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The endothelium controls several vascular functions, in-
cluding vascular tone and permeability, thrombosis, he-

mostasis, and angiogenesis.1 It is noteworthy that all these 
functions can be regulated by activation of receptors, and the 
same receptor can activate multiple endothelial functions.2 
The adrenergic system is the major regulator of cardiac and 
vascular function, and, in particular, it controls endothelial 
vasodilatation through β

2
- and α-adrenergic receptors (ARs). 

In this regard, we previously demonstrated that β
2
AR plays a 

critical role in adult ECs proliferation and function, providing 
evidence on the role of β

2
AR in regulating neoangiogenesis in 

response to ischemia.3 Recent studies supported the thesis that 
regeneration of the injured endothelium involves the partici-
pation of cells from adult bone marrow. Indeed, bone marrow–
derived endothelial progenitor cells (EPCs) are present in the 
systemic circulation and they home to sites of ischemic injury 

where they function to promote neovascularization.4–7 These 
characteristics open a large spectrum of potential therapeutic 
options using EPCs for repairing injured vessel wall and neo-
vascularization of ischemic tissues. Nevertheless, these strate-
gies seem to be limited by the extremely low number of EPCs, 
which represent <0.02% of circulating cell in the peripheral 
blood.8 Moreover, EPCs’ number and activity inversely corre-
late with age and cardiovascular risk factors, such as diabetes 
mellitus, hypercholesterolemia, hypertension, smoking habit, 
and family history of coronary artery disease.9,10 Therefore, 
molecular approaches aimed to improve EPCs’ number and 
activity are pivotal in the development of this novel thera-
peutic strategy and, as consequence, the knowledge of the 
molecular mechanisms that are behind EPCs’ proangiogenic 
properties is needful. Because we demonstrated the crucial 
role of β

2
AR to modulate proangiogenic responses of adult 
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Rationale: Endothelial progenitor cells (EPCs) are present in the systemic circulation and home to sites of ischemic 
injury where they promote neoangiogenesis. β

2
-Adrenergic receptor (β

2
AR) plays a critical role in vascular tone 

regulation and neoangiogenesis.
Objective: We aimed to evaluate the role of β2AR on EPCs’ function.
Methods and Results: We firstly performed in vitro analysis showing the expression of β

2
AR on EPCs. Stimulation 

of wild-type EPCs with β-agonist isoproterenol induced a significant increase of Flk-1 expression on EPCs as 
assessed by fluorescence-activated cell sorter. Moreover, β

2
AR stimulation induced a significant increase of cell 

proliferation, improved the EPCs migratory activity, and enhanced the EPCs’ ability to promote endothelial cell 
network formation in vitro. Then, we performed in vivo studies in animals model of hindlimb ischemia. Consistent 
with our in vitro results, in vivo EPCs’ treatment resulted in an improvement of impaired angiogenic phenotype 
in β

2
AR KO mice after induction of ischemia, whereas no significant amelioration was observed when β

2
AR knock 

out (KO) EPCs were injected. Indeed, wild-type–derived EPCs’ injection resulted in a significantly higher blood 
flow restoration in ischemic hindlimb and higher capillaries density at histological analysis as compared with not 
treated or β

2
AR KO EPC-treated mice.

Conclusions: The present study provides the first evidence that EPCs express a functional β
2
AR. Moreover, β

2
AR 

stimulation results in EPCs proliferation, migration, and differentiation, enhancing their angiogenic ability, 
both in vitro and in vivo, leading to an improved response to ischemic injury in animal models of hindlimb 
ischemia. (Circ Res. 2013;112:1026-1034.)
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ECs, both in vivo and in vitro,2 we hypothesized that these 
receptors could be relevant also to the angiogenic function of 
circulating EPCs. Furthermore, it can represent a potential tar-
get to enhance EPCs’ ability to promote neovascularization. 
Therefore, we first evaluated the expression of β

2
AR on EPCs, 

then analyzed in vitro the effect of β
2
AR stimulation on EPCs’ 

differentiation and function. Finally, we analyzed the effect of 
β

2
AR stimulation on EPCs, performing in vivo studies in rat 

and mouse models of hindlimb ischemia.

Methods
Animals
Homozygous β

2
AR KO male mice 5 backcrosses11 in a C57/BL6 

background used as referral strain (wild type) at 8 to 16 weeks of 
age11 and Normotensive Wistar Kyoto male rats (Charles Rivers 
Laboratory International) at 12 weeks of age were used for this study. 
All animal procedures were carried out in observance with Federico 
II University guidelines.

EPCs’ Isolation and Characterization
Circulating EPCs were harvested 7 days after surgery and cultured on 
fibronectin-coated plates.8,12,13 After 7 days of culturing, attached cells 
were further characterized with immunostaining and investigated the 
ability to express endothelial markers both by immunofluorescence 
and fluorescence-activated cell sorter (FACS), as reported in Online 
Figure I. Finally, cells were tested for the ability to form tubules in 
vitro when cocultured with human umbilical vein ECs. Thus, cells ex-
pressing all the characteristics reported in Table 1 are defined through 
this article as EPCs (see OnlineData Supplement Methods for further 
details).

