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Abstract. Human umbilical cord blood-derived endothelial 
progenitor cells (EPCs) have been proven to contribute to post-
natal angiogenesis, and have been applied in various models 
of ischemia. However, to date, to the best of our knowledge, 
there is no available data on the angiogenic properties of 
EPCs during the process of in vitro expansion. In this study, 
we expanded EPCs to obtain cells at different passages, and 
analyzed their cellular properties and angiogenic ability. In 
the process of expansion, no changes were observed in cell 
cobblestone-like morphology, apoptotic rate and telomere 
length. However, the cell proliferative ability was significantly 
decreased. Additionally, the expression of CD144, CD90 and 
KDR was significantly downregulated in the later-passage 
cells. Vascular formation assay in vitro revealed that EPCs at 
passage 4 and 6 formed more integrated and organized capil-
lary-like networks. In a murine model of hind limb ischemia, 
the transplantation of EPCs at passage 4 and 6 more effectively 
promoted perfusion recovery in the limbs on days 7 and 14, and 
promoted limb salvage and histological recovery. Furthermore, 
the phosphorylation levels of platelet‑derived growth factor 
receptor-β (PDGFR-β) were found to be significantly decreased 
with the in  vitro expansion process, accompanied by the 
decreased activation of the PI3K/Akt signaling pathway. When 
PDGFR inhibitor was used to treat the EPCs, the differences in 
the angiogenic potential and migratory ability among the EPCs 
at different passages were no longer observed; no significant 
differences were also observed in the levels of phosphorylated 
PI3K/Akt between the EPCs at different passages following 
treatment with the inhibitor. On the whole, our findings indi-
cate that the levels of phosphorylated PDGFR-β are decreased 
in EPCs with the in vitro expansion process, which impairs 

their angiogenic potential by inhibiting PI3K/Akt signaling. 
Our findings may aid in the more effective selection of EPCs of 
different passages for the clinical therapy of ischemic disease.

Introduction

Since their discovery by Asahara in 1997, endothelial progenitor 
cells (EPCs) are believed to play important roles in endothelial 
repair and postnatal angiogenesis (1,2). The development of 
some ischemic diseases, including coronary artery ischemia, 
diabetic ulcers and myocardial infarction, is always related to 
the dysfunction of EPCs in the patients (3-5). Therefore, the 
allogeneic transplantation of healthy EPCs have currently 
become a focus of regenerative treatment for ischemic diseases.

EPCs can be obtained from human peripheral blood (PB) (1,6), 
bone marrow (BM) and umbilical cord blood (UCB) (7), and have 
been proven to improve tissue ischemia; however, UCB-derived 
EPCs  (UCB-EPCs) may exhibit distinctive advantages over 
other sources. Circulating PB-derived EPCs (PB-EPCs) have 
been reported to contribute to neovascularization in adults (8,9). 
Human BM-derived EPCs (BM-EPCs) have been proven to 
increase the capillary density and the rate of limb salvage in a 
murine model of hind limb ischemia (10-12). However, a critical 
limitation for the therapeutic application of adult EPCs is their 
low number in circulation (13). More importantly, the numbers 
and functional activity of the adult EPC population have been 
found to decrease with age  (14), and body disease condi-
tions, including type II diabetes (15) and heart failure (16-18). 
These causes severely limit their clinical application. Human 
UCB-EPCs have also been found to promote neovasculariza-
tion (19). In contrast to adult BM- or PB-EPCs, UCB-EPCs 
contains a significantly higher frequency of EPCs (20), and have 
distinctive proliferative advantages, including a greater number 
of colonies, a longer telomere and a higher cell-cycle rate (19,21). 
Moreover, UCB transplants have been shown to be associated 
with a lower incidence of and less severe graft-versus-host 
disease than BM and PB transplants in allogeneic transplanta-
tion (22-24). The immediate availability of cells and the absence 
of risk to the donor are the additional benefits of UCB-derived 
cells in clinical transplantation. These findings collectively 
indicate that human UCB is a more valuable source of EPCs for 
future clinical application (25,26).
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The improvements of transplanted UCB-EPCs have been 
reported in various animal models of ischemic diseases. Using 
a mouse model of hind limb ischemia, Yang et al reported that 
expanded EPCs transplanted via the tail vein incorporated 
into capillary networks, augmented neovascularization and 
improved ischemic limb salvage (27). Another study demon-
strated that the expanded UCB-EPCs significantly improved 
left ventricular ejection fraction in a rat model of myocardial 
infarction (28). Additionally, human UCB-EPCs have been 
shown to exert protective effects on experimental acute kidney 
injury (29). However, these studies do not provide uniform rules 
for cell passage selection in the treatment of ischemia. More 
importantly, there is no evaluation of the angiogenic properties 
of UCB-EPCs in the process of in vitro expansion. The changes 
of cell quality and functional activity induced by the in vitro 
expansion and subculture will essentially influence the thera-
peutic effects of cytotherapy, and the underlying mechanisms 
are also unknown.

As an important angiogenesis-related receptor, PDGFR-β 
plays important roles in the angiogenic behavior of EPCs. 
In previous studies, Guo et al found that bFGF triggered 
PDGFR-β to promote the proliferation and migration of 
EPCs  (30).  PDGF-BB and PDGFR-β have been shown to 
influence EPC-mediated angiogenesis in differentiated endo-
thelial cells (31). As a downstream target of PDGFR-β, studies 
have revealed that the phosphoinositide 3-kinase (PI3K)/Akt 
pathway is involved in cell proliferation, migration, differ-
entiation and angiogenesis (32). In particular, the PI3K/Akt 
pathway has been found to participate in PDGF-BB-induced 
proliferation and migration, and in the angiogenesis of EPCs 
through PDGFR-β (33). Accordingly, it is reasonable to explore 
the role of PDGFR-β/PI3K/Akt in the angiogenic property 
changes of in vitro expanded EPCs. In this study, we isolated 
EPCs from human UCB. In the process of in vitro expansion, 
we examined the changes of cellular properties at passage 2, 
4, 6, and 8, including the proliferative ability, the apoptotic 
rate, the telomere length and the expression of surface markers. 
Additionally, the angiogenic potential of EPCs at different 
passages was evaluated by vascular formation assay in vitro. 
The therapeutic effects of EPCs at different passages were then 
examined and analyzed in a mouse model of hind limb isch-
emia. For further investigation of the mechanisms involved, the 
expression of angiogenic-related factors, particularly angiogen-
esis-related receptors, was measured by qPCR and western blot 
analysis. Finally, the involvement of the PI3K/Akt signaling 
pathway in the decreased angiogenic properties of EPCs was 
verified. These findings may enhance our understanding of 
the mechanisms of EPC characteristic changes in the process 
of in vitro expansion, and may aid in pre-determining which 
passage of EPCs will be of value for cell-based clinical thera-
pies for ischemic disease.

