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Abstract: The aim of this study was to determine whether vascular endothelial growth factor (VEGF) and angiopoi-
etin-1 (Ang-1) promoted the mobilization and recruitment of endothelial progenitor cells (EPCs) to protect kidneys 
from ischemia and reperfusion injury (IRI) in male rats. At 24 h and 72 h after reperfusion, serum samples were re-
spectively collected for renal function. Besides, kidney tissues were harvested to observe renal morphology chang-
es. Subsequently, VEGF, Ang-1 and angiopoietin-2 (Ang-2) expression levels in different groups were measured at 
the indicated time points after reperfusion. Compared with IRI-operated group, rats that were intervened with EPCs 
significantly reduced in the levels of blood urea nitrogen, serum creatinine at 24 hours and 72 hours, particularly 
in injecting EPCs suspension liquid transfected by VEGF165-adenovirus and Ang-1-adenovirus. At 72 hours after re-
perfusion, renal function and morphology were exhibited significant improvements in two EPCs-transfected VEGF165-
adenovirus and Ang-1-adenovirus groups. In addition, expression levels of VEGF, Ang-1 and Ang-2 in the kidneys of 
EPCs-treated rats which were transfected by VEGF165-adenovirus and Ang-1-adenovirus were markedly increased 
compared to rats subjected to IRI. The present work suggested that VEGF and Ang-1 might play important roles in 
the protective effect of homing of EPCs on renal acute IRI.
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Introduction

Ischemia and reperfusion injury (IRI) is a major 
cause of acute organ dysfunction, and IRI relat-
ed acute kidney injury (AKI) is a common clini-
cal problem with high mortality and morbidity 
[1, 2]. In addition, the pathogenesis of renal  
IRI may be mediated by multiple mechanisms 
including endothelial dysfunction, systemic and 
local inflammatory responses, oxidative stress, 
apoptosis and necrosis [3, 4]. However, the 
exact etiology and mechanism of renal IRI is 
still unclear. Despite the increased awareness 
of the pathogenesis mechanism of AKI, AKI re- 
mains without any effective treatment. There- 
fore, there is an appropriate and reasonable 
period of time to implement preventive mea- 
sures.

Previous studies have confirmed that the con-
cept of ischemic preconditioning (IPC), defined 
as a well-established phenomenon in which 
brief exposure to sublethal episodes of isch-
emia and reperfusion induces a tolerance to 
injurious effects of prolonged ischemia by ex- 
ploiting intrinsic defense mechanisms [5], is  
an effective approach to minimize subsequent 
events of IRI [6, 7]. In addition, reducing inflam-
mation and enhancing the mobilization and 
recruitment of EPCs have been proven to have 
protective effects in kidney IRI [8-10]. This phe-
nomenon has been initially described for the 
heart by Murry et al. [11] and Ambros et al. [12]. 
Although the renoproctective effects of IPC 
have been successfully validated, the underly-
ing mechanisms remain unknown, which limit-
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ed the clinical application of EPCs to a certain 
extent [13].

In the last decade, many articles have reported 
the therapeutic effects of EPCs on tissue 
wound, heart infarction, stroke, and IRI [14-17]. 
It has been suggested that the therapeutic 
effects of EPCs are likely affected by patho- 
logical and physiological conditions of the  
body [18, 19]. Interestingly, mobilization of 
EPCs from their niches was associated with 
improvement in renal function following IRI,  
due to ischemic stress generating specific cell 
factors. Furthermore, EPCs can be efficiently 
transplanted to ischemic tissues, preserving or 
restoring organs by participating in enhanced 
repair of renal microvasculature, tubule epithe-
lial cells and synthesis of high-levels of pro-
angiogenic cytokines. Moreover, lack of EPCs is 
likely to accelerate vascular injury and eventu-
ally lead to renal insufficiency [20]. Therefore, 
the ability to sufficiently increase the number of 
EPCs might become a reasonable and impor-
tant method to be applied for the treatment of 
renal IRI.

