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Abstract
In this study, the effect of high glucose (HG) on endothelial

progenitor cell (EPC) proliferation and its relationship with

cyclins and reactive oxygen species (ROS) were investigated.

Mouse EPCs were isolated from bone marrow using a

magnetic activated cell-sorting system and cultured in the

presence or absence of HG (30 mmol/l). We found that in the

early stage of incubation (3 days), HG promoted cell

proliferation, and increased the expressions of cdk2 and

cyclin E, while in the late stage of culture (7 days) it inhibited

cell proliferation and decreased the expressions of cdk2, cyclin

E, and proliferating cell nuclear antigen (PCNA). Moreover,

on the third day after incubation, HG significantly inhibited

the apoptosis of EPCs, while in the late stage it markedly
Journal of Endocrinology (2008) 197, 463–470
0022–0795/08/0197–463 q 2008 Society for Endocrinology Printed in Great
activated caspase-3 and promoted apoptosis. ROS generation

in cells and maleic dialdehyde level in medium were

significantly increased in HG group on the seventh day,

whereas the expressions of superoxide dismutase and

glutathione levels decreased. Tempol, a membrane-permeable

radical scavenger, significantly inhibited ROS production in

EPCs and partially reversed the HG-mediated inhibition of

EPCs proliferation on the seventh day. We hypothesize that in

the HG environment, the biphasic response of EPC

proliferation may be related to the generation of ROS,

which causes modulation of cyclins and cell cycle effect.
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Introduction

Endothelial progenitor cells (EPCs) derived from bone

marrow can be further differentiated into endothelial cells.

EPCs maintain the normal endothelial function of vessels in

adults through re-endothelization and angiogenesis. Thus, it

plays an important role in the repair process of vascular

endothelial cell after its lesion (Urbich & Dimmeler 2004).

It has already been found (Tepper et al. 2002, Fadini et al.

2006) that in patients with type 2 diabetes mellitus (DM),

especially with the complications of vascular disease, the

number of EPCs is significantly reduced in peripheral blood,

and the functions of EPC are impaired. Therefore, it is

proposed that both the mechanism of diabetic vascular disease

and the impairment of vascular endothelial repair after its

lesion in DM patients might be associated with the EPC

functional disorders (Fadini et al. 2005, Zhou et al. 2006).

Since an elevated blood glucose level is the major

characteristic of DM, it is important to investigate the change

of EPC proliferation under the effect of high glucose (HG)

and its relationship with cell cycle, apoptosis, and reactive

oxygen species (ROS) production. This may help to further
understand the mechanism of diabetic vascular complications

and to prevent the vascular complications of DM.
Materials and Methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM) was pur-

chased from Hyclone (Salt Lake, UT, USA). Fetal bovine

serum (FBS) and fibronectin (FN) were from Gibco. Ficoll-

Paque was from Amersham Biosciences. Vascular endothelial

growth factor (VEGF), basic fibroblast growth factor (bFGF),

and insulin-like growth factor (IGF) were obtained from

Cytolab Ltd (Rehovot, Israel). CD117-PE, CD34-FITC,

Flk-1-APC, and Cyclin E antibodies were from eBioscience,

Inc. (San Diego, CA, USA). cdk2 and caspase-3 antibodies

were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA,

USA). PCNA antibody was from Thermo Fisher Scientific,

Inc. (Fremont, CA, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl-2H-tetrazolium bromide (MTT), BS-1 lectin,

glucose, 2 0,7 0-dichlorofluorescin diacetate (DCFH-DA), and

tempol were from Sigma–Aldrich. 1,1-dioctadecyl-3,3,3,3-
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tetramethylindocarbocyanine(Dil)-labeled acetylated low

density lipoprotein (Dil-ac-LDL) was fromMolecular Probes,

Inc. (Carlsbad, CA, USA). CD117 MicroBead Kit and

magnetic activated cell-sorting system (MACS) were from

Miltenyi Biotec (Bergisch Gladbach, Germany). Annexin-

V/PI kit was from Bender MedSystems Inc. (Burlingame,

CA, USA). Maleic dialdehyde (MDA) and glutathione (GSH)

