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Abstract: Objective: To explicit abnormal expression of angiopoientins and their signal pathway in the mechanism 
of neovascularization disorder and to provide a theoretical basis for the treatment of diabetic wound with improv-
ing neovascularization. Method: In the condition of AGEs and high concentrations of glucose interfere (30 mmol/L 
D-glucose; 150 mg/L AGE-BSA; 30 mmol/L D-glucose+150 mg/L AGE-BSA; 5 mmol/L D-glucose; 30 mmol/L Man-
nitol), cultured endothelial cell healing rates were observed after injury and the ability to form vascular-like structure 
in three-dimensional culture system were observed. The protein expression of Ang-2, VEGF and Tie-2 receptor ex-
pression from the condition cultured endothelial cells were measured. Results: There were no significant difference 
in the healing rates between high glucose, AGE, glucose plus AGE and normal treated group when the cells were 
suffered with injury. High glucose and AGE inhibit capillary morphogenesis for cultured endothelial cells in matrigel 
matrix. Expression of Ang-2 levels in vascular endothelial cells treated by AGEs and high glucose were significantly 
higher than normal. VEGF is significantly lower than that in the control group; Tie-2 receptors in cultured cells treated 
by high glucose were expressed in vascular endothelial cytoplasm and nucleus, while Tie-2 expressed only in the 
nucleus with AGE treatment, and in the membrane with normal control.
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Introduction

Chronic non-healing wound is a common com-
plication of diabetes mellitus. Diabetic wounds 
exhibit delayed or non-healing wound closure, 
which shows poor or impaired angiogenesis.
Angiogenesis is an essential event of the wo- 
und-healing process. The formation of new 
blood vesselsfrom pre-existing capillaries can 
ensure the delivery of oxygen, nutrients and 
cytokines to the wound and carry out wastes. 
Our previous study found the diabetic rats with 
chronic wound model show inhibited vasculari-
ty in the wound edge.

Advanced glycation end products (AGEs) are 
derived from nonenyzymatic glycated protein 
by sugar which is irreversible removed from the 
protein. AGEs are known to contribute to the 
pathogenesis of diabetic wound. AGEs have 
been observed to accumulate around vessels 
in the skin, which leads to impaired angiogen- 
esis.

Angiogenesis, including endothelial prolifera-
tion, migration and capillary tube-like forma-
tion, is regulated by many angiogenic factors. 
Angiopoietins and their cognate receptor play 
an important role in physiological vessel growth 
and in pathological angiogenesis. Ang-1 acts 
via phosphorylation of the Tie-2 receptor, stabi-
lising the endothelium and promoting peri-
endothelial cell recruitment to the newly formed 
vessels. Ang-2 was originally identified as a 
natural antagonist of Ang-1, inhibiting Ang-1-
induced Tie-2 phosphorylation and its subse-
quent effects. The effect of Ang-2 is VEGF-
dependent as Ang-2 in combination with high 
VEGF levels induces sprouting angiogenesis, 
whereas, in the absence of VEGF, it results in 
capillary regression [5]. The building and remod-
elling of blood vessels is a critical event in the 
formation of every organ, and the relationship 
between the blood vessels and the tissues they 
serve is tightly balanced between stasis and 
growth, and regression. We have demonstrated 
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that Ang-2 was sustained increased in diabetic 
wound. 

However, the relationship among AGEs, Ang-2 
production and angiogenesis impairment in 
diabetic wound is not clear. In this study, we 
investigated the relationship among AGEs, sus-
tained abnormal high expression of Ang-2 and 
angiogenesis in human microvascular endothe-
lial cells.

Material and methods

Human umbilical endothelial cell (HUVEC) was 
purchased commercially (Life Technologies, 
Carlsbad, CA). The cells were cultured and 
maintained on type I collagen coated tissue cul-
ture plastic at 37°C with 5% CO2 in MCDB-131 
(Gibco, Grand Island, NY, USA) medium supple-
mented with 10 mmol/L L-glutamine (Invitrogen, 
Grand Island, NY, USA) 10 μg/ml gentamycin 
(Gibco), 5 pg/ml bFGF (Invitrogen) and 10% 
fetal bovine serum (Gibco). For all experiments, 
HUVECs were seeded on study day-2 at 5×103 
cells/cm2 in medium 131, which contained 5 
mM D-glucose. On day 0, cells were exposed to 
experimental conditions for 24 hours. According 
to previous papers and study, we have chosen 
to add 30 mmol/L D-glucose (Glucose), 150 
mg/L AGE-BSA (AGEs), 30 mmol/L mannitol (as 
control for hyperosmolarity) to medium respec-
tively. We setup normal group (nothing to addi-
tion except for MCDB-131 fluid containing 5 
mmol/L glucose by itself).