β-AR Binding Assay
Membrane fractions were used for β-AR radioligand binding as-
say using the nonselective β-AR antagonist [125I]-Cyanopindolol 
(125I-CYP), as previously reported3 (see OnlineData Supplement 
Methods for further details).

Western Immunoblot Analysis
Western blots (WB) were performed to assess the cellular expression 
of β

2
AR and phosphorylated isophorm of protein kinase B (AKT) 

and retinoblastoma protein on EPCs (see OnlineData Supplement 
Methods for further details).

Immunofluorescence
Cells were grown in 4-chamber slides, fibronectin-coated, and im-
munofluorescence was performed as previously reported14 (see 
OnlineData Supplement Methods for further details).

Real Time-Polymerase Chain Reaction Analysis
β

2
 AR mRNA level was determined by quantitative real-time poly-

merase chain reaction (Step-One, Applied Biosystems, Milano, Italy; 
see OnlineData Supplement Methods for further details).

Flow Cytometry
FACS analysis was used to detect the cell surface expression of the 
endothelial and to exclude expression of leukocyte or myeloid cell 
surface markers (see OnlineData Supplement Methods for further 
details).

Vascular Endothelial Growth Factor  
Quantification
ELISA was performed to quantify vascular endothelial growth factor 
(VEGF) production in cultured medium (see OnlineData Supplement 
Methods for further details).

EPCs’ Migration Assay
As previously described,8 EPCs’ migration assays were performed 
using a modified Boyden chamber assay. To further confirm the de-
fined EPCs’ phenotype, cells migrating in the lower chamber were 
tested by FACS for all the cell surface markers reported in Table 1 
(see OnlineData Supplement Methods for further details).

Matrigel Assay
To detect vascular network formation in vitro, Matrigel assay was 
performed on commercially available 96-well multidishes coated 
with growth factor-reduced Matrigel by Biocoat Angiogenesis sys-
tem for Endothelial Cell Tube Formation (Becton Dickinson) accord-
ing to the manufacturer’s instructions (see OnlineData Supplement 
Methods for further details).

Adenoviral Constructs
Adenovirus vectors encoding for the β

2
AR (Adβ

2
AR) or for an emp-

ty vector were a kind gift from Professor Walter J. Koch (Temple 
University, Philadelphia, PA).15

Animal Models of Ischemia
Mice or rats were subjected to unilateral hindlimb femoral artery re-
moval3 (see OnlineDataSupplement Methods for further details).

Blood-Flow Analysis
Blood flow was evaluated by dyed bead perfusion and digital angi-
ography analysis (see OnlineData Supplement Methods for further 
details).

Histological Analysis
Capillary density within tibialis anterior muscle was used for histo-
logical study (see OnlineData Supplement Methods for further details).

Results
Expression of β2AR on EPCs
To investigate the expression of the β

2
AR on cells cultured 

and characterized as above described, we first performed an 
immunoblot analysis that revealed the baseline expression 
of β

2
AR on EPCs. β

2
AR expression on EPCs was not in-

creased by stimulation with the β
2
AR agonist isoproterenol 

Nonstandard Abbreviations and Acronyms

AR adrenergic receptor

ECs endothelial cells

EPCs endothelial progenitor cells

FACS fluorescence-activated cell sorters

HUVECs human umbilical vein endothelial cells

ISO isoproterenol

WB Western blot

Table 1. Endothelial Progenitor Cells’ Characterization

Ac low-density lipoprotein binding +

Ulex europaeus agglutinin 1 plant leptin binding +

Phenotypic appearance at fluorescence-activated cell sorters:

 Vascular endothelial cadherin +

 FLK-1 +

 CD34 +

 CD31 +

 e-NOS +

 CD45 −

 CD14 −

 In vitro tube formation +
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(ISO; Figure 1A). Equal amount of proteins were confirmed 
by immunoblot for actin. The expression of β

2
AR on EPCs 

was further confirmed by FACS analysis (Figure 2B). The 
cell surface expression of the ECs’ antigen Flk-1 (VEGF-
receptor 2) is a typical feature of ECs and is a key for an-
giogenesis. Thus, we performed an immunocytochemistry 
analysis to demonstrate the colocalization of β

2
AR and 

FLK-1 on EPCs’ surface. As depicted in the Figure 1C, fluo-
rescence microscopy confirmed that EPCs express on their 
surface β

2
AR and, as expected, FLK-1. The colocalization of 

β
2
AR with the panoply cell surface marker used to describe 

EPCs was further confirmed by FACS analysis, as indicated 
in Figure 1D. Finally, an EPC I-CYP ligand competition 

curve with the highly selective β1-CGP 20712a was con-
ducted to quantify the percentage of β

2
AR on these cells. 

As reported in the Figure 1E, using this compound we found 
that, on these cells, ≈70% of β-AR are β

2.
 The Scatchard plot 

of the I-CYP ligand binding data is reported in the Online 
Figure II. To confirm that the β

2
ARs represent the most im-

portant subtype in the response to β
2
AR stimulation in EPCs, 

we observed AKT activation by WB before and after stimu-
lation with ISO. Cells were cultured for 7 days on fibronec-
tin-coated wells and then stimulated with ISO, at constant 
concentration of 10−8 mol/L. WB revealed that ISO treatment 
led to an increased activity of β

