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Abstract. – OBJECTIVE: To investigate the 
effect of hypoxia inducing factor (HIF)-1α on the 
expression of vascular endothelial growth fac-
tor (VEGF) and angiogenesis in diabetic reti-
nopathy. 

PATIENTS AND METHODS: 8-week healthy 
SD rats were used for the experiments. Under 
systemic anesthesia condition, control rats re-
ceived a saline injection into the left ocular body 
(control A group), and 2 μl antisense oligonucle-
otides (ASODN) (10 μmol/L) into right eye (con-
trol B group). Model rats received a saline in-
jection into the left eye (model A group), and 2 
μl ASODN (10 μmol/L) into the right eye (model 
B group). Rats received an intraocular injection 
of HIF-1α ASODN for 2, 4, and 6 weeks (A1, A2, 
A3, B1, B2, B3, respectively). Retinal vessel de-
velopment was observed by ADP staining. Vas-
cular endothelial cells penetrating retinal inner 
membrane were counted. Immunohistochemis-
try was used to detect expressions of VEGF and 
HIF-1α proteins in the retina. 

RESULTS: Prominent angiogenesis and hy-
perplasia were found in model A group. Rela-
tively fewer newly formed vessels were shown 
in model group B. However, no significant 
change of retinal vascular morphology was 
presented in control group. Of note, the vas-
cular endothelial cell counts, VEGF and HIF-
1α contents were significantly increased in 
model group (p < 0.05). After treatment with 
HIF-1α ASODN, lower endothelial cell counts 
was found in model B group (p < 0.05 com-
paring to model A). VEGF expression in mod-
el B group was significantly decreased, among 
which, model B3 was observed with lower cell 
counts than model B1 or B2 (p < 0.05 compar-
ing to model A). Injection of HIF-1α ASODN sig-
nificantly suppressed HIF-1α level in model B in 
a time-dependent manner. 

CONCLUSIONS: Retinal angiogenesis is 
closely related with increasing level of HIF-1α. 
Inhibition of HIF-1α suppressed VEGF expres-
sion and deterred angiogenesis in a time-de-
pendent manner. This provided novel insights 
for treating diabetic retinopathy.
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Introduction

Diabetic retinopathy (DR) refers to the condi-
tion of retinal angiogenesis pathology caused by 
chronic ischemia in retinal tissues1. Currently, 
it is believed that DR is closely correlated with 
glucose metabolism and microvascular status. In 
specific, body glucose metabolic disorder, alter-
nation of microvessels and blood flow blockade 
lead to microcirculation dysfunction, hypoxia, 
and ischemia status of the retina, and occur-
rence of retinopathy2,3. Currently, major treat-
ment approaches for DR include drugs, laser 
surgery, and vitreous resection. These methods 
not only effectively preserve patient’s residual 
vision, but also cause multiple complications 
such as visual field loss or refractive error4. 
Major pathological features of proliferative DR 
consist of retinal angiogenesis. Various clinical 
studies5-7 demonstrated that vascular endothe-
lial growth factor (VEGF) exhibited important 
values in normal retinal vascular development. 
Hypoxia-inducible factor (HIF)-1α is the core 
regulatory factor on the induction of hypoxia 
factor and repair of intracellular oxygen niche. 
The persistent elevation of HIF-1α level enhanc-
es body glycolysis and erythrocytosis, weak-
ens mitochondrial metabolism and causes blood 
thickening8. Rigiracciolo et al9 confirmed that, 
under hypoxia condition, HIF-1α regulated tran-
scription activation of VEGF gene. In a study10 
on neonatal retinopathy, we found that hypoxia 
induced up-regulation of HIF-1α, which further 
increased VEGF expression, facilitated angio-
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genesis, thus accelerating disease onset and pro-
gression. Therefore, we aimed to investigate the 
effect of HIF-1α on VEGF expression and angio-
genesis in DR, in order to provide novel insights 
and theoretical grounds for DR treatment.

Patients and Methods

Experimental Animals
A total of 54 health SD rats (8 weeks old) were 

assigned into control group (N=27) and model 
group (N=27) for generating proliferative DR 
model, with half males and half females. Body 
weight ranged between 80 and 250 g. No signifi-
cant difference was found in body weight or sex 
ratio between control and model group. All rats 
were purchased from Laboratory Animal Cen-
ter of Shangdong University (Jinan, Shandong, 
China). This investigation was approved by the 
Ethical Committee for Animal Experiment.

Experimental Reagent and Equipment
HE staining kit was purchased from Boster 

Bioengineer Corp (Brooklyn, NY, USA). Strept 
Avidin-Biotin Complex (SABC) staining kit was 
obtained from Beyotime Biotech (Beijing, Chi-
na). HIF-1α ASODN was synthesized by Sango 
(Shanghai, China).

