turnover are very low[25], there are clus-
ters of increased cell replication that are correlated with
increased permeability to plasma proteins[26,27]. Thus, en-
dothelial turnover occurs at a physiological state which is
enhanced or promoted by risk factors, e.g. hyperlipidemia
and hypertension.

To take advantage of transgenic animals, we recently
developed and characterised a new animal model of vein
graft atherosclerosis in wild-type[28] and apoE-deficient

Fig. 1. EPC generation and angiogenesis. EPCs could be released from bone marrow, fat tissues, adventitia and possibly spleen into blood,
where they express CD133 at the early stage, and then CD34-Flk-1. Circulating EPCs can form neovessels in infarcted tissues, repair damaged
endothelial cells of large vessels, and also be expanded in vitro using for cell therapy.
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mice[29]. The lesion displayed classical complex morpho-
logical features and a heterogeneous cellular composition.
Furthermore, transgenic mice expressing LacZ genes con-
trolled by specific endothelial, SMC or house keeping gene
promoters are now available. When these mice are crossed
with apoE knockout mice, which develop spontaneous ath-
erosclerosis[30], then staining the tissue with X-gal enables
the detection of endothelial origins in vein grafts. We dem-
onstrated that circulating stem/progenitor cells cover the
surface of neointimal and atherosclerotic lesions of vein
grafts. Similarly, arterial endothelium is also replaced by
stem/progenitor cells when an arterial segment is isografted
in animal models. Furthermore, other groups have demon-
strated that circulating stem/progenitor cells contribute to
the endothelial regeneration of vein grafts[31] and injured
arteries[32-36] in mouse models, which can be influenced by
ageing, estrogen and drug treatment.

Concerning endothelial turnover and stem/progenitor cell
replacement in the vessel wall in humans, a recent report
demonstrated that significant endothelial cell replacement
by circulating progenitor cells occurs in human transplant
vessels[37]. In addition, it is well known that endothelial
apoptosis occurs at the sites where the endothelium is ex-
posed to lower or disturbed shear stress. Evidence from
human study indirectly supports the notion that dead en-
dothelial cells in arteries might be also replaced by progeni-
tor cells, rather than mature endothelial cells neighbouring
the lost cell.

Ageing influences progenitor cells
Atherosclerosis is an ageing-related disease, in which al-
tered mature endothelial and progenitor cells in ageing could
be responsible for the disease mechanism. The data have
indicated that ageing cells are sensitive to stress-induced
apoptosis in vitro and in vivo[38]. Arterial endothelium of
young people are much more resistant to injuries like smok-
ing or hyperlipidemia. It is conceivable that older people
have a higher turnover rate of endothelial cells. Such con-
tinuous endothelial damage or dysfunction leads to an even-
tual depletion or exhaustion of a presumed finite supply of
endothelial stem/progenitor cells[39]. Rauscher et al.[40] pro-
vided direct evidence that cells with vascular progenitor
potential are decreased in the bone marrow of ageing apoE-
/- mice. Chronic treatment with bone marrow-derived pro-
genitor cells from young nonatherosclerotic apoE-/- mice
prevents atherosclerosis progression in apoE-/- recipients
despite persistent hypercholesterolemia. In contrast, treat-
ment with bone marrow cells from older apoE-/- mice

with atherosclerosis is much less effective.  These sug-
gest that progenitor cell numbers can be exhausted with
ageing due to ongoing replacement of dead endothelial cells.

Summary and perspectives
Due to the introduction of new techniques, a great amount
of information has become available at the cellular and
molecular levels during last decade, which has expanded
our understanding of the role of EPCs. EPCs obviously
participate in the regeneration of injured endothelium and
of ischemic organs. A standardization of the procedures
used for the isolation, phenotypic characterization, and
culture of these cells will be a prerequisite for the use of
EPC quantification in vivo as a diagnostic or prognostic
tool or as a surrogate marker in clinical or pharmacothera-
peutical studies. Besides other open questions, the role of
CD34-negative cells in the process of vessel wall or tissue
remodelling needs to be clarified. In addition, additional
experimental, clinical, and cell biological studies are needed
to increase the understanding of the function of EPCs and
of the factors that determine their number and turnover
rate as well as the mechanisms that stimulate or inhibit
their mobilization, differentiation, and homing in vitro and
in vivo. Such investigations are required to explore areas
of future basic and clinical research, particularly because
the first clinical trials using progenitor cells have just been
started.