2
AR target AKT, with a sig-

nificant increase of p-AKT/total AKT ratio, as previously 

Figure 1. Expression of β2 adrenergic receptor (β2AR) on endothelial progenitor cells (EPCs). To investigate the expression of β2AR, 
Western blot (WB) was performed on EPCs harvested from Wistar Kyoto male rats and cultured on fibronectin-coated wells. A, After 7 
days of culturing, EPCs were stimulated with isoproterenol (ISO), a potent β receptor agonist, at different timelines, and WB analysis was 
performed demonstrating the expression of β2AR on these cells. Densitometric analysis (bar graph) showed that β2AR stimulation by 
ISO (10−8 mol/L) did not affect β2AR expression. Equal amount of proteins were confirmed by immunoblotting for actin. Representative 
blots are presented in the inset. B, The expression of β2AR on EPCs surface was further confirmed by fluorescence-activated cell sorters 
analysis. Gray line The cell basal isotype; red line cells positive for β2AR after probing with specific β2AR fluorescein isothiocyanate-
conjugated antibody. C, To further investigate this issue, we performed immunocytochemistry for colocalization of β2AR and EPCs marker 
Flk-1. Fluorescence microscopy revealed that EPCs express on their surface β2AR (green fluorescence) and, as expected, Flk-1 (red 
fluorescence); superimposed image demonstrated the colocalization of both receptors on EPCs surface (merged image). Representative 
images are presented in the inset. D, Colocalization of β2AR and Flk-1 was further confirmed by fluorescence-activated cell sorters 
analysis that showed that 60% of these cells expressed on their cells surface both markers. Flk-1-positive cells are underlying the M1 
line, whereas M2 indicates cells positive for both Flk-1 and β2AR. E, Finally, a β-receptor binding on EPCs was performed using the β1AR 
selective blocker CGP 20712a (CGP). With this compound, we found that roughly 30% of βAR are β1, confirming the expression of βAR 
on these cells, with prevalence of β2AR (70%). Value are expressed as fmol/mg on x axis and as relative percentages on y axis. F, To 
confirm that the β2AR represents the most important subtype in response to β2AR stimulation in EPCs, we observed AKT activation by WB 
before and after stimulation with ISO and we found that ISO treatment led to an increased activity of β2AR target AKT, with a significant 
increase of p-AKT/total AKT ratio. Noteworthy, the stimulation with the more selective β2AR agonist fenoterol (FENO) led to very similar 
increase of p-AKT as compared with ISO. Reciprocally, ISO stimulation of EPCs after pretreatment with of β2AR-blocker ICI prevents AKT 
activation. The quantification of p-AKT/total AKT ratio is reported in densitometric analysis (bar graph). *P<0.05; n=3 in duplicate.
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reported in the adult ECs. Noteworthy, the stimulation with 
the more selective β

2
AR agonist Fenoterol led to very simi-

lar increase of p-AKT as compared with ISO. Reciprocally, 
ISO stimulation of EPCs after pretreatment with of β

2
AR-

blocker ICI 118 551 (ICI) prevents AKT activation (Figure 
1F). Finally, as reported in the Online Figure III, ISO stimu-
lation of Adβ

2
AR EPC results in a further increase of down-

stream signaling, as demonstrated by a significant increase 
of p-AKT, compared with the ISO-stimulated EPCs. Taken 
together, these data suggest that EPCs express functionally 
relevant β

2
AR.

Effects of β2AR Stimulation on EPCs’ Proliferation 
and Differentiation In Vitro
Having demonstrated that EPCs express a functional β

2
AR, 

we investigated the role of this receptor on EPCs’ prolifera-
tion and differentiation. After completion of 7-day culturing 
on fibronectin-coated wells, cells were stimulated with ISO 
10−8 mol/L for 3 or 6 hours. As reported in Figure 2A, the 
number of EPCs, as determined by DiI-acetylated low-density 
lipoprotein/lectin double-positive cells, was significantly in-
creased by ISO stimulation both at 3 and at 6 hours as com-
pared with cells cultured in the absence of ISO. These data 

Figure 2. Effect of β2AR on endothelial progenitor cells (EPCs). After demonstrating that EPCs express a functional β2AR, we 
investigated the role of this receptor on EPCs proliferation and differentiation. A, EPCs’ number was significantly increased by treatment 
with isoproterenol (ISO) after both 3 and 6 h of stimulation, with a maximal effect at 6 h. B, To explore the effect of ISO stimulation on 
EPCs’ number, we investigated the expression of phosphorylated form of retinoblastoma protein (p-RB), a marker of cell proliferation, 
in these cells. The western blot revealed a significant increase of p-RB in EPCs when these cells were stimulated with ISO both at 3 
and at 6 h as compared with basal conditions, indicating a significant increase of proliferation rate in EPCs. C, Then, to explore the 
effect of β2AR stimulation on EPCs differentiation, we investigated Flk-1 expression on cells, cultured as above described, performing a 
fluorescence-activated cell sorter analysis before and after ISO stimulation. We found that ISO stimulation led to a significant increase in 
the expression of Flk-1, both at 3 and at 6 h, compared with the absence of stimulation, suggesting that β2AR stimulation acts promoting 
EPCs differentiation. Quantitative analysis of Flk-1 expression assessed by fluorescence-activated cell sorter is showed in bar graph. 
D, Finally, to further investigate our findings, we investigated the mRNA levels of endothelial markers Flk-1 and von Willebrand factor 
(vWF), and of smooth muscle actin (SMA), a smooth muscle cell marker identified as indicator of endothelial-smooth muscle transition in 
cultured endothelial cells. reverse transcriptase-polymerase chain reaction showed significant increase of endothelial markers FLK-1 and 
von Willebrand factor after stimulation with ISO, at both 3 and 6 h, whereas no significant difference in expression levels of these markers 
was noted when cells were pretreated with ICI before being stimulated with ISO, further confirming that β2AR signaling is involved in 
the differentiation of EPCs. No significant change in smooth muscle actin levels was noted between basal conditions and after the 
different stimulations, suggesting that this marker is independent of β2AR. *P<0.05 vs absence of ISO; §P<0.01 vs absence of ISO; n=3 in 
duplicate.
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were further confirmed by FACS analysis for all markers used 
to describe EPCs (data not showed). To explore the cause of 
increased EPCs’ number after stimulation of β

