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Abstract: This study determines whether preconditioning (PC) of human endothelial progenitor cells (hEPCs) with 
bradykinin promotes infarcted myocardium repair via enhanced activation of B2 receptor (B2R)-dependent Akt/
eNOS and increased angiogenesis. hEPCs with or without bradykinin preconditioning (BK-PC) were transplanted into 
a nude mouse model of acute myocardial infarction. Survival of transplanted cells was assessed using DiD-labeled 
hEPCs. Infarct size, cardiac function, and angiogenesis were measured 10 d after transplantation. Akt, eNOS, and 
vascular endothelial growth factor (VEGF) expressions in cardiac tissues were detected by western blotting, and 
NO production was determined using an NO assay kit. The cell migration and tube formation in cultured hEPCs 
were determined using transwell chamber and matrigel tube formation assays, respectively. The VEGF levels in the 
cell supernatant were measured using an enzyme-linked immunosorbent assay kit. BK-PC-hEPCs improved cardiac 
function, decreased infarct size, and promoted neovascularization 10 d following transplantation. PC increased Akt 
and eNOS phosphorylation, VEGF expression, and NO production in the ischemic myocardium. The effects of BK-PC 
were abrogated by HOE140 (B2R antagonist) and LY294002 (Akt antagonist). PC increased hEPC migration, tube 
formation, and VEGF levels in vitro. Activation of B2R-dependent Akt/eNOS phosphorylation by BK-PC promotes 
hEPC neovascularization and improves cardiac function following transplantation. 
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Introduction

Myocardial infarction (MI) remains a major 
cause of morbidity and mortality worldwide. 
Therapeutic angiogenesis is a promising con-
cept with significant potential clinical applica-
tions for the treatment of patients with isch-
emia [1, 2]. An increasing body of evidence 
from a wide range of experimental animal stud-
ies and clinical trials suggests that endothelial 
progenitor cells (EPCs) participate in the pro-
cess of neovascularization and tissue repair, 
which leads to the enhanced recovery of isch-
emic myocardium [3, 4]. Several studies have 
demonstrated that the therapeutic effects of 
EPCs may result from the growth factors secret-
ed by EPCs, the differentiation into endothelial 
cells (ECs), and the incorporation into sites of 

active neovascularization [5-7]. However, trans-
plantation of autologous EPCs has numerous 
limitations, including the limited supply of 
expanded progenitors, the pathological micro-
environment, and the low proportion of intrave-
nously injected cells that successfully accumu-
late at sites of tissue damage [8]. Therefore, 
developing novel proangiogenic strategies that 
improve revascularization of ischemic tissues is 
clinically significant. 

Preconditioning (PC) of stem cells is an attrac-
tive strategy for improving revascularization of 
ischemic tissues. Hypoxically preconditioned 
human peripheral blood mononuclear cells 
improve blood flow in hindlimb ischemia xeno-
graft model [9], and preconditioning of bone 
marrow mesenchymal stem cells by prolyl 
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hydroxylase inhibition enhances cell survival 
and angiogenesis in vitro and after transplanta-
tion into the ischemic heart of rats [10]. 
Moreover, the PC of EPCs with stromal-derived 
factor-1 (SDF-1) has been reported to enhance 
angiogenesis, thus augmenting the efficiency 
of cell therapy for ischemic vascular diseases 
[11]. 

Bradykinin (BK), one of the major metabolites 
in the tissue kallikrein-kinin system, plays a 
vital role in regulating the tolerance of an isch-
emic heart [12]. BK has been widely known as 
an endogenous protective factor that reduces 
infarct size and improves post-ischemic con-
tractile function [13]. BK is one of the triggers 
of ischemic preconditioning (IPC) [14] and limits 
the infarct size in the ischemic heart during the 
late phase of IPC by activating B2R [15]. 
Bradykinin preconditioning (BK-PC) improves 
the recovery of ventricular and coronary vascu-
lar function via nitric oxide-dependent mecha-
nisms [16]. 