Vascular endothelial growth factor (VEGF) is an 
endothelial cell-specific mitogen and a secret-
ed dimeric protein, and as such can induce 
angiogenesis in a variety of ways [21-23]. Of all 
the known angiogenic molecules, VEGF is prob-
ably the primary angiogenic growth factor and  
a best-characterized modulator in vessel pat-
terning that responsible for angioblast differen-
tiation and tube formation. Furthermore, the 
role of VEGF in angiogenesis is crucial for the 
development in ischemia and reperfusion of 
tissue, as well as for tumor formation [24-26]. 
In addition, angiopoietins do not belong to the 
VEGF family, but are also key mediators in 
angiogenesis. Meanwhile, these are oligmeric 
glycoproteins that bind to the endothelial cell-
specific tyrosine kinase receptor, namely the 
tyrosine kinase with immunoglobulin-like and 
EGF-like domains TIE-2 receptor [27]. As a main 
ligand of TIE-2 receptors, angiopoietin-1 (Ang-1) 
is constitutively expressed on blood vessels 
and acts as a regulator of blood vessel matura-
tion. Thus, Ang-1 and VEGF are thought to have 
a complementary effect on blood vessel growth 
[28].

A renal IRI model was used to investigate whe- 
ther homing of EPCs enhanced the release of 
protective cytokines, including VEGF, Ang-1 and 
angiopoietin-2 (Ang-2) in ischemic kidney, with 

the goal of directly preserving the microcircula-
tion in the IRI by incorporation of EPCs into vas-
cular structures. Moreover, it appeared logical 
to determine whether EPCs could protect the 
remaining renal tissue following IRI through  
the mechanism described above. Therefore, 
the present study aimed to examine that VE- 
GF and Ang-1 mediated the mobilization and 
recruitment of EPCs to protect renal function  
in an experimental model of IRI. 

Materials and methods

Ethics statement and animals

All adult male Sprague-Dawley (SD) rats, weigh-
ing 200-240 g, were obtained from the Center 
for Experimental Animals at Southeast Univer- 
sity Medical College (Nanjing, Jiangsu, China). 
Animals were maintained in our Experimental 
Animal Center with conventional housing condi-
tions at 24±2°C and a controlled 12-hours 
light/dark cycle under a pathogen-free condi-
tion. Besides, drinking water and rodent chow 
diet were free intake during this experiment. 
The study was carried out in strict accordance 
with the recommendations in the Guide for  
the Care and Use of Laboratory Animals of the 
National Institutes of Health. All procedures 
conducted in experimental animals and the 
protocols were approved by the Committee on 
the Ethics of Animal Research in Animal Care 
Facility of Nanjing Medical University (Nanjing, 
Jiangsu, China).

Rat model and surgical procedure

All male SD rats were anesthetized by intraperi-
toneal injection of sodium pentobarbital (40 
mg/kg) and placed on a warming table to  
maintain a rectal temperature of 37°C. The  
surgical site was epilated, disinfected with 
betadine, and a midline laparotomy was made 
using micro-scissors. Besides, we removed the 
right kidney, and separated the left renal ar- 
tery that was subjected to IRI after only 3 days.

These rats were randomly divided into five 
groups: (1) Sham-operated group (n=10), that 
only underwent the surgical procedure (without 
the clamping of the renal artery); (2) IRI-
operated group (n=10), their arteries were oc- 
cluded with a nontraumatic vascular clamp for 
45 minutes when the kidney was kept warm 
and moist during the observation period; (3) 
EPCs-treated group (n=10), rats were injected 
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EPCs suspension liquid (1×106) from the femo-
ral vein of rats, after the establishment of renal 
IRI model; (4) EPCs-transfected VEGF165-adeno- 
virus group (n=10), rats were injected EPCs sus-
pension liquid (1×106) which was transfected 
by recombined adeno-associated viral vector 
encoding VEGF165 from the femoral vein of rats 
after the operation method of IRI-operated 
group; and (5) EPCs-transfected Ang-1-adeno- 
virus group (n=10), same as EPCs-transfected 
VEGF165-adenovirus group but which was trans-
fected by recombined Ad-Ang-1. Subsequently, 
the surgical incision was closed with 6-0 mono-
filament sutures and a synthetic absorbable 
surgical tissue adhesive (Tissuemend II SC; 
Veterinary Product Laboratory, Phoenix, AZ, 
USA), and analgesic buprenorphine (0.1 mg/
kg) was subcutaneously administrated. These 
rats were monitored until recovery in a cham-
ber on a heating pad. Besides, animals were 
maintained for 3 days on the normal chow diet 
following surgery.