2
AR, we per-

formed a WB on phosphorylated form of retinoblastoma pro-
tein, a marker of cell proliferation, that showed a significant 
increase of this protein after ISO stimulation (Figure 2B), in-
dicating a significant increase of proliferation rate in EPCs. 
Then, to explore the effect of β

2
AR stimulation on differen-

tiation, we investigated Flk-1 expression on cells, cultured as 
described above, performing a FACS analysis before and after 
ISO stimulation. We found that ISO stimulation led to a sig-
nificant increase in the expression of this EC maker protein, 
both at 3 and at 6 hours (Figure 2C), compared with basal con-
ditions, suggesting that β

2
AR stimulation acts on the EPCs’ 

fraction of circulating mononuclear cells to promote differen-
tiation. Moreover, ISO stimulation of Adβ

2
AR EPCs results 

in further increase of both p-retinoblastoma protein and Flk-1  
expression on these cells, as reported in the Online Figure 
IIIB and IIIC. To corroborate our findings, we performed a 
reverse transcriptase-polymerase chain reaction for Flk-1 
and von Willebrand factor, as endothelial markers, and for 
smooth muscle actin, a smooth muscle cell marker identified 
as indicator of endothelial-smooth muscle transition in cul-
tured ECs.16 As reported in Figure 2D, we found a significant 
increase of endothelial markers FLK-1 and von Willebrand 
factor after stimulation with ISO, whereas no significant dif-
ference in expression levels of these markers was noted when 
cells were pretreated with ICI before being stimulated with 
ISO. Taken together, these data suggest that β

2
AR signaling 

contributes to the differentiation of EPCs. Finally, no change 
in mRNA levels for smooth muscle actin was observed after 
ISO stimulation or when EPCs where treated with ISO and 
ICI, suggesting that this marker was independent from β

2
AR.

Effects of β2AR Stimulation on the Angiogenesis  
In Vitro
Cellular migration is required for vascular network formation. 
Therefore, we examined the effect of β

2
AR stimulation with 

ISO on unidirectional migration of DiI-acetylated low-density 
lipoprotein–labeled EPCs using a modified Boyden chamber 
assay. As shown in Figure 3A, ISO stimulation of EPCs led 
to a significant increase in migratory activity compared with 
control. EPCs exhibit the ability to promote the formation of 
vascular networks in vitro.9 Coculture of human umbilical 
vein endothelial cells and DiI-Ac–labeled EPCs on a Matrigel 
matrix revealed that ISO treatment promoted EPCs incorpora-
tion into network structures in a dose–response manner. As 
reported in Figure 3B through 3D both EPCs’ incorporation 
into the network formations and the total number of tubules 
per microscopic field were significantly higher when EPCs 
were stimulated with ISO. To gain more insight on the effect 
of β

2
AR on EPCs angiogenic properties, we performed mi-

gration and vascular formation assays using EPCs harvested 
from β

2
AR KO mice. As depicted in Figure 3A through 3D, 

β
2
AR KO EPCs showed a significant reduction in the in vitro 

migratory activity and vascular network formation when com-
pared with wild-type EPCs, and this effect was not improved 
by treatment with ISO. Finally, we analyzed the VEGF pro-
duction of EPCs to explore their ability to produce cytokines 

that improve angiogenesis. Thus, we performed an ELISA for 
VEGF protein production on supernatant medium collected 
from EPCs after 7 days of culturing on fibronectin-coated 
well, at basal condition and after ISO stimulation. As reported 
in the Figure 3E, stimulation of β

2
AR by ISO on EPCs led 

to a significant increased level of supernatant VEGF, whereas 
this effect was not detected in EPCs harvested by KO mice. 
These data suggest that the stimulation of the β

2
AR increases 

the EPCs angiogenic capacity in vitro by improving both their 
migratory and vascular network formation activity and VEGF 
secretion. Conversely, β

2
AR KO EPCs are functionally im-

paired in their ability to promote neovascularization in vitro.