Materials and methods

Ethics statement. The study protocol was approved by the 
Central South University Institutional Review Board. All 
methods used in this study were carried out in accordance with 
the approved Ethical Guidelines of Central South University. 
Informed consent was obtained from all subjects prior to the 
study.

Isolation and culture of EPCs. Cord blood (CB) was obtained 
from 10 normal full-term deliveries in the Women and Child 
Health Hospital of Hunan Province. UCB-EPCs were isolated 
and cultured as previously described (34). Briefly, CB was 
diluted 1:1 with Dulbecco's phosphate-buffered saline (DPBS; 
Gibco, Grand Island, NY, USA), and then overlaid onto 
1.077 g/ml Ficoll‑Paque™ Premium (GE Healthcare, Logan, 
UT, USA). The liquid was centrifuged for 30 min at 400 x g. 
Monocytes were collected and washed with DPBS. The cells 
were seeded on tissue culture plates coated with fibronectin 
(Millipore, Billerica, MA, USA) in EGM-2 (Lonza, Rockland, 
ME, USA) at 37˚C, 5% CO2 humidified incubator. The culture 
medium was changed every other day until the EPC colonies 
appeared. The cells were harvested for expansion and freezing 
after they reached 80-90% confluence.

Isolation and culture of mesenchymal stem cells  (MSCs). 
Human adipose tissues were obtained from Xiangya Hospital 
of Central South University (Changsha, China) and digested 
with 2 mg/ml collagenase  I, 2 U/ml dispase and 2 mg/ml 
hyaluronidase (all purchased from Sigma-Aldrich, St. Louis, 
MO, USA) for 90 min at 37˚C. The digested tissues were 
centrifuged (1,000 rpm for 10 min) and the stromal vascular 
fraction (SVF) was washed with DPBS. SVF was then cultured 
in Dulbecco's modified Eagle's medium-F12 (DMEM/F-12) 
containing 10 ng/ml basic fibroblast growth factor  (bFGF; 
Gibco) and 10% fetal bovine serum (FBS). The medium was 
changed every 2 days. The cells were harvested for expansion 
and freezing when the cells reach 80-90% confluence. The cells 
at passage 4 were used for the following experiments.

Flow cytometric analysis. The EPC single-cell suspension 
was generated into the concentration of 1x107 cells/ml. The 
cells were then incubated respectively with anti-human CD31-
FITC (eBioscience, San Diego, CA, USA), vascular endothelial 
growth factor receptor (VEGFR2)/KDR-PE (R&D Systems, 
Minneapolis, MN, USA), CD144-FITC (Abcam, Cambridge, 
UK), CD34-PE, CD45-FITC (both from Biolegend, San Diego, 
CA, USA), CD14-FITC (eBioscience), CD29-PE, CD90-PE 
and SSEA4-PE  (all from Biolegend). Briefly, 100  µl cell 
suspension was incubated with 5 µl antibody solution at 4˚C 
for 30 min in the dark. After washing twice with phosphate 
buffer saline (PBS), cells were resuspended in 400 µl PBS and 
analyzed with a FACSAria I (Becton‑Dickinson, San Jose, CA, 
USA) and Becton-Dickinson CellQuest software.

Apoptosis assay. The Alexa Fluor 488 Annexin V and prop-
idium iodide kit (Invitrogen, Carlsbad, CA, USA) was used for 
the analysis of apoptosis. Briefly, 1x105 cells were harvested and 
washed twice with cold PBS, then resuspended in 100 µl binding 
buffer. Subsequently, 5 µl Annexin V-FITC and 1 µl propidium 
iodide were added to the solution. Following 15 min of incuba-
tion, 400 µl binding buffer were added to the solution, and the 
cells were analyzed using a flow cytometer (BD Accuri™ C6 
Flow Cytometer; BD Biosciences San Jose, CA, USA).

Terminal deoxynucleotidyltransferase-mediated dUTP 
nick-end labeling  (TUNEL) assay. The TUNEL apoptosis 
detection kit (Beyotime, Shanghai, China) was also used for 
the analysis of cell apoptosis. Briefly, the EPCs were fixed 
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with 4% paraform/PBS, followed by permeabilization with 
0.1% Triton X-100 for 2 min on ice. The cells then underwent 
TUNEL staining in the dark for 1 h at 37˚C. After washing 
twice with PBS, the suspension was analyzed by flow cytom-
etry (BD Accuri™ C6 Flow Cytometer; BD Biosciences).

EPC proliferation assay. EPCs at passage 2, 3, 4, 5, 6, 7 and 
8 were seeded at 1x105 cells/well for 4 wells in 6-well plates, 
respectively. Following 3 days of incubation in EGM-2, the cells 
were digested with TrypLE Express (Gibco) and resuspended 
into single-cell suspension, followed by counting under a light 
microscope (IX71; Olympus, Tokyo, Japan). The proliferation 
index was calculated as follows: proliferation index = total 
number at day 3/1x105.

