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Abstract. Endothelial progenitor cells (EPCs) repair vascular 
damage and participate in neovascularization. Accumulating 
evidence has demonstrated that EPCs have therapeutic potential 
in reactive oxygen species (ROS)-mediated vascular diseases. In 
this study, to investigate the effects of oxidative stress on EPCs, 
EPCs were treated with H2O2 at different final concentrations 
for 3 h. MTT assay, scratch-wound assay and Matrigel invasion 
assay revealed that cell proliferation, migration and tubule forma-
tion and function, respectively, were impaired under H2O2 stress 
in a concentration-dependent manner. To determine protein 
response to H2O2 stress, two-dimensional differential in-gel 
electrophoresis (2D-DIGE) combined with matrix-assisted laser 
desorption-ionization time-of-flight (MALDI-TOF/TOF) mass 
spectrometry were performed. The results revealed that trios-
ephosphate isomerase and ADP-sugar pyrophosphatase were 
downregulated, while peroxiredoxin-2, thioredoxin-dependent 
peroxide reductase, mitochondrial (Prx‑3), peroxiredoxin-6, 
EGF-containing fibulin-like extracellular matrix protein 1, 

vimentin and Rab GDP dissociation inhibitor α were upregu-
lated in the H2O2-treated EPCs. To further confirm the results 
from mass spectrometry, the expression pattern of Prx-3 in 
response to H2O2 stress was examined by western blot analysis. 
The data presented in this study provide novel insight into the 
defensive mechanisms of EPCs and the pathways of oxidative 
damage in an oxidative environment.

Introduction

Accumulating evidence suggests that endothelial progenitor 
cells (EPCs) are recruited to the sites of injury, participate in 
the repair of damaged tissue, form new vessels in ischemic 
areas and attenuate the development and progression of athero-
sclerosis (1-4). Several preclinical studies using animal models 
have shown the therapeutic efficacy of EPCs in ischemic 
disorders and vascular injury (1,4-6). Additionally, small-scale 
clinical trials, including directly injecting EPCs into infarcted 
tissue or injecting pro-angiogenic cytokines into target tissue 
to increase EPC number and function, have been performed 
successfully in patients with cardiovascular diseases (7-9).

Previous studies have demonstrated that multiple patho-
logical conditions can increase the production of reactive 
oxygen species (ROS) in the vascular wall, including hyper-
cholesterolemia, diabetes and hypertension  (10). Increased 
oxidative stress impairs endothelial function and mediates 
atherosclerosis, stroke, cardiovascular diseases and numerous 
other vascular diseases (11-13). Moreover, studies have demon-
strated that EPCs exhibit high resistance to oxidative stress, 
which is a characteristic feature of stem cells (14-16). It has 
also been demonstrated that the higher expression of intracel-
lular antioxidative enzymes, such as catalase, manganese 
superoxide dismutase (MnSOD) and glutathione peroxidase-1 
(GPx-1) in EPCs, as opposed to mature endothelial cells, is a 
critical mechanism through which EPCs are protected against 
oxidative stress (14-16). However, other studies have suggested 
that the increased expression of apoptosis signal-regulating 
kinase 1 (ASK1) diminishes the vessel-forming ability of EPCs 
following exposure to oxidave stress (13). Nevertheless, despite 
the proteins identified in EPCs upon exposure to oxidative 
stress, the global protein profile in EPCs remains elusive. In 
this study, to determine protein response to oxidative stress 
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in EPCs, we systematically surveyed the changes in protein 
expression patterns in EPCs treated with H2O2 by two-dimen-
sional (2D) gel/matrix-assisted laser desorption-ionization 
time-of-flight (MALDI-TOF/TOF) mass spectrometry (MS).

Materials and methods

Cell culture. EPCs (Lonza, Walkersville, MD, USA) were 
maintained in pre-warmed ECFC growth medium (EBM-2 
basal medium supplemented with EGM-2 SingleQuot cryo-
vials and ECFC serum supplement; Lonza) and then seeded 
in T-75 culture flasks pre-coated with rat tail collagen  I 
(BD Biosciences, Bedford, MA, USA) in a 37˚C humidified 
atmosphere with 5% CO2. The culture medium was replaced 
with fresh, warm medium every 2 days until the cells reached 
70-80% confluency. EPC monolayers were passaged.