kits were from NanJing Jiancheng Bioengineering Institute

(Nanjing, China).
CD117C cells isolation and induction

CD117C cells were isolated from BALB/C mice (2–3

month) as described previously (Zhang et al. 2006). The

animal protocol was approved by animal committee of Fudan

University. Mouse bone marrow cells were isolated from the

femora and tibiae. Mononuclear cells were separated by

density centrifugation through Ficoll-Paque at 400 g and for

25 min. After washing, the cells were resuspended and

incubated with 20 ml/107cells of MicroBead containing

anti-mouse CD117 monoclonal antibody at 4 8C for

30 min. CD117C cells were isolated by MACS.

CD117C cells (2!105/cm2) were plated in a 24-well

plate coated with FN. One milliliter of DMEM containing

20% FBS was added into each well combined with

20 ng/ml VEGF, 5 ng/ml bFGF, and 20 ng/ml IGF. The

cells were maintained in a humidified 5% CO2 incubator

at 37 8C. The fresh medium was changed every 3–4 days

until 7 or 9 days.
Phagocytotic activity assay

Direct fluoroscent staining was used to detect dual binding of

fluoroscein isothiocyanate (FITC)-labeled BS-1 lectin and

Dil-ac-LDL. Cells demonstrating double-positive fluor-

escence were identified as differentiating EPCs. The detailed

method was described in our previous report (Zhang et al.

2006).
Flow cytometry analyses

The proportion of cells positive for CD117, CD34, and Flk-1

was determined by flow cytometry according to our routine

method (Zhang et al. 2006).
MTT assay

Cell proliferation and viability were determined by an MTT

assay as reported previously (Zhang et al. 2006).
Cell cycle analysis

EPCs were harvested by trypsinization, washed twice with

PBS, and fixed with ethanol. After RNAse treatment and

staining with propidium iodide (PI), DNA content was
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measured by flow cytometry (Becton Dickinson, San Diego,

CA, USA).
Proliferation index

Based on the results of cell cycles analysis, the proliferation

index is expressed as the result of the following equation

(Wang & Ren 2006).

PIZ
SCG2=M

G0=G1CSCG2=M
!100%

ROS generation

Intracellular ROS generation was assessed using DCFH-DA

and analyzed by flow cytometry as described previously (Ho

et al. 2000). DCFH-DA is converted by intracellular esterase

to DCFH, which is oxidized into the highly fluorescent

dichlorofluorescin (DCF) in the presence of a proper oxidant,

and then analyzed by flow cytometry.
Determination of lipid peroxides and scavengers

The MDA content and GSH level in the medium were

measured using their respective kits. Superoxide dismutase

(SOD) content was measured by western blot.
Measurement of apoptosis

Effect of HG on apoptosis of EPC was evaluated using the

Annexin-V/PI kit. EPCs were washed twice in PBS and

resuspended in binding buffer (2–5!105 cells/ml). About

195 ml cells were incubated with 5 ml Annexin-V/FITC for

10 min at room temperature, washed, incubated with 10 ml
PI solution in 200 ml binding buffer and afterwards analyzed

by flow cytometry. Caspase-3 was detected by western blot

using the anti-caspase-3 antibody specific for the 32 kDa

cleaved fragment.
Determination of cellular cyclins

Cdk2, cyclin E, and PCNAwere determined by western blot

analysis. The total protein of EPCs was extracted and its

concentration was measured using BCA methods. The

extracted protein was subjected to SDS-PAGE gel for

electrophoresis and then transferred to PVDF membrane.

The membrane was blocked for 2 h with TBST (tris-buffered

saline with 0.05% tween-20) blocking solution containing 5%

skimmed milk in TBST, and incubated overnight at 4 8Cwith

anti-cdk2 polyclonal antibody, anti-cyclin E polyclonal

antibody, anti-PCNA monoclonal antibody, and then

horseradish peroxidase (HRP)-conjugated goat anti-rabbit

or rabbit anti-mouse immunoglobulin G antibody (1: 5000
www.endocrinology-journals.org
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dilution) for 30 min at 37 8C followed by enhanced

chemiluminescence (ECL) visualization of the bands.
Statistical analysis

A statistical package SPSS 10.0 (SPSS incorporated, Chicago,

IL, USA) was used for all analyses. All experiments were

performed at least in triplicate. All values were expressed as

meanGS.D., and the ANOVA was used to determine the

significance of differences among the groups. Values with

P!0.05 were considered statistically significant.
Results

Characteristics of EPCs

Under light microscope, cells changed from globe-like shape

(at inoculation) to thin and flat, then round, fusiform, pebble-

like shape (7–10 days), string – even luminal structure on the

14th day when cells were arranged in a linear manner.