EPC migration assay. In order to measure the migration of 
the EPCs, 1.5x105 cells at passage 4, 6 and 8 with or without 
pre-treatment with tyrphostin  AG1295  (Sigma-Aldrich) at 
20 µM for 1 h were seeded in the upper Transwell chamber 
(BD Biosciences) in serum-free medium, with 500 µl DMEM 
with 10% FBS in the lower chamber. After 24 h, cells that did 
not migrate through the pores were carefully wiped out with 
a cotton-tipped swab. The filters were fixed in 90% alcohol, 
followed by staining with 0.1%  crystal violet (Meryer, 
Shanghai, China). After washing with PBS 3 times, the filters 
were observed under an inverted microscope (Olympus).

Western blot analysis. To examine protein expression in 
PDGF-BB-stimulated cells, the EPCs were harvested and 
lysed. Proteins were subjected to sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred 
onto PVDF membranes. The membranes were incubated at 
4˚C with primary antibodies overnight [anti-platelet‑derived 
growth factor receptor-β (PDGFR-β; ab32570), anti-phospho-
PDGFR-β (ab16868), anti‑PI3K (ab86714), anti-phospho-PI3K 
(ab182651), anti-Akt (ab8805), anti-phospho-Akt (ab38449), 
or anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 
ab9485); all from Abcam], and then stained with horse-
radish peroxidase-coupled secondary antibodies (ab131366; 
Abcam). Finally, the bands were visualized by chemilumines-
cence (Amersham Pharmacia Biotech, Amersham, UK).

PDGF-BB stimulation and inhibitor pre-treatment. To 
examine the effects of PDGFR-β, EPCs at passage 4, 6 and 8 
were pre-treated with PDGF-BB (PeproTech, Rocky Hill, NJ, 
USA) at 40 ng/ml for 24 h. The cells were then used in the 
subsequent experiments. To examine whether the PDGFR-β/
PI3K signaling pathway is involved in the PDGF-BB-induced 
biological function changes of EPCs, EPCs were treated with 
20 mM tyrphostin AG1295 (Sigma-Aldrich) for 1 h, followed 
by PDGF-BB stimulation as mentioned above. The cells were 
then used in the subsequent experiments.

Analysis of telomere length by qPCR. Chromosomal DNA 
was extracted using Qiagen DNeasy Blood and Tissue kit 
according to the manufacturer's instructions. DNA from 
human embryonic stem cells was used as control or reference 
DNA. DNA was used as templates in SYBR-Green qPCR with 
specific primers. The primer sequences for telomere (tel) and 
36B4 (single copy gene) genes were as follows: tel (tel1b, CGG 

TTT GTT TGG GTT TGG GTT TGG GTT TGG GTT TGG 
GTT; tel2b, GGC TTG CCT TAC CCT TAC CCT TAC CCT 
TAC CCT TAC CCT); 36B4 (36B4u, CAG CAA GTG GGA 
AGG TGT AAT CC; 36B4d, CCC ATT CTA TCA TCA ACG 
GGT ACA A). Two PCR runs were performed for each sample: 
one to determine the cycle threshold (Ct) value for telomere; the 
other to determine the Ct value for the amplification of 36B4. 
PCR was performed in a total volume of 20 µl, including 10 µl 
of SYBR-Green qPCR mix, 1 µl of each forward and reverse 
primer (final concentration: 400 nM for telomere; 300 nM for 
36B4), 1 µl each DNA sample and 7 µl H2O. Amplifications 
were carried out in triplicate in 96-well microtiter plates. The 
thermal cycling conditions for telomere PCR were as follows: 
95˚C for 10 min (stage 1), followed by 35 cycles of 95˚C for 
5 sec, 56˚C for 10 sec, and 72˚C for 1 min (stage 2), and finally 
followed by 95˚C for 5 sec, and 60˚C for 10 sec. For 36B4: 95˚C 
for 10 min (stage 1), followed by 40 cycles of 95˚C for 5 sec, 
58˚C for 10 sec, 72˚C for 40 sec.

Tube formation assay on Μatrigel. A 96-well plate was covered 
with Μatrigel  (BD  Biosciences). The EPCs  (4x103) were 
suspended in 50 µl EGM-2 and seeded on Μatrigel. The plate 
was incubated at 37˚C. Images of tubules were captured after 
2 h using a Camera Nikon TE2000-U (Nikon, Tokyo, Japan).

Angiogenesis co-culture model of tubulogenesis. The MSCs 
were seeded onto 24-well plates at 3x104 cells/ml and incubated 
until 80% confluency. The EPCs at passage 4, 6 and 8 were 
then seeded on the MSC monolayer at 2x104 cells/ml and incu-
bated in EGM-2. After 6 days of co-culture, UEA-I (Vector 
Laboratories, Burlingame, CA, USA) was used to perform the 
staining of EPCs. Images were acquired using a fluorescence 
microscope (ELX800; BioTek Instruments, Inc., Winooski, VT, 
USA) and a Nikon photographic system (Nikon Eclipse Ti-S; 
Nikon). Quantification analysis was carried out using ImageJ 
software (National Institutes of Health, Bethesda, MD, USA).

