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Abstract: Venous ulceration is a common ailment that is associated with tissue hypoxia through a complex patho-
genic process, but there have been relatively few studies into the effects of hypoxia on human dermal micro-vascu-
lar endothelial cells (HDMECs). In this study, we created a hypoxic HDMEC model by culturing cells with CoCl2. We 
then investigated the migratory capacity of the hypoxic cells using a wound healing assay, and the cellular apopto-
sis rate using flow cytometry. Additionally, we investigated gene expression using reverse transcription-polymerase 
chain reaction assays, and protein expression using Western blotting. We found that hypoxia significantly enhanced 
cellular migration and apoptosis, and significantly delayed cell cycle progression (p<0.05). Furthermore, hypoxia 
caused statistically significant changes in the gene expression of HIF-1α, HIF-1β, VEGF, and iNOS (p<0.05), with 
HIF-1α, VEGF, and iNOS expression progressively increasing after 12 h and 24 h of hypoxia when compared with 
untreated controls (p<0.05). Similarly, expression of the apoptosis-related genes caspase-3 and Bax was increased 
after 12 h and 24 h of hypoxia (p<0.05), although there was no further increase in expression between 12 h and 24 
h. The expression of the cellular proliferation marker gene PCNA gradually decreased after 12 h and 24 h of hypoxia 
(p<0.05). In summary, hypoxia may enhance cell migration via the increased expression of HIF-1α, VEGF, and iNOS. 
Moreover, hypoxia increases the rate of apoptosis, and slows down cell cycle progression, in HDMECs.
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Introduction

Many patients with varicose veins go on to 
develop skin dystrophy, and, eventually, venous 
ulcers. Some clinical studies indicate that su- 
ch venous ulceration is correlated with dermal 
tissue hypoxia [1]; indeed, hypoxia is known to 
affect gene expression in human dermal mic- 
ro-vascular endothelial cells (HDMECs), result-
ing in microenvironmental deficiency and skin 
ulceration [2]. Furthermore, expression of hy- 
poxia-inducible factor-1α (HIF-1α), a protein 
known to affect venous endothelial cell func-
tion in hypoxic conditions, was incraeased in 
skin tissues derived from patients with venous 
ulcers [3]. HIF-1α, which is important for adap-
tive cellular responses to hypoxia, is known to 
interact with over 100 genes [4]. The cellular 
hypoxia response pathway is upregulated in 
response to HIF-1α stabilization, resulting in 
changes to gene expression programs involv- 
ed in cellular proliferation, differentiation, apo- 
ptosis, angiogenesis, and energy metabolism 
[5]. 

To date, few studies have examined the ef- 
fect of hypoxia on HDMECs, although we pre- 
viously reported the use of CoCl2 to model 
hypoxic conditions in these cells [6]. In the pr- 
esent study, we aimed to investigate the ef- 
fect of hypoxia on angiogenesis, apoptosis, and 
cellular proliferation using HDMECs. Additio- 
nally, we examined the in vitro expression of 
hypoxia-related proteins, including vascular en- 
dothelial growth factor (VEGF), inducible nitric 
oxide synthase (iNOS), caspase-3, bcl-2-associ-
ated X protein (Bax), and proliferating cell nu- 
clear antigen (PCNA), in order to elucidate the 
molecular mechanisms underlying the observ- 
ed biological effects. 

Materials and methods 

Reagents and specialist equipment

CoCl2 (Cobalt (II) chloride hexahydrate; Cat No. 
C8661) was purchased from Sigma-Aldrich 
(Saint Louis, USA). TRIzol reagent, Taq DNA 
polymerase, AMV reverse transcriptase, and 
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PCR primers were purchased from TaKaRa 
(Shiga, Japan). Anti-HIF-1α antibody (Cat No. 
20960-1-AP), anti-VEGF antibody (Cat No. 
19003-1-AP), anti-iNOS antibody (Cat No. 
18985-1-AP), anti-caspase-3 antibody (Cat  
No. 19677-1-AP), anti-Bax antibody (Cat No. 
505992-1-AP), and anti-PCNA antibody (Cat  
No. 10205-2-AP) were purchased from Pro- 
teintech (Chicago IL, USA). Horseradish peroxi-
dase-conjugated goat anti-rabbit IgG (H + L; Cat 
No. BS13278) was purchased from Bioworld 
(Minneapolis, USA). All reagents and chemicals, 
including standard laboratory chemicals, were 
of analytical grade.

Specialist equipment used in this study inclu- 
ded a forma series II water-jacketed CO2 in- 
cubator (Thermo Fisher, USA), an Eclipse TE- 
2000-U inverted microscope (Nikon, Japan), 
Z233 MK-2 high-speed refrigerated centrifu- 
ges (HEMNLE, Germany), and both a thermo- 
cycler (T100 Thermal Cycler)and a ChemiDoc 
XRS + imaging system from Bio-Rad (Hercules, 
CA, USA).