Furthermore, progenitor cells have the unique properties
for cell replacement and possible role in atherosclerosis.
Several key issues within this concept have to be addressed
in further studies. First, we need to know whether focal
areas of arterial endothelial cells in humans are replaced by
progenitor cells in the physiological state at the early life, e.
g. infant, and how it is related to initiation of fatty streak.
At the present, it might be difficult, if impossible, due to
ethical and technical aspects. The second basic science
issue to be determined is the molecular mechanisms of
progenitor cells in homing, attachment, chemoattractant,
differentiation in vivo and in vitro. Finally, the data of in
vivo studies mostly come from investigations using animal
models, especially mice. Although some results obtained
from mice are verified by human studies showing a similar
pattern[41], further confirmation on human subjects is
needed.

In summary, much knowledge on stem/progenitor cells
and vascular cell biology has been gained, which should
permit us to develop new diagnostic tools and new strate-
gies for prevention and therapy, by further testing the hy-
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pothesis of angiogenesis and atherogenesis.

 REFERENCES

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

2 Kawamoto A, Gwon HC, Iwaguro H, Yamaguchi JI, Uchida S,
Masuda H, Silver M, Ma H, Kearney M, Isner JM, Asahara T.
Therapeutic potential of ex vivo expanded endothelial progenitor
cells for myocardial ischemia. Circulation 2001; 103: 634-637.

3 Lin Y, Weisdorf DJ, Solovey A, Hebbel RP. Origins of circulat-
ing endothelial cells and endothelial outgrowth from blood. J Clin
Invest 2000; 105: 71-77.

4 Asahara T, Masuda H, Takahashi T, Kalka C, Pastore C, Silver
M, Kearne M, Magner M, Isner JM. Bone marrow origin of
endothelial progenitor cells responsible for postnatal
vascu logenesis  in  physiological and pathological
neovascularization. Circ Res 1999; 85: 221-228.

5 Crosby JR, Kaminski WE, Schatteman G, Martin PJ, Raines
EW, Seifert RA, Bowen-Pope DF. Endothelial cells of hemato-
poietic origin make a significant contribution to adult blood ves-
sel formation. Circ Res 2000; 87: 728-730.

6 Hu Y, Zhang Z, Torsney E, Afzal AR, Davison F, Metzler B, Xu
Q. Abundant progenitor cells in the adventitia contribute to ath-
erosclerosis of vein grafts in ApoE-deficient mice. J Clin Invest
2004; 113: 1258-1265.

7 Planat-Benard V, Silvestre JS, Cousin B, Andre M, Nibbelink
M, Tamarat R, Clergue M, Manneville C, Saillan-Barreau C,
Duriez M, Tedgui A, Levy B, Penicaud L, Casteilla L. Plasticity
of human adipose lineage cells toward endothelial cells: physi-
ological and therapeutic perspectives. Circulation 2004; 109: 656-
663.

8 Gepstein L. Derivation and potential applications of human
embryonic stem cells. Circ Res 2002; 91: 866-876.

9 Doetschman TC, Eistetter H, Katz M, Schmidt W, Kemler R.
The in vitro development of blastocyst-derived embryonic stem
cell lines: formation of visceral yolk sac, blood islands and
myocardium. J Embryol Exp Morphol 1985; 87: 27-45.

10 Hristov M, Erl W, Weber PC. Endothelial progenitor cells:
mobilization, differentiation, and homing. Arterioscler Thromb
Vasc Biol 2003; 23: 1185-1189.

11 Szmitko PE, Fedak PW, Weisel RD, Stewart DJ, Kutryk MJ,
Verma S. Endothelial progenitor cells: new hope for a broken
heart. Circulation 2003; 107: 3093-3100.

