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Abstract

Objective: During several pathological processes such as cancer progression, thermal injury, wound healing and hindlimb
ischemia, the mobilization of endothelial progenitor cells (EPCs) mobilization was enhanced with an increase of sympathetic
nerve activity and norepinephrine (NE) secretion, yet the cellular and molecular mechanisms involved in the effects of NE on
EPCs has less been investigated.

Methods and Results: EPCs from BMs, peripheral circulation and spleens, the VEGF concentration in BM, skeletal muscle,
peripheral circulation and spleen and angiogenesis in ischemic gastrocnemius were quantified in mice with hindlimbs
ischemia. Systemic treatment of NE significantly increased EPCs number in BM, peripheral circulation and spleen, VEGF
concentration in BM and skeletal muscle and angiogenesis in ischemic gastrocnemius in mice with hind limb ischemia, but
did not affair VEGF concentration in peripheral circulation and spleen. EPCs isolated from healthy adults were cultured with
NE in vitro to evaluate proliferation potential, migration capacity and phosphorylations of Akt and eNOS signal moleculars.
Treatment of NE induced a significant increase in number of EPCs in the S-phase in a dose-dependent manner, as well as
migrative activity of EPCs in vitro (p,0.05). The co-treatment of Phentolamine, I127, LY294002 and L-NAME with NE blocked
the effects of NE on EPCs proliferation and migration. Treatment with NE significantly increased phosphorylation of Akt and
eNOS of EPCs. Addition of phentolamine and I127 attenuated the activation of Akt/eNOS pathway, but metoprolol could
not. Pretreatment of mice with either Phentolamine or I127 significantly attenuated the effects of NE on EPCs in vivo, VEGF
concentration in BM, skeletal muscle and angiogenesis in ischemic gastrocnemius, but Metoprolol did not.

Conclusion: These results unravel that sympathetic nervous system regulate EPCs mobilization and their pro-angiogenic
capacity via a adrenoceptor, b 2 adrenoceptor and meanwhile Akt/eNOS signaling pathway.
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Introduction

Mobilization and recruitment of endothelial progenitor cells

(EPCs) in response to disease or tissue injury, such as cancer

progression[1], thermal injury[2], wound healing[3] and hindlimb

ischemia[4], are of paramount importance and occupy a

predominant hierarchical role in the orchestration of tissue

remodeling after ischemia. The therapeutic application of EPCs

is widely anticipated. Currently, however, there are both practical

and technical complications associated with harvesting, isolation,

ex vivo expansion, and delivery of EPCs. An alternative strategy

for EPCs therapy is to stimulate the mobilization of EPCs from the

bone marrow (BM) into the circulation, thereby circumventing

these issues.

Maintenance and mobilization of progenitor cells in BM are

controlled by various cytokinesincluding vascular endothelial

growth factor (VEGF)[5], colony-stimulating factors[6] and

angiogenic cytokines1[7]. During hindlimb ischemia, catechol-

amines have been proposed to contribute to collateral growth and

angiogenesis in ischemic tissue. [8] It is now well established that

BM and secondary lymphoid tissues are innervated by noradren-

ergic sympathetic nerve fibers, which release catecholamines from

the sympathetic nerve terminals. Recent evidence suggests that

catecholamines are also able to control BM derived cells

mobilization.[9] Administration of a b2 adrenergic agonist

enhances mobilization of progenitor cells in both control and

norepinephrine (NE)-deficient mice. Moreover, inhibition of

adrenergic neurotransmission reduces hematopoietic stem cell

mobilization. In line with these results, adenoviral-mediated gene

transfer of the human b2 adrenergic receptor to the endothelium

of the rat femoral artery results in ameliorated angiographic blood

flow and hindlimb perfusion after chronic ischemia, whereas

angiogenesis is severely impaired in b2 adrenergic receptor-

deficient mice subjected to femoral artery resection. However,

whether NE could influence mobilization of BM-derived angio-

genic EPCs had less been investigated. In this study, we have

identified pathways that NE regulates the mobilization of EPCs in

mice with hindlimb ischemia.
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Methods

Hind limb ischaemia model
All procedures involving animals were performed in accordance

with the recommendations in the Guide for the Care and Use of

Laboratory Animals of Second Military Medical University and

approved by the Committee on the Ethics of Animal Experiments

of Changzheng Hospital. All surgery was performed under

anesthesia by intraperitoneal injection with a mixture of ketamine

(80 mg/kg) and xylazine (4 mg/kg), and all efforts were made to

minimize suffering. Experiments were performed in Male C57BL/

6J mice (7–8 weeks old, 15–19 g, Shanghai Experimental Animal

Center of the Chinese Academy of Sciences, Shanghai, China).