However, the BK-PC of stem cells prior to trans-
plantation has not been previously investigat-
ed. In this study, we postulated that PC-hEPCs 
with BK transplantation will significantly en- 
hance neovascularization and promote infarct-
ed myocardium repair.

Materials and methods

Isolation, culture, and characterization of 
hEPCs

Human umbilical cord blood was obtained from 
Zhongda Hospital in accordance with an institu-
tional review board-approved protocol. All 
selected pregnant women were healthy and 
signed an informed consent. The obtained 
human umbilical cord blood was diluted to a 
1:1 ratio in phosphate-buffered saline (PBS) in 
a similar manner as used in previous studies 
[17]. The mononuclear cell fraction was 
obtained from a Lymphoprep density gradient 
(Sigma, St. Louis, MO, USA) after centrifuga-
tion, washed twice in PBS, and centrifuged. The 
cell pellet was suspended in endothelial basal 
growth medium (EBM-2) supplemented with 
EGM-2 MV SingleQuots and 5% heat inactivat-
ed fetal bovine serum (FBS) (EGM-2, Lonza, 
Walkersville, MD, USA). The solution was then 
plated in a T-25 culture flask coated with 10 
µg/mL human plasma fibronectin (FN, Millipore, 

Bedford, MA, USA). After removing unbound 
cells at 96 h, the bound cell fraction was main-
tained in culture by using EGM-2. Spindle-
shaped cells were observed after 7 d. Colonies 
of endothelial-like cells were grown to conflu-
ence and subsequently trypsinized and paved 
uniformly in a new T-25 culture flask as the first 
passage. The medium was changed every 3 d. 
At 80% confluence, cells were harvested with 
0.25% trypsin and passaged at a ratio of 1:2. 
Subsequent passages were performed similar-
ly. Passages 3 hEPCs to 6 hEPCs were used in 
this study. 

Cells were primarily characterized by phase 
contrast microscopy to evaluate the cobble-
stone morphology. Cells were incubated with 1, 
1’-dioctadecyl 3,3,3’,3’-tetra-methylindo-carbo-
cyanine-labeled acetylated low-density lipopro-
tein (DiI -acLDL, Invitrogen, Carlsbad, California, 
USA) for 4 h at 37°C. Lectin binding was ana-
lyzed by using fluorescein isothiocyanate (FITC)-
conjugated UEA-1-lectin (Sigma), and the cells 
were examined under a fluorescence micro-
scope (Nikon Corporation). Immunofluorescence 
staining was also utilized to determine the 
expression of the progenitor lineage marker 
CD34 (BD Biosciences, Bedford, Massachu- 
setts, USA), the endothelial lineage markers 
VEGFR2 (KDR, BD Biosciences) and CD105 
(Santa Cruz), the myeloid marker CD68 (BD 
Biosciences), the leukocyte marker CD45 (BD 
Biosciences), and the B2R expression (BD 
Biosciences). Flow cytometry was used to ana-
lyze B1R and B2R expressions. 

Nude mouse model of acute MI and transplan-
tation of labeled hEPCs

All animal studies were approved by the 
Institutional Animal Care and Use Committee of 
Southeast University. The recipient male nude 
mice (20 g to 22 g, weight) were intraperitone-
ally anesthetized with 45 mg/kg of pentobarbi-
tal, intubated, and then ventilated at 110 
breaths per min. The left anterior descending 
coronary artery was proximally ligated with 8-0 
silk suture via left thoracotomy incision. After 
10 min, the animals were grouped and intra-
myocardially injected with 30 µl of one of the 
following: basal medium without hEPCs (Con 
group), basal medium containing 1 × 106 non-
PC hEPCs (EPCs group), bradykinin-precondi-
tioned hEPCs (BK-PC-hEPCs; BK PC group), 
BK-PC-hEPCs pretreated with HOE140 (BK PC/
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HOE group), and LY294002 (BK PC/LY group). 
The injections were performed at multiple sites 
(average of 3 to 4 sites/animal) in the free wall 
of the LV under direct vision. After the chests of 
the animals were sutured, the animals were 
allowed to recover.