Cell culture and characterization of EPCs

Male adult SD rats (weight ranges from 200 to 
240 g) were sacrificed by injection of an over-
dose of sodium pentobarbital (100 mg/kg) into 
the peritoneal cavity in this experiment. EPCs 
were generated from bone marrow mononu- 
clear cells (MNCs). In brief, bone marrow sam-
ples were flushed out with phosphate-buffer- 
ed saline (PBS) (Gibco, Grand Island, USA) from 
tibias and femurs. MNCs were isolated by den-
sity gradient centrifuge method by 2500 rpm 
for 30 min. Next, MNCs isolated from rats were 
counted and plated on 6-well plates precoated 
with 0.2 mg/ml human plasma fibronectin 
(EMD Millipore Corporation, Billerica, USA) and 
maintained at 37°C under an atmosphere con-
taining 5% CO2. Meanwhile, MNCs were grown 
in endothelial cell basal medium-2 (EBM-2) (Clo- 
netics, Lonza, Walkersville, USA) supplemented 
with 10% fetal bovine serum (FBS) (HyClone, 
Logan, USA), containing EPCs growth cytokine 
cocktail (Lonza, Walkersville, USA). After 5-day 
culture in wells not coated with biomaterial 
membranes, non-adherent cells were remo- 
ved by washing with PBS. Thereafter, culture 
medium was changed every 2-3 days. During 
culture, an inverted phase contrast microsco- 
pe (IX70-81FZ, Olympus Corporation, Tokyo, Ja- 
pan) was used to observe the EPCs morphology 
and growth in vitro. When the confluence of 
cells reached 70%-80%, they were treated with 
0.25% trypsin-EDTA for subculturing, and seed-

ed at a ratio of 1:2 with EGM-2. EPCs after one 
passage were used for this experiment. 

To identify the identities of EPCs, the cells were 
incubated with Dil-acetylated-low density lipo-
protein (10 mg/ml) (Dil-ac-LDL; Molecular Pro- 
bes, Thermo Fisher Scientific, Inc., USA) for 6 h 
and then fixed with 4% paraformaldehyde for 
15 min, incubated with fluorescein isothiocya-
nate (FITC)-Ulex europaeus agglutinin (UEA)-1 
(10 mg/ml) (FITC-UEA-1; Sigma-Aldrich, USA) 
for 1 h and examined under a laser confocal 
scanning microscope (Leica, Wetzlar, Germany) 
for observation, differentiation and identifica-
tion. In addition, cells that were double positive 
for Dil-ac-LDL and FITC-UEA-1 were identified 
as EPCs by dual staining for fluorescently. Ap- 
proximately 85% of cells were positive for both 
markers.

Construction of VEGF165-adenovirus and Ang-1-
adenovirus

After 10 days in cell culture, EPCs were trans-
fected with a recombinant adenovirus encod- 
ing VEGF165 gene (Ad-VEGF165) and Ang-1-ade- 
novirus (Ad-Ang-1). To establish the appropriate 
virus concentration for adenoviral gene trans-
fer into EPCs, the effectiveness of different 
multiplicities of infection was evaluated in ac- 
cordance with the instructions of the adenovi-
rus manufacturer. According to previously pub-
lished methods [29], EPCs were washed with 
PBS before transfection with Ad-VEGF165 and 
Ad-Ang-1 (at multiplicity of infection of 50) for  
2 hours. After transfection, the viruses were 
removed, and the cells were washed with PBS. 
Besides, EPCs were incubated with fresh medi-
um for another 72 h before subsequent experi-
ments. The expression of the transfected genes 
in transfected EPCs were further confirmed by 
Western blotting.