Effects of β2AR Stimulation on the Angiogenesis  
In Vivo
Finally, we investigated the effect of β

2
AR stimulation on 

EPC-mediated angiogenesis in vivo using a previously de-
scribed model of unilateral hindlimb ischemia.3,17 All animals 
survived surgical procedure. As expected, after resection of 
femoral artery in KO mice, there was a dramatic impairment 
of hindlimb perfusion, resulting in an elevated rate of blister-
ing, necrosis, or self-inflicted amputation of the ischemic paw. 
This loss of perfusion was investigated by blood-flow evalu-
ation with dyed microsphere dilution analysis and by histo-
logical analysis. In KO mice treated with wild-type EPCs, we 
observed a partial rescue of the phenotype, with reduced occur-
rence of blistering (data not shown) and ameliorated hemody-
namic and histological parameters (Figure 4A–4C). However, 
in KO mice treated with KO EPCs, we did not observe any 
significant improvement as confirmed by rate of blistering, 
dye elution, and histological data at 28th day after the surgi-
cal induction of ischemia. These findings corroborated our in 
vitro data, confirming the functional impairment of β

2
AR KO 

EPCs in promoting neovascularization and suggest that EPCs’ 
angiogenic capacity in vivo is owing, at least in part, to activa-
tion of β

2
AR pathway on these cells. Finally, we investigated 

the effect of β
2
AR stimulation on EPC-mediated angiogen-

esis in vivo using the rat model of hindlimb ischemia.3 Digital 
angiographies were performed before and up 4 weeks after 
surgery. Digital angiographies at 28th day after the surgical 
induction of ischemia showed that arterial infusion of cultured 
EPCs improved the hindlimb reperfusion, as indicated by a 
significant lower thrombolysis in myocardial infarction frame 
count. This increase was even improved when Adβ

2
AR EPCs 

were injected (Figure 4D and 4E).

Discussion
This is the first report showing the presence of β

2
AR on EPCs. 

Our data indicate that β
2
AR stimulation results in EPCs pro-

liferation, migration, differentiation, and VEGF production, 
enhancing their angiogenic ability, both in vitro and in vivo, 
leading to an improved response to ischemic injury in animal 
models of hindlimb ischemia. Moreover, the overexpres-
sion of β

2
AR on EPCs results in a further increase of EPCs 

angiogenic ability, whereas the lack of β
2
AR on these cells 

highlights a functional-impaired EPCs phenotype resulting 
in a worse tolerance to the ischemia in vivo. EPCs’ discov-
ery has dramatically altered our vision of postnatal revas-
cularization, indicating that adult vessels could be repaired 
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not exclusively by proliferation, migration, and remodeling 
of neighboring mature and terminally differentiated ECs18 
but also by incorporation of bone marrow–derived EPCs in 
sprouting new blood vessel.4 Several studies demonstrated 
that circulating EPCs are mobilized in response to ischemic 
stimuli and localized at the site of vascular damage where 
they proliferate, differentiate, and adhere to the vessel wall 
promoting reendothelialization of damaged vessels and in-
ducing angiogenesis in the ischemic areas.5,19–23 The potential 
therapeutic role of EPCs in repairing of injured vessel wall 

and neovascularization of ischemic tissue seems to be lim-
ited by the extremely low number of these cells that is still 
impaired in the presence of older age or other cardiovascular 
risk factors.10,24 Therefore, molecular approaches aimed to im-
prove EPCs’ number and activity are pivotal in the develop-
ment of this novel therapeutic strategy and, as consequence, 
the knowledge of the molecular mechanisms that are behind 
EPCs’ proangiogenic properties is needful. Vascular functions 
and angiogenesis are thoroughly regulated by the adrenergic 
system, which modulates in vivo blood vessel growth. On this 

Figure 3. Vascular network formation and mobilization assay in vitro. We investigated the effect of β2AR on endothelial progenitor 
cells (EPCs) angiogenic properties in vitro. A, EPCs’ migration assay was performed using a modified Boyden chamber using vascular 
endothelial growth factor (VEGF) in the lower chamber. Cell migration was performed by manually counting cells in 5 random high-
power field. Isoproterenol (ISO) stimulation (6 h) of EPCs led to a significant increase in migratory activity compared with the absence of 
ISO. To further explore the effects of β2AR on EPCs angiogenic properties, experiment was repeated using EPCs harvested from β2AR 
KO mice. EPCs lacking β2AR revealed a significant reduction of migratory activity compared with wild-type (WT) EPCs that were not 
rescued by ISO treatment. B, Representative superimposed phase contrast and fluorescence microscopy fields are shown of human 
umbilical vein endothelial cells cocultured with WT or β2AR KO EPCs at basal condition and after stimulation with ISO for 6 h. EPCs 
were tagged with DiI-Ac-low density lipoprotein to be recognizable at fluorescence microscopy. C, Quantitative analysis of the number 
of EPCs incorporated into human umbilical vein endothelial cells on Matrigel. Fluorescence microscopy revealed that the number of 
EPCs associated with human umbilical vein endothelial cells on Matrigel was significantly higher after ISO stimulation as compared with 
the absence of stimulation; incorporated β2AR KO EPCs’ number was lower with respect to WT EPCs, although the difference did not 
reach statistical significance and was not significantly increased by stimulation with ISO. D, Quantitative analysis of network projections 
formed on Matrigel for each experimental group after 24-h coculture. The total number of network projections per microscopic field after 
24 h incubation was significantly higher for ISO-stimulated WT EPCs with respect to nonstimulated WT EPCs; a significant lower tubule 
formation was noted when β2AR KO EPCs were used and was not significantly ameliorated by stimulation with ISO. E, Then, we explored 
the capability of EPCs to produce VEGF, a cytokine that is a key regulator of angiogenesis. The supernatant level of VEGF was assessed 
by ELISA assay after culturing cells harvested from WT and KO mice. Stimulation of β2AR by ISO on WT EPCs led to a significant 
increased level of supernatant VEGF, whereas this effect was not detected in EPCs harvested from KO mice. *P<0.05 vs absence of ISO; 
**P<0.05 vs WT EPCs.
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regard, we have previously provided evidence that β
2
AR is 