Prior to heart transplantation, a cell suspension 
containing 1 × 106 hEPCs was labeled with car-
bocyanine near-infrared dye 1, 1’-dioctadecyl-
3,3,3’,3’-tetramethylindodicarbocyanine,4-
chlorobenzenesulfonate salt (DiD; Invitrogen, 
Carlsbad, CA, USA) according to the manufac-
turer’s instructions. 

Echocardiographic analysis and heart/body 
weight measurement 

The day 10 group was evaluated for cardiac 
function by using transthoracic echocardiogra-
phy prior to sacrifice (Vevo 770TM; Visual Sonic, 
Toronto, Canada). Left parasternal short-axis 
two-dimensional M-mode images at the level of 
papillary muscles were recorded by using a 30 
MHz linear transducer. Left ventricular end-dia-
stolic volume (LVEDV), left ventricular end-sys-
tolic volume (LVESV), left ventricular internal 
diameter at end-diastole (LVIDd), and left ven-
tricular internal diameter at end-systole (LVIDs) 
were measured at the anterior wall from the 
short-axis view just below the level of the papil-
lary muscle. The left ventricular ejection frac-
tion (LVEF) and left ventricular fractional short-
ening (LVFS) were calculated by using standard 
M-mode echocardiographic equations (EF = 
(LVEDV - LVESV) × 100%/LVEDV; FS = (LVIDd - 
LVIDs) × 100%/LVIDd). All measurements were 
averaged for five consecutive cardiac cycles 
and performed by an experienced examiner in 
a blinded fashion. 

After determining the cardiac function via echo-
cardiography, the heart was perfused with PBS 
and rapidly excised. After drying by using filter 
paper, the heart was weighed with an electron-
ic balance. The heart weight/body weight index 
was calculated as heart weight/body weight × 
100.

Histological analysis

For morphological analysis, 4 µm sections were 
obtained and subjected to Masson’s trichrome 
staining by using a staining kit (Sigma) accord-
ing to the manufacturer’s instruction. The LV 
images of each slide were taken by using a 

Nikon E200 (Nikon Corporation) camera. The 
fibrosis and total LV area of each image were 
measured by using Image-Pro Plus. The per-
centage of the fibrotic area was calculated as 
fibrosis area/total LV area × 100. 

Immunohistochemical analyses were per-
formed to visualize the capillaries and small 
arteries in the border zone by using a kit accord-
ing to the manufacturer’s instructions (Uni- 
versalElite ABC, Vector). Primary antibodies 
against CD 31 (endothelial cell antigen, Santa 
Cruz Biotechnology, Santa Cruz, CA, USA 1:50 
dilution) and α-smooth muscle actin (Santa 
Cruz, 1:200 dilution) were used. Capillaries 
were identified as having a diameter of < 20 µm 
and a layer of ECs without smooth muscle cells, 
whereas arterioles were identified as having a 
diameter of > 20 µm and < 100 µm with a layer 
of smooth muscle cells. Positively stained cells 
in five fields per section of the peri-infarct zone 
were counted to determine capillary density 
and arteriole density. A total of five sections per 
heart were analyzed by an investigator blinded 
to the treatment (n = 5 for each group).

Immunofluorescence colocalization studies

The transplanted animals were sacrificed 10 d 
following transplantation, immediately after ex 
vivo imaging. Tissues were frozen in optimum 
cutting temperature compound (OCT com-
pound, Miles Laboratories, Naperville, IL, USA) 
and sectioned into 5 µm samples by using a 
cryostat (LeiCa CM1950, Nussloch, Germany). 
The cryostat sections of the peri-infarct region 
of the hearts were fixed with acetone for 20 
min, washed in PBS, and subsequently stained 
for antibodies against CD31 (Santa Cruz, 1:50 
dilution) and α-smooth muscle actin (Santa 
Cruz, 1:50 dilution). The sections were visual-
ized by using fluorescence-labeled secondary 
antibodies (Santa Cruz, 1:100 dilution). All  
sections were counterstained with 4’,6-dia- 
midino-2-phenylindole (DAPI) (Sigma). The mul-
tiple immunofluorescence-conjugated speci-
mens were evaluated with a confocal micro-
scope (FV-1000, Olympus, Tokyo, Japan).