Serum levels of BUN and Scr

Briefly, the blood drawn from fundus venous 
plexus after reperfusion for 24 hours and from 
the inferior vena cava at 72 hours after reperfu-
sion were collected respectively, and centri-
fuged at 3,000×g for 10 minutes for equal vol-
umes of supernate to be stored at -80°C to 
harvest the sera. In addition, the serum urea 
nitrogen (BUN), serum creatinine (Scr) levels we- 
re measured using clinical automated analysis 
(Hitachi 7020, Hitachi High-Technologies Cor- 
poration, Tokyo, Japan).
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Histological examination

One half of each harvested renal tissue was 
fixed with 10% formaldehyde for 24 hours and 
embedded in paraffin blocks, sectioned at 4-5 
μm thickness. After gradual deparaffinizing and 
hydration, the chosen transverse sections from 
each sample were examined using hematoxyli-
neosin staining. All histomorphological analy-
ses described below were performed in blind- 
ed fashion. Then the sections were examined 
under light microscopy (Olympus BX-51, Olym- 
pus, Tokyo, Japan) to evaluate structural chang-
es in tubular necrosis, tubular dilatation and 
atrophy, vacuolization, inflammatory cell infil-
tration, MNCs infiltration, capillary dilatation, 
interstitial structural changes, renal corpuscle 
morphology, or cellular edema. We assessed 
histomorphological injury scoring using a pre- 
viously described semiquantitative method ba- 
sed on a scale of 0 to 4 with higher values rep-
resenting more severe damage as follows: 0, 
normal kidney; 1, minimal necrosis (25% invol- 
vement of the cortex or outermedulla); 2, mild 
necrosis (25%-50% involvement of the cortex 
or medulla); 3, moderate necrosis (50%-75% 
involvement of the cortex or medulla; and 4, 
severe necrosis (75% involvement of the cortex 
or medulla) [30, 31].

Estimation of the recruitment of EPCs by im-
munohistochemical staining

Renal tissue sections were dewaxed, rehydrat-
ed, and washed 3 times for 5 minutes PBS. 
After slides were microwaved for 20 min, and 
allowed to cool for 1 h at room temperature, 
endogenous peroxidase activity was blocked in 
all sections by incubating the sections in 3% 
H2O2 for 15 minutes. The sections were incu-
bated with rabbit anti-rat CD31 and CD34 anti-
body (Abbiotec, San Diego, USA) overnight at 
4°C. Next day, the slides were washed and 
incubated with a horseradish peroxidase (HRP)-
conjugated anti-goat secondary antibody (Ab- 
biotec, San Diego, USA) at a 1:100 dilution for 1 
hour. After stained by DAB, the sections were 
observed under light microscopy.

RNA isolation and quantitative real-time PCR 
(qRT-PCR)

Total RNA was extracted from rat kidney sam-
ples with the TRIZOL Reagent (Ambion, Austin, 
TX). RNA to cDNA from 1 μg of total RNA was 

reverse-transcribed in a final volume of 10 μL 
using random primers and a Reverse Transcri- 
ption Kit (Takara Biotechnology Co. Ltd., Da- 
lian, China). The reverse transcription was per-
formed at 37°C for 15 min, then 85°C for 5 s. 
All operations were performed according to  
the manufacturer’s instructions. Real-time PCR 
(RT-PCR) analyses were used as template using 
a standard protocol from Power SYBR Green 
(Takara Biotechnology Co. Ltd., Dalian, China) 
on an ABI StepOne Plus instrument (Applied 
Biosystems, Carlsbad, CA, USA) and in a total 
reaction volume of 10 μL, including 5 μL of 
SYBR Premix (2×), 0.4 μL of PCR forward primer 
(10 μM), 0.4 μL of PCR reverse primer (10 μM), 
0.2 μL ROX Reference Dye II (50×), 1 μL of 
cDNA, 3 μL of diethy pyrocarbonate. The qRT-
PCR cycle profile was 95°C for 10 min, followed 
by 40 cycles of 15 s at 95°C with a denatur-
ation temperature, 30 s at annealing tempera-
tures of 60°C, and 10 s at 72°C for a final ex- 
tension. In addition, each experiment was ask- 
ed to repeat three times.

The PCR primers were as follows: VEGF: For- 
ward: 5’-GTCCAATTGAGACCCTGGTG-3’, Rever- 
se: 5’-CTATGTGCTGGCTTTGGTGA-3’; Ang-1: For- 
ward: 5’-GGAGCATGTGATGGAAAATTA-3’, Rever- 
se: 5’-TGTGTTTTCCCTCCATTTCTA-3’; Ang-2: For- 
ward: 5’-AAAGAGTA CAAAGAGGGCTTC-3’, Re- 
verse: 5’-TCCAGTAGTACCACTTGATAC-3’; β-actin: 
Forward: 5’-ACTGGAACGGTGAAGGTGAC-3’, Re- 
verse: 5’-AGAGAAGTGGGGTGGCTTTT-3’.