Cell culture

HDMECs were purchased from Beijing Din- 
gsheng Corporation (China), were cultured in 
RPMI 1640 medium (Gibco, USA) containing 
10% neonatal calf serum using standard cul-
ture protocols, and were maintained at 37°C in 
a humidified atmosphere containing 5% CO2. 
CoCl2 was added to RPMI 1640 medium before 
use, where appropriate.

Cell viability assay

HDMECs were seeded at a density of 5 × 103 
cells/well in 96-well culture plates, then pre-
incubated at 37°C and 5% CO2 for 24 h. The 
culture medium was then replaced with fresh 
RPMI 1640 medium containing between 0  
and 600 μmol/L CoCl2. Control wells contain- 
ing either untreated cells or no cells (‘Blank’) 
were included. After 12 h, cell viability was 
assessed using Cell Counting Kit-8 reagent 
(Sigma, USA), according to the manufacturer’s 
instructions. Briefly, cells were washed three 
times with phosphate-buffered saline (PBS), 
then 10 µl of CCK-8 reagent was added per 
well. Cells were incubated for 1 h, then the 
absorbance at 450 nm was measured for ea- 
ch well using a microplate reader (Bio-Rad, 
USA). The resulting optical density (O.D.) values 
were plotted.

Wound healing assay 

A wound healing assay was performed to me- 
asure HDMEC migration in both hypoxic and 
normal conditions. Firstly, HDMECs were seed-
ed at a density of 2 × 105 cells/well in a grid- 
ded 6-well culture plate, then cultured in com-
plete medium for 48 h under the conditions 
described above. Once the cells had adhered  
to the plate, a vertical line was scored acro- 
ss each well, scraping off cells, using a 10 µl 
aseptic suction head and the existing gridli- 
nes. Next, the culture medium was removed, 
the cells were washed 3 times in PBS, and 3 ml 
RPMI 1640 without 10% neonatal calf serum 
was added per well. Two-hundred μmol/L Co- 
Cl2 was added to the hypoxia group to induce 
hypoxia, and cells were cultured at 37°C with 
5% CO2. Images were captured at 200 × mag- 
nification using an inverted microscope at 0  
h, 12 h, and 24 h after infliction of the wound. 
The relative wound width under the various 
conditions and at the measured time points 
was calculated using ImageJ software.

Cell cycle and apoptosis assays

HDMECs were cultured in 25 cm2 bottles in  
the presence or absence of 200 μmol/L of 
hypoxia-inducing CoCl2. Cells were harvested 
after 12 h or 24 h, medium was removed, and 
cells were washed three times in PBS. Next, 
cells were dissociated from the culture bottle 
by incubating with 1 ml 0.5% trypsin for 1 min 
at 37°C and 5% CO2, then 1 ml of complete 
medium was added to inactivate the trypsin. 
Cells were then pelleted by centrifuging for  
5 min at 800 rpm, and either resuspended in  
1 ml 75% ethanol and stored at -20°C for cell 
cycle analysis, or resuspended in 1 ml PBS for 
apoptosis analysis. All analysis was performed 
by Flow Cytometry Center of Chongqing Medi- 
cal University.

Reverse transcription polymerase chain reac-
tion (RT-PCR)

HDMECs in the logarithmic growth phase we- 
re cultured in 25 cm2 bottles for 24 h under the 
conditions described above, and were divided 
into three treatment groups: group 1 were the 
untreated, non-hypoxic control group; group 2 
were treated with 200 μmol/L CoCl2 for 12 h in 
order to induce hypoxia; group 3 were treated 
with 200 μmol/L CoCl2 for 24 h in order to 
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induce hypoxia. Following treatment, total  
RNA was extracted from cells using TRIzol 
reagent according to the manufacturer’s in- 
structions and verified the quality by OD ratio, 
and cDNA was synthesized using AMV reverse 
transcriptase according to the manufacturer’s 
protocol. To perform PCR reactions, 0.8 µl 
cDNA template, 0.4 µl each of appropriate for-
ward and reverse primers (listed in Table 1),  
5 µl SYBR Premix Ex Taq master mix, and 3.4 µl 
nuclease-free water were mixed, giving a total 
volume of 10 µl in 96-well PCR plates. Each 
gene/sample combination was examined in 
triplicate wells. RT-PCR was then performed 
using an RT-PCR instrument (BS97My Cycler, 
Bio-Rad, USA) using the following cycling con- 
ditions: 95°C for 30 s; 39 cycles of 95°C for  
5 s, 60°C for 30 s; 95°C for 15 s; 60°C for 30 
s; 95°C for 15 s; end reaction. All data was an- 
alyzed by Bio-Rad Manager software(Bio-Rad, 
USA).