involved in the control of ECs’ biology with implications in 
neoangiogenesis in response to ischemia.3 Thus, to explore the 
potential therapeutic role of enhancing adrenergic function on 
EPCs, we explored the effect of β

2
AR on EPCs’ biology.

EPCs Express a Functional β2AR
We first demonstrated that culturing mononuclear cells 
for 7 days resulted in an adherent population of acetylated 
low-density lipoprotein/lectin-positive cells that were also 
positive for expression of the endothelial transcripts VEGF 
receptor-2 (Flk-1), endothelial nitric oxide synthase, vascu-
lar endothelial cadherin, CD34, and CD31consistent with 
an EPCs phenotype.8 WB analysis performed on EPCs 
demonstrated the baseline expression of the β

2
AR. FACS 

analysis further confirmed this results, and reverse tran-
scriptase-polymerase chain reaction showed the expression 
of β

2
AR mRNA. Then, immunochemistry analysis revealed 

the colocalization of β
2
AR and FLK-1, which was corrobo-

rated by FACS analysis, demonstrating the colocalization 
of β

2
AR with the panoply cell surface markers used to de-

scribe EPCs. This result was finally confirmed by the β
2
AR 

radioligand binding assay showing that β
2
AR represents the 

majority βAR subtype expressed on these cells. After show-
ing that β

2
AR is expressed on cultured EPCs, we found that 

β
2
AR stimulation with ISO activates the β

2
AR downstream 

target AKT. We have previously reported that in adult ECs, 
β

2
ARs activate AKT, resulting in prevention of apoptosis.25 

Furthermore, we reported that, in ECs, β
2
AR can also stimu-

late apoptosis by activation of p38/mitogen-activated protein 

Figure 4. Increased neoangiogenic responses by β2AR stimulation during chronic ischemia in vivo. Finally, we investigated the 
effect of β2AR stimulation on endothelial progenitor cells (EPCs)–mediated angiogenesis in vivo using animal models of unilateral hindlimb 
ischemia and we found that in response to an ischemic stimulus, the impairment in limb reperfusion was rescued by intravenous injection 
of wild-type (WT) EPCs but not of β2AR KO EPCs. A, Dyed bead dilution analysis is reported as the ischemic:nonischemic ratio of dyed 
beads content per milligram of hindlimb muscle tissue. β2AR KO mice showed reduced blood flow under control conditions compared 
with β2AR KO mice treated by WT mice–derived EPCs. Dyed bead content in muscle of β2AR KO EPC-treated mice was similar to that 
of nontreated mice and significantly lower than WT EPC-treated mice. B, C, CD31 immunostaining of capillaries in the mouse hindlimb. 
Chronic ischemia in β2AR KO mice produced a rarefaction on the capillary density of anterior tibial muscle evaluated as number of 
capillary corrected for number of muscle fibers. β2AR KO EPCs’ treatment did not produce any significant effect, whereas WT EPCs’ 
treatment significantly enhanced the capillary density. D, In a rat model of limb ischemia, infusion of cultured EPCs significantly improved 
the hindlimb reperfusion that was even ameliorated by infusion of Ad-β2AR-infected EPCs. E, Thrombolysis in myocardial infarction frame 
count quantification showed a significant ameliorated hindlimb perfusion after EPCs and Ad-β2–infected EPCs infusion. *P<0.05 vs KO; 
§P<0.05 vs ischemic control rats; n=10 for each group. HL indicates hindlimb.
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kinase pathway and that the net effect of proapoptotic and 
antiapoptotic signaling could result in an increase in cell 
number in response to β

2
AR stimulation in the short time 

and in a loss of cell when β
2
AR is chronically activated.3 

In addition, different studies have demonstrated that in ECs, 
AKT acts as integrator of multiple signal transduction path-
ways and regulates many critical steps in angiogenesis, such 
as cell migration and vascular network formation, cardiovas-
cular homeostasis by controlling nitric oxide synthesis,26 and 
promotes cell survival by inhibiting apoptosis.27

Effect of β2AR Stimulation on EPCs
After demonstrating that β

2
AR is expressed and functional 

on EPCs, we investigated the effects of this receptor on EPCs 
proliferation, differentiation, and angiogenic properties. We 
observed that β

2
AR stimulation induced significant increase 

of cell proliferation, as shown by significant increase of DiI-
acetylated low-density lipoprotein/lectin double-positive 
cells in ISO treatment after 7 days of culturing and by a sig-
nificant increase of cellular levels of the proliferation marker 
p-retinoblastoma protein. Moreover, β