Detection of VEGF, Ang-1 and Ang-2 by western 
blot analysis

The proteins of freshly obtained kidney tissues 
were extracted according to the manufacturer’s 
instructions. Protein extracts separated upon 
7.5% SDS-PAGE were transferred to 0.45 μm 
PVDF membrane (Bio-Rad, California, Hercules, 
USA). The membranes were blocked with 5% 
low fat milk powder in TBST (20 mM Tris-HCL, 
pH 7.5, 150 mM NaCl, 0.1% Tween 20) before 
western blotting overnight at 4°C with rabbit 
polyclonal antibodies against mouse VEGF, 
Ang-1 and Ang-2. After 1 hour incubation with 
HRP-conjugated secondary antibody, immuno-
reactive bands were visualized with electroche-
miluminescence reagent (Amersham, Uppsala, 
Sweden). Densitometric and ImageQuant anal-
ysis were subsequently performed using NIH 
Image software (Bethesda, Md, USA).
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Statistical analysis

Statistical analyses were performed using anal-
ysis of variance (ANOVA), followed by the Stu- 
dent-Newman-Keuls test. All data were expre- 
ssed as mean values standard deviation (SD). 
The differences were evaluated using SPSS 
22.0 (Armonk, New York, USA). Each experi-
ment was performed at least 3 times with sig-
nificant differences accepted at P<0.05.

Results

Kidney and body weight

As was shown in Table 1, body weight and kid-
ney weight of these rats didn’t differ between 
the five groups. The ratio of renal weight/body 
weight was increased in three EPCs transplan-
tation groups compared to IRI-operated group, 
particularly in two EPCs-transfected VEGF165-
adenovirus and Ang-1-adenovirus groups, but 
was not statistically significant. Gross morphol-
ogy of the kidneys was normal.

Renal function parameters

Compared with Sham-operated group, the blo- 
od serum BUN and Scr levels were significant- 
ly increased in other groups. In addition, the 
serum BUN and Scr levels were obviously de- 
creased among using EPCs transplantation gr- 
oups relative to IRI-operated group (Figure 1), 
particularly in EPCs-transfected VEGF165-ade- 
novirus group and EPCs-transfected Ang-1-
adenovirus group (P<0.05). 

Renal morphology

As was shown in Figure 2, EPCs transplantation 
groups significantly attenuated ischemic tubu-
lointerstitial abnormalities and displayed mod-
erate to severe ischemia with characteristic 
tubulointerstitial lesions at 72 hours following 
reperfusion (P<0.05). Light microscopic exami-
nation identified acute tubular necrosis in the 
IRI-operated group in the form of marked dila-
tation and atrophy, massive epithelial cells, 
atrophic epithelial lining, pyknotic nuclei, intra-

Table 1. Effect of EPCs transplantion on body weight and kidney weight in an IRI rat model
Group Body weight (g) Kidney weight (mg) Renal weight indices (mg/g)
Sham-operated group 230±14.3 1065±29.48 4.64±0.30
IRI-operated group 242±13.5 1077±29.22 4.47±0.19
EPCs-treated group 236±15.1 1073±24.89 4.56±0.30
EPCs-transfected VEGF165-adenovirus group 233±11.2 1073±22.48 4.61±0.21
EPCs-transfected Ang-1-adenovirus group 234±11.2 1074±25.36 4.60±0.28
Notes: Data shown as mean ± standard deviation.