Western blotting analysis

HDMECs in the logarithmic growth phase were 
cultured in 25 cm2 bottles for 48 h under the 
conditions described above, and were divided 
into three groups, as described for the RT- 
PCR experiments. Following treatment, culture 
medium was removed and cells were washed 
twice with PBS before being lysed with 50 µl 
RIPA lysis buffer (50 mM Tris, pH 7.5, 150 mM 
NaCl, 1% Triton X-100, 1% sodium deoxycho-
late, 0.1% SDS, sodium orthovanadate, sodium 
fluoride, EDTA). Protein quantification was per-
formed using bicinchoninic acid (BCA) protein 
assay reagent according to the manufacturer’s 
protocol, then equal amounts of protein per 
sample were separated by sodium dodecyl su- 
lfate-polyacrylamide gel electrophoresis and 

transferred to a polyvinylidene fluoride mem-
brane. For western blotting, membranes were 
blocked with blocking buffer (20 mM Tris-HCl, 
pH 7.5, 150 mM NaCl, 5% BSA, 0.1% (v/v) 
Tween-20) at room temperature for at least 1  
h. Membranes were then washed three times 
for 5 min with TBST (20 mM Tris-HCl, pH 7.5, 
150 mM NaCl, 0.1% (v/v) Tween-20), before 
being incubated overnight at 4°C with either 
anti-HIF-α antibody (1:500 dilution), anti-VEGF 
antibody (1:1000 dilution), anti-iNOS antibody 
(1:500 dilution), anti-caspase-3 antibody (1: 
1000 dilution), anti-Bax antibody (1:2000 dilu-
tion), or anti-PCNA antibody (1:2000 dilution). 
After primary antibody staining, membranes 
were washed intensively four times for 5 min 
with TBST, then incubated with secondary anti-
body (1:5000 dilution) for 1.5 h. Membranes 
were intensively washed a further four times  
for 5 mins with TBST, before proteins were 
detected by chemiluminescence (Beyotime 
Biotechnology, China).

Statistical analysis

All statistical analyses were performed using 
SPSS version 18.0 software (IBM, USA) for 
Windows. Differences in wound healing ability 
under the various conditions were assessed 
using an unpaired Student’s t-test. All others 
differences were assessed using one-way AN- 
OVA. Statistical significance was defined as 
p<0.05, and all values are expressed as the 
mean ± standard deviation of three indepen-
dent experiments.

Results

Determination of the optimal CoCl2 concentra-
tion

CoCl2, as well as promoting hypoxia, is toxic to 
cells. It is therefore critical that the CoCl2  
concentration is carefully controlled to maxi-
mize cell viability during the induction of hy- 
poxia. Thus, we examined HDMEC viability at a 
range of CoCl2 concentrations by performing 
CCK-8 cell viability assays, as described in 
Materials and Methods. As expected, cell via- 
bility decreased in a non-linear dose-depen-
dent manner with increasing CoCl2 concen- 
tration (Figure 1). Cell survival at 200 μmol/L 
CoCl2 was 65.10%, which was deemed an 
acceptable level of loss, and all subsequent 

Table 1. Primer sequences for RT-PCR
Gene Sequence (5’-3’) Size
HIF-1α-F CTGCACAGGCCACATTCACG 20
HIF-1α-R GGTTCACAAATCAGCACCAAGC 22
HIF-1β-F TCTGGAAACTCTGGACCTGGAA 22
HIF-1β-R GGCAAACCGCTCCTTATCGT 20
VEGF-F GAGGGCAGAATCATCACGAAGT 22
VEGF-R GCACACAGGATGGCTTGAAGA 20
iNOS-F AATTGAATGAGGAGCAGGTCGA 22
iNOS-R CCTGTCCTTCTTCGCCTCGTA 20
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experiments were performed with this concen-
tration of CoCl2.

Hypoxia enhances HDMEC migration

To study the effect of hypoxia on cellular mig- 
ration, a wound healing assay on treated or 
untreated cells was performed as described in 
Materials and Methods. As seen in Figure 1, 
treatment with 200 μmol/L CoCl2 significantly 
increased the distance travelled by HDMECs, 
by an average of 172% and 124% after 12 h 
and 24 h, respectively. No significant differenc-
es between the groups were seen at 0 h. Su- 
ch migration is involved in the initial steps of 
angiogenesis, suggesting that the HDMEC 
movement that is activated in hypoxic condi-
tions may be involved in the formation of new 
blood vessels. 