Preparation of AGE-BSA

We modified Tessier et al. method. Briefly as fol-
lows: BSA was incubated with 200 mmol/L glu-
cose, 100 μg/ml penicillin, 50 μg/ml gentamy-
cin and 1.5 mmol/L PMSF phosphate buffer 
(100 mmol/L) at 37°C with 5% CO2 for 60 days. 
Meanwhile, the control was the same incuba-
tion as above mentioned without glucose addi-
tion. The production was dialyzed in sterile 
phosphate buffer solution (pH7.4) to remove 
unbound glucose at the end of the incubation. 
AGE-BSA prepared was identified by the anti-
AGEs monoclonal antibody enzyme-linked im- 
munosorbent assay (ELISA) and fluorescence 
spectrophotometry.

Electrical wound-healing assay for cells in vitro

Electric cell substrate impedance sensing 
(ECIS) was used to measure endothelial cells 

migration. Before starting ECIS measurements, 
200 μl of MCDB131 medium supplemented 
with 10% FBS was placed in each well and was 
allowed to equilibrate in the incubator for 30 
min. To inoculate the wells, 200 μl of HUVEC 
suspension (5×105 cells per ml) were added to 
each well, resulting in a final concentration of 
1.25×105 cells per cm2 and a volume of 400 μl 
of MCDB131 medium supplemented with 10% 
FBS until fully confluent, after which the media 
were replaced with different kinds of treatment 
media for 24 h. To induce wound repair, a uni-
form circular lesion (250 µm diameter elec-
trode) was produced by lethal electroporation 
(4 V, 40 kHz, 10 s) of cells in contact with the 
electrode. Cells were then washed with PBS 
using a 23-gauge needle to dislodge any rem- 
aining electroporated cells from the electrode, 
and then the treatment media were added. 
Alternating current (1 μA, 15 kHz) was then con-
tinuously applied to the electrode to measure 
impedance (Z) and track wound repair over a 
period of 24 h. The time required for complete 
wound closure was determined from the imped-
ance time courses. At wound closure the imped-
ance plateaus, and the time at which this pla-
teau occurred in each well of ECIS arrays under 
each treatment condition was reported as the 
time to wound closure. Experiments were per-
formed in a humidified 5% CO2 incubator at 
37°C.

RT-PCR assay 

After 24 hours conditional treatment, total RNA 
was extracted from the HUVECs using Trizol 
Reagent (Invitrogen, Carlsbad, CA) followed by 
purification with the PureLink RNA Mini Kit (Life 
Technologies, Grand Island, NY), which includes 
a DNase digestion step. cDNA was then synthe-
sized from 250 ng RNA using a Omniscript RT 
kit (Qiagen, Valencia, CA). Real time PCR was 
performed in a ViiATM 7 instrument (Applied 
Biosystems, Foster City, CA) using Quantitect 
SYBR green PCR kit (Qiagen, Valencia, CA). 
Primer used in this study was designed by our 
laboratory. The comparative Ct method (2-∆∆Ct) 
was used to quantify gene expression levels 
and all the values were normalized to the 
endogenous housekeeping gene, ACTB; GFA 
had no significant effect on ACTB cycle thresh-
old in microvascular endothelial cell.

