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Summary

 Background: Glucagon-like peptide-1(GLP-1), released from enteroendocrine cells of the intestine, exerted car-
diovascular protective effect. Circulating endothelial progenitor cells (EPCs) play an important 
role in maintaining endothelial integrity regulating neovascularization and reendothelialization 
after endothelial injury. Vascular endothelial growth factor (VEGF) is an important cytokine in the 
process of EPCs vascular differentiation and proliferation.

 Material/Methods: This study was designed to investigate the association between VEGF changes and the prolifera-
tion/differentiation function of EPCs in the presence of GLP-1.

 Results: We demonstrated that GLP-1 markedly enhanced the EPCs proliferation and expression of EC-
specific markers, and simultaneously upregulated VEGF secretion in EPCs. Exogenous VEGF aug-
mented EPCs proliferation/differentiation abilities in a dose-dependent manner. However, all of 
the beneficial effects of GLP-1were suppressed by anti-VEGFmAb or the KDR-specific tyrosine ki-
nase inhibitor SU1498.

 Conclusions: These findings suggest that GLP-1 improves VEGF generation, which contributed to improvement 
of EPCs biological function, partly by tyrosine kinase KDR. VEGF is a necessary intermediate, me-
diating the effects of GLP-1 on EPCs. These changes offer a novel explanation that upregulation 
EPCs bioactivities may be one of the mechanisms of GLP-1 cardiovascular protective effect.

 key words:	 glucagon-like	peptide-1	(GLP-1)	•	endothelial	progenitor	cells	(EPCs)	•	VEGF

 Full-text	PDF: http://www.medscimonit.com/fulltxt.php?ICID=881383

 Word count: 2275
 Tables: —
 Figures: 6
 References: 21

 Author’s address: Mo Zhao-Hui, Department of Endocrinology, 3rd Xiangya Hospital,Central South University, Hunan Province, 
Changsha, 410013, China, e-mail: mozhaohui_xy@126.com

Authors’ Contribution:
 A Study Design
 B Data Collection
 C Statistical Analysis
 D Data Interpretation
 E Manuscript Preparation
 F Literature Search
 G Funds Collection

Received: 2010.01.30
Accepted: 2010.03.15
Published: 2011.02.01

BR35

Basic Research
WWW.MEDSCIMONIT.COM© Med Sci Monit, 2011; 17(2): BR35-41

PMID: 21278683

BR

Current Contents/Clinical Medicine • IF(2009)=1.543 • Index Medicus/MEDLINE • EMBASE/Excerpta Medica • Chemical Abstracts • Index Copernicus



Background

Glucagon-like peptide-1(GLP-1), released from enteroen-
docrine cells of the intestine, is a regulatory factor of var-
ious cells and tissues. Recent studies showed that GLP-1 
improved the vascular endothelial cell dysfunction and ex-
erted cardiovascular protective effect [1]. Endothelial dys-
function is essentially the damage of injury-repair process 
homeostatic equilibrium. Circulating endothelial progen-
itor cells (EPCs) derived from bone marrow were isolated 
and characterized in 1997 [2], altering our understand-
ing of endothelial function and new blood vessel growth. 
Circulating EPCs play an important role in maintaining en-
dothelial integrity regulating neovascularization and reen-
dothelialization after endothelial injury [3,4]. Therefore, we 
hypothesized that GLP-1 is involved in protection of vascular 
endothelium by improving the biologic function of EPCs.