Flow cytometric measurement showed that the percentage

of CD117C CD34C Flk-1C cells was 52.3G4.7% after

CD117 magnetic cell sorting.
Figure 1 Effects of high glucose on EPC proliferation.
activity in the high glucose group increased on the third
ninth day compared with the control group (*P!0.05).
positive EPC number significantly increased in the high
the third day, while markedly decreased on the seventh
Lectin double-positive cells were EPCs undergoing diffe
Lectin positive cells; B3, double-positive cells).

www.endocrinology-journals.org
Seven days after culture of CD117C cells, DiI-

ac-LDL/BS-1-Lectin double-positive cells were 93.2G8.6%.
Effect of HG on EPC proliferative activity

MTT measurements were taken on the first, third, fifth,

seventh, and ninth day of the culture. Results showed that the

cell proliferative activity of HG group (30 mmol/l glucose;

Seeger et al. 2005, Sheu et al. 2005) was significantly higher

than that of the control group (5 mmol/l glucose plus

25 mmol/l mannitol) on the third day while it was

significantly lower than that of the control group on the

seventh and ninth day (Fig. 1A).
Cell counting

The results showed that the number of double-positive

fluorescence cells (i.e. differentiating EPCs) in HG group was

significantly higher than that of the control group on the third

day, while it was markedly lower than that of the control

group on the seventh and ninth day. There was no significant

difference between the two groups at other time points

(Fig. 1B).
(A) MTT assays showed that the EPC proliferative
day, while significantly reduced on the seventh and
(B) Phagocytotic activity assay showed that the

glucose group compared with the control group on
and ninth day (*P!0.05). Dil-ac-LDL and BS-1-

rentiation (B1, Dil-ac-LDL positive cells; B2, BS-1-
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Effect of HG on EPC proliferation index

The cell proliferation index of the HG group was significantly

higher than that of the control group on the third day

(0.3307G0.0683 vs 0.2607G0.0285, P!0.05), while was

markedly lower than that of the control group on the seven

day (0.2064G0.0220 vs 0.2699G0.0420, P!0.05).
Effect of HG on cell cycle distribution

The cell cycle analysis showed that the percentage of G2/M

stage cells of HG group was significantly higher than that of

the control group on the third day. By contrast, on the seventh

day, the cells were markedly arrested at the G0/G1 phase and

S stage cells were significantly decreased in HG group

compared with the control group (Table 1).
Measurement of EPC apoptosis and caspase-3 protein

The percentage of apoptosis in the HG group was lower than

that of the control group on the third day (Fig. 2A).

Interestingly, only early stage apoptosis (AnnexinC, PIK)

appeared to be decreased whereas no significant changes in

late stage apoptosis (AnnexinC, PIC) was detected. On the

other hand, the percentage of apoptosis in the HG group was

significantly increased compared with the control group on

the seventh day (Fig. 2B). Moreover, the increase was only

detected for early stage apoptosis.

Western blot analysis indicated that the cleaved caspase-3 in

HG group was not significantly changed when compared

with that in the control group on the third day, while it was

significantly increased when compared with that in the

control group on the seventh day (Fig. 2C).
Effects of HG on expressions of cyclins

The expressions of cdk2 and cyclin E in HG group were

significantly higher than that of the control group on the third

day. On the other hand, there was no significant difference in

the expression of PCNA between the two groups on the third

day. However, the expressions of cdk2, cyclin E, and PCNA

in HG were markedly lower than that of the control group on

the seventh day (Fig. 3).
Table 1 The effect of high glucose on cell cycle of endothelial
progenitor cells (EPCs)

Group G0–G1 stage G2–M stage S stage

Days
3 Con 73.35G8.52 1.21G0.54 25.43G8.68

HG 67.61G7.35 3.49G1.05* 28.67G4.42
7 Con 71.69G4.50 1.44G1.08 26.32G4.64

HG 80.58G3.94* 1.39G1.25 18.81G3.28*

*P!0.05 versus Con. Con, control group; HG, high glucose group.