Hypoxia induces apoptosis and impairs cell 
cycle progression in HDMECs

The effect of hypoxia on both apoptosis and  
cell cycle progression in HDMECs was asses- 

sed after 12 h and 24 h using flow cytometric 
analysis, as described in Materials and Me- 
thods. Apoptosis, shown as the proportion of 
the cell population that were apoptotic, was  
significantly increased as hypoxia progressed, 
with the baseline level at 0 h of 7.64±2.12% 
increasing to 21.43±2.3% and 19.98±3.45% 
after 12 h and 24 h of hypoxia, respectively 
(Figure 2). There was statistcally significant 
between 0 h and 12 h or 24 h, interestingly, 
there was no significant difference in the pro-
portion of apoptotic cells between 12 h and  
24 h, suggesting that this effect had reached  
a plateau after 12 h. 

Considering cell cycle progression, the S pha- 
se fraction of the total population was 39.52 
+2.12% in the baseline controls at 0 h, but 
reduced to 36.78+2.01% and 29.86±1.93% 
after 12 h and 24 h of hypoxia, respectively 
(Figure 3). The differences between 0 h and 
both 12 h and 24 h were statistically signifi-
cant, as was the difference between the 12 h 

Figure 1. Cell viability with increasing CoCl2 concen-
tration and cell migration in the presence or absence 
of hypoxia. Chart showing HDMEC viability, as deter-
mined by the absorbance (O.D.) at 450 nm, with in-
creasing CoCl2 concentration. Micrographs showing 
HDMEC cell migration under normal or hypoxic con-
ditions 0 h, 12 h, and 24 h after scratching during 
wound healing assays. 
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Figure 2. Apoptosis level following the in-
duction of hypoxia. Flow cytometric analysis 
showing the apoptotic fraction of HDMECs 
0 h, 12 h, and 24 h after the induction of 
hypoxia. White dashed line: apoptotic frac-
tion. The average of three independent ex-
periments are shown. *p<0.05.

Figure 3. Cell cycle analysis following the induc-
tion of hypoxia. Flow cytometric analysis showing 
the S phase fraction of HDMECs 0 h, 12 h, and 
24 h after the induction of hypoxia. Orange peaks 
represent the G0/G1 (left peak) and G2/M (right 
peak) fractions. The shaded area denotes the S 
phase fraction. The average of three independent 
experiments are shown. *p<0.05.

and 24 h samples. This finding suggests that 
hypoxia significantly impairs cell cycle progres-

sion, which would be expected to lead to a con-
comitant reduction in cellular proliferation.
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Hypoxia increases mRNA expression of 
angiogenesis-related genes

To further examine the effect of hypoxia on 
angiogenesis, RT-PCR analysis was performed 
to examine changes in the gene expression of 
HIF-1α, HIF-1β, VEGF and iNOS in HDMECs that 
were either untreated (0 h) or treated with 200 
μmol/L CoCl2 for 12 h or 24 h. The relative 
expression of each gene, normalized to that of 
the β-action, are presented in Figure 4. The 
expression of all of the genes under consider-
ation progressively increased in a time-depen-
dent manner following the induction of hypo- 
xia. In all cases, the increases in expression 
between 0 h and 12 h, and between 12 h and 
24 h, were statistically significant. 

The effect of hypoxia on protein expression

The effect of hypoxia on angiogenesis, apopto-
sis, and cellular proliferation in HDMECs was 
investigated further by measuring protein ex- 
pression using Western blot analysis. The pro-
teins investigated were the angiogenesis-relat-
ed factors HIF-1α, VEGF, and iNOS, the apop- 
tosis-related factors caspase-3 and Bax, and 
the cellular proliferation marker PCNA. As ab- 
ove, HDMECs were either untreated, or treated 
with 200 μmol/L CoCl2 for 12 h or 24 h, as  
indicated. Representative Western blots and 
expression data, shown relative to β-actin or 
β-tubulin control expression, are shown in Fi- 
gures 5 and 6, respectively. The expression of 
the angiogenesis-related proteins HIF-1α, VEGF, 
and iNOS increased progressively over time, 
with significant increases in expression ob- 
served between 0 h and 12 h, and between 0  
h and 24 h (Figure 6A-C). Similarly, protein 
expression of the apoptosis-related proteins 
caspase-3 and Bax was significantly higher 
after 12 h or 24 h of hypoxia when compared  
to the untreated control (0 h), although there 
was no significant difference between 12 h  
and 24 h, indicating that expression had pla-
teaued by the earlier time point (Figure 6D, 6E). 
Interestingly, protein expression of the proli- 
feration marker PCNA decreased steadily after 

Figure 4. Gene expression analysis following the in-
duction of hypoxia. Chart showing the relative gene 
expression of HIF-1α, HIF-1β, VEGF, and iNOS, nor-
malized to β-action, 0 h, 12 h, and 24 h after the 
induction of hypoxia. *p<0.05. 