12 Yeh ET, Zhang S, Wu HD, Korbling M, Willerson JT, Estrov Z.
Transdifferentiation of human peripheral blood CD34+-enriched
cell population into cardiomyocytes, endothelial cells, and smooth
muscle cells in vivo. Circulation 2003; 108: 2070-2073.

13 Badorff C, Brandes RP, Popp R, Rupp S, Urbich C, Aicher A,

Fleming I, Busse R, Zeiher AM, Dimmeler S. Transdifferentiation
of blood-derived human adult endothelial progenitor cells into
functionally active cardiomyocytes. Circulation 2003; 107: 1024-
1032.

14 Balsam LB, Wagers AJ, Christensen JL, Kofidis T, Weissman
IL, Robbins RC. Haematopoietic stem cells adopt mature
haematopoietic fates in ischaemic myocardium. Nature 2004; 428:
668-673.

15 Murry CE, Soonpaa MH, Reinecke H, Nakajima H, Nakajima
HO, Rubart M, Pasumarthi KB, Virag JI, Bartelmez SH, Poppa
V, Bradford G, Dowell JD, Williams DA, Field LJ. Haematopoietic
stem cells do not transdifferentiate into cardiac myocytes in
myocardial infarcts. Nature 2004; 428: 664-668.

16 Quaini F, Urbanek K, Beltrami AP, Finato N, Beltrami CA,
Nadal-Ginard B, Kajstura J, Leri A, Anversa P. Chimerism of the
transplanted heart. N Engl J Med 2002; 346: 5-15.

17 Hur J, Yoon CH, Kim HS, Choi JH, Kang HJ, Hwang KK, Oh
BH, Lee MM, Park YB. Characterization of two types of en-
dothelial progenitor cells and their different contributions to
neovasculogenesis. Arterioscler Thromb Vasc Biol 2004; 24: 288-
293.

18 Kalka C, Masuda H, Takahashi T, Kalka-Moll WM, Silver M,
Kearney M, Li T, Isner JM, Asahara T. Transplantation of ex vivo
expanded endothelial progenitor cells for therapeutic
neovascularization. Proc Natl Acad Sci USA 2000; 97: 3422-3427.

19 Takahashi T, Kalka C, Masuda H, Chen D, Silver M, Kearney
M, Magner M, Isner JM, Asahara T. Ischemia- and cytokine-
induced mobilization of bone marrow-derived endothelial pro-
genitor cells for neovascularization. Nat Med 1999; 5: 434-438.

20 Stary HC. Evolution and progression of atherosclerotic lesions
in coronary arteries of children and young adults. Arteriosclero-
sis 1989; 9: I19-I32.

21 Hansson GK, Libby P, Schonbeck U, Yan ZQ. Innate and adap-
tive immunity in the pathogenesis of atherosclerosis. Circ Res
2002; 91: 281-291.

22 Stary HC, Chandler AB, Glagov S, Guyton JR, Insull W Jr,
Rosenfeld ME, Schaffer SA, Schwartz CJ, Wagner WD, Wissler
RW. A definition of initial, fatty streak, and intermediate lesions
of atherosclerosis. A report from the Committee on Vascular
Lesions of the Council on Arteriosclerosis, American Heart
Association. Circulation 1994; 89: 2462-2478.

23 Gerritsen ME. Functional heterogeneity of vascular endothelial
cells. Biochem Pharmacol 1987; 36: 2701-2711.

24 Schnittler HJ. Structural and functional aspects of intercellular
junctions in vascular endothelium. Basic Res Cardiol 1998; 93
Suppl 3: 30-39.

25 Schwartz SM, Benditt EP. Cell replication in the aortic
endothelium: a new method for study of the problem. Lab Invest
1973; 28: 699-707.