The primers’ sequences were described as fol-
lows: Ang-2, left primer: 5’-tccggcgaggagtcta-
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acta-3’; right primer: 5’-aagttggaaggaccacat-
gc-3’; VEGF, left primer: 5’-caatgatgaagccctgg- 
agt-3’, right primer: 5’-tttcttgcgctttcgttttt-3’.

siRNA-mediated Inhibition of Ang-2 expression 
in HUVECs

A siRNA approach similar to that described by 
Elbashir et al. (27) was used to evaluate the 
consequences of decreased expression of 
Ang-2 in the HUVECs. Cells were seeding at a 6 
well tissue culture plate, seed 2×105 cells per 
well in 2 ml antibiotic-free normal growth medi-
um supplemented with FBS. When the cells 
were 60-70% confluent, human Ang-2 siRNA 
(Santa Cruz) was introduced into HUVECs as fol-
lowing the protocol. siRNAs were formed at 
room temperature using 4 μl optimal solutioin 
of siRNA duplex. The cells were incubated 6 h 
at 37°C. 1 ml of serum-enriched medium was 
then added, and the cells were cultured for an 
additional 24-48 h. The transiently transfected 
cells were harvested, and the levels of Ang-2 
protein were measured using the above SDS-
PAGE immunoblot approach. 

Protein analyses

HUVECs were seeded onto type I coated 6-well 
plates at a density of 4.0×104 cells/well. Cells 
were treated as indicated condition medium as 
mentioned above in 37°C, 5% CO2 incubator for 
24 hours. Colleting cells and homogenized in 
lysis buffer (0.5% Triton X-100, 150 mM NaCl, 5 
mM EDTA and 50 mM Tris supplemented with 
protease and phosphatase) using a homoge- 
nizer (Brinkmann Instruments, Inc., Westbury, 
NY). extracts were separated on 10% sodium 
dodecyl sulphate-polyacryalamide gel electro-

phoresis (SDS-PAGE) under reducing condi-
tions, transferred to polyvinylidene fluoride 
(PVDF) membrane, and probed with anti-Ang-2 
(1:400 dilution, Santa Cruz, USA) in Tris-buffe- 
red saline containing 3% BSA (3% bovine serum 
albumin) and 0.1% (v/v) Tween-20 for 1 h. The 
membrane was washed three times in Tris-
buffered saline containing 0.1% (v/v) Tween-20, 
followed by incubation with horseradish-peroxi-
dase-conjugated goat anti-rabbit secondary 
antibody for 1 h. Immunoreactive bands were 
detected by NBT (nitro-blue tetrazolium chlo-
ride) and BCIP (5-bromo-4-chloro-3’-indolyph- 
osphate p-toluidine salt). The same immunbl- 
ots were incubated with the anti-β-actin anti-
body (Sigma) after blot stripping. Gel loading 
was normalized for equal β-actin.

HUVECs tube formation assay

HUVECs were seeded onto cultured growth fac-
tor-reduced Matrigel in wells of 24-well plates 
at a density of 4.0×104 cells/well. Cells with or 
without siRNA-Ang-2 transfection was treated 
as indicated condition medium as mentioned 
above. At same time, HUVECs were seeded into 
24-well plates without Matrigel as blanked con-
trol. Twenty-four hours later, Tube formation 
was examined under a phase-contrast micro-
scopic observation. To quantify the length of 
capillaries, three different phase-contrast pho-
tomicrographs (10 objectives) per well were 
taken, and the length of each capillary was 
measured using NIH Image software (version 
1.64). The tube formation was expressed as 
-fold increase relative to those cells cultured in 
blanked control.

Tie-2 expression in HUVECs

HUVECs were treated as indicated condition in 
37°C, 5% CO2 incubator for 24 hours, then ab- 
andoning nutrient solution, washing with PBS 
twice. Cells werefixed by PBS (0.2% TritonX-100) 
for 5 min. With PBS containing 4% paraformal-
dehyde fixed 10 min, washing by PBS 3 times, 
each time 5 min. Add methanol, fixed -20°C for 
5 min, PBS wash 3 times, each time 5 min, 1% 
BSA enclosed 1 h at room temperature. Join 
the rabbit source resistance to Tie-2 antibodies 
(1:200 dilution), 4°C for the night. PBS wash 3 
times, each time 5 min. Add an rabbit FITC fluo-
rescent antibody (1:200 dilution), avoid light 
incubation for 1 h at room temperature. PBS 

Figure 1. Detection of AGEs by ELISA.
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The results of fluorescence spectrophotometry 
showed: Content of AGE between the AGE-BSA 
group and control group, respectively (122.77-
3.24) U/mg protein and protein (37.22-0.47) U/
mg, and it can be Statistical analysis (P<0.05). 
AGEs were detected by ELISA (Figure 1).