Generation of Proliferative DR Rat Mod-
el

Using previously documented methods11,12, pro-
liferative DR rat model was generated according 
to the following steps. Streptozotocin (STZ, 0.01 
mmol/L) (Sigma-Aldrich, St. Louis, MO, USA) 
was injected into the peritoneal cavity of a total 
of 27 healthy 8-week aged SD rats, at 60 mg/kg 
daily dosage for 4 consecutive weeks. Rat blood 
glucose level was measured, and those higher 
than 13.9 mmol/L were assigned to diabetic rats. 
After 4 weeks of STZ injection, 0.05 μg/L VEGF 
was injected into the bilateral vitreous body of di-
abetic rats under systemic anesthesia to generate 
proliferative DR rat model. 

Experimental Methods
Under systemic anesthesia condition, control 

rats received a saline injection into the left ocular 
body (control A group), and 2 μl antisense oligo-
nucleotides (ASODN) (10 μmol/L) into right eye 
(control B group). Model rats received a saline 
injection into the left eye (model A group), and 
2 μl ASODN (10 μmol/L) into right eye (model 

B group). Local eye inflammation was treated by 
norfloxacin dropping. At 2, 4, and 8 weeks after 
treatment, rats were sacrificed for observation. In 
the meantime, all groups were further assigned 
into model A1 (2 weeks), model A2 (4 weeks), 
model A3 (8 weeks), model B1, model B2, model 
B3, control A1, control A2, control A3, control 
B1, control B2, and control B3 groups.

Observation of Retinal Vascular 
Development and Proliferation

Three rats were selected from each group and 
were sacrificed. ADP enzymatic histochemistry 
staining was used on retinal slices.

Vascular Endothelial Cell Nuclei Count 
and Assay for VEGF and HIF-1α

Six rats in each group were sacrificed at all 
time points. The eyeball was removed for prepa-
ration of tissue slices. Hematoxylin-eosin (HE) 
staining was performed to count the number of 
vascular endothelial cells penetrating the inner 
membrane. By SABC method, VEGF and HIF-1α 
contents were measured. Three fields were ran-
domly selected from each slide (X400) to mea-
sure averaged optical density (OD) value of cells. 
Brown-yellow staining of nuclei was denoted as 
positive staining.

Statistical Analysis
All data were processed by SPSS 20.0 software 

(IBM, Armonk, NY, USA), and were presented 
as mean ± standard deviation (SD). Data were 
compared by student t-test. The one-way ANOVA 
with the Newman-Keulspost-test was applied in 
comparison among groups. The percentage data 
were compared by chi-square test. A statistical 
significance was defined when p < 0.05.

Results

Retinal Vascular Development and 
Proliferation Condition

Retinal slices were shown in Figure 1. Similar 
results at all time points were presented among 
model A group rats, with large amounts of newly 
formed vessels. In contrast, significantly fewer 
newly formed vessels were observed model B 
group (p < 0.05), among which, more prominent 
change appeared in group B3. Neither significant 
change was found between control A and control 
B groups, nor did any change of retinal vascular 
morphology.
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Vascular Endothelial Cell Count and 
Assay for VEGF and HIF-1α

The amount of vascular endothelial cells in 
model group was significantly increased com-
pared to that of control group (p < 0.05). After 
treatment of HIF-1α ASODN, the number of 
vascular endothelial cells in model B group was 
significantly decreased compared to the control 
(p < 0.05). As the treatment of HIF-1α ASODN 
extended, the vascular endothelial cells gradually 
reduced. Notably, cells count in model B3 group 
(26.53 ± 0.87) was significantly lower than model 
B1 (28.90 ± 0.91) and B2 (28.00 ± 0.73) (p < 0.05) 
(Table I).

Comparison of VEGF Content
Among All Groups

The VEGF expression in model group was 
significantly higher than that of control group (p 
< 0.05) (Figure 2a). After HIF-1α level was sup-
pressed by ASODN, VEGF expression in model 

B group was remarkably decreased (Figure 2c) 
compared to that in model A group (p < 0.05) 
(Figure 2b). As the treatment time of HIF-1α 
ASODN extended, VEGF expression was further 
reduced. Particularly, the level of VEGF in model 
group B3 (0.30 ± 1.22) was significantly lower 
than that of model B1 (0.32 ± 1.16) or group B2 
(0.32 ± 1.17) (p < 0.05) (Table I).

HIF-1α Contents Across All Groups
HIF-1α expression in model group was signifi-

cantly elevated compared to that in control group 
(p < 0.05) (Figure 3a). However, HIF-1α ASODN 
significantly down-regulated HIF-1α expression 
in model B group compared to that in model 
group A (p < 0.05) (Figure 3b, 3c). As the pro-
cessing time of HIF-1α ASODN went by, VEGF 
expression level was further downregulated in 
model B3 group (23.78 ± 0.89), comparing to that 
in model B1 (25.13 ± 0.93) and model B2 (25.07 ± 
0.91) (p < 0.05) (Table I).