Western blots analysis

Tissue samples (approximately 100 mg) taken 
from liquid nitrogen were homogenized in ice-
cold RIPA lysis buffer with phenylmethanesul-
fonyl fluoride (10 mM, Shenergy Biocolor 
Bioscience and Technology Company, Shang- 
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hai, China). Extracts were cleared by centrifuga-
tion (16,000 × g at 4°C for 15 min), and the 
supernatants were collected. Protein concen-
tration was determined by using a protein assay 
kit (Thermo scientific, Rockford, USA). Samples 
were mixed with sodium dodecyl sulfate (SDS)-
denaturing sample buffer and separated 
through 10% SDS polyacrylamide gel electro-
phoresis gels. The proteins were transferred  
to a PVDF membrane by electrophoresis. The 
membrane was blocked and incubated over-
night on a rocking platform at 4°C with anti- 
bodies against Akt, Phospho-Akt [Ser473], 
Phospho-eNOS [Ser1177] (1:1000, Cell Sig- 
naling, MA, USA), vascular endothelial growth 
factor (VEGF) (1:1000, Santa Cruz, CA, USA), as 
well as eNOS (1:1000, BD Biosciences) and 
glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) (1:1000 Kangchen Biology Inc., Shang- 
hai, China). HRP-conjugated secondary anti-
bodies were then incubated for 1 h and exposed 
with Molecular Imager ChemiDoc XRS System 
(Bio RAD CA, USA). Relative intensities of pro-
tein bands were analyzed by Image-Pro Plus 
6.0 (Media Cybernetics, Silver Spring, MD, 
USA).

Measurement of NO release

The amount of NO in cardiac tissue was deter-
mined by using an NO assay kit (Beyotime, 
Shanghai, China) according to the manufactur-
er’s protocol, as previously described [18]. 
Briefly, tissue samples from the risk area were 
rinsed, homogenized in deionized water (1:10, 
wt/vol), and centrifuged at 14,000 × g for 10 
min. The absorbance at 550 nm was measured 
with a microplate reader (Bio RAD) after enzy-
matic conversion of the supernatant nitrate to 
nitrite by nitrate reductase. Supernatant NO 
levels were determined by colorimetric assay. 

Transwell migration assay 

The hEPCs were randomly assigned to the fol-
lowing six experimental groups: the Con group 
composed of non-PC hEPCs; the HOE140 and 
LY294002 groups (HOE group and LY group) 
composed of hEPCs incubated with either 150 
nM of HOE140 (Sigma) or 10 µM of LY294002 
(LY, Sigma) for 30 min independent of BK-PC; 
the BK-PC group composed of PC hEPCs incu-
bated with 10 nM BK (Sigma) for 10 min; and 
the BK-PC/HOE and BK-PC/LY groups com-
posed of PC hEPCs incubated with either 150 
nM of HOE140 or 10 µM of LY294002 for 30 

min prior to BK. At every step, three times of 
washes were applied with pre-warmed PBS to 
remove residual serum and drugs. 

hEPC migration was evaluated by using a tran-
swell migration assay. Briefly, 4 × 104 cells were 
suspended in 200 μL of RPMI-1640 medium 
supplemented with 1% FBS and placed in the 
upper chamber of an 8.0 µm pore size transwell 
(Millipore, Bedford, MA, USA). SDF-1 (100 ng/
mL) was mixed with the medium (RPMI-1640 
medium + 1% FBS) in the lower chamber. After 
incubation for 8 h at 37°C in 5% CO2, the cells 
that failed to migrate were removed from the 
upper surface of the filters by using cotton 
swabs, and cells that migrated to the lower sur-
face of the filters were stained with 0.1% crystal 
violet stain solution. Migration was determined 
by counting the cell number with a microscope 
(Nikon Corporation). The average number of 
migrating cells in five fields was taken as the 
cell migration number of the group.