Figure 1. Effect of EPCs transplantation on renal function of different groups. A: Blood urine nitrogen (BUN, mmol/L). 
B: Serum creatinine (Scr, μmol/L). Columns represent mean ± SD. *Significant difference vs. Sham group (P<0.05); 
#Significant difference vs. IRI group (P<0.05).
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luminal necrotic debris, tubule cast formation, 
and congestion in the peritubular capillaries. 
However, EPCs-transfected VEGF165 group and 
EPCs-transfected Ang-1 group obviously im- 
proved the IRI-induced histological alterations 
as observed by number of tubule/unit area (P< 
0.05). Hence, our results indicated that VEGF 
and Ang-1 reduced renal inflammatory intensi-
ty, protecting the kidney from IRI to some ex- 
tent. Meanwhile, at 72 hours after operation, 
VEGF and Ang-1 might promote mobilization 
and recruitment of EPCs, which obviously miti-
gated the ischemic damage.

EPCs mobilization

The expressions of CD31 and CD34 in the kid-
ney were examined using immunohistochemi-
cal analysis. High levels of CD31 and CD34 
expression were detected in three EPCs trans-
plantation groups, whereas there were low lev-
els in Sham-operated group. At 72 hours after 
the operation, the expression levels of CD31 
and CD34 in these EPCs transplantation gro- 
ups were significantly increased relative to IRI-
operated group, especially in EPCs-transfect- 
ed VEGF165-adenovirus and Ang-1-adenovirus 
groups (P<0.05; Figure 3). Moreover, positive 
staining of CD31 and CD34 cells, which primar-
ily accumulated in the renal medullary intersti-

NC. Expression levels of VEGF and Ang-1 in 
EPCs were further examined by both Western 
blot (P<0.05; Figure 4A, 4C) and qRT-PCR (P< 
0.05; Figure 4B, 4D).

mRNA expression of angiogenic factors

qRT-PCR was used to investigate the levels of 
mRNA of angiogenic factors in the kidney. VEGF 
mRNA expression was significantly higher in 
three EPCs transplantation groups compared 
with the other groups following reperfusion 
(P<0.05). When investigating mRNA levels of 
Ang-1 and Ang-2, a significantly increased Ang- 
1 and Ang-2 expression was observed in EPCs 
transplantation groups at 72 h after reperfu-
sion compared to the Sham-operated group 
and IRI-operated group (P<0.05). In particular, 
VEGF, Ang-1 and Ang-2 mRNA expression le- 
vels were more abundant in EPCs-transfected 
VEGF165-adenovirus group and EPCs-transfect- 
ed Ang-1-adenovirus group, compared to EPCs-
treated group at 72 h after reperfusion (P<0.05) 
(Figure 5).

Angiogenic factor protein expression

Expression levels of VEGF, Ang-1 and Ang-2 pro-
teins were analyzed using western blotting at 
72 hours after the operation. As was shown in 

Figure 2. Effect of EPCs transplantation on renal morphology at 72 h follow-
ing reperfusion. Renal sections were stained with hematoxylin and eosin and 
examined using light microscopy at a magnification ×400. A: Sham-operated 
rats exhibited minimal pathological changes in the kidneys. B: Following IRI, 
more severe lesions were observed in renal tubules, with tubular atrophy, 
dilatation, and intratubular casts, as well as congestion in the peritubular 
capillaries, massive epithelial cells and atrophic epithelial lining. C: EPCs 
suspension liquid caused a significant reduction in the severity of acute tu-
bular necrosis. D: degree of renal injury was clearly slighter than in the EPCs-
treated group. E: degree of renal injury was markedly slightest compared to 
rats subjected to IRI.

tium, was distributed in the 
tubulointerstitium after inject-
ing EPCs suspension liquid 
which was transfected by re- 
combined adenoviral vector 
encoding VEGF165 and Ang-1. 
Collectively, these results sug- 
gested that VEGF and Ang-1 
promoted the homing of CD31 
and CD34 cells in the recruit-
ment of EPCs on renal IRI 
rats.

Expression of VEGF and Ang-
1 in EPCs

To further address the func-
tions of VEGF and Ang-1 in 
EPCs, we infected EPCs and 
selected stably infected cells. 
The over-expressed cell lines 
were respectively named as 
EPCs-VEGF and EPCs-Ang-1, 
while the matched control cell 
lines were named as EPCs-
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Figure 3. Immunohistochemical staining for CD31 and CD34 at 72 h after reperfusion (×400). CD31 and CD34 
expression levels were decreased in IRI-operated group compared with the EPCs-treated group, EPCs-transfected 
VEGF165-adenovirus group and EPCs-transfected Ang-1-adenovirus group. Data are shown as mean ± SD. *Signifi-
cant difference vs. Sham group (P<0.05); #Significant difference vs. IRI-operated group (P<0.05). 