Figure 1. Retinal slide staining images. A, Control group; B, Model group A; C, Model group B1; D, Model group B2; E, 
Model group B3.
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Figure 2. VEGF expression in all groups (SABC approach, X400). A, VEGF expression in control group; B, VEGF expression 
of model group A; C, VEGF expression in model group B.

Figure 3. HIF-1α expression among all groups (SABC approach, X400). A, HIF-1α expression in control group; B, HIF-1α 
expression of model group A; C, HIF-1α expression in model group B.

Note: ap < 0.05 comparing to control group; cp < 0.05 comparing to model group A; bp < 0.05 comparing to model group B1 and B2.

Table I. Vascular endothelial cell count and contents of VEGF and HIF-1α between two groups.

	 Group		  Vascular endothelial cell count	 VEGF	 HIF-1α

Control	 A1	 2.78 ± 0.65	 0.28 ± 1.40	 0
	 A2	 2.75 ± 0.72	 0.28 ± 1.39	 0
	 A3	 2.74 ± 0.88	 0.28 ± 1.37	 0
	 B1	 2.69 ± 0.93	 0.28 ± 1.42	 0
	 B2	 2.71 ± 0.73	 0.28 ± 1.38	 0
	 B3	 2.70 ± 0.78	 0.28 ± 1.41	 0
Model	 A1	 32.83 ± 0.91a	 0.57 ± 2.13a	 55.74 ± 1.78a

	 A2	 32.80 ± 0.79a	 0.56 ± 2.12a	 55.70 ± 1.69a

	 A3	 32.81 ± 0.72a	 0.57 ± 2.14a	 55.73 ± 1.89a

	 B1	 28.90 ± 0.91a,c	 0.32 ± 1.16a,c	 25.13 ± 0.93a,c

	 B2	 28.00 ± 0.73a,c	 0.32 ± 1.17a,c	 25.07 ± 0.91a,c

	 B3	 26.53 ± 0.87a,b	 0.30 ± 1.22a,b,c	 23.78 ± 0.89a,b,c
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Discussion

As the major pathological feature of DR, the 
examination of retinal angiogenesis is of critical 
importance. Huang et al13 showed that in addi-
tion to its function on normal vascular devel-
opment, VEGF was also involved in abnormal 
angiogenesis. When tissues or cells are under 
hypoxia condition, HIF is probably produced. 
HIF-1α subtype regulates multiple gene expres-
sions besides VEGF, which are all essential for 
angiogenesis in retina14,15. HIF-1α can up-reg-
ulate VEGF receptor expression, and facilitate 
angiogenesis16,17. The antisense oligonucleotide 
is one type of artificially synthesized short 
nucleotide sequence and can bind with specific 
DNA or RNA sequence. After antisense oligo-
nucleotide enters the target cell, it can bind with 
specific mRNA sequence of the target gene, and 
selectively inhibit the transcription or transla-
tion of target gene18. In the previous study, we 
selected HIF-1α as the target. The treatment of 
HIF-1α ASODN locally into vitreous cavity sig-
nificantly blocked HIF-1α expression.

The result of retinal slide staining showed 
abundant newly formed vessels in model group 
A rat retinal tissues, along with prominent hy-
perplasia. However, in model B group, newly 
formed vessels were significantly decreased, 
whilst in control group, no significant change 
of retinal vascular morphology was found. Sig-
nificantly larger amount of vascular endothelial 
cells, with higher levels of VEGF and HIF-1α 
were observed in model B group. The HIF-1α 
positive cell was merely expressed in model 
group, suggesting that DR pathogenesis was 
correlated with retinal tissue hypoxia. Under 
hypoxia stress, HIF-1α upregulated the VEGF 
expression to induce prominent angiogenesis 
in DR pathology, and this was consistent with 
previous studies19,20. As HIF-1α level was in-
hibited in model group B, vascular endotheli-
al cell count was remarkably suppressed in a 
time-dependent manner. Concomitantly, VEGF 
expression in model group B was also reduced. 
After retina hypoxia, positive expression of HIF-
1α was observed in retinal ganglion cell layer, 
and is positively correlated with local VEGF 
expression. HIF-1α and VEGF presented sig-
nificant function in the occurrence and de-
velopment of ovarian cancer21. Moreover, our 
result showed that HIF-1α and VEGF expression 
presented consistent trends with retinal angio-
genesis, and indicated that under DR condition, 

retinal hypoxia can affect VEGF expression 
via the HIF-1α pathway, thus modulating ret-
inal angiogenesis. In this work, we found that 
the downregulation of HIF-1α further deterred 
expressions of HIF-1α and VEGF, resulting in 
the reduction of retinal newly formed vessels. 
However, a limitation of this report is that the 
stability and safety trials with HIF-1α ASODN 
require further evaluation.

Conclusions

Our data demonstrated that, during the pro-
cess of retinal angiogenesis and hypoxia, HIF-
1α expression was significantly enhanced. The 
decrease of HIF-1α in vitreous cavity reduced 
VEGF expression and inhibited angiogenesis, 
which offers an academic basis for the future 
prevention and treatment of DR.
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