EPCs share characteristics of both hematopoietic stem cells 
and endothelial cells, such as expression of endothelial mark-
ers and the ability to differentiate into mature endotheli-
um [5]. Cytokines is known to participate in the process 
of EPCs differentiation into endothelial cells [6]. Vascular 
endothelial growth factor VEGF is identified as a key regu-
lators of EPCs bifurcation. VEGF-induced mobilization of 
bone marrow-derived EPCs resulted in increased differen-
tiated EPCs in vitro and augmented corneal neovascular-
ization in vivo [7,8]. These findings thus establish a novel 
role for VEGF in postnatal neovascularization, which com-
plements its known impact on angiogenesis. Given VEGF 
regulatory role in both angiogenesis and vasculogenesis in 
EPCs, we observe the effects of GLP-1 on biological func-
tion and VEGF generation of EPCs to explore the probable 
mechanism of the cardiovascular protective effect of GLP-1.

Material and Methods

Isolation, cultivation, and characterization of EPCs

EPCs were obtained by isolating peripheral mononuclear 
cells from blood of healthy volunteers by use of Ficoll density 
centrifugation. Recovered cells were washed twice with PBS. 
Unselected mononuclear cells were plated on fibronectin-
coated culture dishes (Biocoat; BectonDickinson Labware) 
at a density of 106 cells/ml in Medium 199 (Invitrogen), 
incubated by M199 medium (Hyclone) consisting of 20% 
fetal bovine serum, 100 units/ml penicillin/streptomycin 
(Invitrogen). Three days after seeding, nonadherent cells 
were removed by washing with PBS, and the media were re-
applied. Adherent cells were identified as EPCs.

Characterization of cultured EPCs

At the end of the growth curve, cultured cells were character-
ized to confirm their endothelial phenotype in 6 randomly 
selected subjects. The cells were fixed with 4% paraformal-
dehyde for 30 min, then washed twice with phosphate-buff-
ered saline (PBS) and stained with primary antibody (1:300): 
monoclonal antibodies against CD133/KDR. To have fur-
ther methodological confirmation of the endothelial pheno-
type, cultured EPCs were detached CD133/CD34. Sections 
were incubated at 4 degrees Celsius overnight; followed by 
overnight incubation with secondary antibody (1:100) at 
4 degrees Celsius. After washing twice with PBS, images of 

the stained cells were viewed with a laser scanning confo-
cal microscope. Double-positive cells were identified as dif-
ferentiating EPCs.

GLP-1 treatment of EPCs

EPCs were pretreated with and without different concentra-
tions of GLP-1 1,10,20 nM for 72 h. Three groups of EPCs 
were treated with VEGF (Sigma) 10, 20,30ng/ml, an impor-
tant cytokine in the process of vascular endothelial cell dif-
ferentiation and maturation. To further confirm the role 
of VEGF in EPCs biology, 1 group of EPCs was treated with 
5 µmol/l SU1498 (Sigma), a specific inhibitor of KDR sig-
naling pathway. Another group of EPCs was treated with an-
ti-VEGFmAb (Sigma) 100 ng/ml.

EPCs proliferation

Adherent cells were detached by 0.25% trypsin solution and 
collected 500 µl cell suspension to count cell number. EPCs 
were plated in 96-well human fibronectin-coated plates and 
10 µl MTT (Sino-American Biotechnology Co) at 5mg/ml 
were added into each well and incubated for 4 hours at 37 
degrees Celsius. After removing medium and adding 200µL 
dimethylsulfoxide (DMSO) into each well to dissolve the 
formazan by pipetting up and down several times, the opti-
cal density (OD) value of EPCs were determined by univer-
sal microplate spectrophotometer (SHIMADZU).