Figure 4. Expression of VEGF and Ang-1 in EPCs after 
transfection of recombinant adenovirus. VEGF ex-
pression levels in western blotting (A) and qRT-PCR 
(B), Ang-1 expression levels in western blotting (C) 
and qRT-PCR (D).
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Figure 6, the expression levels of VEGF, Ang-1 
and Ang-2 in the kidneys of two EPCs-trans- 
fected adenovirus groups were dramatically 
increased compared with IRI-operated group 
(P<0.05). In consequence, the results indica- 
ted that VEGF and Ang-1 might mediate the 
mobilization and recruitment of EPCs to pro- 
tect kidneys from IRI.

Discussion

Renal IRI is a complex pathophysiologic pro-
cess that may occur during several clinical con-
ditions, such as kidney transplantation, partial 
nephrectomy, cardiac arrest with recovery, and 
vascular surgery, which is a common cause of 
renal cell death, kidney failure, and delayed 
graft function [32, 33]. The mechanisms under-
lying IRI to the kidneys are likely multifactorial 

and interdependent, involving hypoxia, oxida-
tive stress injury, and inflammatory responses 
[34]. AKT produced by ischemia and reflow is a 
clinical and complex syndrome involving renal 
vasoconstriction, extensive tubular damage, tu- 
bular cell necrosis, glomerular filtration failure, 
glomerular injury, and signs of tubular obstruc-
tion with cell debris [35, 36]. Studies at the 
level of animal model have revealed a number 
of protective factors that could protect the body 
against IRI associated with ischemic AKT. 

Renal microcirculation dysfunction and impair- 
ed renal vascular activity that occurs after renal 
reperfusion are key factors to the development 
of renal IRI, which can decrease renal artery 
blood flow and hamper the full recovery of re- 
nal IRI [37, 38]. Previous studies demonstrated 
that IPC participated in stem cell mobilization 

Figure 5. Effect of EPCs transplantation on expres-
sion of mRNA levels in different groups. A-C: mRNA 
expression levels of VEGF, Ang-1 and Ang-2 in dif-
ferent groups. Data are expressed as mean ± SD. 
*significant difference vs. Sham group (P<0.05); 
#significant difference vs. IRI group (P<0.05).
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and the latter was closely related to ischemic 
repair [39, 40]. These findings suggested that 
increased numbers of EPCs might provide a 
possible explanation for the observed protec-
tive effects of IPC. Multiple studies provided 
evidence that IPC played a protective role in a 
variety of organs including the kidneys [41, 42]. 
In addition, IPC has been reported to attenu- 
ate microcirculation disturbance through EPCs 
homing [41, 43, 44]. In the previous study, IPC 
significantly increased the number of EPCs in 
the ischemic kidney and afforded partial reno-
protection after kidney operation. These find-
ings provided evidence for EPCs modulation  
by IPC, which attenuated IRI. Besides, these 
results were in agreement with the reports of  
Li et al. [10] who stated that acute myocardial 
ischemia might be alleviated by EPC recruit-

ment during IPC. However, whether the regula-
tion of the protective mechanisms of IPC by  
the recruitment and homing of EPCs in the  
IRI kidney remains far from complete [45, 46]. 
Therefore, in the current study, VEGF and Ang-1 
might play important roles in the protective 
effect of EPCs homing on renal acute IRI, in- 
volving promotion of cell proliferation and an- 
giogenesis.

These mechanisms could be attributed to in- 
corporation into the injured cells and paracrine 
effects [47-50]. Previous studies showed that 
only low numbers of EPCs could be identified as 
incorporating into the new capillaries following 
EPCs transplantation, suggesting that EPCs did 
not act via direct incorporation into the injured 
cells, but rather by a paracrine mechanism [51, 