Journal of Endocrinology (2008) 197, 463–470
Effect of HG on ROS generation in EPCs

There was no significant difference in the DCF fluorescence

intensity (the quantity of ROS generation) in the EPCs

between the HG and the control groups on the third day

(Fig. 4A), whereas theDCF fluorescence intensity in the EPCs

of the HG group was significantly increased when compared

with the control group on the seventh day (Fig. 4B).
Figure 2 Effects of high glucose on EPC apoptosis. The percentage
of apoptosis was determined by flow cytometry after FITC-labeled
Annexin V/PI double staining. (A) The percentage of apoptosis in the
high glucose group significantly decreased compared with the
control group on the third day, and the decrease of apoptosis was
predominantly at early stage (*P!0.05). (B) There was an increase
of apoptosis compared with the control group, particularly early
stage apoptosis on the seventh day (*P!0.05). (C) Western blots
indicated no significant difference in cleaved caspase-3 between
high glucose and control groups on the third day, but a significant
increase in high glucose group on the seventh day (*P!0.05).
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Figure 3 Effects of high glucose on expressions of cyclins.
The expressions of cdk2 and cyclin E in high glucose (HG) group
were significantly increased compared with the control group on
the third day (*P!0.05). There was no significant difference in the
expression of PCNA between the two groups on the third day
(PO0.05). However, the expressions of cdk2, cyclin E, and PCNA
were markedly decreased in HG compared with the control group
on the seventh day (*P!0.05).
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Changes of SOD, GSH, and MDA

The expression of SOD in HG group was not significantly

changed on the third day compared with that of the control

group, but was significantly decreased compared with the

control group on the seventh day (Fig. 4C).

The GSH content was decreased and MDA content was

significantly increased in medium in HG group compared

with the control group on the seventh day (Table 2).
Figure 4 Effects of high glucose on ROS generation in EPCs.
Intracellular ROS generation was determined using DCFH-DA and
analyzed by flow cytometry. (A) There was no significant difference
in the quantity of ROS generation in the EPCs between the high
glucose and control groups on the third day (PO0.05). (B) The
quantity of ROS generation in the EPCs in high glucose group
significantly increased compared with the control group on the
seventh day (P!0.05). (C) The expression of SOD in high glucose
group did not show an obvious change on the third day compared
with the control group, while it was significantly decreased on the
seventh day (*P!0.05).
Effects of tempol on the ROS production and EPCs proliferation

Next, we evaluated the effect of tempol on ROS generation

in EPCs. A tempol concentration of 1 mmol/l was selected

based on previous reports (Chatterjee et al. 2000). EPCs

were pretreated with tempol at 37 8C, and 20 min later,

they were exposed to HG environment for 7 days. Extra

tempol treatment on EPCs was performed while the

medium was changed at third day. Then FACS was used

to detect the change of DCF fluorescence intensities (which

are also the quantity of ROS generation) in the EPCs of

different groups. Results showed that the ROS generation

in the EPCs of HG plus tempol group was significantly

lower than that of HG group (Fig. 5A). On the other hand,

the proliferative activity and proliferation index of EPCs in

HG plus tempol group were significantly higher than that

of the HG group (Fig. 5B and C). The cell cycle analysis

showed that the percentage of S stage cells in HG plus

tempol group was significantly higher than that of the HG,

while the percentages of G0/G1 stage and G2/M stage cells

were not of significant difference between the two groups
www.endocrinology-journals.org
(Table 3). These data suggest that the tempol, by lowering

ROS production, could partly meliorate the inhibition of

HG on EPCs proliferation on the seventh day.
Discussion

It is reported that circulating EPCs are reduced in peripheral

vascular complications of type 2 DM (Fadini et al. 2005).
Journal of Endocrinology (2008) 197, 463–470
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Table 2 The effect of high glucose on maleic dialdehyde (MDA) and
glutathione (GSH) in medium

Group MDA (nmol/ml) GSH (mg/ml)

Days
3 Con 2.10G0.37 0.19G0.05

HG 1.93G0.42 0.21G0.04
7 Con 2.40G0.21 0.20G0.03

HG 4.60G0.53* 0.15G0.01*

*P!0.05 versus Con. Con, control group; HG, high glucose group.