2
AR overexpression 

in EPCs results in further increasing proliferation and an-
giogenic differentiation of EPCs in vitro. β

2
AR-induced cell 

proliferation has also been reported in other tissues, includ-
ing adult ECs as we previously demonstrated.3 Furthermore, 
it seems that β

2
AR stimulation with ISO can directly act on 

cultured circulating mononuclear cells to promote Flk-1 and 
von Willebrand factor expression. In addition, ISO treatment 
improves the EPCs’ migratory activity in vitro and improves 
the EPCs’ ability to enhance ECs’ networks and these effects 
are lost in EPCs harvested from β

2
AR KO mice. Furthermore, 

stimulation of β
2
AR by ISO on EPCs led to a significant in-

creased levels of supernatant VEGF, a pivotal cytokine in-
volved in both physiological and pathological angiogenesis 
processes, whereas this effect was not detected in EPCs har-
vested by KO mice. Taken together, these data suggest that 
the stimulation of the β

2
AR increase the EPCs angiogenic ca-

pacity in vitro by improving both their migratory and vascular 
network formation activity and increasing VEGF secretion. 
In contrast, the absence of β

2
AR results in an impaired EPCs 

ability to promote neovascularization in vitro. Consistently, 
in vivo EPCs treatment resulted in an improvement of im-
paired angiogenic phenotype in β

2
AR KO mice after induc-

tion of ischemia, whereas no significant amelioration was 
noted when β

2
AR KO EPCs were injected. Taken together, 

our data suggest that β
2
AR stimulation on EPCs enhances the 

proangiogenic properties of these cells resulting, in vivo, in 
a more potent neovascularization and improved tolerance to 
ischemia and this effect can even be improved when β

2
AR 

density on EPCs is increased by means of a transgenic mech-
anism. Conversely, we found that EPCs harvested from β

2
AR 

KO mice are ineffective in promoting neovascularization in 
ischemic tissue when administered systemically. We have re-
cently shown that ECs can produce their own catecholamines 
during ischemia, which in turn stimulate, in a paracrine man-
ner (β

2
AR).28 Although we have not demonstrated that EPCs 

possess the machinery to produce catecholamines like other 
myeloid cell types do, such as monocytes and ECs, it is pos-
sible to hypothesize that β

2
AR KO EPCs lack this mechanism 

and, therefore, are dysfunctional. Thus, the impaired reper-
fusion in mice lacking β

2
AR may be related to EPCs dys-

function and their inability to augment the neovascularization 
process. Consistent with this hypothesis, we found that β

2
AR 

KO EPCs, in vitro, are impaired in their abilities to migrate 
and stimulate network formation on Matrigel. Moreover, our 
data also suggest that the reduced angiogenic capacity in 
β

2
AR KO EPCs may also be related to a reduction in VEGF 

secretion by these cells. These findings are consistent with 
our previous observation that EPCs enhance angiogenesis 
by delivering software, in a paracrine manner, that facilitates 
the neovascularization process.8 In conclusion, our results 
showed not only a novel angiogenic role for β

2
AR, extending 

the findings in adult ECs, but also indicate a novel strategy 
to improve EPCs’ number, differentiation, and function and, 
thereby, provide a potential therapeutic challenge for the use 
of EPCs to promote neovascularization in patients with isch-
emic vascular disease.

Disclosures
None.

References
 1. Schmidt HH, Walter U. NO at work. Cell. 1994;78:919–925.
 2. Sorriento D, Trimarco B, Iaccarino G. Adrenergic mechanism in the con-

trol of endothelial function. Transl Med UNISA. 2011:213–228.
 3. Iaccarino G, Ciccarelli M, Sorriento D, et al. Ischemic neoangiogenesis 

enhanced by beta2-adrenergic receptor overexpression: a novel role for 
the endothelial adrenergic system. Circ Res. 2005;97:1182–1189.

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

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

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

 7. Gunsilius E, Duba HC, Petzer AL, Kähler CM, Grünewald K, 
Stockhammer G, Gabl C, Dirnhofer S, Clausen J, Gastl G. Evidence 
from a leukaemia model for maintenance of vascular endothelium by 
bone-marrow-derived endothelial cells. Lancet. 2000;355:1688–1691.

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

 9. Tepper OM, Galiano RD, Capla JM, Kalka C, Gagne PJ, Jacobowitz GR, 
Levine JP, Gurtner GC. Human endothelial progenitor cells from type II 
diabetics exhibit impaired proliferation, adhesion, and incorporation into 
vascular structures. Circulation. 2002;106:2781–2786.

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

 11. Chruscinski AJ, Rohrer DK, Schauble E, Desai KH, Bernstein D, 
Kobilka BK. Targeted disruption of the beta2 adrenergic receptor gene.  
J Biol Chem. 1999;274:16694–16700.

 12. Hirschi KK, Ingram DA, Yoder MC. Assessing identity, phenotype, 
and fate of endothelial progenitor cells. Arterioscler Thromb Vasc Biol. 
2008;28:1584–1595.

 13. Shibata R, Skurk C, Ouchi N, Galasso G, Kondo K, Ohashi T, Shimano 
M, Kihara S, Murohara T, Walsh K. Adiponectin promotes endo-
thelial progenitor cell number and function. FEBS Lett. 2008;582: 
1607–1612.