Matrigel tube formation assay 

hEPCs were randomly assigned to six experi-
mental groups before the tube formation assay 
was performed. The growth factor-reduced 
matrigel (BD Biosciences) at 50 µl/well was laid 
into 96-well plates to solidify to analyze the 
capillary-like tube formation of EPCs. EPCs 
(passage 3) were seeded into six-well plates. 
EPCs 1 × 104) were resuspended in 200 µlL of 
EBM-2 without EGM-2 SingleQuots supple-
ments and then plated on matrigel. After 18 h, 
tube images were obtained by using an invert-
ed microscope. The degree of tube formation 
was quantified by measuring the length of 
tubes in three random fields from each well by 
using Image-Pro Plus (Media Cybernetics Inc., 
Carlsbad, CA, USA) and then calculated against 
control groups.

Measurement of vascular endothelial growth 
factor levels

The VEGF levels in the cell supernatant were 
measured by using an enzyme-linked immuno-
sorbent assay kit (R&D Systems Inc., Min- 
neapolis, MN, USA) according to the manufac-
turer’s instructions.

Statistical analysis

Data were expressed as mean ± SEM. The data 
of the experimental groups were compared by 
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using one-way ANOVA and by Fisher’s PLSD. 
Differences were considered statistically sig-
nificant at P < 0.05.

Results

Characterization of hEPCs

The mononuclear cells derived from human 
umbilical cord blood were separated by using 
density gradient centrifugation and differenti-
ated into “late-outgrowth EPCs” after a long 
culture period (three to six passages). The 
endothelial cell phenotype was characterized 
by assessing the acLDL-DiI uptake and FITC-
conjugated UEA-1-lectin binding (Figure 1A). 
The hEPCs were positive for CD34, KDR, and 
CD105 but negative for CD45 and CD68 (Figure 
1B). The cells were therefore confirmed as 
hEPCs. In addition, hEPCs expressed high lev-
els of B2R and co-expressed B2R, as well as 
the EPC marker CD34 (Figure 1C and 1D). The 

B1R expression in hEPCs was rarely detectable 
(data not shown).

Effects of BK-preconditioned hEPCs trans-
plantation on cardiac function and infarct size 
after MI

Transthoracic echocardiographic examination 
was performed 10 d following cell delivery to 
evaluate cardiac function. The LVEF and LVFS 
were significantly reduced after MI, but were 
partially restored by transplantation of hEPCs 
and BK-PC-hEPCs (Figure 2A and Table 1). 
Moreover, a significant increase in both LVEF 
and LVFS in the BK-PC group was observed. 
However, no significant differences in LVEF and 
LVFS were observed among the EPCs, BK PC/
HOE, and BK PC/LY groups. Impairments in 
contractility (left ventricular inner systolic diam-
eter) and diastolic function (left ventricular 
inner diastolic diameter) after MI were signifi-
cantly improved after BK-PC-hEPC transplanta-

Figure 1. Characterization of cultured hEPCs and B2R expression in hEPCs. A. At 7 d following isolation, the adher-
ent cells intensively took up acLDL and bound an endothelial-specific lectin, as assessed by using fluorescence 
microscopy (original magnification: 400 ×). B. The hEPCs of passage 3 were positive for CD34, KDR, and CD105, 
but negative for CD45 and CD68, as determined by immunofluorescence (original magnification: 400 ×). C. Co-
localization of B2R with the progenitor lineage marker CD34 in the hEPCs of passage 3 (original magnification: 400 
×). D. B2R expression in hEPCs was detected via flow cytometry.
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tion. However, the effect of PC on cardiac func-
tion was antagonized by HOE140 and 
LY294002.