MTT assay. The effect of H2O2 on EPC proliferation was deter-
mined by MTT assay. Early- passage EPCs (passages 4-8) were 
seeded in a 96-well tissue culture plate pre-coated with type I 
rat tail collagen (6,000-7,000 cells/well). The following day, 
the cells were either left untreated or treated with increasing 
concentrations of H2O2 in quintuplicate for 3 h. The medium 
was then replaced with fresh, warm medium supplemented 
with 10 µl of MTT (5 mg/ml). Four hours after incubation, 
the supernatant was discarded and the EPCs were shaken with 
200 µl of DMSO for 10 min. The OD value was measured at 
490 nm.

Scratch-wound assay. To determine the migration activity of 
EPCs, the cells were seeded in 24-well tissue culture plates. 
After reaching 80-90% confluency, the cells were pre-treated 
with H2O2 for 3 h, then the monolayer EPCs were scrape-
wounded with a sterile micropipette tip to create a denuded zone 
(gap) of constant width. After washing with phosphate-buffered 
saline (PBS) to remove the cell debris, the cells were incubated 
in fresh, warm medium for a further 18 h. The monolayer 
scratched cells were observed under an inverted phase-contrast 
microscope with a x10 objective (Olympus, Tokyo, Japan), and 
images were acquired using a color camera (Olympus) immedi-
ately after wounding and 18 h after wounding. The percentage 
of wound closure was estimated using the following equation: 
wound closure (%) = [1- (wound area at Tt/wound area at T0)] 
x100%, where Tt is the time after wounding and T0 is the time 
point of wounding. Five fields/well were examined and 5 inde-
pendent experiments were performed.

Matrigel invasion assay. The EPCs that were either untreated 
or pre-treated with an increasing concentrations of H2O2 
for 3 h, were seeded at 15,000 cells/well in 96-well tissue 
culture plates coated with 50 µl of Matrigel (BD Biosciences). 
Following incubation at 37˚C for 8 or 24 h, the cells in the 
central field of each well were observed under an inverted 
phase-contrast microscope with a x10 objective (Olympus), 
and images were acquired photographed using a color camera 
(Olympus). The total vessel length of each image was calcu-
lated from the captured images using Image-Pro Plus software. 
Closed network units of the central visual field of each well 
were enumerated by visual inspection. Three independent 
experiments were performed.

Proteomic sample preparation. The cells (passages 4-7) were 
harvested and washed 3 times with ice-cold PBS. The cells 
were then lysed with lysis buffer (7 M urea, 2 M thiourea, 4% 
CHAPS, 30 mM Tris, pH 8.8) containing 1% protease inhibi-
tors and nuclease mix. Following centrifugation at 25,000 x g 
for 30 min, the supernatants were collected. Proteins in the 
supernatant were cleaned up and quantified using a Clean-up 
kit and 2-D Quant kit (GE Healthcare, Uppsala, Sweden) 
according to the manufacturer's instructions.

Two-dimensional differential in-gel electrophoresis (2D-DIGE). 
Following the manufacturer's instructions, 50 µg of proteins 
from each sample were minimally labelled with fluorescent 
dyes. Following incubation on ice for 30 min, the reaction was 
terminated by the addition 1 µl of 10 mM lysine. Cy3-, Cy5- 
and Cy2-labelled samples and internal standards were pooled 
and then rehydration buffer [8 M urea, 2% CHAPS, 0.4% IPG 
buffer and 0.28% dithiothreitol (DTT)] was added to gain equal 
volumes. The samples were loaded on an IPG strip (24 cm, 
pH 4-7, linear) for isoelectric focusing (IEF) on an IPGphor 
isoelectric focusing system (GE Healthcare). The parameters 
were 30 V for 6 h (rehydration) at 20˚C, 500 V for 1 h, gradient 
1,000 V for 1 h, gradient 8,000 V for 2 h and 8,000 V for 7 h. 
Following IEF, the strips were first equilibrated in equilibration 
solution of 50 mM Tris-HCl (pH 8.8), 6 M urea, 30% (v/v) glyc-
erol, 2% (w/v) sodium dodecyl sulfate (SDS) and 1% (w/v) DTT 
for 15 min and then again in the same solution without DTT 
[DTT was replaced with 4% (w/v) iodoacetamide] for a further 
15 min. The IPG strips were then loaded onto 12.5% polyacryl-
amide gels in an Ettan DALTsix system (GE Healthcare) for 
electrophoresis at 1.5 W/gel overnight until the bromophenol 
blue tracking dye reached the bottom of the gels.