Figure 5. Western blot data showing protein expres-
sion after the induction of hypoxia. Representative 
western blot images showing expression of HIF-

1α (A), VEGF and iNOS (B), caspase-3 and Bax (C), 
and PCNA (D) in either untreated HDMECs (0 h) or 
HDMECs undergoing hypoxia for either 12 h or 24 
h. β-actin and β-tubulin control expression is also 
shown. Numbers to the right of the image denote the 
molecular weight of the proteins in kDa.
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the induction of hypoxia, with expression after 
both 12 h and 24 h being significantly lower 
than at 0 h (Figure 6F). These results are con-
sistent with those seen in the wound healing 
assay and with flow cytometry.

Discussion

Presently, venous ulceration is a very common 
condition that is often difficult to treat. Venous 
ulcers are chronic wounds that are associated 
with ambulatory venous hypertension of the 
lower extremities; they occur either as a con- 
sequence of vein reflux or in conjunction with 
venous obstruction, and are often a manifes- 
tation of severe chronic venous insufficiency 

(CVI). In the USA, 10-35% of adults suffer from 
some form of CVI, and venous ulcers affect 4% 
of people over 65 years of age [7]. The exact 
mechanisms underlying the pathophysiologi- 
cal transition from chronic venous disease to 
venous ulcers are currently poorly understood, 
and the factors contributing to this disease 
have not been absolutely defined [8]. 

Several cellular mechanisms link dermal tis- 
sue hypoxia with the progression of ulceration. 
Tissue hypoxia is known to activate leukocytes, 
which then adhere to the venous endothelium 
and migrate into and through the vein wall. 
Such interactions alter the shear stress on the 
endothelial cells, causing them to release vaso-

Figure 6. Relative protein expression following the induction of hypoxia. Summary data showing the protein expres-
sion of HIF-1α (A), VEGF (B), iNOS (C), caspase-3 (D), Bax (E), and PCNA (F), relative to that of either β-actin or 
β-tubulin control, as noted in Figure 6. HDMECs were either untreated (0 h) or underwent hypoxia for 12 h or 24 h, 
as indicated. The average of three independent experiments are shown. *p<0.05.
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active agents, inflammatory mediators, chemo-
kines, adhesion molecules, and prothrombo- 
tic precursors [9]. Furthermore, clinical studies 
have indicated that dermal tissue hypoxia may 
cause venous ulceration [10, 11], and hypoxia 
reportedly injured skin tissue during oxidative 
stress and inflammation [12]. Hypoxia has also 
been shown to induce wide-spread alterations 
in gene expression, with signals relayed via 
venous endothelial cell membrane oxygen re- 
ceptors triggering a complex array of gene up-
regulation and down-regulation [13]. Success- 
ful wound healing depends upon the efficient 
restoration of the blood supply, and increased 
oxygen consumption within a wound, leading to 
a hypoxic microenvironment, is believed to be 
the primary promoter of angiogenesis in this 
context [14].

In the present study, we investigated the ef- 
fect of hypoxia on angiogenesis in HDMECs 
using an in vitro CoCl2-induced severe hypoxia 
model. Currently, there are two principal meth-
ods of building a hypoxia model in common 
usage: a physical method involving the use of  
a CO2-N2 cell incubator, and the chemical me- 
thod used here. The disadvantage of the phy- 
sical method is that cells must be removed 
from this environment during medium chan- 
ges and cellular passage, meaning that the 
hypoxic state cannot be maintained continu-
ously. HIF-1α is unstable in a normoxic envi- 
ronment and will degrade within 5 minutes, 
meaning any expression could easily be lost 
within the time taken to passage the cells. By 
contrast, CoCl2 reproduces the hypoxic condi-
tion through Co2+ replacing the Fe2+ in hemo- 
globin molecules, leading to disruption of cel-
lular oxygen receptors [15], and in vitro CoCl2-
induced hypoxia is the method most commonly 
used. We therefore chose to use the CoCl2 
method to build our hypoxia model, and per-
formed experiments to determine the appropri-
ate dosage. We found that there was no st- 
raight-forward linear relationship between Co- 
Cl2 dose and HDMEC survival, and while 200 
μmol/L gave an acceptable survival rate of 
65.10%, this decreased sharply at concentra-
tions above 250 μmol/L. 