Effects of AGEs exposure on HUVECs migration

We performed ECIS to observe the HUVECs pro-
liferation and migration by monitoring changes 
in the system impedance. In this case, a 3-V 
signal at 40 kHz is applied for a duration of 10s. 
The application of this field results in a very 
rapid drop in the resistance of cell layers to that 
associated with the cell-free electrode. In the 
next few hours, this resistance is observed to 
increase back to the levels of the cell-covered 
electrode due to the migration of cells from the 
perimeter of the electrode inward to replace 
the injuried cells. We found the rate of cell 
wounding curve in the high glucose, AGEs and 
control medium are similar to each other. There 
is no difference among them (Figure 2).

Effect of AGEs exposure on Ang-1, Ang-2, VEGF 
gene expression

Exposure of HUVECs to high glucose and AGEs 
resulted in a significant increase in Ang-2 ex- 
pression; this was accompanied by a dramatic 
decrease in VEGF expression as compared to 
low glucose conditions (LG; 5 mmol/L). Ang-1 
expression was undetectable in HMVECs under 
each conditions (data not shown) (Figure 3).

Figure 2. Effects of AGEs exposure on HUVECs migration.

Figure 3. Effect of AGEs exposure on Ang-2, VEGF 
gene expression.

wash 3 times, each time 5 
min. 50% glycerol sealing pie- 
ce, fluorescence microscope.

Statistical analyses

All values are expressed as a 
mean ± standard deviation. 
The Student’s t-test or ANOVA 
was used to determine statis-
tically significant differences 
among groups, with P-values 
less than or equal to 0.05 
considered significant. 

Results

The concentration of the 
AGE-BSA

Figure 4. Effect of AGEs exposure on Ang-2 protein 
production with or without Ang-2 siRNA.
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Ang-2 and VEGF protein production in HUVECs

Ang-2 protein level was increased in 30 mM 
Glucose and AGE compared with control and 
mannitol medium. When Ang-2 siRNA was indu- 
cted, the protein blot was decreased in 30mM 
Glucose and AGE condition (P<0.05) (Figure 4).

Effect of AGEs exposure on endothelial tube 
formation with and without Ang-2 siRNA inter-
ference

As shown in Figure 5 HUVECs structures in nor-
mal and mannitol medium form capillary-like on 
matrigel. Cells treated with high glucose show- 
ed extended cytoplasm on Matrigel and con-
tacted each other. Between these cells, a lum- 
en-like structure was observed. High glucose 
and AGEs decreased HUVECs tube formation 
as evidenced by significantly reduced tube 
length and total number of branch points com-
pared to control and mannitol condition 
(P<0.01). When Ang-2 siRNA inducted, the cap-

illary length and branch point was increased 
significantly compared to before (P<0.05) but 
still decrease compare to control and mannitol 
condition (P<0.05). These results suggest that 
exposure to glucose and AGEs impair angiogen-
esis via Ang-2 pathway.

Tie-2 receptor immunohistology

The result of fluorescence microscope showed: 
Tie-2 receptor expression of Mannitol group as 
same as control group showed in cytoplasm 
and cytomembrane. The expression of Glu gr- 
oup was detected in cytoplasm and cell nucle-
us. The expression only exists in cell nucleus of 
the cells treated with AGE and Glu-AGE as 
showed in Figure 6.

Discussion

In order to further reveal the poor relationship 
between wound local sugar, AGEs accumula-
tion and new blood vessels, this study setting 

Figure 5. Effect of AGEs exposure on endothelial tube formation with and without Ang-2 siRNA interference.
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training system of high glucose and AGEs in 
vitro, to observe high sugar and healing rate of 
the damaged endothelial cells. At the same 
time, the same concentration of mannitol set 
as a comparison group to clarificate the dam-
age of high sugar and AGEs to endothelial cell. 
The different concentration of glucose has dif-
ferent inhibiting ability to the proliferation of 
vascular endothelial cell; AGEs can inhibit the 
proliferation, and promote the apoptosis of vas-
cular endothelial cell [15, 16]. We monitor the 
Stick wall, cell proliferation and migration of 
biological behavior by Electrical wound-healing 
assay for cells in vitro [17]. Experimental results 
show that: Electrical impedance will remain sta-
bilize in fusion state of vascular endothelial 
cells, but it will be decrease if the cells suffer 
electric injury; with the injured cells migration, 
electrical impedance will be rise in the damage 
area. Related research [12] has confirmed the 
change of electrical impedance in damage cells 
or cellular matrix is positively correlated with 
cell healing ability. Even more, we found the 

rate of cell wounding curve in the high glucose, 
AGEs and control medium are similar to each 
other. There is no difference among them.