Image acquisition and analysis. Fluorescent images were 
acquired using a Typhoon 9400 scanner (GE Healthcare) at a 
resolution of 100 µm. Matching, quantification and statistical 
analysis were carried out using DeCyder 2-D Differential 
Analysis software (GE Healthcare) and images were scanned 
manually to eliminate artifacts. Protein spots with at least a 
1.3-fold increase or decrease in intensity between the control 
and H2O2-treated groups (P<0.05, Student's t-test) were 
considered as significantly differentially expressed proteins. 
Two other preparative gels with the control and H2O2-treated 
groups were made with 600 µg of protein under the same 
conditions. The gels were fixed in 20% trichloroacetic acid 
(TCA) overnight and stained with PhastGel Blue. For further 
identification, the spots of interest were excised from the 
preparative gels using an Ettan Spot Picker (GE Healthcare).

Tryptic in-gel digestion of two-dimensional gel electro-
phoresis (2DE)-resolved proteins. Protein spots, which 
were excised from the preparative gels, were destained in 
100 mM NH4HCO3/30% acetonitrile (ACN). After removing 
the destaining buffer, the gel pieces were lyophilized and 
rehydrated in 30 µl of 50 mM NH4HCO3 containing 50 ng 
of trypsin (sequencing grade; Promega, Madison, WI, USA). 
Following overnight digestion at 37˚C, the peptides were 
extracted 3 times with 0.1% trifluoroacetic acid (TFA) in 60% 
ACN. The extracts were pooled together and lyophilized. The 
resulting lyophilized tryptic peptides were kept at -80˚C until 
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mass spectrometric analysis was performed. A protein-free gel 
piece was treated as described above and used as the control to 
identify autoproteolysis products derived from trypsin.

MALDI-TOF/TOF MS and protein identification. MS and 
MS/MS spectra were obtained using the ABI 4800 Proteomics 
Analyzer (MALDI-TOF/TOF; Applied Biosystems, Foster 
City, CA, USA) operating in a result-dependent acquisition 
mode. Peptide mass maps were acquired in the positive ion 
reflector mode (20 kV accelerating voltage) with 1,000 laser 
shots/spectrum. Monoisotopic peak masses were automati-
cally determined within the mass range of 800-4,000 Da with 
a signal-to-noise ratio minimum set to 10 and a local noise 
window width of m/z 250. Up to 10 of the most intense ions, 
with a minimum signal-to-noise ratio >50, were selected as 
precursors for MS/MS acquisition, excluding common trypsin 
autolysis peaks and matrix ion signals. In the MS/MS-positive 
ion mode, spectra were averaged with 2 kV collision energy, 
and default calibration was set. Monoisotopic peak masses 
were automatically determined with a signal-to-noise ratio 
minimum set to 5 and a local noise window width of m/z 250. 
The MS together with MS/MS spectra were searched against 
the UniProtKB/Swiss-Prot database (Swiss-Prot 56.9) using 
GPS Explorer software (version 3.6; Applied Biosystems) and 
Mascot software (version 2.1; Matrix Science Inc., Boston, 
MA, USA) using the following parameter settings: trypsin 
cleavage, 1 missed cleavage allowed, carbamidomethylation 
set as fixed modification, oxidation of methionines allowed as 
variable modification, peptide mass tolerance set to 100 ppm, 
fragment tolerance set to ±0.3 Da and minimum ion score 
confidence interval for MS/MS data set to 95%.