Hind limb ischemia was induced by unilateral resection of the left

femoral artery from the proximal end of the femoral artery up to

the distal portion of the saphenous vein. The femoral artery and all

side-branches were dissected and excised, then the overlying skin

was closed using a surgical stapler. Mice were sacrificed with an

overdose of the same anesthetic.Bblood was withdrawn for the

FACS analysis (EDTA-anti-coagulated) by the heart puncture and

the spleen and the tibia and femur of both legs were respectively

kept for isolation of splenic cells and BM cells.

Figure 1. NE increased EPCs in peripheral blood in mice with limb ischemia. Cells from peripheral blood were lysed and analyzed by flow
cytometry. Cells were sequentially gated based on CD45 (A), CD34 and KDR expression (C). Circulating EPCs were defined as CD45-/CD34+/KDR+ cells.
A gate was used to select the total CD45- cell population (A). Corresponding flow cytometric analysis was used to detect CD34+/KDR+ cells in the
gated CD45- cell population. Proportion of EPCs in peripheral blood was increased from 0.1560.04% to 0.3160.05% after intraperitoneal injection of
NE in limb ischemia model (B, * P,0.05 compared with the model group). Representative flow cytometric analysis of EPCs (CD34/Flk-1 cells) were
showed in part C.
doi:10.1371/journal.pone.0101774.g001
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Flow cytometric analysis
To quantify EPCs number, cells from peripheral blood, BM

homogenates and splenic tissue homogenates were lysed and used

for flow cytometric analysis. All procedures were performed

according to the manufacturer’s instructions. After 30 min

incubation with FITC-conjugated anti-mouse CD34 (BD Biosci-

ences), PE-conjugated anti-mouse Flk-1 (BD Biosciences) and

APC-conjugated anti-mouse CD45 (BD Biosciences), cells were

washed with PBS and fixed in 4% paraformaldehyde and analyzed

by Flow Cytometry (Miltenyi Biotec, Bergisch Gladbach, Ger-

many). Staining was performed in the presence of saturating

concentrations of rat monoclonal unconjugated antibodies against

Fc receptors (anti-CD16/32, BD Bioscience) to reduce nonspecific

binding. Isotype-identical antibodies served as controls (IgG1-PE

and IgG2a-FITC, BD Bioscience). Each analysis included 100,000

events. Data were analyzed using MACSQuantify Software

(Miltenyi Biotec). The number of CD34/Flk-1 double positive

and CD45 negative cells was counted as EPCs.

Measurement of capillary density in the ischemic limb
Capillary densities of ischemic skeletal muscle tissues were

analyzed at the level of the microcirculation. At day 5 after the

induction of ischemia, mice were sacrificed with overdose of

anesthetic and the gastrocnemius muscles were harvested,

embedded in OCT compound (Leica) and snap frozen in liquid

nitrogen. Frozen 10 mm-thick sections of the distal part of the

gastrocnemius muscle were fixed in ice-cold acetone for 10 min,

incubated for 1 h with a rat anti-mouse CD31 monoclonal

Figure 2. NE increased EPCs in BM in mice with limb ischemia. Cells from peripheral blood were lysed and analyzed with flow cytometry. BM
derived EPCs were defined as CD34+/KDR+ cells (B). Proportion of EPCs in BM was increased from 1.4760.29% to 4.2361.01% after intraperitoneal
injection of NE in mice with limb ischemia (A, * P,0.05 compared with model group). Representative flow cytometric analysis of EPCs (CD34+/Flk-1+
cells) were showed in part B.
doi:10.1371/journal.pone.0101774.g002
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antibody (Abcam), and then incubated with a goat anti-rat

secondary antibody coupled to FITC (Abcam). Sections were

examined by a blinded observer using a Fluorescence microscopy

(Olympus). Capillaries were identified by positive staining for

CD31. Ten different fields from each tissue preparation were

randomly selected, and visible capillaries were counted. Capillary

density was expressed as the number of capillaries per muscle

bundle.

Quantification of VEGF
The blood serum, bone marrow, spleen and ischemic muscle

were used to measure VEGF concentration. The BM homoge-

nates, splenic homogenates and skeletal muscle homogenates were

suspended at 1 ml of 10 mM Tris–HCl (pH 7.4) and centrifuged

at 15 0006 g at 4uC for 15 min. The supernatant was passed

through a Microcon YM-10 filter (Millipore) at 5 000 6 g at 4uC
for 60 min. VEGF concentration was determined in supernatants

by specific enzyme-linked immunosorbent assays (ELISAs) (Bior-

byt).

Preparation of human EPCs
EPCs were prepared as previously described. [10] Peripheral

Blood Mononuclear Cells (PBMCs) were isolated from peripheral

blood of healthy human volunteers as described by Sun et al by

density-gradient centrifugation with Ficoll. Immediately after

isolation, total MNCs (5*106 cells/mL medium) were plated on

culture dishes coated with human fibronectin (Sigma) and

maintained in endothelial basal medium (EBM, CellSystems)

Figure 3. NE increased EPCs in spleen in mice bearing limb ischemia. Cells from splenic tissue homogenates were lysed and analyzed with
flow cytometry. EPCs in spleen were defined as CD34+/KDR+ cells (B). Proportion of EPCs in spleen was increased from 1.9460.39% to 4.8960.36%
after intraperitoneal injection of NE in mice with limb ischemia (A, * P,0.05 compared with model group). Representative flow cytometric analysis of
EPCs (CD34+/Flk-1+cells) were showed in part B.
doi:10.1371/journal.pone.0101774.g003
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supplemented with EGM SingleQuots, VEGF (10 ng/mL) and

20% fetal bovine serum. The medium was replaced every 3 days.