qPCR. Total RNA was extracted from the cells using TRIzol 
reagent (Life Technologies, Shanghai, China) according to the 
manufacturer's instructions. cDNA was synthesized using the 
Transcriptor First Strand cDNA synthesis kit (Roche, Basel, 
Switzerland). qPCR was performed using a Lightcycler 480 
SYBR-Green  I Master system  (Roche) according to the 
manufacturer's instructions. GAPDH were used as an internal 
control. The sequences of the human primers were as follows: 
VEGF-A sense, AGG GCA GAA TCA TCA CGA AGT and 
antisense, AGG GTC TCG ATT GGA TGG CA; transforming 
growth factor-β1 (TGF-β1) sense, CTA ATG GTG GAA ACC 
CAC AAC G and antisense, TAT CGC CAG GAA TTG TTG 
CTG; PDGF-B sense, CTC GAT CCG CTC CTT TGA TGA 
and antisense, CGT TGG TGC GGT CTA TGA G; ANG-1 
sense, GCC TGA TCT TAC ACG GTG CTG and antisense, 
GCA TCA AAC CAC CAT CCT CC; PDGFR-β sense, GGA 
GAG GGC AGT AAG GAG GA and antisense, ATG GTG TCC 
TTG CTG CTG AT; TIE-2 sense, TGT GCT GTT CCT TCT 
TGC CT and antisense, GCA CCT TCC ACA GTT CCA GA; 
VEGFR2 sense, GCA GAA CAG TAA GCG AAA GAG and 
antisense, TGA GGC AAG AAC CAT ACC ACT; interferon 
gamma receptor (IFNGR)1 sense, TAA ATG GAG ACG AGC 
AGG AAG and antisense, TGA ATA CCA GGC TAA GCA 
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CTA; IFNGR2 sense, TTT AGA GTC GGG CAT TTA AGC A 
and antisense, TCA GGA CCA GGA AGA AAC AGG; fibro-
nectin 1 (FN1) sense, ACA AAC ACT AAT GTT AAT TGC 
CCA and antisense, AAC TCC CAG GGT GAT GCT TG; 
laminin subunit alpha 2 (LAMA2) sense, CTG TTG CTG ATA 
ACC TCC TCT T and antisense, AGT TCT TGA TGC TAC 
GAT ACG G; integrin subunit beta 1 (ITGB1) sense, CCT ACT 
TCT GCA CGA TGT GAT G and antisense, CCT TTG CTA 
CGG TTG GTT ACA TT; integrin subunit alpha 1 (ITGA1) 
sense, GTG CTT ATT GGT TCT CCG TTA GT and antisense, 
CAC AAG CCA GAA ATC CTC CAT; collagen type  IV 
alpha 1 chain (COL4A1) sense, CCA GGG GTC GGA GAG 
AAA G and antisense: GGT CCT GTG CCT ATA ACA ATT 
CC; GAPDH sense, AGA AGC CCA GCC AGT CGC CAT 
CA and antisense, AGC AAA GCC CGC CTT ACA GAG 
CC. PCR was performed in a total volume of 20 µl, including 
10 µl of SYBR-Green qPCR Mix, 1 µl of each forward and 
reverse primer (10 µmol/l), 1 µl each cDNA sample, and 7 µl 
H2O. Amplifications were carried out in triplicate in 96-well 
microtiter plates. Thermal cycling conditions were as follows: 
95˚C for 5 min, followed by 45 cycles of 95˚C for 10 sec, 60˚C 
for 10 sec, and 72˚C for 10 sec, and finally followed by 95˚C for 
5 sec, and 60˚C for 10 sec.

Establishment of mouse model of hind limb ischemia and 
cell transplantation. Procedures involving animals and their 
care were conducted in conformity with NIH guidelines (NIH 
Publication no. 85-23, revised 1996) and was approved by the 
Animal Care and Use Committee of the Central South University. 
A total of 30 male BALB/C nude mice, weighing 20-25 g were 
anesthetized with 4% chloral hydrate by intraperitoneal injec-
tion. The right femoral artery and vein were coagulated and then 
cut out to induce critical ischemia at day 0. Twenty-four hours 
later (day 1), the mice were randomly divided into 3 groups and 
received cell transplantations by tail vein injection: EPCs at 
passage 4, EPCs at passage 6 and EPCs at passage 8 (n=10).

Laser doppler perfusion imaging. The mice were anesthetized 
using 4% chloral hydrate, and then examined using a Laser 
Doppler Perfusion Imager (LDPI; Moor Instruments, Devon, 
UK) on days 0, 7, 14, 21 and 28. The animal was placed on 
a 37˚C heating pad for 2-5 min to allow acclimation to the 
ambient conditions before measurements were taken. The 
results are reported as the perfusion ratio of the ischemic limb 
relative to the contralateral untreated hind limb.

Histological analysis. Mice were euthanized at day 28. The quad-
riceps femoris muscles of the mouse hindlimbs were isolated 
and fixed in 10% buffered formalin, dehydrated in 30% sucrose 
solution and embedded in paraffin. Sections (7 µm-thick) were 
cut and mounted on slides. The samples were used for hema-
toxylin and eosin (H&E) staining (Beyotime) and Masson's 
trichrome staining (Baso Diagnostics Inc., Zhuhai, China). 
The sections were observed and captured using a microscope 
(Sunny  CX40; Sunny, Guangdong, China) and the corre-
sponding SmartV350Dc software.

Statistical analysis. All experiments were repeated at least 
3 times independently. Data are expressed as the means ± stan-
dard deviation  (SD). Comparisons between groups were 

performed by one-way ANOVA using SPSS 17.0 (SPSS, Inc., 
Chicago, IL, USA). For animal exterior recovery study, 
Kruskal-Wallis was used. A value of P<0.05 was considered to 
indicate a statistically significant difference.

Results

Characterization of human UCB-EPCs at different passages. 
EPCs were isolated from human UCB. In serial subculture, 
the EPCs exhibited a uniform cobblestone morphology, 
with no observed differences among the cells at different 
passages (Fig. 1A). In order to measure the proliferative ability 
of the EPCs, cells at different passages were seeded quantita-
tively in culture plates, and the total cell number after 3 days 
of culture was calculated to reflect the proliferation index. The 
proliferative ability of the EPCs was significantly decreased 
with the increase number of passages in culture (Fig. 1B). In 
subsequent experiments, we used EPCs at passage (P)2, P4, 
P6 and P8 for the examination of cellular properties. The cell 
apoptotic rate was then analyzed by TUNEL assay (Fig. 1C). 
No significant difference was observed in the apoptotic rate of 
the EPCs at different passages, and the average apoptotic rate 
was 4.45±2.75% at P2, 5.85±1.35% at P4, 6.3±0.6% at P6 and 
5.5±0.8% at P8 (Fig. 1D). This trend was then confirmed by 
Annexin V/PI staining (Fig. 1E). In addition, the quantifica-
tion of telomere length was measured by qPCR in order to 
determine the senescence of EPCs at different passages. The 
results revealed that although no significant changes were 
observed in telomere length among the EPCs at P2, P4, P6 
and P8, telomere length exhibited a decreasing trend as the 
passage number increased in culture (Fig. 1F).