RT-PCR polymerase chain reaction assay

RNA was harvested with Trizol kit (Sigma) from cell accord-
ing to the manufacturer’s instructions. mRNA was reverse 
transcribed to cDNA with the RNA PCR Core kit (Sino-
American Biotechnology Co). Primer sequences are the fol-
lowing: GAPDH forward: 5’-CCATCACCATCTTCCAGGAG-
3’,reverse: 5’-CCTGCTTCACCACCTTCTTG-3’: 
Flt-1 forward: 5’-ATTTGTGATTTTGGCCTTGC-3’, re-
verse: 5’-CAGGCTCATGAACTTGAAAGC-3’; KDR for-
ward: 5’-AGACCAAAGGGGCACGATTC-3’, reverse: 
5’-CAGCAAAACACCAAAAGACCAGAC-3’; VE-cadherin 
forward: 5’-GCTGAAGGAAAACCAGAAGAAGC-3’, re-
verse: 5’-TCGTGATTATCCGTGAGGGTAAAG-3’; eNOS 
forward: 5’-AGCGAGTGAAGGCGACAA-3’, reverse: 
5’-TCCACGGACGAGCAAAGG-3’. The amplified product 
was sampled every other cycle and electrophoresed on 15 
g/L agarose gel. Belts were observed and photos were taken 
by a gel image analysis system. GAPDH was calculated as a 
parameter of relative mRNA levels. The PCR primers were 
synthesized by Shanghai Sangon Biological Engineering 
Technology Co.

Measurement of VEGF in EPCs

VEGF in cell-culture medium was measured using the 
commercially available VEGF sandwich immunoassay kit 
(Quantikine human VEGF ELISA kits [R&D Systems] ac-
cording to the manufacturer’s instructions.

The cell smears were obtained after centrifugation of EPCs 
and fixed with 4% paraformaldehyde for 30 min. SP immu-
nocytochemistry was carried out to determine the VEGF 
protein levels according to the manufacturer’s instructions 
(Santa Cruz Biotechnology). Images of the stained cells 
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were viewed with inverted microscope and analyzed by the 
Medical Image Analysis system (HMIA S-2000).

Statistical analysis

The data were generally expressed as means ±SD. SPSS soft-
ware version 11.0 was used for statistical analyses. Statistical 
significance among mean values was evaluated by one-way 
ANOVA tests for measurement data, and LSD-t test for com-
parison between each other. Differences were considered 
significant when p value was less than 0.05.

results

Characterization of EPCs

EPCs were originated from peripheral blood MNCs of 
healthy subjects as previously described. EPCs were cultured 

on fibronectin, a fraction of cells adhered to fibronec-
tin, whereas others still suspended in culture medium 
(Figure 1A). Numerous spindle-shaped cells were observed 
7 days in culture (Figure 1B). On day 14 of culture the ma-
jority of typical spindle-shaped endothelial-like cells were 
found and connected end-to-end to exhibit cord-like struc-
ture (Figure 1C).

Identification of EPCs

After mononuclear cells were isolated from peripheral blood 
for 7 days, a laser scanning confocal microscope was used 
to detect the surface markers of adherent cells. Images of 
the double-staining cells for both CD133 and CD34 were 
viewed: positive cells for CD133 are red; positive cells for 
CD34 are green; yellow double-positive cells were identi-
fied as differentiating EPCs (Figure 1D). EPCs were further 
confirmed as cells double-positive for CD133 uptake and 

E

Figure 1.  Morphology and characterization of endothelial progenitor cells (EPCs) from peripheral blood. (A) Mononuclear cells (MNCs) were isolated 
and plated on fibronectin-coated culture dish on the second day. (B) 7 days after plating, adherent EPCs with spindle-shape and cell 
colony were shown. (C) EPCs joined end to end exhibited cord-like structure. Identification of EPCs. (D) Double-positive for CD133 and 
CD34; (E) Double-positive for CD133 and KDR.

D

A B C
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KDR binding affinity. Double-positive cells were identified 
as differentiating EPCs (Figure 1E). Laser scanning confo-
cal microscope analysis revealed that EPCs expressed endo-
thelial markers CD34 and KDR, which are considered criti-
cal markers of outgrowth endothelial cell-producing EPCs. 
Stem cell marker CD133 was still expressed.

GLP-1 increase proliferation of EPCs

After seeding MNCs on wells, cells were incubated with dif-
ferent concentrations of GLP-1 for 72 hours. The effect of 

GLP-1 on EPCs proliferation was analyzed by MTT assay. 
GLP-1 concentration dependently improved EPCs prolifera-
tion activity, which became apparent at 1nmol/l (Figure 2).