Adherent cells on 8 days of culture were stained by acetylated LDL

and were labeled with DiI (DiI-acLDL, Biomedical Technologies)

and fluorescein isothiocyanate (FITC)-labeled lectin from ulex

europaeus (Sigma). Double-positive cells for DiI-acLDL and

FITC-labeled lectin were identified as EPCs, as reported

previously. All human researches were conducted in Changzheng

Hospital. All procedure were permitted by the human volunteers

with written consent and approved by the Committee on the

Ethics of human Experiments of Changzheng Hospital.

EPCs proliferation assay
EPCs (1,000 cells/well), seeded on 96-well plates (experiments

were performed in six copies), were treated with EBM-2 (200 ml/

well) or drugs, such as NE, Phentolamine, Metoprolol, or I127 for

various interventions. After incubation for 20 h, 10 mM 5-bromo-

29-deoxyuridine (BrdU) labeling solution (from a Cell Proliferation

ELISA kit, Roche Applied Science) was added into each well, and

the incubation was continued for another 4 h. Cells were fixed and

exposed to anti-BrdU and substrate solutions. The reaction

product was quantified by measuring the absorbance using a

multiwell spectrophotometer (Spectromax340 PC, Molecular

Devices).

EPC migration assay
The migratory function of EPCs was evaluated with transwell

chamber assay as described before[11]. In brief, EPCs were

detached with trypsin and EPCs (36104) in 100 ml EGM-2 media

(0.5% FBS) were placed in 24 well transwell upper chamber (8 m

pore size). Then, 600 ml EGM-2 media containing 0.5% FBS were

placed into the lower chamber. After 24 h incubation at 37uC,

EPCs on the top of the membrane were wiped off with a cotton

swab. The membrane of transwell filter was stained by with 1%

crystal violet solution and washed with PBS. Migration of EPCs

was evaluated by measuring the migrated cells in six random high-

power (1006) microscope fields, and the average of these six fields

was taken. Experiments were repeated six times.

Western blot analysis
After 7 days of culture, EPCs were deprived from serum for

12 h, and then challenged with drugs, such as NE, Phentolamine,

Metoprolol, or I127 for various interventions. Cells were lysed in

protein extract buffer (1 ml protein extract buffer with 5 ml

mixture of protease inhibitors, 5 ml PMSF and 5 ml mixture of

phosphatases) at 4uC with sonication for 30 min. The lysates were

centrifuged at 14 0006g and 4uC for 30 min. Loading buffer was

added to each volume and boiled for 10 min. Samples were

resolved on 12% SDS-PAGE and electro-transferred onto a nitro-

cellulose membrane. The membrane was blocked with 5% non-fat

milk. Blots were incubated with mouse anti-eNOS IgG, mouse

anti- phosphorylated eNOS IgG, mouse anti- Akt IgG and mouse

anti- phosphorylated Akt IgG each at a dilution of 1:1000 for 12 h

at 4uC. The blots were washed in TBS/T (Tris-buffered saline

containing 0.2% Tween 20) and exposed to HRP-conjugated anti-

goat IgG or anti-mouse secondary antibody (1:5000) for 1 h,

respectively, and then visualized by enhanced chemiluminescence

detection reagents. The signal intensity of blotting was normalized

to the Western signal of the corresponding total protein. Relative

intensities of protein bands were analyzed by Image-pro plus6.0

(Media Cybernetics, Silver Spring, MD, USA).

Statistical analysis
All data were expressed as mean 6 SEM. Statistical analysis

between two groups was performed using unpaired Student’s t test

and comparisons between multiple groups were made by one-way

ANOVA. Probability values were considered significant at p,

0.05.