HIF-1 is a heterodimer comprising an oxygen-
dependent α-subunit and an oxygen-indepen-
dent β-subunit. There are three HIF-α isoforms, 
HIF-1α, HIF-2α, and HIF-3α [16], and two iso-

forms of HIF-β (also known as aryl hydrocar- 
bon receptor nuclear translocator or ARNT), 
namely HIF-1β and HIF-2β [17]. Among these 
HIFs, the most important is HIF-1α, which is 
responsible for the hypoxia-mediated activa-
tion of transcription. Additionally, HIF-1α is 
important in venous endothelial cell biology 
and angiogenesis; loss of HIF-1α prevents 
angiogenesis-related behaviors, including mi- 
gration, wound healing, and chemotaxis, in 
venous endothelial cells [18]. During both pa- 
thophysiological and physiological angiogene-
sis, the HIF-1α pathway is a principal regulator 
of vascular formation, triggering the up-regula-
tion of proangiogenic factors such as VEGF and 
iNOS in response to hypoxia [19, 20]. Once up-
regulated, the primary function of these fa- 
ctors is to respond to the hypoxic conditions  
by increasing vasopermeability and angioge- 
nesis. Consistent with these reports, we found 
that hypoxia induced the overexpression of  
HIF-1α in HDMECs, with corresponding increa- 
ses in VEGF and iNOS expression at both the 
mRNA and protein levels. This result also ser- 
ves to verify our hypoxia-inducing model.

In addition to increasing vasopermeability, 
VEGF, a 35 kDa heparin-binding glycoprotein 
and critical mediator, acts to regulate angio- 
genesis by enhancing cellular migration. The 
biological effects of VEGF on endothelial cells 
are exerted through the binding of VEGF-1 and 
VEGF-2 to tyrosine kinase receptors, which are 
expressed predominantly on endothelial cells. 
Through these receptors, VEGF then activates 
the mitogen-activated protein kinase pathway, 
whose principal components include ERK, p38, 
JNK, and BMK1 [21]. Previous studies have 
indicated that the microenvironment within a 
skin wound was hypoxic because of an incre- 
ased tissue demand for oxygen, and that this 
greatly increased angiogenic activity [14, 22]. 
In the present study, we confirmed that VEGF 
expression was increased in hypoxic conditions 
at both the mRNA and protein level, and that 
cellular migration was increased. 

Endothelial cell dysfunction affects angioge- 
nesis through many different mechanisms; oxi-
dative stress, inflammation, and autophagy all 
affect endothelial cell activation, apoptosis, 
and migration. Oxidants and oxygen radical for-
mation, critical factors in the cellular response 
to post-hypoxic injury, are reportedly involved in 
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these processes [23]. One of the most impor-
tant free radical signaling molecules, nitric 
oxide (NO), plays diverse physiological and 
pathological roles. Endogenous NO, synthe-
sized and secreted by endothelial cells, is a 
vasoactive substance which can relax vascular 
smooth muscle, expand vessels, and improve 
microcirculation of the blood supply. Furth- 
ermore, endogenous NO promotes angiogene-
sis and blood vessel regeneration by stimulat-
ing leucocytes to secrete vascular active sub-
stances, which regulate vascular endothelial 
growth. However, NO is extremely unstable in 
vivo and degrades easily [24]. iNOS, which is 
maintained at a constant level in vivo, is the 
principal NO synthase during hypoxia and isch-
emia, and can thus induce the stable release  
of NO in these scenarios. Previously, iNOS 
expression was shown to be up-regulated in 
hypoxic rat microglial cells via the phosphoi- 
nositol 3-kinase pathway [25]. We found that 
HDMEC migration was increased under hypoxic 
conditions, with corresponding increases in  
the gene and protein expression of iNOS. This 
suggests that both VEGF and iNOS may be cri- 
tical in the regulation of cellular responses to 
hypoxic injury. 

The effects of hypoxia on HDMECs are com-
plex. We found that the cellular apoptosis rate 
was increased during hypoxia, and, consistent 
with this, the expression of the apoptosis-relat-
ed proteins caspase-3 and Bax also increased 
following treatment. Caspase-3, as we known, 
played a siginificant role in cell apoptosis pro-
cess. Inapproproate activation of the execu-
tioner caspase-3 is prevented by their produc-
tion as inactive procaspase dimers that must 
be cleaved by initiator caspases. This cleavage 
between the large and small subunits allows a 
comformational change that brings the two 
active sites of yje executioner caspases dimer 
together and creates a funtional mature prote-
ase. Once activated, a single executioner cas-
pase can cleave and activate other executioner 
caspases, leading to an accelerated feedback 
loop of caspase actvation. It means the whole 
quanitity of caspase-3 increased although a 
part of caspase-3 cleaved [26]. According to 
previous reports, activation of the JNK signal-
ing cascade and expression of Bax and cas-
pase-3 leads to apoptosis during hypoxia [27]. 
Results of our study suggested that hypoxia 

increased apoptosis of HDMECs through the 
high expression of Bax and caspase-3. 