On the basis of Masson’s trichrome staining 
and quantitative analysis (Figure 2B and Table 
1), the infarct size in the left ventricle in the BK 
PC group is significantly lower than that of the 
Con and EPCs groups (P < 0.01) at 10 d follow-
ing hEPC implantation. The effect of BK-PC on 
MI was abolished by HOE140 and LY294002 (P 

< 0.01). In addition, the heart weight/body 
weight ratio in the BK PC group was substan-
tially lower than that in the other MI groups 
(Table 1).

Transplantation of BK-preconditioned hEPCs 
increases angiogenesis, and arteriogenesis in 
the peri-infarct area

Capillary density was determined by using 
immunohistochemical staining for CD31 in the 

Figure 2. Measurements of cardiac function and infarct size. A. Echocardiographic measurements for determination 
of LV function from M-mode measurements. B. Representative Masson’s trichrome-stained histological sections to 
measure infarct size (original magnification: 10 ×). Collagen is blue but myocardium appears red. Infarct size was 
quantified as the area occupied by collagen, (n = 5 for each group).

Table 1. Effects of BK preconditioning on physiological parameters, cardiac function and infarct size 
at 10 days following myocardial infarction
Variable  Sham Con EPCs BK PC BK PC/HOE  BK PC/LY
HW/BW (mg/g) 5.79±0.82 7.85±0.52 7.21±0.75* 6.57±0.71*,# 7.19±0.83 7.23±0.92
LVEF (%)  78.72±5.24 27.89±3.32 38.21±4.32* 48.63±4.91*,# 36.97±4.11 37.12±2.66
LVFS (%) 48.19±4.42 12.59±1.46 17.22±1.85* 27.57±2.81*,# 17.42±2.11 18.39±1.95
LVIDd (mm)   3.32±0.42 5.32±0.53 4.48±0.63* 3.48±0.35*,# 4.42±0.22 4.51±0.83
LVIDs (mm)  1.72±0.15 4.65±0.52 3.71±0.41* 2.52±0.35*,# 3.65±0.31 3.68±0.47
Infarct size (%) 0 49.21±5.12 39.05±3.74* 28.03±3.21*,# 37.64±4.43 38.78±5.18
Values are expressed as mean ± SEM. HW, heart weight; BW, body weight. LVEF, left ventricular ejection fraction; LVFS, left 
ventricular fractional shortening; LVIDd, left ventricular internal diameter at end-diastole; LVIDs, left ventricular internal diam-
eter at end-systole. BK, bradykinin; PC, preconditioning; HOE, HOE140; LY, LY294002. *P < 0.01 vs. Con group, #P < 0.01 vs. 
EPCs group. n = 5 for each group.
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peri-infarct area at 10 d following cell delivery 
(Figure 3A). BK-PC hEPC transplantation in- 
creased the capillary density in the BK PC 
group; this effect was completely blocked by 
HOE140 or LY294002. Small arterioles were 
clearly visible in the tissue sections stained 
with an antibody against α-smooth muscle 
actin at 10 d after cell transplantation (Figure 
3B). Quantitative analysis shows that capillary 
density was significantly higher in the BK PC 
group than in the other groups (P < 0.01) (Figure 
3C). while arteriolar density was significantly 
increased in the BK PC group compared with 
that in the other groups (P < 0.01) (Figure 3D). 
Figure 3E and 3F show that the DiD-labeled 
implanted cells were incorporated into the cap-
illaries and arterioles in the BK PC group, as 
assessed by a high-power confocal microscopy 
at the border zone of the ischemic myocardium 
in 2D and 3D images. These results demon-
strate that transplanted cells may directly par-
ticipate in angiogenesis and arteriogenesis.