Changes in surface marker expression in human UCB-EPCs 
in subculture. The expression of surface markers was 
analyzed (Fig. 2A). In the expansion process from passage 2 
to 8, all EPCs homogeneously exhibited positive expression 
for the endothelial marker, CD31  (>90%), and the mesen-
chymal marker, CD29 (>95%), and expressed low levels of 
monocyte differentiation antigen CD14 (<7%), hematopoietic-
related antigen CD45 (<6%) and SSEA4 (<4%) (Fig. 2B). The 
expression of CD34 was maintained at approximately 40%. 
of note, the expression of CD90  (from 2.79±2.12% at  P2 
to 1.3±0.44% at  P8, P<0.05) and that of the endothelial 
markers, CD144 (VE-Cadherin) (from 50.18±23.75% at P2 
to 15.86±8.77% at P8, P<0.01) and KDR (VEGFR2) (from 
53.32±14.63% at P2 to 30.28±18.48% at  P8, P<0.01), was 
downregulated with increasing number of passages (Fig. 2B). 
This indicated that the EPC phenotype was partly altered 
during the process of in vitro expansion.

EPCs at P4 and P6 exhibit better angiogenic properties in vitro. 
Since there was no difference observed in cellular properties 
between the EPCs at P2 and the EPCs at P4, including prolifera-
tive ability, apoptotic rate, telomere length and surface marker 
expression, and the total cell number obtained at P4 is greater 
than that at P2, we selected the EPCs at P4, P6 and P8 for use in 
further experiments.

To compare the angiogenic ability of the EPCs at different 
passages in  vitro, the EPCs was seeded on Μatrigel. As 
shown in Fig. 3A, the EPCs at P4, P6 and P8 all assembled 
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into tubular-like structures, but the more integrated network 
formed by the EPCs at P4 was not observed in the EPCs at P6 
and at P8 in particular. In addition, the EPCs at P4 and P6 
formed more network junctions and vascular rings than those 
at P8 (P<0.001) (Fig. 3B).

The EPCs were subsequently seeded on the monolayer 
of MSCs. After 6 days of culture, EPCs without feeders only 
exhibited a scattered distribution, while the EPCs seeded on 
MSCs formed capillary-like networks (Fig. 3C). Notably, the 
EPCs at P4 and P6 assembled into more organized and inte-
grated networks than the EPCs at P8, which was quantified 
by an increased number of vascular junctions  (P4, P<0.01, 

P6, P<0.01, compared with P8) and longer tubular-like struc-
tures (P4, P<0.01, P6, P<0.05) (Fig. 3D). Thus, the EPCs at P4 
and P6 exhibited an enhanced angiogenic ability in vitro. These 
findings collectively incidated that the expanded EPCs at 
different passages exhibited inequable angiogenic properties 
in vitro.

Transplantation of EPCs at P4 and P6 exerts more enhanced 
therapeutic effects by promoting neovascularization in a 
mouse model of hind limb ischemia. The angiogenic proper-
ties of the EPCs were further examined in a mouse model of 
hind limb ischemia. After 24 h of right femoral artery liga-

Figure 1. Characterization of human umbilical cord blood-derived endothelial progenitor cells (UCB-EPCs) at different passages. (A) Representative images of 
EPC morphology. Human UCB-EPCs displayed a homogeneous cobblestone-like morphology at passage 2, 4, 6 and 8 (upper lane, x100 magnification; lower 
lane, x200 magnification). (B) Statistical analysis of the proliferation index of EPCs at different passages. Bars represent the mean values ± SD of 4 cell culture 
wells. ***P<0.001; *P<0.05. (C) Apoptosis of EPCs at different passages was measured by TUNEL assay and flow cytometry. The right quadrants indicate the 
apoptotic cell population. (D) Statistical analysis of EPC apoptosis measured by TUNEL assay. Bars represent the mean values ± SD of 3 independent experi-
ments. (E) Annexin V/PI staining flow cytometric analysis of apoptotic EPCs at different passages. Upper left quadrant, necrotic cells; bottom left quadrant, live 
cells; upper right quadrant, late apoptotic cells; lower right quadrant, early apoptotic cells. (F) The quantification of telomere length of EPCs at passage 4, 6 and 8 
by qPCR. Bars represent the mean values ± SD of 3 independent experiments.
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tion and excision surgery, the EPCs at P4, P6 and P8 were 
transplanted into mice by tail intravenous injection. Blood 
perfusion was detected using a LDPI on days 0, 7, 14, 21 
and 28 (Fig. 4A). The statistical analysis of the blood perfusion 
rate in the leg revealed no significances among the different 
mouse groups transplanted with EPCs at different passages, 
although the transplation of of EPCs at P4 on day 21 showed 
a certain advantage (Fig. 4B). However, the perfusion condi-
tion in the paw revealed the statistical superiority of EPCs 
at P4 and P6. The transplantation of EPCs at P6 (0.46±0.25) 
more efficiently improved blood flow in the paw of the isch-
emic limb on day 7 compared with the transplantion of EPCs 
at P8 (0.22±0.11; P=0.017). On day 14, the transplantion of 
EPCs at P4 (0.56±0.16, P=0.002) and P6 (0.51±0.18, P=0.014) 
led to a relatively higher perfusion rate than the transplantion of 
EPCs at P8 (0.32±0.11). No statistically significant difference 
was observed among the 3 groups on days 21 and 28 (Fig. 4C).

We defined hind limb recovery after 28 days as five progres-
sive levels, including limb salvage, swollen foot, amyotrophy, 

mild loss of limb and severe loss of limb (Fig. 4D). The propor-
tion of limb salvage in the groups transplanted with EPCs 
at P4 and P6 was approximately 30%, whereas the injection of 
EPCs at P8 resulted in almost no final limb salvage (Fig. 4E). 
The transplantation of EPCs at P8 caused approximately 60% 
amyotrophy. Notably, the rate of limb loss  (including mild 
and severe loss of limb) in the 3 groups was >20%, and was 
even >30% in the group injected with EPCs at P4.