Furthermore, we found that the cell cycle is  
prolonged under hypoxic conditions, and the 
expression of the cellular proliferation marker 
PCNA was decreased accordingly. PCNA is a 
kind of intranuclear protein, which is an ass- 
istant protein of DNase. It has no specificity of 
species, genus and tissue, expressing in phag-
es G1 and S, so it has been widely used to mark 
cells of S phage. In this point PCNA is a per- 
fect marker to evaluate cell proliferation [28]. 
And it has been used as a routing method to 
test proliferation cells at present. It was also 
demonstrated that the change of PCNA expres-
sion increased DNA duplication and cell prolif-
eration. Our results suggested that hypoxia 
decreased proliferation of HDMECs.

From these results, we infer that these biolo- 
gical changes may augment the effects of 
hypoxia in the immediate microenvironment, 
especially in areas of extensive tissue da- 
mage. 

In summary, the response of HDMECs to hy- 
poxia is complex, with hypoxic conditions con-
ferring some advantages, such as enhanced 
migration ability, and some disadvantages, su- 
ch as increased apoptosis and a prolonged cell 
cycle. Such biological responses would be ex- 
pected to make the immediate microenviron-
ment less hospitable. However, whether HIF-
1α, or indeed hypoxia perse, directly influence 
these biological responses in HDMECs remains 
to be confirmed. This will be investigated fur-
ther in future experiments involving the silenc-
ing of HIF-1α expression using RNA interfer-
ence methods. The pathogeny of venous ul- 
ceration is correlated with peripheral varicose 
veins, hypostasis, alogotrophy, and inflamma-
tion. Further study is required to elucidate 
which factor is most important in ulceration, 
and the specific mechanisms by which this 
occurs. 

Acknowledgements 

We acknowledge the work supported by nation-
al key specialty construction projects and 
Chongqing medical scientific research project.

Disclosure of conflict of interest

None.



Hypoxia induces apoptosis and angiogenesis in HDMECs

146 Int J Clin Exp Med 2018;11(1):137-147

Address correspondence to: Dr. Hong Liu, Depart- 
ment of Vascular, The First Affiliated Hospital of 
Chongqing Medical University, 1 Medical School 
Road, Chongqing, China. Tel: 13896045887; E-mail: 
434720342@qq.com

References

[1] Anwar MA, Georgiadis KA, Shalhoub J, Lim CS, 
Gohel MS and Davies AH. A review of familial, 
genetic, and congenital aspects of primary 
varicose vein disease. Circ Cardiovasc Genet 
2012; 5: 460-466.

[2] Gohel MS, Poskitt KR. Chronic ulceration of the 
leg. Surgery (Oxford) 2010; 28: 273-276.

[3] Majmundar AJ, Wong WJ and Simon MC. Hy-
poxia-inducible factors and the response to 
hypoxic stress. Mol Cell 2010; 40: 294-309.

[4] Dehne N and Brune B. HIF-1 in the inflamma-
tory microenvironment. Exp Cell Res 2009; 
315: 1791-1797.

[5] Semenza GL. Hypoxia-inducible factors in 
physiology and medicine. Cell 2012; 148: 399-
408.

[6] Kuzmanov A, Wielockx B, Rezaei M, Kettelhake 
A and Breier G. Overexpression of factor inhib-
iting HIF-1 enhances vessel maturation and 
tumor growth via platelet-derived growth fac-
tor-C. Int J Cancer 2012; 131: 603-613.

[7] Lal BK. Venous ulcers of the lower extremity: 
Definition, epidemiology, and economic and 
social burdens. Semin Vasc Surg 2015; 28: 
3-5.

[8] Goligorsky MS. Endothelial cell dysfunction: 
can’t live with it, how to live without it. Am J 
Physiol-Renal 2005; 288: 871-880.

[9] Losev RZ, Zakharova NB, BurovIu A, Iakusheva 
EA, Nikitina VV, Stepanova TV and Mikul’skaia 
EG. Local tissue hypoxia consequence in the 
trophic venous ulceration in elderly patients. 
Angiol Sosud Khir 2007; 13: 79-83.

[10] Comerota A and Lurie F. Pathogenesis of ve-
nous ulcer. Semin Vasc Surg 2015; 28: 6-14.

[11] Barcelos LS, Duplaa C, Krankel N, Graiani G, 
Invernici G, Katare R, Siragusa M, Meloni M, 
Campesi I, Monica M, Simm A, Campagnolo P, 
Mangialardi G, Stevanato L, Alessandri G, 
Emanueli C and Madeddu P. Human CD133+ 
progenitor cells promote the healing of diabet-
ic ischemic ulcers by paracrine stimulation of 
angiogenesis and activation of Wnt signaling. 
Circ Res 2009; 104: 1095-1102.