Western blot analysis. From the H2O2-treated group, 150 µg 
of protein were minimally labelled with Cy5 fluorescent 
dye. Following incubation on ice for 30 min, the reaction 
was terminated by the addition of 1 µl of 10 mM lysine. The 
proteins were then pooled and rehydration buffer (8 M urea, 2% 
CHAPS, 0.4% IPG buffer and 0.28% DTT) was added to gain 
250 µl of final volume. The sample was loaded onto an IPG 
strip (13 cm, pH 4-7, linear) for IEF on an IPGphor isoelectric 
focusing system (GE Healthcare). The parameters were 30 V 
for 6 h (rehydration) at 20˚C, 500 V for 1 h, gradient 1,000 V 
for 1 h, grad 8,000 V for 1 h and 8,000 V for 5 h. Following 
IEF, the strips were first equilibrated in equilibration solution 
containing 50 mM Tris-HCl (pH 8.8), 6 M urea, 30% (v/v) glyc-
erol, 2% (w/v) SDS and 1% (w/v) DTT for 15 min and then again 
in the same solution without DTT [DTT was replaced with 4% 
(w/v) iodoacetamide] for a further 15 min. The IPG strips were 
loaded onto 10% polyacrylamide gels for electrophoresis at 
10 mA for 1 h followed by 30 mA until the bromophenol blue 
tracking dye reached the bottom of the gels. Fluorescent images 
were acquired using a Typhoon 9400 scanner (GE Healthcare) 
at a resolution of 100 µm. A 6x6 cm gel containing protein was 
excised from the whole gel. Proteins were electrophoretically 
transferred onto a PVDF membrane (GE Healthcare). The 
membrane was blocked in TBS containing 0.1% Tween-20 
(TBS-T) and 5% fat-free milk for 1 h. After a brief wash 
with TBS-T buffer, the membrane was incubated overnight 
at 4˚C with mouse anti-human peroxiredoxin-3/thioredoxin-
dependent peroxide reductase, mitochondrial (Prx-3) antibody 

(Abcam, Cambridge, UK) diluted in TBS-T buffer (1:1,000 dilu-
tion). The primary antibody was removed, and the membrane 
was washed extensively in TBS-T buffer. Subsequent incuba-
tion with goat anti-mouse antibody (1:500) pre-adsorbed with 
Cy3 (Abcam) was performed at room temperature for 2 h. The 
membrane was washed extensively in TBS-T buffer to remove 
the secondary antibody. Fluorescent images were acquried 
using a Typhoon 9400 scanner (GE Healthcare) at a resolution 
of 100 µm.

Statistical analysis. Data are expressed as the means ± SEM. 
Differences between groups were analyzed using Student's 
t-tests. A value of P<0.05 was considered to indicate a statis-
tical significant difference.

Results

Tube-forming ability of EPCs is affected to a greater extent 
following exposure to oxidative stress. To investigate the 
effects of oxidative stress on EPCs, the cells were pre-treated 
with H2O2 at different final concentrations (100-400 µM) for 
3 h prior to the following experiments. MTT, scratch-wound 
and Matrigel invasion assay were performed to examine the 
proliferation, migration and tube-forming ability of the EPCs, 
respectively. The results were similar to those from our previous 
study (17). Treatment with H2O2 resulted in a dose-dependent 
decrease in cell proliferation (Fig. 1) and cell migration (Fig. 2). 
Additionally, treatment with H2O2 at a final concentration of 
300 µM markedly impaired cell migration compared with the 
control group (33% decrease). At a final H2O2 concentration of 
400 µM, cell migration was completely suppressed. These data 
suggest that following exposure to oxidative stress, the migra-
tion ability and survival of EPCs is impaired.