We further evaluated the therapeutic effects of EPCs at 
different passages on muscle degradation of the ischemic hind 
limb by histological examination. H&E staining revealed that 
following the transplantation of EPCs at P4, the muscle fibers 
were arranged neatly in a regular round shape, with small gaps 
among the muscle bundles (Fig. 5A). The nucleus located on 
the edge of the muscle fibers. These were very similar to the 
normal control group. However, in the groups transplanted 
with EPCs at P6 and P8, the muscle fibers became smaller and 
wizened, with the nucleus located in the center of the muscle 
fibers. The gap among the muscle bundles became larger, and 

Figure 2. Surface marker detection of human umbilical cord blood-derived endothelial progenitor cells (UCB-EPCs) at passage 2, 4, 6 and 8. (A) Representative 
images of cytometric analysis of human UCB-EPCs. Cells at passage 2, 4, 6 and 8 were labeled with antibodies against CD31, CD34, CD45, CD14, CD144, CD29, 
CD90, KDR and SSEA4. The ‘P2’ region marked in each plot stands for the range of positive expression. (B) Statistical analysis of surface marker expression on 
EPCs. Bars represent the mean values ± SD of 10 independent experiments. **P<0.01; *P<0.05.
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was filled with the infiltrated cells and hyperplastic connective 
tissue. Fibrous morphology was even observed in the group 
transplanted with EPCs at P8. These features were similar to 
those of the negative control (NC) group, although to a lesser 
extent. Furthermore, Masson's trichrome staining revealed that 
fibrosis was markedly attenuated following the transplantation 
of EPCs, compared with the negative control (Fig. 5B). The 
EPCs at P4 and P6 exerted more positive effects.

Phosphorylation levels of PDGFR-β and PI3K/Akt are 
downregulated in EPCs at P8 compared with EPCs at P4. 
For further analysis, we detected the expression of angiogenic-
related factors in the EPCs at different passages by qPCR. 
Although there were no statistically significant differences 
observed in the expression of angiogenic cytokines (such as 
VEGF-A, PDGF-B, ANG-1 and TGF-β1) among the EPCs at 

different passages (Fig. 6A), significant changes were observed 
in the expression of some extracellular matrix (ECM) compo-
nents (Fig. 6B). The expression levels of ITGA1 and LAMA2 
in the EPCs at P8 were higher when compared with those in the 
EPCs at P4, and the expression levels of ITGB1 and COL4A1 
were significantly decreased in the EPCs at later passages.

In addition, angiogenic-related receptors on EPCs were 
measured following PDGF-BB stimulation. As shown 
in Fig. 6C, both PDGFR-β and VEGFR2 were significantly 
highly expressed in the EPCs at P8. However, when the receptor 
expression was measured by western blot analysis (Fig. 6D), 
the level of phosphorylated PDGFR-β was found to be 
significantly decreased in the EPCs at P8 compared to those 
at P4 (P<0.05; Fig. 6E). Since the binding of PI3K to PDGFR-β 
has been shown to be important for cell behavior  (32), we 
further examined whether the PDGFR-β/PI3K/Akt signaling 

Figure 3. In vitro comparison of angiogenic potential of human umbilical cord blood-derived endothelial progenitor cells (UCB-EPCs) at different passages. 
(A) Tubular like structures formed by UCB-EPCs at passage 4, 6 and 8 on Μatrigel (x100 magnification). EPCs were seeded on a Μatrigel-coated culture plate, 
and tubular like networks were observed after 2 h. (B) Statistical analysis of network junctions and vascular rings formed by EPCs on Μatrigel. Bars represent 
the mean values ± SD of 4 independent experiments. ***P<0.001; *P<0.05. (C) UCB-EPCs at passage 4, 6 and 8 formed tubular like structures when cultured on 
the monolayer of human MSCs. EPCs were labeled by UEA-I in red after 6 days of culture. (D) Statistical analysis of vascular length and vascular junctions 
formed by EPCs at passage 4, 6 and 8. The data were determined using ImageJ software. Bars represent the mean values ± SDof 3 independent experiments. 
**P<0.01; *P<0.05.
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pathway is involved in EPCs by examining the phosphorylation 
levels of PI3K and Akt by western blot analysis (Fig. 6F). The 
results of statistical analysis indicated that the phosphoryla-
tion levels of PI3K and Akt were both significantly decreased 
in the EPCs at P8 compared with those at P4 (P<0.05 and 
P<0.05; Fig. 6G and H).

Effects of PDGFR inhibitor on tubulogenesis and migration 
of EPCs at different passages. We further examined whether 
PDGFR-β plays a role in the changes of angiogenesis and 

migration ability among the EPCs at different passages. 
The selective inhibitor of PDGFR, tyrphostin AG1295, was 
used to inhibit the activation of PDGFR-β. Treatment with 
tyrphostin AG1295 led to less interconnected vascular network 
being formed by the EPCs at passage 4, 6 and 8 (Fig. 7A). No 
significant difference was observed among the groups of EPCs 
at different passages (Fig. 7B). In addition, when seeded on 
the monolayer of MSCs, the EPCs at different passages pre-
treated with tyrphostin AG1295 formed a smaller number of 
tubular-like structures compared with the cells not treated 

Figure 4. Evaluation of the therapeutic efficacyof umbilical cord blood-derived endothelial progenitor cells (UCB-EPCs) in a murine model of hind limb 
ischemia. (A) Representative images of perfusion heatmaps in different cell groups on days 0, 7, 14, 21 and 28. EPCs at passage 4, 6, and 8 were transplanted 
by tail intravenous injection 24 h after right femoral and saphenous artery ligation. Laser Doppler perfusion imaging (LDPI) was used to visualize the dynamic 
changes in hind limb perfusion at the indicated time points. (B) Statistical analysis of blood perfusion rate in the mouse leg. Blood perfusion was quantified using 
the perfusion rate, i.e., the rate of average LDPI index of ischemic limb (left) to non-ischemic hind limb (right). Bars represent the mean perfusion rate ± SD of 
10 mice in each group. (C) Statistical analysis of blood perfusion rate in the mouse paw. Bars represent the mean perfusion rate ± SD of 10 mice in each group. 
*P<0.05. (D) Representative images of 5 progressive exterior morphological recovery levels of ischemic mice on day 28, including limb salvage, bloated foot, 
amyotrophy, mild loss of limb and severe loss of limb. (E) Percentage bar chart of exterior recovery statistics in different cytotherapy groups.
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Figure 5. Histological analysis of ischemic hind limb following umbilical cord blood-derived endothelial progenitor cells (UCB-EPCs) transplantation. At 
day 28, (A) H&E staining and (B) Masson's trichrome staining was used to evaluate the therapeutic effects of EPCs at different passages. Mice with hind limb 
ischemia without any treatment were used as the negative controls (NC).