Results

NE increased mobilization of EPCs in limb ischemia
mouse

Male C57BL/6J mice were randomized in three groups. Limb

ischemia model was (n = 6) prepared in model group and NE

treatment group as describe before. NE 1 mg (kg body weight)-1

day-1 was firstly intraperitoneally injected in NE treatment group

24 h after the resection of the left femoral artery, and each 24 h

later. At the 5th day, cells from peripheral blood, BM homoge-

Figure 4. The angiogenesis in the caudal gastrocnemius was
augmented by NE and blocked by Phentolamine and 127 in
vivo. Cells positive for CD31 and muscle fiber number were both
counted. The ratio of capillary number to muscle fiber number was
determined. NE significantly increased hind-limb vascularization as
assessed by capillary densitometry (2.35-fold increase relative to PBS-
treated mice; P,0.01, Figure 4). The increase of neovessel formation in
ischaemic muscles was inhibited by co-treatment of Phentolamine
(1.56-fold increase relative to PBS-treated mice; P,0.01) and selective b
2 adrenoceptor blocker I127 (0.81-fold increase relative to PBS-treated
mice; P,0.01), but not Metoprolol (2.71-fold increase relative to PBS-
treated mice; P,0.01).
doi:10.1371/journal.pone.0101774.g004
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nates and splenic tissue homogenates were lysed and used for flow

cytometric analysis. The number of CD34/Flk-1 positive and

CD45 negative cells in the peripheral circulation were quantified

with FCS analyzer. The proportion of EPCs in peripheral blood

was increased from 0.1560.04% to 0.3160.05% in NE treated

group compared to limb ischemia group (Figure 1). Likewise, the

number of CD34/Flk-1 positive cells in BM and spleen was

detected. The proportion of EPCs in BM and spleen respectively

was increased from 1.4760.29% to 4.2361.01% and from

1.9460.39% to 4.8960.36% in NE group compared to model

group (Figure 2, Figure 3).

NE increased Capillary density in the ischemic
gastrocnemius

To determine if NE stimulates neovascularization in the setting

of ischemia, we examined the angiogenesis in the caudal

gastrocnemius. Muscle atrophy from ischemia and/or reduced

use can confound the interpretation of changes in capillary

density, as opposed to angiogenesis. Therefore, the ratio of

capillary number to muscle fiber number was determined.

Histological analysis of the ischemic tissues with CD31, an

endothelial cell marker, demonstrated that NE significantly

increased hind-limb vascularization (2.35-fold increase relative to

PBS-treated mice; P,0.01, Figure 4). The increase of neovessel

formation in ischaemic muscles was inhibited by co-treatment of

Phentolamine (1.56-fold increase relative to PBS-treated mice; P,

0.01) and selective b 2 adrenoceptor blocker I127 (0.81-fold

increase relative to PBS-treated mice; P,0.01), but not Metopro-

lol (2.71-fold increase relative to PBS-treated mice; P,0.01).

These results suggested that activation of a adrenoceptor and b 2

adrenoceptor results in increases of angiogenesis of ischemic limb.

Figure 5. Effects of NE on VEGF production. The blood samples, BM homogenates, skeletal muscle and splenic tissue homogenates were
collected from limb ischemic mice and measured by ELISA. NE significantly increased VEGF concentrations in both skeletal muscle and blood
sumples, but did not affect it in bone marrow and spleen. Co-treatment of Phentolamine, I127attenuated the increase of VEGF in bone marrow and
skeletal muscle, but did not affect it in blood samples and spleen.
doi:10.1371/journal.pone.0101774.g005
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NE increased production of vascular endothelial growth
factor

VEGF have been suggested as mediators of EPC regulation.

The blood samples, BM homogenates, skeletal muscle homoge-

nates and splenic tissue homogenates were collected from limb

ischemic mice and processed for VEGF analysis. Results showed

that NE treatment increased VEGF concentrations in both bone

marrow and skeletal muscle, but did not affect it in blood sumples

and spleen. Co-treatment of Phentolamine, I127attenuated the

increase of VEGF in bone marrow and skeletal muscle, but did not

affect it in blood samples and spleen (Figure 5).

Norepinephrine stimulates proliferation and migration of
EPCs in vitro

The EPCs derived from PBMCs of normal healthy donor were

used to assay the proliferation potential and migration of EPCs.

After 8-day culture of mononuclear cells, spindle-shaped or

cobblestone-like adherent cells were observed. Most of the

adherent cells were double stained by DiI-acLDL and FITC-

labeled lectin (Figure 6). As shown by multiwell spectrophotometer

of BrdU-labeled cells, the treatment of NE induced a significant

growth in number of EPCs in the S-phase in a dose-dependent

manner, as well as proliferation of EPCs (Figure 7, p,0.05). The

migrative activity of EPCs was detected using transwell chamber

assay. The results demonstrated that NE significantly increased

migration of EPCs in a dose dependent manor (Figure 8, p,0.05).

Norepinephrine increased proliferation and migration of
EPCs via a adrenoceptor, b 2 adrenoceptor and Akt/
eNOS signaling pathway in vitro

To evaluate the possible molecule mechanism, adrenoceptor

blockers (Phentolamine, Metoprolol and selective b 2 adrenocep-

tor blocker I127), PI3K inhibitor LY294002, eNOS inhibitor L-

NAME and NO donor SNP were pretreated to EPCs 1 h before

the addition of NE to culture media. Phentolamine, I127,

LY294002 and L-NAME significantly blocked effect of NE on

EPCs proliferation (Figure 7). Similar results were showed by

transwell chamber assay. Pretreatment of Phentolamine and I127

decreased EPCs migrative activity (Figure 8). These results

suggested that NE increased EPCs mobilization probably via a
adrenoceptor, b 2 adrenoceptor and Akt/eNOS signaling

pathway.