Effects of GLP-1 on the expression of KDR, FLT-1, 
VE-cadherin eNOS mRNA in EPCs

Next, we investigated GLP-1 capable of improving the 
functional capacity of differentiation of EPCs. KDR, Flt-
1,VE-cadherin and eNOS are key EC-lineage markers. The 
mRNA levels of KDR, Flt-1,VE-cadherin and eNOS were de-
termined by using RT-PCR. GLP-1 modulated the expres-
sion of these EC-specific markers in EPCs in a dose-depen-
dent manner at 72 hours (Figure 3). Pretreatment with 
GLP-1 significantly increased the KDR, Flt-1,VE-cadherin 
and eNOS expression. These results indicate that GLP-1 ac-
celerates the differentiation of EPCs into endothelial cells.

GLP-1 augmented the VEGF generation

EPCs generated and released VEGF by autocrine or para-
crine, which play an important role in the process of vas-
cular endothelial cell differentiation and maturation. We 
therefore investigated the effects of GLP-1 on VEGF genera-
tion in EPCs. As shown in Figure 4A and C, GLP-1 augment-
ed the VEGF generation from EPCs. The concentration of 
VEGF in GLP-1 culture media on 72 hours was significant-
ly greater in the GLP-1 group than in the control group. 
Immunocytochemical examination revealed that EPCs ex-
pressed VEGF protein intensively in GLP-1-conditioned 
EPCs (Figure 4C). Thus, GLP-1 significantly augmented 
VEGF production and release from EPCs during EPCs dif-
ferentiation.

Figure 3.  GLP-1 markedly increased KDR, Flt-1, VE-cadherin and eNOS 
mRNA Levels in a dose-dependent manner.1: Control group, 
2: GLP-1 1 nM group; 3: GLP-1 10 nM group; 4: GLP-1 20 nM 
group.

Figure 2.  Effects of glucagon-like peptide-1 (GLP-1) on proliferation 
of EPCs. GLP-1 increases EPCs proliferation capacity. Cells 
were isolated and incubated with different concentrations 
of GLP-1 for 72 hours. MTT assay was also performed for 
EPCs proliferation activity, normalized to cells incubated in 
control medium. Data are expressed as means ±SE; n=6, 
*P < 0.05 vs. control. **P<0.01 vs. control (Figure 2A). Cell 
colony formation was observed in EPCs cultured with GLP-1 
10nM (Figure 2C) different from control (Figure 2B).

A

B

C
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VEGF improve proliferation and differentiation of EPCs

To elucidate the role of VEGF released from EPCs on their 
self-differentiation, we examined the effects of exogenous 
rhVEGF in (10,20,30 ng/mL) on the proliferation and dif-
ferentiation of EPCs [6]. Exogenous VEGF significantly 
enhanced the proliferation and expression of FLT-1, KDR, 
VE-cadherin,eNOS mRNA of EPCs.

Increase of VEGF autocrine plays an important role in 
the proliferation and differentiation of EPCs

To test our hypothesis that GLP-1 influences proliferation 
and differentiation of EPCs increase of VEGF, we examined 
the effects of the anti-VEGFmAb, the tyrosine kinase inhibitor 

genistein, and the KDR-specific receptor tyrosine kinase in-
hibitor, SU1498, on the activity of EPCs [9]. Both of these 
2 agents potently inhibited the proliferation of EPCs pre-
incubated with GLP-1. Moreover, the anti-VEGFmAb and 
SU1498 significantly suppressed FLT-1, KDR, VE-cadherin 
and eNOS mRNA expression of EPCs cultured by GLP-1, in-
dicating VEGF and KDR may mediate the improvement ef-
fect of GLP-1 on EPCs. GLP-1 downregulated EPCs by mod-
ulating VEGF secretion.