26 Schwartz SM, Benditt EP. Clustering of replicating cells in aor-



Acta Physiologica Sinica, February 25, 2005, 57 (1): 1-66

tic endothelium. Proc Natl Acad Sci USA 1976;73:651-653.
27 Caplan BA, Schwartz CJ. Increased endothelial cell turnover in

areas of in vivo Evans Blue uptake in the pig aorta. Atherosclerosis
1973; 17: 401-417.

28 Zou Y, Dietrich H, Hu Y, Metzler B, Wick G, Xu Q. Mouse
model of venous bypass graft arteriosclerosis. Am J Pathol 1998;
153: 1301-1310.

29 Dietrich H, Hu Y, Zou Y, Huemer U, Metzler B, Li C, Mayr M,
Xu Q. Rapid development of vein graft atheroma in ApoE-
deficient mice. Am J Pathol 2000; 157: 659-669.

30. Zhang SH, Reddick RL, Piedrahita JA, Maeda N. Spontaneous
hypercholesterolemia and arterial lesions in mice lacking
apolipoprotein E. Science 1992; 258: 468-471.

31 Zhang L, Freedman NJ, Brian L, Peppel K. Graft-extrinsic cells
predominate in vein graft arterialization. Arterioscler Thromb
Vasc Biol 2004; 24: 470-476.

32 Vasa M, Fichtlscherer S, Adler K, Aicher A, Martin H, Zeiher
AM, Dimmeler S. Increase in circulating endothelial progenitor
cells by statin therapy in patients with stable coronary artery
disease. Circulation 2001; 103: 2885-2890.

33 Walter DH, Rittig K, Bahlmann FH, Kirchmair R, Silver M,
Murayama T, Nishimura H, Losordo DW, Asahara T, Isner JM.
Statin therapy accelerates reendothelialization: a novel effect in-
volving mobilization and incorporation of bone marrow-derived
endothelial progenitor cells. Circulation 2002; 105: 3017-3024.

34 Werner N, Junk S, Laufs U, Link A, Walenta K, Bohm M, Nickenig
G. Intravenous transfusion of endothelial progenitor cells re-
duces neointima formation after vascular injury. Circ Res 2003;
93: e17-e24.

35 Werner N, Priller J, Laufs U, Endres M, Bohm M, Dirnagl U,
Nickenig G. Bone marrow-derived progenitor cells modulate
vascular reendothelialization and neointimal formation: effect of
3-hydroxy-3-methylglutaryl coenzyme a reductase inhibition.
Arterioscler Thromb Vasc Biol 2002; 22: 1567-1572.

36 Griese DP, Ehsan A, Melo LG, Kong D, Zhang L, Mann MJ,
Pratt RE, Mulligan RC, Dzau VJ. Isolation and transplantation
of autologous circulating endothelial cells into denuded vessels
and prosthetic grafts: implications for cell-based vascular therapy.
Circulation 2003; 108: 2710-2715.

37 Simper D, Wang S, Deb A, Holmes D, McGregor C, Frantz R,
Kushwaha SS, Caplice NM. Endothelial progenitor cells are de-
creased in blood of cardiac allograft patients with vasculopathy
and endothelial cells of noncardiac origin are enriched in trans-
plant atherosclerosis. Circulation 2003; 108: 143-149.

38 Hoffmann J, Haendeler J, Aicher A, Rossig L, Vasa M, Zeiher
AM, Dimmeler S. Aging enhances the sensitivity of endothelial
cells toward apoptotic stimuli: important role of nitric oxide. Circ
Res 2001; 89: 709-715.

39 Goldschmidt-Clermont PJ. Loss of bone marrow-derived vascu-
lar progenitor cells leads to inflammation and atherosclerosis. Am
Heart J 2003; 146: S5-S12.

40 Rauscher FM, Goldschmidt-Clermont PJ, Davis BH, Wang T,
Gregg D, Ramaswami P, Pippen AM, Annex BH, Dong C, Tay-
lor DA. Aging, progenitor cell exhaustion, and atherosclerosis.
Circulation 2003; 108: 457-463.

41 Xu Q. Mouse models of arteriosclerosis: From arterial injuries to
vascular grafts. Am J Pathol 2004; 165: 1-10.