Inhibition of a adrenoceptor and b 2 adrenoceptor
attenuated the elevation of EPCs in vivo

Male C57BL/6J mice were randomized in six groups (n = 6).

Limb ischemia model was prepared in every group except control

group as describe before. NE was intraperitoneally injected at 1-5

days in NE treatment group. Besides, Phentolamine

(100 ml6100 mM), Metoprolol (100 ml6100 mM) and I127

(100 ml6100 mM) were also intraperitoneally injected with NE

every day respectively in Phentolamine co-treatment group,

Metoprolol co-treatment group and I127 co-treatment group

respectively. Flow cytometric analysis showed that co-treatment of

either Phentolamine or I127 with NE significantly attenuated the

increases of EPCs in peripheral circulation, BM and spleen, but

Metoprolol didn’t(Figure 9, 10, 11). These results confirmed that

NE increased EPCs mobilization via a adrenoceptor and b 2

adrenoceptor in vivo.

Figure 6. Characterization of EPCs derived from human
peripheral circulation. EPCs exhibitedspindle-shaped or cobble-
stone-like morphology and were stained by DAPI and double labeled by
Dil-Ac-LDL and FITC-UEA-I.
doi:10.1371/journal.pone.0101774.g006

Figure 7. Proliferation potential of EPCs was increased by NE
and blocked by Phentolamine, I127, LY294002 and L-NAME in
vitro. Growth capacity of PBMC-derived EPCs after 8 days of culture
was evaluated (n = 6). As shown by multiwell spectrophotometer, the
treatment of NE induced a significant increase of the number of EPCs in
the S-phase in a dose-dependent manner, as well as proliferation of EPC
(* P,0.05 compared with model group). Pretreatment of phentolamine,
I127, LY294002 and L-NAME significantly blocked the effect of NE on
EPCs proliferation (Figure 5), but Metoprolol could not.
doi:10.1371/journal.pone.0101774.g007
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Norepinephrine increased phosphorylation of Akt and
eNOS of EPCs

In prior researches, the elevations of EPCs migrative activity

and proliferation potential were partly regulated via the PI3-K/

Akt/eNOS signaling pathway. We tested whether the treatment of

NE for 24 hours could impact Akt, eNOS signal in EPCs. As

showed in figure 12, treatment with NE significantly increased

phosphorylation of Akt, eNOS. Addition of 10 mM Phentolamine

and 10 mM I127 attenuated the activation of Akt/eNOS pathway.

However, addition of 10 mM Metorolol could not.

Discussion

Neovascularization at the ischemic tissue requires not solely

angiogenesis but also circulating EPCs during vasculogenesis. An

inadequate angiogenic response to ischemia in the peripheral

ischemic limbs or myocardium of patients might result in poor

collateral formation and severe organ damage. EPCs are currently

thought to be the primary cells resource for postnatal vasculogen-

esis. They can be detected from several tissues, such as peripheral

blood, cord blood, spleen, vessel walls and even the heart and

skeletal muscle. [12] In this study, we evaluated the number of

EPCs in peripheral blood, BM and spleen in mouse bearing hind

limb ischemia. Results showed that NE increased EPCs number in

all BM, peripheral circulation and spleen. BM which is considered

to be the main hematopoietic organ and the typical source of

EPCs is histologically supplied by autonomic nerve fibres[13]. The

nerve cells and other cells release catecholamines in the BM. It has

been reported that limb ischemia increase tyrosine hydroxylase

mRNA levels and catecholamines synthesis within BM. [14] In the

present study, we found that co-treatment of a adrenoceptor

blocker and b 2 adrenoceptor blocker attenuated the elevation of

EPCs. These results were consistent with previous studies in which

in vivo adenoviral-mediated gene transfer of the human b2

Figure 8. Migrative activity of EPCs was increased by NE and blocked by Phentolamine and 127 in vitro. The migrative activity of EPCs
was detected using transwell chamber assay. EPCs stayed on the membrane in the upper chamber were wiped off with a cotton swab. EPCs stayed
on the lower membrane of transwell filter were stained with 1% crystal violet solution and counted in six random high-power (1006) microscope
fields. NE increased migration of EPCs in a dose dependent manner (* P,0.05 compared with control group). This effect could be blocked by either
pretreatment of phentolamine or I127, but not Metoprolol. Representative figure of EPCs passed through the holes into the lower chamber of each
group are showed here.
doi:10.1371/journal.pone.0101774.g008
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Figure 9. Inhibition of a adrenoceptor and b 2 adrenoceptor attenuated the elevation of the proportion of EPCs in peripheral
circulation. Cells from peripheral blood were lysed and analyzed with flow cytometry. Cells were sequentially gated based on CD45 (A), CD34 and
KDR expression (C). Circulating EPCs were defined as CD45-/CD34+/KDR+ cells. A gate was used to select the total CD45- cell population (A).
Corresponding flow cytometric analysis was used to detect CD34+/KDR+ cells in the gated CD45- cell population. Co-treatment of either
phentolamine or I127 with NE significantly attenuated the increases of EPCs in peripheral circulation, but Metoprolol didn’t (B, *P,0.05 compared
with the model group.). Representative flow cytometric analysis of EPCs (CD34/Flk-1 cells) were showed in part C.
doi:10.1371/journal.pone.0101774.g009
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adrenergic receptor improved hindlimb perfusion and capillary