discussion

Previous studies have shown that GLP-1 secreted from the 
gut is an incretin that has diverse actions, including pro-
motion of propagation and differentiation of pancreatic 
islet B cells, increased secretion of insulin, inhibition of 
food and water intake, gastric emptying, and stimulation 
of neuroendocrine responses characteristic of visceral ill-
ness [10,11]. In the present study we demonstrated that 
exposure of cultured EPCs to GLP-1 improved the pro-
liferation activity. KDR, Flt-1,VE-cadherin and eNOS are 
key EC-lineage markers. In addition, a greater number of 
GLP-1-conditioned EPCs expressed EC-lineage markers, 
FLT-1,eNOS,VE-cadherin and KDR compared with control, 

Figure 4.  (A) VEGF concentration in culture medium was significantly 
greater in the GLP-1 group than in the control group. 
Data are expressed as means ±SE; n=6, *P<0.05 vs. 
control. **P<0.01 vs. control. (B) Immunocytochemical 
examination revealed weakly positive expression of VEGF 
in control group. (C) Strongly positive expression of VEGF in 
GLP-1 10 nM group (SP, ×600).

A

B

C

Figure 5.  Exogenous addition of VEGF significantly enhanced 
the proliferation (A) and expression of FLT-1, KDR, 
VE-cadherin,eNOS mRNA in EPCs in a dose-dependent 
manner. (B). Data are expressed as means ±SE; n=6, 
*P<0.05 vs. control. **P<0.01 vs. control.1: Control group; 
2: VEGF 10 ng/mL group; 3: VEGF 20 ng/mL group 4 VEGF 30 
ng/mL group.

A

B
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suggesting that GLP-1 accelerates the differentiation of EPCs 
into endothelial cells. Studies indicated that endothelial 
function is correlated with the number of circulating EPCs 
[12,13]. It is thought that regulation of the number and 
function of EPCs directly influences the maintenance and 
development of atherosclerosis. It is clinically important to 
estimate the degree of EPCs bioactivity and to increase the 
EPCs bioactivity by appropriate interventions [14]. Thus, 
these results suggest that GLP-1 potentially improved the 
endothelial cell dysfunction via regulating EPCs. In agree-
ment with our study, numerous findings suggest a role for 
GLP-1 cardiovascular protective effect. GLP-1 potentially 
improved the endothelial cell dysfunction associated with 
premature atherosclerosis identified in type 2 diabetic pa-
tients [15]. Furthermore, GLP-1 has antihypertensive and 
cardiac and renal protective effects in rats fed a high salt 
diet [16]. Infusion of GLP-1 in subjects with type 2 diabe-
tes and stable coronary disease has shown beneficial effects 
on flow-mediated vasodilatation [17].

We next examined the potential mechanisms by which GLP-1 
enhanced proliferation and differentiation of EPCs. It has 
been shown that EPCs and endothelial cells produced and 
released cytokine or growth factor by autocrine or para-
crine, such as VEGF,CP-1,FGF,TGF1 [18]. We observed that 
EPCs intervened by GLP-1, VEGF mRNA expression, cellu-
lar VEGF and supernatant VEGF were increased marked-
ly, demonstrating that GLP-1 improves VEGF autocrine or 

paracrine in EPCs. VEGF is an important cytokine in the 
process of vascular endothelial cell differentiation and mat-
uration. The increase of VEGF autocrine induced by GLP-1 
may in turn influence the classical process of angiogenesis, 
namely the proliferation, migration and survival of mature 
endothelial cells. Many studies have established that ecto-
genesis VEGF can promote the EPCs endothelial cell dif-
ferentiation, which agrees with the present study. Our study 
also indicated that EPCs cultivated from different sourc-
es showed a marked expression of growth factors such as 
VEGF, HGF, and IGF-1 [19,20]. These results support the 
notion that GLP-1 improves the function of EPCs through 
upregulating VEGF generation.