Ang-2 mainly secreted by vascular endothelial 
cells, and the main factor which regulate the 
gene to organize the vascular endothelial cells 
becoming lumen. We found AGEs can stimulate 
high expression of Ang-2 of HUVECs cultured on 
Matrigel, better than the stimulation caused by 
High concentrations of glucose. Although regu-
latory factors Ang-2 bud can stimulate endothe-
lial cells, form a funicular blood vessel struc-
ture, but abnormal expression can destroy the 
stability of blood vessels, causing the disap-
pearance of the sample tube cavity structure. 
Another major factor participate in vasculariza-
tion is VEGF. In the absence of VEGF, Ang-2 can 
lead to endothelial cell apoptosis and vascular 
fade. The other reason inhibiting vascular endo-
thelial cells in vascular structure is HUVECs cul-
tivated in Glu and AGE medium inhibit the 
expression of VEGF. Yla-Herttuala et al. [20] 

Figure 6. Expression of Tie-2 receptor in HUVEC in vitro with different culture; A: Control; B: High glucose; C: AGE; 
D: Mannitol.
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found Adenovirus transfected by plasmid with 
VEGF could promote the vascular endothelial 
cells in vascular structure in vitro. It indicates 
VEGF will play an important roleto treat the 
refractory diabetic wound promote angiogene-
sis in the future.

As a co-receptor to Ang-1 and Ang-2, Tie-2 can 
express in different position on HUVECs under 
the different intervention conditions. Tie-2 re- 
ceptor expression of Mannitol group as same 
as control group showed in cytoplasm and cyto-
membrane. The expression of Glu group was 
detected in cytoplasm and cell nucleus. Pre- 
vious studies have found mice lacking the Tie-2 
gene often die from vascular developmental 
disorders in the embryonic stage. When the 
factors such as Ang-1/2 act on Tie-2 receptor 
on cell membrane, they induce the vascular 
endothelial cell conforming vascular structure 
[4]. In AGEs environment, the strong positive 
expression of Tie-2 receptor in the nucleus may 
be one of the reasons why the vascular endo-
thelial cells could not form a tubular structure. 
On the other hand, in high glucose environ-
ment, the Tie-2 receptor was also expressed in 
the cytoplasm of HUVECs, and the Ang-2 signal 
transduction was not completely blocked.

The function of vascular endothelial cells in 
vascular endothelial cells in Matrigel was recov-
ered after siRNA Ang-2 interference was used 
in high glucose environment. High glucose and 
AGE environment induced cell can over expres-
sion of Ang-2, but by siRNA interference, thro- 
ugh the degradation of mRNA template, so that 
the amount of Ang-2 protein reduced, to achieve 
the role of down regulation Ang-2. Therefore, 
the expression level of Ang-2 protein can be 
restored to normal state, which plays a positive 
role in the regulation of blood vessel.

In summary, we found HUVECs in high glucose 
or AGEs culture medium can heal themselves 
as soon as the HUVECs in normal culture medi-
um; However, the ability of HUVECs to form vas-
cular like structure was inhibited under high 
glucose and (or) AGEs environment. The inhibi-
tion is relative to the factor Ang-2 and VEGF; 
Tie-2 receptor differential expression in cells 
also has a certain effect on the regulation of 
angiogenesis under high glucose and (or) AGEs 
environment. By means of RNA interference, 
the expression of inhibitory genes, can promote 
neovascularization in diabetic environment, 

provides a feasible strategy for the treatment 
of diabetes mellitus and impaired wound vas-
cularization; also supports the abnormal acti-
vation of Ang-2 pathway may be one of the 
important mechanism of barriers to angiogen-
esis in refractory diabetic wound.
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