Figure 6. Expression of angiogenic-related factors and phosphorylated platelet‑derived growth factor receptor-β (PDGFR-β)/PI3K/Akt signal pathway in expanding 
umbilical cord blood-derived endothelial progenitor cells (UCB-EPCs). (A) The relative expression of angiogenic growth factors in EPCs at different passages. 
(B) The relative expression of angiogenic-related extracellular matrix (ECM) in EPCs at different passages. (C) The relative expression of angiogenic-related 
receptors in EPCs at different passages. (D) Representative blots of phosphorylated PDGFR-β expression in EPCs at different passages. UCB-EPCs were treated 
with PDGF-BB (40 ng/ml for 24 h) and examined by western blot analysis. (E) Statistical analysis of the expression of PDGFR-β in different passages of UCB-
EPCs treated with PDGF-BB and examined by western blot analysis. (F) Representative image of phosphorylated PI3K/Akt expression in different passages of 
UCB-EPCs treated with PDGF-BB and examined by western blot analysis. (G) Statistical analysis of the expression of p-PI3K/PI3K in different passages of UCB-
EPCs treated with PDGF-BB and examined by western blot analysis. (H) Statistical analysis of the expression of p-Akt/Akt in different passages of UCB-EPCs 
treated with PDGF-BB and examined by western blot analysis. Bars represent the mean values ± SDof 3 independent experiments. ***P<0.001; **P<0.01; *P<0.05.
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with tyrphostin AG1295 (Fig. 7C), and there was no significant 
difference observed among the tyrphostin AG1295-treated 
groups (Fig. 7D). Furthermore, the cell migration ability was 

examined by Transwell assay (Fig. 7E). The EPC migration 
ability decreased with the in vitro expansion process without 
pre-treatment with tyrphostin  AG1295  (P<0.05;  Fig.  7F). 

Figure 7. The evaluation of angiogenesis and migration ability of umbilical cord blood-derived endothelial progenitor cells (UCB-EPCs) pre-treated with 
PDGFR inhibitor. (A) Tubular like structures formed by UCB-EPCs at passage 4, 6 and 8 pre-treated with PDGFR inhibitor (tyrphostin AG1295, 20 µM for 
1 h) on Μatrigel (x100 magnification). EPCs were seeded on a Μatrigel-coated culture plate, and tubular like networks were observed after 2 h. The top lane 
shows cells not pre-treated with AG1295, and the bottom lane shows cells pre-treated with AG1295. (B) Statistical analysis of vascular ring numbers in (A). 
(C) UCB-EPCs pre-treated with AG1295 formed tubular like structures when cultured on the monolayer of human MSCs. EPCs were labeled by UEA-I in red 
after 6 days of culture. The top lane sho ws cells not pre-treated with AG1295, and the bottom lane shows cells pre-treated with AG1295. (D) Statistical analysis 
of tubular-like structure length in (C). (E) Representative images of UCB-EPC migration. Cells were seeded in a Transwell chamber, and the migrated cells 
were stained with crystal violet after 24 h. The top lane shows cells not pre-treated with AG1295, and the bottom lane shows cells pre-treated with AG1295. 
(F) Statistical analysis of cell migration numbers in (E). Bars represent the mean values ± SD of 3 independent experiments. *P<0.05; #P<0.05 compared with 
the corresponding ‘-AG1295’ group.
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Treatment with tyrphostin AG1295 led to significant decrease 
in migration in the EPCs at each passage (P<0.05). However, 
following treatment with tyrphostin AG1295, no significant 
difference was observed in migration ability among the EPCs 
at different passages. These results indicated that following 
treatment with the PDGFR inhibitor, tyrphostin AG1295, the 
differences in angiogenesis and migration ability of the EPCs 
at different passages were no longer observed.

Treatment with PDGFR inhibitor leads to similar phosphory-
lation levels of PDGFR-β and PI3K/Akt in EPCs at different 
passages. As demonstrated above (Fig. 6D and E), the levels 
of phosphorylated PDGFR-β were decreased in the EPCs with 
the increasing passage number. In particular, the levels of phos-
phorylated PDGFR-β were significantly decreased in the EPCs 
at passage 8 compared to those at passage 4. Subsequently, in 
order to confirm the effect of PDGFR inhibitor, the expression 
of PDGFR-β was measured in the EPCs by western blot-
ting (Fig. 8A) following treatment with the PDGFR inhibitor, 
tyrphostin AG1295. Following pre-treatment with the inhibitor, 
the EPCs at different passages exhibited no significant differ-
ence in the levels of phosphorylated PDGFR-β when stimulated 
with PDGF-BB (Fig. 8B). Moreover, we also measured the 
phosphorylation levels of PI3K/Akt by western blot analysis in 
the EPCs pre-treated with the inhibitor (Fig. 8C); no significant 
difference was observed in the phosphorylation level of PI3K/
Akt among the EPCs at different passages (Fig. 8D and E). 
These findings indicated that following pre-treatment with the 
PDGFR inhibitor, tyrphostin AG1295, no significant differ-
ences were observed in the levels of phosphorylated PDGFR-β 
and PI3K/Akt expression among the EPCs at different passages.