 14. Sorriento D, Ciccarelli M, Santulli G, Campanile A, Altobelli GG, Cimini 
V, Galasso G, Astone D, Piscione F, Pastore L, Trimarco B, Iaccarino G. 

D
ow

nloaded from
 http://ahajournals.org by on M

ay 7, 2020



1034  Circulation Research  March 29, 2013

The G-protein-coupled receptor kinase 5 inhibits NFkappaB transcrip-
tional activity by inducing nuclear accumulation of IkappaB alpha. Proc 
Natl Acad Sci USA. 2008;105:17818–17823.

 15. Iaccarino G, Cipolletta E, Fiorillo A, Annecchiarico M, Ciccarelli M, 
Cimini V, Koch WJ, Trimarco B. Beta(2)-adrenergic receptor gene de-
livery to the endothelium corrects impaired adrenergic vasorelaxation in 
hypertension. Circulation. 2002;106:349–355.

 16. Frid MG, Kale VA, Stenmark KR. Mature vascular endothelium can give 
rise to smooth muscle cells via endothelial-mesenchymal transdifferen-
tiation: in vitro analysis. Circ Res. 2002;90:1189–1196.

 17. Ciccarelli M, Santulli G, Campanile A, Galasso G, Cervèro P, 
Altobelli GG, Cimini V, Pastore L, Piscione F, Trimarco B, Iaccarino 
G. Endothelial alpha1-adrenoceptors regulate neo-angiogenesis. Br J 
Pharmacol. 2008;153:936–946.

 18. Folkman J, Shing Y. Angiogenesis. J Biol Chem. 1992;267:10931–10934.
 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 progenitor cells for neovasculariza-
tion. Nat Med. 1999;5:434–438.

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

 21. 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.

 22. Murohara T, Ikeda H, Duan J, Shintani S, Sasaki Ki, Eguchi H, Onitsuka 
I, Matsui K, Imaizumi T. Transplanted cord blood-derived endothe-
lial precursor cells augment postnatal neovascularization. J Clin Invest. 
2000;105:1527–1536.

 23. Yamaguchi J, Kusano KF, Masuo O, Kawamoto A, Silver M, Murasawa S, 
Bosch-Marce M, Masuda H, Losordo DW, Isner JM, Asahara T. Stromal cell-
derived factor-1 effects on ex vivo expanded endothelial progenitor cell recruit-
ment for ischemic neovascularization. Circulation. 2003;107:1322–1328.

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

 25. Iaccarino G, Ciccarelli M, Sorriento D, Cipolletta E, Cerullo V, Iovino 
GL, Paudice A, Elia A, Santulli G, Campanile A, Arcucci O, Pastore L, 
Salvatore F, Condorelli G, Trimarco B. AKT participates in endothelial 
dysfunction in hypertension. Circulation. 2004;109:2587–2593.

 26. Shiojima I, Walsh K. Role of Akt signaling in vascular homeostasis and 
angiogenesis. Circ Res. 2002;90:1243–1250.

 27. Dimmeler S, Assmus B, Hermann C, Haendeler J, Zeiher AM. Fluid 
shear stress stimulates phosphorylation of Akt in human endothelial cells: 
involvement in suppression of apoptosis. Circ Res. 1998;83:334–341.

 28. Sorriento D, Santulli G, Del Giudice C, Anastasio A, Trimarco B, 
Iaccarino G. Endothelial cells are able to synthesize and release cat-
echolamines both in vitro and in vivo. Hypertension. 2012;60:129–136.

What Is Known?

•	 Endothelial progenitor cells (EPCs) are present in the systemic 
circulation and home to sites of ischemia where they promote 
neovascularization.

•	 β
2
-Adrenergic receptor plays a key role in the regulation of adult 

endothelial cells, proliferation, and function.

What New Information Does This Article Contribute?

•	 EPCs express a functional β
2
-adrenergic receptor.

•	 β
2
AR stimulation results in enhanced EPCs proliferation and dif-

ferentiation and, moreover, improves EPCs proangiogenic ability both 
in vitro and in vivo.

EPCs are bone marrow–derived circulating cells that are mo-
bilized in response to ischemic stimuli. EPCs home to sites of 

ischemia where they proliferate, differentiate, and adhere to the 
vessel wall promoting reendothelialization of damaged vessels 
and inducing angiogenesis. However, the therapeutic use of EPCs 
is limited by their low abundance in peripheral blood and by the 
fact that several cardiovascular risk factors further reduce cir-
culating EPCs’ levels. New strategies are, therefore, required to 
enhance EPCs’ number and function. In this study, we show that 
EPCs express a functional β

2
AR. We found that β

2
AR stimulation 

enhanced EPCs’ proliferation and differentiation. Moreover, β
2
AR 

stimulation significantly enhanced EPCs’ angiogenic properties, 
inducing vessel formation in vitro and neovascularization in ani-
mal models of ischemia. These findings not only demonstrate a 
novel angiogenic role for β

2
AR on EPCs but also indicate a new 

strategy to improve EPCs’ number, differentiation, and function 
that could assist in the development of pharmacological strate-
gies to promote neovascularization of ischemic tissue.

Novelty and Significance
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