Figure 5 Effect of tempol on the ROS production and EPCs
proliferation. (A) The quantity of ROS generation in the EPCs in
the high glucose plus tempol (HGCT) group significantly
decreased compared with the high glucose group on the
seventh day (#P!0.05). (B and C) The EPC proliferative activity
and proliferative index in the high glucose plus tempol (HGC
T) group markedly increased compared with the high glucose
group on the seventh day (#P!0.05).
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Tamarat et al. demonstrated a reduced angiogenic potential of

EPCs in diabetic animals. Administration of diabetic

progenitor cells into the ischemic hindlimbs of non-diabetic

mice improved the angiogenic response to a lesser extent

(Tamarat et al. 2004). Moreover, Tepper et al. (2002) reported

that the proliferation and capillary tube formation of EPCs

were impaired in patients with type 2 diabetes compared with

normal subjects. Although these studies have suggested an

adverse effect of DM on the functional activity of EPCs, the

underlying mechanisms remain unsolved.

Since an elevated level of blood glucose is the major

characteristic of DM, it is important to explore the change

of EPC function under the effect of HG. Marchetti et al.

demonstrated that HG significantly affected the number of

EPC colony forming units, the uptake and binding of

ac-LDL and lectin-1, and the ability to differentiate into

CD31C and vascular endothelial growth factor receptor

2-positive cells. Functional analysis indicated a reduced

EPC involvement in de novo capillary tube formation, when

co-cultured with mature endothelial cells (human umbilical

vein endothelial cells) on matrigel (Marchetti et al. 2006).

In addition, hyperglycemia reduces the survival and impairs

the migrational and integrative capacities of circulating

blood-derived progenitor cells (Krankel et al. 2005).

However, there were very fewer studies on the effect of

HG on the proliferation of EPCs as well as the underlying

mechanisms. Recently, it was reported that the proliferation

of EPCs in peripheral blood was significantly inhibited by

HG at seventh–tenth day, suggesting that HG may

accelerate EPC senescence (Kuki et al. 2006). In the

current study, we investigated the effect of a single factor –

HG on the proliferation of EPCs in vitro and explored the
Table 3 The effect of tempol on cell cycle at seventh day of culture

G0–G1 stage G2–M stage S stage

Group
Con 71.48G3.70 1.49G1.08 26.82G4.30
HG 80.83G2.70* 1.37G1.02 18.06G2.00*
HGCT 75.89G3.79 1.39G0.63 21.91G1.74†

*P!0.05 versus Con. †P!0.05 versus HG. Con, control group; HG, high
glucose group; HGCT, high glucose plus tempol.

Journal of Endocrinology (2008) 197, 463–470
possible mechanisms. In this report, we used 5 mmol/l

D-glucose as a control because this is the normal

concentration in DMEM and is equivalent to the serum

glucose concentration in normal individuals (90 mg/dl).

D-glucose (30 mmol/l ) was used as the challenge dose

because this reflects a high serum glucose concentration in

DM individuals (540 mg/dl). Mannitol was chosen as an

osmolar control because it is known to have no direct

impact on glucose metabolism. EPCs were exposed to

prolonged HG environment (1–9 days). We observed the

change of EPC proliferation under HG. The MTT assay

revealed a biphasic effect of HG on proliferative activity of
www.endocrinology-journals.org
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EPCs. It promoted cell proliferation for the initial 3 days,

but inhibited EPC growth thereafter (on the seventh and

ninth day). Consistently, on the third day, the EPC count

and cell proliferation index in HG group were higher than

that of the control group, whereas on the seventh day, cell

count and proliferation index were markedly lower than

that of the control group. Similar observations were made

previously on other cell types such as human umbilical vein

endothelial cells. Under certain pathological conditions,

HG treatment induced a biphasic response in cell growth,

i.e. an early cell proliferation and a late cell apoptosis (Pascal

et al. 1996, Ho et al. 2006).