density.[15] Stimulation of endogenous and overexpressed b2

adrenergic receptor in vitro was also found to increase the

proliferation of endothelial cells. Similar results were also reported

previously by Galasso et al, who stated that b2-adrenergic receptor

stimulation improves endothelial progenitor cell-mediated ische-

mic neoangiogenesis. [16]

The effect of NE on EPCs might be mediated by Akt/eNOS

signaling pathway. The PI3K/Akt/eNOS pathway has been

implicated in the mobilization of EPCs from the BM, promoting

EPCs differentiation and inhibiting EPCs apoptosis. This signal

pathway is impaired in many pathological conditions such as

diabetes[17], hypertension[18], etc. In this study, we observed NE

increased Akt/eNOS pathway in EPCs through a adrenoceptor

and b 2 adrenoceptor. Akt possesses a protein domain that binds

phosphoinositides, which are themselves phosphorylated by

members of the phosphoinositide 3 kinase (PI3K) family. PI3-

kinases may be activated by G protein-coupled receptors as

adrenoceptors. Activation of Akt also appears to promote

phosphorylation of eNOS, increase endothelial NO production

and hence cell growth and migration. It is reported before that

eNOS knockout mice that have undergone BM transplantation

have a persistently reduced level of EPCs after experimentally

induced hind limb ischaemia[19].

VEGF also participate in the regulation of EPCs proliferation

and migration in limb ischemic mice. Our study showed that NE

treatment increased VEGF concentrations in both bone marrow

and skeletal muscle which might be the primary factor mediating

the effect of NE on EPCs mobilization in BM microenvironment.

Co-treatment of Phentolamine and I127 attenuated the increase of

VEGF in bone marrow and skeletal muscle. Catecholamines were

previously reported to augment capillary formation by promoting

release of VEGF by ischemic skeletal muscle cells[20]. Catechol-

amines stimulate angiogenesis in rat brown adipose tissue by an

increase in VEGF release from adipocytes[21]. Also, stimulation of

adrenoceptors on cultured neonatal rat cardiac nonmyocytes

releases TGF-beta and atrial natriuretic peptide into the condi-

tioned medium, which, when presented to cardiomyocytes,

upregulates VEGF expression[22]. So VEGF might play an

important role in the NE induced EPCs mobilization and ischemic

muscle angiogenesis.

The increases of EPCs in spleen might be attributed to

redistribution of EPCs between organs after their mobilization.

When EPCs are mobilized, they quickly leave the bloodstream

(within 1–3 h) and lodge randomly in several tissues following a

hemodynamic flow. It is believed that the spleen, lung, liver and

kidneys, which have a larger blood supply, are primary tissues for

circulating cell settlement. However, as many adhesion molecules

and chemoattractant factors are highly expressed on the spleen

endothelium, most EPCs migrate to the blood vessels in spleen

called sinusoids. The redistribution of EPCs could also be observed

in many other experiments in which EPCs were intravenously

administered to promote tissue angiogenesis. In these experiments,

EPCs transiently distributed randomly in several tissues (liver, lung

and kidney), but mostly transmigrating into BM and spleen in

contact with the endothelial cells surrounding the sinusoids[23]. So

the spleen works as a center of the reticulo-endothelial system

functioning in the storage and rapid deployment of EPCs. In

present study, NE did not only increased EPCs proliferation and

their number in BM, but also increased their migration capacity,

so EPCs might quickly leave BM, redistributed in all tissues and

lastly accumulated in spleen. These results were consistent with

what was reported by Harald Engler who found that catechol-

amines increased myelopoiesis in the bone marrow that was

paralleled by an accumulation of neutrophils and monocytes in

circulation and spleen[24].

In previous studies, catecholamines were involved in angiogen-

esis and collateral growth in hindlimb insufficiency[25]. Perivas-

cular administration of NE in the carotid artery wall increased

neointimal growth after balloon injury in vivo[26]. The vascular

growth in ischemic tissue was sharply attenuated in mice made

deficient in catecholamines by gene deletion of dopamine b-

hydroxylase [25]. Moreover, local and systemic blockade of

adrenoceptor inhibited growth of the carotid artery, demonstrat-

ing a contribution of endogenous catecholamines to vascular wall

growth after injury[26]. In present study, NE significantly

increased angiogenesis in the gastrocnemius of the ligated leg.