PC activates the B2R-dependent Akt/eNOS 
phosphorylation and increases VEGF expres-
sion and NO production

To test whether BK-PC activates the B2R-
dependent Akt/eNOS pathway, western blots 
for phosphor-Akt, total Akt, phosphor-eNOS, 
and total eNOS protein were performed 2 d 
after intramyocardial cell delivery. Figure 4A 

and 4B show that BK-PC-hEPC transplantation 
on angiogenesis and arteriogenesis is associ-
ated with increased Akt and eNOS phosphory-
lation. HOE140 and LY294002 abolished the 
effects of BK-PC on both Akt and eNOS phos-
phorylation. Moreover, the NO levels of the 
BK-PC group were higher than those of the Con 
and EPCs groups (P < 0.05) (Figure 4C). 
However, this effect was abrogated by HOE140 
and LY294002. In addition, the VEGF expres-
sion was detected following cell delivery. BK 
treatment significantly increased VEGF expres-
sion (Figure 4D). HOE140 and LY294002 abol-
ished the effects of BK-PC on VEGF expression. 
These findings suggest that BK-PC-hEPC trans-
plantation enhanced the activation of B2R-
dependent Akt/eNOS and VEGF expression and 
subsequently increased angiogenesis and 
improved cardiac function in the injured myo- 
cardium.

BK-PC enhances the migration of hEPCs

Transwell assay results show that the number 
of migrating cells in the BK PC group signifi-
cantly increased upon stimulation in the pres-
ence of 100 ng/mL SDF-1 (Figure 5A and 5B). 
The migration activity of BK was completely 
blocked by HOE140 and LY294002 (P < 0.01). 
However, no significant differences in the num-
ber of migrating cells were noted in the Con, 
HOE, and LY groups.

Figure 3. Effects of transplantation of BK-PC hEPCs on capillary and arteriole densities. Representative photographs 
of immunostaining by using CD31 (A) to identify capillaries and α-SMA (B) to identify arterioles are shown. (A: CD31, 
original magnification is 400 ×, bar for graph = 20 μm; (B) α-SMA, original magnification is 200 ×, bar for graph = 
50 μm.) Quantitative analysis of capillary density (C) and arteriole density (D) in the peri-infarct myocardium is also 
shown. All values are expressed as mean ± SEM (n = 5 for each group, *P < 0.01 versus other myocardial infarction 
groups). High-power field 2D (E) and 3D images (F) of DiD-labeled implanted hEPCs (red) and immunofluorescence 
staining of CD31 or α-SMA (green) at the border zone of the ischemic myocardium nuclei were counterstained with 
DAPI (blue). (Original magnification is 1000 ×; bar for graph = 20 μm).
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BK-PC stimulates tube formation and enhanc-
es VEGF levels

The effect of BK-PC on the contribution of 
hEPCs to tube formation was studied. 
Quantitative analysis of the length of the tube 
shows that hEPCs preconditioned with BK had 
2.03 times more tubes compared with that of 
control hEPCs (P < 0.01). However, this effect 
was abrogated by HOE140 and LY294002 (P < 
0.01; Figure 6A and 6B).

Furthermore, the VEGF levels in the superna-
tant in the BK PC group were higher than in the 
Con group (P < 0.01). However, the addition of 
HOE140 or LY294002 to the culture medium 
blocked these effects (P < 0.01; Figure 6C).

Discussion 

BK-PC-hEPC transplantation in nude mice with 
MI substantially reduced infarct size and 
enhanced cardiac function in EF and FS. The 

Figure 4. Effects of BK-PC-hEPC transplantation on Akt, eNOS, VEGF expression, as well as NO production. A and 
B. Western blots analysis to identify Akt and eNOS expressions. C. NO production in myocardial tissue. D. Western 
blot analysis for VEGF expression. Representative blots are shown in the upper panel, and densitometric quantita-
tion of protein expression levels are shown as fold changes in the lower panel. All values are expressed as mean ± 
SEM (n = 5 for each group; *P < 0.05 versus other myocardial infarction groups; #P < 0.01 versus other myocardial 
infarction groups).
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angiogenic properties. A previous study report-
ed that B2R stimulation leads to the transacti-
vation of KDR/Flk-1 activation, which induces 
tube formation [22]. Basing on these studies, 
we propose that PC hEPCs with BK promote 
neovascularization via B2R-mediated VEGF 
production.