In order to understand the mechanism of biphasic response

of EPC proliferation to HG, we investigated the effect of

HG on cell cycle distribution. Our findings showed that

the percentage of G2/M stage EPCs in the HG group was

significantly increased when comparedwith that in the control

group on the third day, whereas on the seventh day the

percentage of G0/G1 stage EPCs in the HG group was

markedly increased and S-stage EPCs was significantly

decreased. In addition, we found that expression levels of

cdk2 and cyclin E in HG group were significantly increased

on the third day, but on the seventh day, the expression levels

of cdk2, cyclin E as well as PCNAwere all reduced. Cyclin E

is known to contribute to proliferation in normal cells by

accelerating the G1–S phase turnover of the cell cycle. Cdk2

is activated by cyclin A and cyclin E, and controls the G1–S

phase of the cell cycle by phosphorylation of pRb. The

increased expressions of cyclin E and cdk2 in HG group on

the third day might explain that HG can accelerate the G1–S

phase turnover of the cell cycle and promote the cells

proliferation. The reduction of expressions of cyclin E, cdk2,

and PCNA in HG group on the seventh day suggests that HG

can suppress cell proliferation through blocking G1–S phase

transition in cell cycle.

Furthermore, HG also caused biphasic effects on EPC

apoptosis, i.e. HG inhibited EPC apoptosis on the third day,

but promoted apoptosis on the seventh day. Caspases are the

key enzymes that cause cell apoptosis. Once the signal

pathway of caspase-3 is activated, proteins inside cells can be

degraded and cell apoptosis irreversibly occurs. Caspase-3, as

an important member of the caspase family, is the executor of

cell apoptosis. In this study the level of cleaved caspase-3 in

EPCs showed no significant change in the HG group in the

early stage of incubation (3 days) but was increased

significantly in the late stage (7 days). These data suggest

that inhibition of EPC proliferation by prolonged (7 days)

treatment with HG may be partially due to the induction of

apoptosis via activation of caspase-3. Only mild change of

early stage apoptosis of EPCs was measured in the HG

environment and the effect of HG on apoptosis needs to be

further clarified in future studies.

HG can induce oxidative stress according to several

published studies (Zurova-Nedelcevova et al. 2006, Ksiazek

et al. 2007). The data presented in this report suggest that the

ROS generation in EPCs in HG group was significantly
www.endocrinology-journals.org
higher than that in the control group on the seventh day while

there was no significant change on the third day. This finding

is consistent with the following observations: 1) reduced

expression of SOD, an important intracellular antioxidant

enzyme detoxifying superoxide anion, 2) higher level of

MDA, a lipid peroxidation product that can be induced by

ROS on cell membrane, and 3) decreased content of GSH, a

major non-protein thiol in cells functioning as a free radical

scavenger. On the other hand, we found that addition of

exogenous tempol, a membrane-permeable radical scavenger,

could significantly inhibit ROS production in the EPCs on

the seventh day and partially reversed the HG-mediated

inhibition of EPCs proliferation. Taken together, the data

presented herein support our hypothesis that the decreased

ability of EPC to proliferate following chronic exposure to

HG could be caused by an excessive production of ROS in

the EPCs. Enhanced ROS production could in turn cause cell

arrest by inhibiting expression of certain cyclins.

In summary, we propose that in the chronic course of

diabetes, high concentration of glucose inhibits EPC

proliferation and such an effect is associated with excessive

ROS production. The reduced ability of EPCs as well as

other EPC dysfunctions to proliferate could result in

compromised ability of endothelial repair and angiogenesis.

This may play a central role in the development of diabetic

macro-/microangiopathy, decreased collateral arteriogenesis

around occlusive lesions, and decreased re-endothelialization

of injured blood vessels. Our data suggest that one of the

potential causes of diabetic vascular complications is EPC

dysfunction induced by ROS during hyperglycemia. Hence,

further studies to identify ways to alleviate the HG-induced

impairment of EPC functions will be important for the

prevention and treatment of diabetic vascular complications.
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