Co-treatment of a adrenoceptor blocker and b 2 adrenoceptor

blocker inhibited the angiogenic processes in gastrocnemius after

hindlimb ischemia. As EPCs contribute to approximately 90% of

vascularisation in adult angiogenesis-defective mice[27], it is

convenient to speculate that the effects of NE on gastrocnemius

angiogenesis might primarily attribute to the pro-angiogenic

effects of mobilized EPCs, including paracrine of pro-angiogenic

factors and regeneration of endothelial cells. It is supported by

previous studies which showed that catecholamines increased

monocytes, including EPCs and stromal cells, accumulation in the

gastrocnemius and the surrounding preexisting collaterals in the

gracilis muscle. [25] However, further studies are needed to

confirm the connection between EPCs and angiogenesis after NE

treatment in limb ischemic muscle. Moreover, the growth of

VSMCs, adventitial fibroblasts and expression of hypoxia-induc-

ible factor-1might also contribute to catecholamines induced

ischemic angiogenesis. [28]

In diabetes, it is shown that EPCs were trapped within the

diabetic BM as a result of a lack of inherent sympathetic

denervation that can alter circadian and release of EPCs from

the BM capacity[29]. Our new findings would indicate that NE or

adrenoceptor agonists could restore physiological EPC mobiliza-

tion from the BM and improve vascular repair in pathological

tissues.

Mental stress is commonly observed in patients with advanced

cancers. Several studies have indicated that chronic stress would

increase tumor growth and metastasis by promoting tumor

angiogenesis[30,31]. EPCs are able to facilitate tumor-induced

vasculogenesis. It has been reported that EPCs contribute about

90% to vascularization in lymphomas grown in angiogenesis-

defective Id-mutant mice in which implanted tumors rapidly

regress in association with poor development of tumor neovessel-

s[32].In this study, we observed that sympathetic neurotransmitter

NE increased the mobilization of EPCs through a adrenoceptor

and b 2 adrenoceptor. These might be a complement mechanism

through which chronic mental stress correlates to tumor growth,

metastasis and poor clinical outcomes. In another hand, the

modification of adrenoceptor/Akt/eNOS pathway could be a

meaningful complement for the treatment of malignant tumor.

Figure 10. Inhibition of a adrenoceptor and b 2 adrenoceptor attenuated the elevation of EPCs in BM. Cells from BM homogenates were
lysed and analyzed with flow cytometry. BM derived EPCs were defined as CD34+/KDR+ cells (B). Co-treatment of either Phentolamine or I127 with NE
significantly attenuated the increases of EPCs in peripheral circulation, but Metoprolol didn’t (B, *P,0.05 compared with model group).
Representative flow cytometric analysis of EPCs (CD34+/Flk-1+cells) were showed in part B.
doi:10.1371/journal.pone.0101774.g010
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Figure 11. Inhibition of a adrenoceptor and b 2 adrenoceptor attenuated the elevation of EPCs in spleen. Cells from splenic tissue
homogenates were lysed and analyzed with flow cytometry. EPCs in spleen were defined as CD34+/KDR+ cells (B). Co-treatment of either
Phentolamine or I127 with NE significantly attenuated the increases of EPCs in spleen, but Metoprolol didn’t (B, *P,0.05 compared with model
group.). Representative flow cytometric analyses of EPCs (CD34+/Flk-1+cells) were showed in part B.
doi:10.1371/journal.pone.0101774.g011

Figure 12. NE activated EPCs via Akt/eNOS pathways. Treatment of NE significantly increased phosphorylation of Akt, eNOS. Addition of
10 mM Phentolamine and 10 mM I127 attenuated the activation of Akt/eNOS pathway. However, addition of 10 mM Metorolol could not.
Representative immunoblots (top) and densitometric quantification (bottom) demonstrated phosphorylation of Akt and eNOS in the following
groups: control, 0.1 mM NE, 1 mM NE, 10 mM NE, 100 mM NE, NE plus Phentolamine, NE plus Metorolol and NE plus I127. *P,0.05 vs control.
doi:10.1371/journal.pone.0101774.g012
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Conclusion

It has been shown here that the sympathetic nervous system

regulates, through Akt/eNOS signaling, the mobilization of EPCs.

Our study also suggests that regulation of sympathetic nervous

system may constitute an innovative strategy to modulate EPCs

mobilization and vessel growth in cancer or cardiovascular

ischemic diseases. These findings broadened the understanding

of the function of sympathetic nervous system in the regulation of

the retention, proliferation and mobilization of EPCs and may

inform a new mechanism that regulate progenitor cell recruitment

in disease and be exploited to provide efficacious stem cell therapy

for tissue regeneration.
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14. Récalde A, Richart A, Guérin C, Cochain C, Zouggari Y, et al. (2012)
Sympathetic nervous system regulates bone marrow-derived cell egress through

endothelial nitric oxide synthase activation: role in postischemic tissue

remodeling. Arteriosclerosis Thrombosis and Vascular Biology. 32:643–53.
15. Iaccarino G, Ciccarelli M, Sorriento D, Galasso G, Campanile A, et al. (2005)

Ischemic neoangiogenesis enhanced by beta2-adrenergic receptor overexpres-
sion: a novel role for the endothelial adrenergic system. Circulation Research.