To examine the capillary tube-forming ability of EPCs 
following exposure to oxidave stress, we performed Matrigel 
invasion assay and the tube-forming ability of the EPCs was 
observed over a period of 24 h. After 8 h, we observed the 
initiation of capillary-like structures in the untreated and 

Figure 1. Proliferative ability of endothelial progenitor cells (EPCs) fol-
lowing exposure to H2O2-induced oxidative stress ssessed by MTT assay. 
Percentage of EPCs 3 h following treatment with H2O2. Results represent the 
means ± SEM (n=5; *P<0.03, **P<0.01 and ***P<0.0001 by Student's paired 
t-test). UT, untreated.
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H2O2-treated EPCs. However, after 24 h, the EPCs treated 
with H2O2 exhibited reduced vessel length and closed network 
units (Fig. 3), suggesting that the EPCs failed to form effective 
tubules due to oxidative stress. In addition, following treat-
ment with H2O2 at a final concentration of 300 µM, there was 
no part or closed network unit formation, although cells still 

proliferated and migrated at this concentration. This suggests 
that the tube-forming ability of the EPCs is affected to greater 
extent in response to oxidative stress.

2DE of H2O2-treated EPCs and identification of differentially 
expressed proteins. To identify the proteins involved in the 

Figure 2. Migration ability of endothelial progenitor cells (EPCs) following exposure to H2O2-induced oxidative stress. EPCs untreated or treated with 
increasing concentrations of H2O2 for 3 h were scraped using a sterile micropipette tip and then incubated for 18 h. (A) Representative photomicrographs 
(magnification, x100) of EPCs migrating to the wounded area at 0 or 18 h after scraping. Data shown are representative of 5 independent experiments. 
(B) Quantification of EPC migration ratio. There was no migration detected at 400 µM. Results represent the means ± SEM (n=5; *P<0.01 and **P<0.003 by 
Student's paired t-test). UT, untreated.

Figure 3. Tube-forming ability of endothelial progenitor cells (EPCs) following exposure to H2O2-induced oxidative stress. EPCs untreated or treated with 
increasing concentrations of H2O2 for 3 h were seeded in the Matrigel and then incubated for 24 h. (A) Representative photomicrographs (magnification, x100) 
of EPCs. Data shown are representative of 3 independent experiments. (B) Quantification of capillary vessel length. Data represent the average total capillary 
vessel length/image obtained ± SEM (n=3, P<0.05 by Student's paired t-test). There was no vessel formation detected at 300 µM. (C) Quantification of vessel 
density. Data represent the average number of closed network units/central visual field of each well ± SEM (n=3; *P<0.02 by Student's paired t-test).
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protection of EPCs under oxidative stress conditions, compar-
ative proteomic analysis was performed. Representative 2DE 
gel images from the untreated control group and H2O2-treated 
group are shown in Fig. 4. A total of 11 upregulated protein 
spots and 2 downregulated protein spots were observed in 
the H2O2-treated group compared with control group, which 
are indicated by circles (Fig. 4B). The pixel volume of each 

spot was calculated, normalized and compared between the 
2 groups using the Student's t-test. For all the selected spots, 
the P-values between the untreated control and H2O2-treated 
groups were <0.05.

The differentially expressed protein spots were excised 
from the preparative gels, subjected to trypsin digestion, and 
identified using MALDI-TOF/TOF MS. The peptide mass 
peaks and peptide sequences were compared with those 
in the Swiss-Prot database. Eight proteins were identified 
successfully, 6 of which were upregulated and the remainder 
were downregulated. Table I shows the Swiss-Prot accession 
number, theoretical molecular weight and the isoelectric point 
(pI) of each protein spot, altered ratio (H2O2-treated/control 
group) and the protein scores of each protein. In some cases, 
1 protein was identified in several discrete spots, presumably 
representing protein modifications (such as spot 6), suggesting 
post-translational modifications consisting of the addition 
or removal of a small charged moiety. However, the specific 
nature of these modifications cannot be ascertained from the 
present data.

Proteins with altered expression patterns following expo-
sure to H2O2-induced oxidative stress, were categorized into 
several groups according to their putative/known functions. 
The major group contained anti-oxidative proteins, including 
peroxiredoxin-2 (Prx-2), Prx-3 and peroxiredoxin-6 (Prx-6), 
all of which were upregulated. Vimentin and EGF-containing 
fibulin-like extracellular matrix protein 1 (EFEMP1), cyto-
skeleton proteins, were upregulated. In addition, ADP-sugar 
pyrophosphatase (NUDT5) and triose-phosphate isomerase 
(TIM) were downregulated.