[12] Yang C, Ling H, Zhang M, Yang Z, Wang X, Zeng 
F, Wang C and Feng J. Oxidative stress medi-
ates chemical hypoxia-induced injury and in-
flammation by activating NF-kappab-COX-2 
pathway in HaCaT cells. Mol Cells 2011; 31: 
531-538.

[13] Lim WB, Kim JS, Ko YJ, Kwon H, Kim SW, Min 
HK, Kim O, Choi HR and Kim OJ. Effects of 
635nm light-emitting diode irradiation on an-
giogenesis in CoCl2 -exposed HUVECs. Lasers 
Surg Med 2011; 43: 344-352.

[14] Kumar I, Staton CA, Cross SS, Reed MW and 
Brown NJ. Angiogenesis, vascular endothelial 
growth factor and its receptors in human surgi-
cal wounds. Br J Surg 2009; 96: 1484-1491.

[15] Ardyanto TD, Osaki M, Tokuyasu N, Nagahama 
Y and Ito H. CoCl2-induced HIF1 alpha expres-
sion correlates with proliferation and apopto-
sis in MKN-1 cells: a possible role for the PI3K/
Akt pathway. Int J Oncol 2006; 29: 549-555. 

[16] Saito S, Lin YC, Tsai MH, Lin CS, Murayama Y, 
Sato R and Yokoyama KK. Emerging roles of 
hypoxia-inducible factors and reactive oxygen 
species in cancer and pluripotent stem cells. 
Kaohuiung J Med Sci 2015; 31: 279-286. 

[17] Zeng W, Wan R, Zheng Y, Singh SR and Wei Y. 
Hypoxia, stem cells and bone tumor. Cancer 
Lett 2011; 313: 129-136.

[18] Tang N, Wang L, Esko J, Giordano FJ, Huang Y, 
Gerber HP, Ferrara N and Johnson RS. Loss of 
HIF-1alpha in endothelial cells disrupts a hy-
poxia-driven VEGF autocrine loop necessary 
for tumorigenesis. Cancer Cell 2004; 6: 485-
495. 

[19] Zimna A and Kurpisz M. Hypoxia-inducible fac-
tor-1 in physiological and pathophysiological 
angiogenesis: applications and therapies. 
Biomed Res Int 2015; 2015: 549412. 

[20] Irwin DC, McCord JM, Nozik-Grayck E, Beckly G, 
Foreman B, Sullivan T, White MT. Crossno JJ, 
Bailey D, Flores SC, Majka S, Klemm D and van 
Patot MC. A potential role for reactive oxygen 
species and the HIF-1alpha-VEGF pathway in 
hypoxia-induced pulmonary vascular leak. 
Free RadicBiol Med 2009; 47: 55-61.

[21] Kim EK and Choi EJ. Pathological roles of 
MAPK signaling pathways in human diseases. 
Biochim Biophys Acta 2010; 1802: 396-405.

[22] Kumar I, Staton CA, Cross SS, Reed MW and 
Brown NJ. Angiogenesis, vascular endothelial 
growth factor and its receptors in human surgi-
cal wounds. Br J Surg 2009; 96: 1484-1491. 

[23] Zweier JL and Talukder MA. The role of oxi-
dants and free radicals in reperfusion injury. 
Cardiovasc Res 2006; 70: 181-190.

[24] Pacher P, Beckman JS and Liaudet L. Nitric ox-
ide and peroxynitrite in health and disease. 
Physiol Rev 2007; 87: 315-424.

[25] Potoka DA, Uppcrman JS and Nadlcr E. NF-
kappa B inhibition enhances peroxy nitrite -in-
duced enterocyte apoptosis. J Surg Res 2002; 
106: 7-14.

[26] Mcllwain DR, Berger T and Mak TW. Caspse-
funtions in cell death and disease. Cold Spring 
Harb Perspect Biol 2013; 5: a008656.

mailto:434720342@qq.com


Hypoxia induces apoptosis and angiogenesis in HDMECs

147 Int J Clin Exp Med 2018;11(1):137-147

[27] Zhang J, Xia YF, Xu ZF and Deng XM. Propo- 
fol suppressed hypoxia/reoxygenation-induced 
apoptosis in HBVSMC by regulation of the ex-
pression of Bcl-2, Bax, caspase-3, Kir6.1 and 
p-JNK. Oxid Med Cell Longev 2016; 2016: 
1518738.

[28] Xu LF, Li J, Sun M and Sun HW. Expression of 
intestinal trefoil factor, proliferating cell nucle-
ar antigen and histological changes in intes-
tine of rats after intrauterine asphyxia. World J 
Gastroenterol 2005; 15: 2291-2295. 