Previous studies have demonstrated [23, 24] 
that PI3K/Akt activates downstream eNOS, 
induces the release of NO and eNOS phosphor-
ylation, initiates EPC migration, and induces 
angiogenesis. In the present study, the PI3-
kinase inhibitor LY294002 abrogated eNOS 
phosphorylation and reduced NO generation 
induced by BK-PC in the ischemic myocardium. 
Interestingly, PI3K/Akt activation is required for 

diameter and volume of the left ventricle also 
decreased significantly. The observed angio-
genesis and arteriogenesis of the transplanted 
cells in the infarcted tissue may also be impor-
tant for the improvement of cardiac repair and 
function. The importance of angiogenesis and 
arteriogenesis in improving cardiac function 
has been demonstrated in previous studies 
[19, 20]. The present in vitro data show a sig-
nificant increase in tube formation because of 
stimulation by BK-PC. Similarly, capillary densi-
ty and arteriolar numbers were higher in the 
ischemic myocardium in the BK-PC group than 
in the other groups in vivo. These results sug-
gest that BK-PC-hEPC transplantation improves 
cardiac function by increasing capillary and 
arteriole densities. 

The significantly improved 
blood vessel density in the 
BK-PC group may be attribut-
ed to two reasons. On one 
hand, label-implanted cells 
were incorporated into capil-
laries and arterioles. Our 
result showed that BK-PC pro-
moted hEPC migration in vitro 
and increased the integration 
of the transplanted cells into 
the vascular structures 10 d 
following cell delivery, based 
on the 2D and 3D images in 
vivo. Thus, the transplanted 
cells directly participated in 
angiogenesis and arteriogen-
esis, and BK-PC promoted 
these angiogenic effects. On 
the other hand, the levels of 
growth factors with angiogen-
ic potential were elevated in 
the BK-PC group. VEGF, known 
as an endothelial cell-specific 
angiogenic factor, plays an 
important role in the induction 
and maintenance of angiogen-
esis [21]. The obtained data 
show that PC-hEPCs with BK 
could increase VEGF levels in 
vitro. In addition, in vivo data 
show that BK-PC-hEPC trans-
plantation upregulated VEGF 
expression. This study indi-
cates that the BK-B2R-VEGF 
pathway is utilized in cultured 
EPCs and could improve heart 
function through enhanced 

Figure 5. Effect of BK preconditioning on the migration of hEPCs. A. Repre-
sentative photographs of the migrating hEPCs in the presence of 100 ng/
mL SDF-1 stimulation among the six groups (original magnification: 200 ×). 
B. Quantitative analyses of the migrating hEPCs. All values are expressed as 
mean ± SEM. (n = 5 for each group; *P < 0.01 versus other groups).
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angiogenesis because LY29- 
4002 reduces BK-PC-induced 
migration of hEPCs, reduces 
tube formation in vitro, and 
decreases capillary and arte-
riolar densities in vivo. More- 
over, BK has been found to 
induce phosphorylation and 
activation of eNOS via Akt, 
consequently enhancing NO 
release [25, 26]. B2R/Akt/
eNOS signaling is shown to be 
involved in the regulation of 
BK-mediated migration of hu- 
man EPCs [27]. Results also 
show that the Akt/eNOS path-
way is inhibited by HOE140, 
indicating that BK exerts a 
pro-angiogenesis effect via 
B2R. Collectively, the results 
confirm that BK-PC improves 
the therapeutic potential of 
hEPCs and subsequently in- 
creases angiogenesis follow-
ing transplantation in the 
ischemic myocardium. This 
increase in angiogenesis may 
be associated with the in- 
creased activation of B2R-
dependent Akt/eNOS.

In summary, this study dem-
onstrates that BK-PC-hEPC 
transplantation reduces in- 
farct size and improves cardi-
ac performance by enhancing 
the activation of B2R-de- 
pendent Akt/eNOS and by 
promoting angiogenesis and 
arteriogenesis in the hostile 
environment following acute 
MI. Therefore, BK-PC-hEPC 
transplantation is a novel, 
cell-based therapeutic app- 
roach that can be used to 
improve myocardial protec-
tion in ischemic heart disea- 
ses.
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