Western blot analysis. In order to demonstrate that protein 6 
(Fig. 4B) was Prx-3, western blot analysis was performed. 
Firstly, whole cell proteins were separated by 2DE and a fluo-
rescent image was acquired (Fig. 5A). A 6x6 cm square area, 
indicated in Fig. 5A, was excised. Proteins were electrophoreti-
cally transferred onto a PVDF membrane and scanned using 
Cy5 (Fig. 5B) and Cy3 (Fig. 5C). Protein 6 was detected both 
by Cy5 (Fig. 5B) and Cy3 (Fig. 5C), suggesting that protein 6 
was actually Prx-3.

Figure 4. Coomassie brilliant blue-stained 2D gel electrophoresis of proteins 
extracted from the (A) untreated and (B) 200 µM H2O2-treated endothelial 
progenitor cells (EPCs). Total protein (600 µg) from 4 passages of EPCs was 
subjected in 24 cm linear IPG strips, with a pH range of 4-7, followed by 
12.5% SDS-polyacrylamide gel electrophoresis. The molecular mass of the 
markers is indicated along the gels. The detailed information of identified 
proteins is listed in Table I.

Table I. Summary of differentially expressed proteins in EPCs in response to exposure to H2O2-induced oxidative stress.

			   Relative spot		
Spot		  Swiss-Prot	 altered ratio %		  Mascot
no.	  Protein identity	 no.	 (H2O2/control, 100%)	 pI/Mr	 score

1	 EGF-containing fibulin-like extracellular matrix protein 1	 Q12805	 146	 4.95/56.9	 440
2	 Rab GDP dissociation inhibitor α	 P31150	 137	 5/51.2	 137
3	 Vimentin	 P08670	 151	 5.06/53.7	 351
4	 ADP-sugar pyrophosphatase	 Q9UKK9	   69	 4.87/24.6	 200
5	 Peroxiredoxin-2	 P32119	 273	 5.66/22.0	 335
6	 Thioredoxin-dependent peroxide reductase, mitochondrial	 P30048	 286	 7.67/28.0	 277
7	 Peroxiredoxin-6	 P30041	 307	 6/25.1	 725
8	 Triosephosphate isomerase	 P60174	   70	 6.45/26.94	 299

EPCs, endothelial progenitor cells; pI, isoelectric point; Mr, molecular mass.
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Discussion

EPCs, which circulate in peripheral blood vessels, can be 
recruited to damaged vessels or tissues and participate in 
vascular repair and neovascularization. Thus, the enhancement 
of EPC number and function is a novel therapeutic approach to 
vascular diseases. Studies have shown that vascular diseases, 
including hypertension, diabetes and atherosclerosis, are char-
acterized by elevated levels of ROS (14). To comprehensively 
determine alterations in protein expression in response to 
oxidative stress in EPCs, we performed a proteomic analysis 
using 2D-DIGE followed by MALDI-TOF/TOF MS. We iden-
tified 8 proteins which were differentially expressed in the 
untreated and H2O2-treated cells, and 6 were upregulated and 
2 were downregulated. Finally, a spot from the 2D-DIGE gel 
(protein 6) was selected to further confirm the results from 
MS by western blot analysis.