25;97:1182–9.

16. Galasso G, De Rosa R, Ciccarelli M, Sorriento D, Del Giudice C, et al. (2013)

b2-Adrenergic receptor stimulation improves endothelial progenitor cell-

mediated ischemic neoangiogenesis. Circ Res. 112:1026–34.

17. Bernal-Mizrachi E, Fatrai S, Johnson JD, Ohsugi M, Otani K, et al. (2004)

Defective insulin secretion and increased susceptibility to experimental diabetes

are induced by reduced Akt activity in pancreatic islet beta cells. Journal of

Clinical Investigation. 114:928–36.

18. Peng X, Haldar S, Deshpande S, Irani K, Kass DA. (2003) Wall stiffness

suppresses Akt/eNOS and cytoprotection in pulse-perfused endothelium.

Hypertension. 41:378–81.

19. Aicher A, Heeschen C, Mildner-Rihm C, Urbich C, Ihling C, et al. (2003)

Essential role of endothelial nitric oxide synthase for mobilization of stem and

progenitor cells. Nature Medcine. 9:1370–6.

20. Catoire M, Mensink M, Boekschoten MV, Hangelbroek R, Müller M, et al.

(2012) Pronounced effects of acute endurance exercise on gene expression in

resting and exercising human skeletal muscle. PLoS One. 7:e51066.

21. Park SY, Kang JH, Jeong KJ, Lee J, Han JW, et al.(2011) Norepinephrine

induces VEGF expression and angiogenesis by a hypoxia-inducible factor-1a
protein-dependentmechanism. Int J Cancer. 128:2306–16.

22. Rosenkranz S. TGF-beta1 and angiotensin networking in cardiac remodeling.

(2004) Cardiovasc Res. 63:423–32.

23. Aicher A, Brenner W, Zuhayra M, Badorff C, Massoudi S, et al. (2003)

Assessment of the tissue distribution of transplanted human endothelial

progenitor cells by radioactive labeling. Circulation. 107:2134–9.

24. Engler H, Bailey MT, Engler A, Sheridan JF. (2004)Effects of repeated social

stress on leukocyte distribution in bone marrow, peripheral blood and spleen. J

Neuroimmunol. 148:106–15.

25. Chalothorn D, Zhang H, Clayton JA, Thomas SA, Faber JE. (2005)Catechol-

Catecholamines augment collateral vessel growth and angiogenesis in hindlimb

ischemia. Am J Physiol Heart Circ Physiol. 289:H947–59.

26. Erami C, Zhang H, Tanoue A, Tsujimoto G, Thomas SA, et al. (2005)

Adrenergic catecholamine trophic activity contributes to flow-mediated arterial

remodeling. Am J Physiol Heart Circ Physiol. 289:H744–53.

27. Lyden D, Hattori K, Dias S, Costa C, Blaikie P, et al. (2001) Impaired

recruitment of bone-marrow-derived endothelial and hematopoietic precursor

cells blocks tumour angiogenesis and growth. Nat Med. 7:1194–201.

28. Zhang H, Cotecchia S, Thomas SA, Tanoue A, Tsujimoto G, et al. (2004) Gene

deletion of dopamine b-hydroxylase and a1-adrenoceptors demonstrates

involvement of catecholamines in vascular remodeling. Am J Physiol Heart

Circ Physiol. 287: H2106–14.

29. Busik JV, Tikhonenko M, Bhatwadekar A, Opreanu M, Yakubova N, et al.

(2009) Diabetic retinopathy is associated with bone marrow neuropathy and a

depressed peripheralclock. Journal of Experimental Medicine. 206:2897–906.

30. Thaker PH, Han LY, Kamat AA, Arevalo JM, Takahashi R, et al. (2006)

Chronic stress promotes tumor growth and angiogenesis in a mouse model of

ovarian carcinoma. Nature Medcine. 12:939–44.

31. Qijun J, Zhigang G, Shifang D. (2013) Endothelial progenitor cells may

participate in stress-induced tumour angiogenesis. Medical Hypotheses. 80: 778–

780.

32. Lyden D, Hattori K, Dias S, Costa C, Blaikie P, et al. (2001) Impaired

recruitment of bone-marrow-derived endothelial and hematopoietic precursor

cells blocks tumor angiogenesis and growth. Nature Medcine. 7:1194–201.

Norepinephrine Stimulates EPCs Mobilization

PLOS ONE | www.plosone.org 14 July 2014 | Volume 9 | Issue 7 | e101774