To minimize the possibility that our observations were the 
result of nonspecific pharmacological effects, we employed 
anti-VEGFmAb and exogenous VEGF to elucidate the role of 
autocrine VEGF released from EPCs. First, anti-VEGFmAb, 
blocking the endogenic VEGF, potently suppressed the pro-
liferation function of EPCs. Simultaneously, the expres-
sions of EC-lineage markers were decreased in the GLP-1 
group, indicating the inhibition of differentiation of EPCs 
into endothelial cells. Second, exogenous VEGF enhanced 
both proliferation and differentiation activity of EPCs in a 
dose-dependent manner, consistent with the report that ex-
ogenous VEGF administration significantly enhanced the 

A

B

C

Figure 6.  (A) Both anti-VEGF mAb and SU1498 significantly decreased 
proliferation ability of EPCs cultured in GLP-1 10nM. Data 
are expressed as means ±SE; n=6, #P<0.05 vs. GLP-1 
10 nM. (B) The neutralizing anti-VEGF mAb significantly 
inhibited expression of these EC-specific markers KDR, 
Flt-1,VE-cadherin and eNOS (1: Control group; 2: GLP-1 
10nM group; 3: GLP-1 10nM + VEGFmAb 100 ng/ml group). 
(C) The KDR-specific tyrosine kinase inhibitor SU1498 
significantly suppressed KDR, Flt-1,VE-cadherin and eNOS 
expression in EPCs (1: Control group, 2: GLP-1 10nM group, 
3: GLP-1 10nM + SU1498 5 µM group).
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differentiation of PB-MNCs into EPCs. Thus, by using an-
ti-VEGFmAb and exogenous VEGF, our data conclusively 
demonstrates that GLP-1 results in increase of VEGF gener-
ation, which appears to mediate beneficial effects of GLP-1 
on EPCs. These novel findings suggested that VEGF is po-
tentially the key effector linking GLP-1 to the improve-
ment of EPCs.

It has been suggested that VEGF elicits the endothelializa-
tion and angiogenic function in EPCs mainly through the 
receptor tyrosine kinase KDR and Flk-1. That is, VEGF in-
duces EPCs proliferation and increases PB-MNCs differen-
tiation into EPCs via the KDR/ Flk-1. Moreover, FLT-1 and 
KDR are important markers of maturated vascular endothe-
lial cells [21]. Expression of the VEGF receptors KDR and 
Flt-1 in EPCs gradually increased with the duration of cell 
GLP-1 culture. These findings indicate that cells exposed 
to GLP-1 acquire enhanced responsiveness to endogenous 
VEGF. Studies have shown the VEGF-KDR signaling pathway 
also induces KDR expression as a positive feedback mecha-
nism [22]. Thus, augmented VEGF release might have en-
hanced the expression of KDR on EPCs. To further clarify 
the mechanism, we tested the KDR-specific tyrosine kinase 
inhibitor SU1498 on the proliferation and differentiation 
of EPCs. SU1498 suppressed the proliferation and expres-
sion of EC-lineage markers. These findings clearly suggest 
that the VEGF generated from EPCs, and the VEGF sig-
naling through the KDR receptor tyrosine kinase, play im-
portant roles in the differentiation of PB-MNCs into EPCs. 
Thus activation of KDR, as well as the increase in its expres-
sion, may be involved in the mechanism by which GLP-1 
stimulates EPCs proliferation and differentiation activities.

Taken together, these results indicate that GLP-1 improves 
VEGF generation, which contributed to improvement of 
EPCs biological function, partly by tyrosine kinase KDR. 
VEGF is a necessary intermediate mediating the effects of 
GLP-1 on EPCs. These changes offer a novel explanation 
that upregulation EPCs bioactivities may be one of the mech-
anisms of GLP-1cardiovascular protective effect.
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