It has been reported that several antioxidant enzymes, 
including catalase, MnSOD and GPx-1 are highly expressed 
in EPCs in response to oxidative stress (14-16). In the present 
study, 3 antioxidant enzymes, Prx-2, Prx-3 and Prx-6, were 
found to be upregulated in response to H2O2-induced oxidative 
stress. All 3 enzymes belong to the peroxiredoxin (Prx) family, 
which is involved in redox regulation of cell survival. They 
commonly exhibit peroxidase activity, which is dependent on 
reduced forms of thioredoxin and/or glutathione (18). Prx-2 
reduces peroxides by reducing equivalents through the thiore-
doxin system, plays an important role in eliminating peroxides 
generated during metabolism, and participates in the signaling 
cascades of growth factors and tumor necrosis factor-α by 
regulating the intracellular concentrations of H2O2 (19). Prx-3 
protects radical-sensitive enzymes from oxidative damage. Its 
gene expression is induced by oxidative stress and appears to 
function as an antioxidant in the cardiovascular system (18). 
Bovine aortic endothelial cells with an elevated level of Prx-3 
due to exposure to mild oxidative stress have been shown to 
be more tolerant to subsequent exposure to severe oxidative 
stress (19). Prx-6 plays a role in the regulation of phospho-
lipid turnover, as well as in the protection against oxidative 
injury (18). Taken together, these data suggest that the upregu-
lation of antioxidant enzymes from the Prx family protects 
EPCs from oxidative injury.

Apart from antioxidant enzymes, alterations in protein 
expression induced by mild oxidative stress are also observed 
in cytoskeleton proteins. EFEMP1 (fibulin-3), which belongs 
to the fibulin family, is an extracellular glycoprotein and is 
mainly localized in the walls of capillaries and basement 
membrane of the large but not distal airways (20,21). Studies 
have demonstrated that EFEMP1 promotes neovasculariza-
tion by increasing the expression level of vascular endothelial 
growth factor (VEGF) (22,23). Accordingly, the upregulation 
of EFEMP1 may partially explain our discovery that there was 
no difference in tube formation between the untreated EPCs 
and those treated with 100 or 200 µM H2O2 at 8 h after seeding 
on Matrigel.

Another upregulated cytoskeleton protein in our study was 
vimentin. It belongs to the intermediate filaments (IFs) family 
and is the only cytoplasmic IF found in macrophages, lympho-
cytes, neutrophils, endothelial cells and fibroblasts (24,25). It 
has been demonstrated that the mitochondria are less sensitive 
to ROS in cells containing vimentin than in cells devoid of 
vimentin, suggesting that vimentin protects the mitochon-
dria from oxidative stress (25). Therefore, the upregulation 
of vimentin in the H2O2-treated EPCs may be a compensa-
tory mechanism in order to protect the cells from oxidative 
damage. Consistent with our finding, an in vitro study using 
HepG2 cells revealed that pre-treatment with low concentra-
tions of H2O2 (50 µM) induced increased levels of vimentin, 
and reduced the cleavage of vimentin following exposure to 
oxidative stress (26). It has been reported that the cleavage of 
vimentin by caspases results in the disruption of its filamentous 
structure, which may promote apoptosis by facilitating nuclear 
condensation and subsequent fragmentation and amplifying 
the cell death signal  (26). Thus, fewer EPCs may undergo 
apoptosis induced by oxidative stress through the upregula-
tion of vimentin. This may be a compensatory mechanism 
through which the EPCs protect themselves from damage due 
to oxidative stress. In addition, vimentin has been shown to be 
associated with the organization of proteins that are involved in 
adhesion, migration and cell signaling, and the loss of vimentin 
leads to a lack of integrity in the vascular endothelium (27). In 
support of a role for vimentin in the transmigration of myeloid 
cells, vimentin has been reported to reside in the filopodia 
and podosomes of adherent macrophages (27). Podosomes 

Figure 5. Western blot analysis of thioredoxin-dependent peroxide reductase (Prx-3) expression following treatment with 200 µM H2O2 for 3 h. Cy5-labelled 
cell proteins (15 µg) were subjected to 13 cm pH 4-7 isoelectric focusing (IEF) electrophoresis followed by 10% SDS-PAGE isolation. Fluorescent images 
were acquired using a Typhoon 9400 scanner. (A) Fluorescent image (scanned image) of proteins labelled with Cy5 on the 2DE gel. The square is the area 
used for western blot analysis. (B) Fluorescent image (scanned image) of proteins labelled with Cy5 on the PVDF membrane. Prx-3 is indicated with circles. 
(C) Fluorescent image of Prx-3 scanned with Cy3 on the PVDF membrane.
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are early cell adhesion structures found in myeloid cells that 
are crucial for directional movement and transmigration (27). 
Therefore, the upregulation of vimentin may partially enhance 
the migration ability and survival ECPs following exposure to 
oxidative stress.