Discussion

EPCs have the potential to differentiate into mature endothe-
lial cells and secreting cytokines (35,36), and they thus play 
a role in endothelial repair and post-natal angiogenesis (1,2). 
Due to the higher cell frequency (20) and the stronger cell 
proliferative ability (19,21), human UCB has been defined as 
a more ideal source of EPCs. UCB-EPCs have been a focus of 
regenerative treatment for ischemic diseases, and a number of 
studies have examined their application in ischemic diseases 
in various animal models; however, some researchers have 
used EPCs at ununiformed passages, such as passage 2-5 (37), 
passage 3-4 (29), passage 5 (38), or in some case, have not stated 
the specific cell passage used (39,40). Thus, further supportive 
evidence for cell passage selection in ischemic treatment is still 
needed. In this study, we compared the cellular properties and 
angiogenic potential of EPCs expanded at different passages, in 
order to provide reference data to aid the selection of cells at the 
best passage therapeutic effects on ischemia.

We first examined the cellular properties of the EPCs 
at different passages, and found that the proliferation index 
was decreased. Since telomere shortening has been shown to 
be related to the proliferative ability of cells (41), we further 
detected the relative telomere length of EPCs, which confirmed 
that the proliferative ability of the EPCs at later passages 
decreased. This is in accordance with the results of another 
study on in vitro expanded human MSCs  (41). In addition, 
the CD markers exhibited an altered expression on the EPCs. 
CD144, also known as VE-Cadherin, is an important adherent 
junction (AJ) protein that is specifically responsible for endo-
thelial cell-cell AJ assembly and barrier architecture (42-44). 

Figure 8. Inhibition of platelet‑derived growth factor receptor-β (PDGFR-β) downregulates the phosphorylation levels of the PI3K/Akt pathway in umbilical cord 
blood-derived endothelial progenitor cells (UCB-EPCs) at different passages. (A) Representative image of phosphorylated PDGFR-β expression measured by 
western blot analysis at different passages of UCB-EPCs pre-treated with PDGFR inhibitor (tyrphostin AG1295, 20 µM for 1 h) followed by PDGF-BB stimula-
tion (40 ng/ml for 24 h). (B) Statistical analysis of the expression of PDGFR-β in different passages of UCB-EPCs measured in (A) by western blot analysis. 
(C) Representative image of phosphorylated PI3K/Akt expression measured by western blot analysis in different passages of UCB-EPCs pre-treated with PDGFR 
inhibitor followed by PDGF-BB stimulation. (D) Statistical analysis of the expression of p-PI3K/PI3K in different passages of UCB-EPCs in (C). (E) Statistical 
analysis of the expression of p-Akt/Akt at different passages of UCB-EPCs measured by western blot analysis in (C). Bars represent the mean values ± SD of 
3 independent experiments. n=3.
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It has been proven that VE-cadherin gene knockout leads to 
severe angiogenic defects, attributed to endothelial apoptosis 
and abnormal VEGF signaling (45,46). Additionally, interfering 
with VE-cadherin in embryos and adult mice has been shown to 
affect vascular integrity (47,48). Furthermore, KDR, also known 
as human VEGFR2, is largely restricted to vascular endothe-
lial cells (49). After being activated, KDR triggers multiple 
downstream pathways to regulate endothelial functions, such 
as cell migration, endothelium-dependent relaxation and angio-
genesis (49). It has been reported that in Flk-1 (the counterpart 
of human KDR in mice) knockout mice, endothelial cells fail 
to develop  (50). In this study, as EPCs underwent repeated 
passaging, the expression of VE-Cadherin and KDR decreased, 
and this may diminish their angiogenic abilities by influencing 
the normal endothelial function. This is also in accordance with 
our results of angiogenesis assay in vitro in this study, which 
revealed the decreased angiogenic ability of the EPCs at P8. 
Additionally, CD90 is always used as a marker for a variety 
of stem cells. It has been shown to be expressed by endothelial 
cells in human tumors (51). Its downregulated expression in 
the expansion process of our EPCs may indicate the declined 
stemness of the cells. In this study, as there was no difference 
in cellular properties between the EPCs at P2 and those at P4, 
and the total cell number obtained after expansion at P4 was 
much greater than that at P2, we selected EPCs at P4 as ideal 
candidates.

In an aim to evaluate the therapeutic effects of EPCs at 
different passages on ischemia, a mouse model of hind limb 
ischemia mouse was used for further research. Mice injected 
with EPCs at different passages exhibited no statistically 
significant differences in blood flow patterns, as shown by 
LDPI. However, there is a limitation to this method as LDPI 
measurements cannot accurately differentiate between skin 
perfusion and deeper muscular perfusion. To partially over-
come this limitation, we then analyzed blood perfusion in the 
paws of mice, which we believe is more likely to represent the 
actual perfusion of blood flow restoration. The injection of 
EPCs at P4 led to a higher blood perfusion rate in the paws on 
days 7 and 14, which was supported by the final higher limb 
salvage rate and the better histomorphological performance in 
the group injected with EPCs at P4.

In this study, we observed an interesting event. Following 
stimulation with PDGF-BB, the expression of angiogenic-
related receptors was inconsistently detected, as shown by 
qPCR and western blot analysis. The increased expression 
of PDGFR-β in the EPCs at P8 at the mRNA level was not 
confirmed at the protein level by western blot analysis. The 
detected levels of phosphorylated PDGFR-β were even found 
to be downregulated in the EPCs at P8 compared to those at P4. 
This may be attributed to the epigenetic regulatory mechanism 
in the process of translation. The specific details in this regula-
tort process warrant further investigation.

In conclusion, in this study, we demonstrated that EPCs in 
the process of in vitro expansion exhibit changes in cellular 
properties, and EPCs at passage 4 are more efficient promoting 
in tube formation and attenuating hind limb ischemia. 
Therefore, the 4th passage of the in vitro expanded EPCs may 
be the most ideal cell for the clinical treatment of ischemic 
disease. These data may aid in the more effective sselection of 
EPCs for the treatment of ischemic disease.
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