Figure 6. Effect of EPCs transplantation on protein expression in different groups. A: Protein expression levels of 
VEGF, Ang-1 and Ang-2 in different groups. β-actin was used as a protein control to normalize volume of protein ex-
pression. B-D: Protein levels were determined by densitometric analysis and normalized to the β-actin signal. Data 
are expressed as mean ± SD. *Significant difference vs. Sham group (P<0.05); #Significant difference vs. IRI group 
(P<0.05).
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52]. Besides, it was reported that EPCs had the 
ability to secrete angiogenic factors, playing  
different functions in tissue repair and recon-
struction [53]. Interestingly, paracrine factors 
greatly increased EPC-mediated angiogenesis 
[54, 55] and played an important role in mobili-
zation, migration, homing, and differentiation 
of EPCs [56, 57]. In the present study, we found 
that EPCs enhanced the release of protective 
cytokines, including VEGF, Ang-1 and Ang-2 in 
ischemic kidney, which might explain the kid-
ney-protective functions through paracrine ef- 
fects.

VEGF, as an important soluble angiogenic mito-
gen, can stimulate angiogenesis and improve 
tissue capillary density [58]. The high expres-
sion level of VEGF can be stimulated by hypoxia 
via mediation of hypoxia-inducible factor [59]. 
In human studies, there has not consistent con-
clusion regarding the VEGF levels in patients 
with IRI. Some studies indicated that VEGF was 
higher in IRI subjects when compared with 
health subjects, and IRI was correlated with the 
increased VEGF levels regardless of confound-
ing factors [60, 61]. In addition, early studies 
have deemed that angiogenesis might be con-
trolled by spatially regulated endothelial endo-
cytosis [62]. Moreover, the internalization pro-
cess was often accompanied with distinct sig-
naling pathways. Hence, we proposed that in- 
creased VEGF receptor endocytosis could ch- 
ange the downstream signaling pathway that 
regulated the angiogenesis of EPCs. What’s 
more, the VEGF receptor endocytosis could be 
a potential target to stimulate the revascular-
ization. Therefore, VEGF was very likely to play  
a critical role in the development of homing of 
EPCs on renal IRI.

Both Ang-1 and Ang-2 are members of a family 
of secreted proteins that bind to TIE-2, an endo-
thelium-specific receptor tyrosine kinase [27]. 
Although Ang-1 and Ang-2 bind to Tie-2 with 
similar affinity, they exert different functions 
[63]. Besides, Ang-1, as a very important factor, 
is secreted by endothelial cells, pericytes, mes-
enchyme and vascular smooth muscle cells of 
the developing vasculature, which is thought to 
stabilize the formation of newly formed blood 
vessels and promote endothelial cell survival 
by inhibiting apoptosis [64-66]. Therefore, in 
this study, VEGF and Ang-1 could improve renal 
function through EPCs homing in the model of 
renal IRI.

Although the results obtained had a positive 
role to the treatment of renal IRI, some limita-
tions of our study should be taken into consid-
eration. Firstly, a variety of factors could influ-
ence renal IRI, suggesting that might result 
from complex interactions. There are certainly 
several factors that can affect the capacity of 
EPCs homing in renal protection, and angiogen-
ic factors are only one such factor. Exploring 
more new and potential mechanism was requir- 
ed by more researches in the future. Secondly, 
there was no long-term observation for only 72 
hours after reperfusion in the effects of EPCs 
homing on renal IRI. In order to obtain the satis-
factory outcomes, we should conduct long-term 
observation. Thus, further experiments need to 
be conducted to explore a causal mechanism 
and observe the protective effects of VEGF and 
Ang-1 on kidney IRI for longer time periods. 
What’s more, the detailed mechanisms that 
regulate VEGF and Ang-1 expression levels in 
homing of EPCs and the differential effects of 
VEGF and Ang-1 remain unknown and need to 
be studied in the following study. Accordingly, it 
was required that further studies could be per-
formed to explore the method for increasing 
VEGF and Ang-1 expression in homing of EPCs 
to protect renal IRI.

Conclusion

In summary, adding the number of EPCs con-
tributed to the improvement effect of BUN, Scr 
and morphological changes, thereby alleviat- 
ing IRI-induced renal dysfunction and histologi-
cal damage. Meanwhile, VEGF and Ang-1 might 
play important roles in the protective effect of 
the homing of EPCs on renal acute IRI, involving 
promotion of cell proliferation and angiogene-
sis. Further studies with different measuring 
methods and long-term follow-up will be war-
ranted to validate such results.
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