Though multiple defensive responses exist, our data 
revealed that treatment with H2O2 induced a concentration-
dependent reduction in EPC number and function. In addition, 
the tube-forming ability and function were found to be affected 
to a greater extent following exposure to oxidative stress, 
suggesting that EPCs have an impaired function in neovascu-
larization under oxidative stress conditions. These results may 
explain the clinical findings that the number of EPCs inversely 
correlates with the risk of cardiovascular and cerebrovascular 
events (2,5,28-32). Thus, there may be proteins or pathways 
through which H2O2 exerts its negative effects on EPCs. In this 
study, we found 3 proteins that may be involved in the loss of 
EPC number and function following treatment with H2O2. Rab 
GDP dissociation inhibitor α (Rab GDIα) was upregulated, and 
NUDT5 and TIM were downregulated.

Rab proteins are small GTP-binding proteins that are 
important in the vesicular trafficking of molecules between 
cellular organelles (33). They act as molecular switches, cycling 
between ‘inactive’ GDP-bound and ‘active’ GTP-bound 
states (34). Rab GDIα is an important factor in the control of 
Rab and the specificity of vesicular transport. By binding Rab, 
released after membrane fusion, Rab GDIα prevents Rab from 
releasing its GDP molecule until it has interacted with appro-
priate proteins in the donor membrane (33,35,36). Therefore, 
an upregulation of Rab GDIα may lead to the reduction of 
signal transduction among cellular organelles and the survival 
of EPCs following oxidative damage.

Human NUDT5, which has an intrinsic activity to cleave 
ADP sugars to AMP and sugar phosphate, possesses the 
ability to degrade 8-oxo-dGDP to monophosphate. Since 
8-oxo-dGDP and 8-oxo-dGTP are inter-convertible by cellular 
enzymes, NUDT5 has the potential to prevent errors during 
DNA replication. As a ‘sanitization enzyme’, NUDT5 has the 
potential to eliminate endogenous toxic materials from the cell 
and the mutagenic oxidized substrates from the nucleotide pool 
in order to prevent their toxic effects (37, 38). In our study, the 
downregulation of NUDT5 suggests a high error rate in DNA 
replication due to oxidative stress, resulting in EPC apoptosis.

TIM is considered an important biocatalyst during glycol-
ysis and rapidly interconverts dihydroxyacetone phosphate and 
D-glyceraldehyde-3-phosphate (39). It has been demonstrated 
that the energy metabolism of endothelial cells is characterized 
by glucose fermentation to lactate even under normoxic condi-
tions (‘aerobic glycolysis’). This is possibly an adaptation to the 
oxidative environment since ‘aerobic glycolysis’ can help reduce 
the production of oxygen radicals. ‘Aerobic glycolysis’ is also 
linked to cell proliferation. A correlation has been established 
between the amount of lactate produced and the cell doubling 
time (40). The downregulation of TIM induces a reduction in 
energy production and reduces EPC proliferation, which is 
consistent with the results from our study. We hypothesized 
that even if vimentin and EFEMP1 expression is upregulated 
in the EPCs, enhancing the migration and tube-forming ability 
and survival of EPCs, the lack of energy may still lead to the 
impaired function of EPCs under oxidative stress conditions.

In conclusion, our results demonstrated that H2O2-induced 
oxidative stress modified the levels of 8 proteins that are 
associated with defensive responses against oxidative stress, 
energy production, signal transduction and the elimination 
of oxidative nucleotides. Despite the defensive responses, 
including the upregulation of antioxidant enzymes (>2.5-fold) 
and cytoskeleton proteins, EPCs still dysfunction due to the 
altered expression of proteins associated with energy produc-
tion, signal transduction and the elimination of oxidative 
nucleotides. The data presented in this study indicate that in 
order to increase the function and number of EPCs, we should 
focus on defensive proteins, as well as protective proteins, such 
as Rab GDIα, NUDT5 and TIM.
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