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Retinopathy of prematurity (ROP) is  the leading 
cause of childhood blindness in low birth weight and 
premature children, which is highly related to the 
introduction of oxygen therapy. In addition, ROP 
is a biphasic disease consisting of an initial phase of 
hyperoxia that induces irreversible damage to immature 
retinal vessels of the neonate, resulting in retinal 
ischemia, followed by a second phase of hypoxia-
induced pathological neoangiogenesis (1,2). Although 
retinal angiogenesis is a fundamental element in the 
pathogenesis of blinding ROP (3,4). Studies have shown 
that blood vessel formation is the result of multiple 
growth factors, including the vascular endothelial 
g r o w t h  f a c t o r,  b a s i c  f i b r o b l a s t  g r o w t h  f a c t o r, 

transforming growth factor-ß (TGF-ß), interleukin-1 
(IL-1), IL-6, monocyte chemoattractant protein-1 
(MCP-1) and tumor necrosis factor-α (TNF-α) (5). 
Among them, VEGF is most closely related with blood 
vessel formation and involved in the pathologic blood 
vessel formation that characterizes oxygen-induced 
retinopathy (OIR) and other proliferative retinopathies 
(6,7). In the first phase of ROP, supplemental oxygen 
suppresses VEGF production, thereby interfering 
with normal vascular development. In the second phase, 
which follows oxygen-induced vessel loss and subsequent 
hypoxia, retinal VEGF expression is induced, resulting 
in pathological neovascularization. Intravitreal injection 
of VEGF inhibitors during this phase decreases the  
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neovascular response, indicating that VEGF is a critical 
factor contributing to retinal vascularization (8,9,10), 
and inhibition of the VEGF signaling pathway has been 
proved as an effective way to inhibit angiogenesis (11,12). 

In the retina, the hypoxic condition increases the stability 
of the inducible subunit of the transcription factor hypoxia-
inducible factor (HIF), HIF-1α (13). HIF-1α accumulation 
leads to the subsequent transactivation of HIF which, 
in turn, upregulates the expression of a variety of genes, 
including angiogenic growth factors (14). It was reported 
that HIF-1α can induce the expression of VEGF in hypoxic 
tissues (15,16). 

siRNA has recently emerged as a very useful therapeutic 
method that suppresses the gene expression through the 
introduction of double-stranded RNA (17). An attractive 
advantage for using siRNA is its ability to temporally 
knockdown the expression of target genes specifically and 
potently, with little immunogenicity compared with those 
protein-related agents. In order to achieve a long-term gene 
suppression, the consecutive siRNA expression is required, 
which can be mediated by recombinant virus or eukaryotic 
expression plasmids such as pSUPER system (18). In our 
previous studies, we have created plasmids PSUPERH1-
siHIF-1α that contained small fragments of HIF-1α RNA, 
and effectively inhibited the expression of VEGF mR-NA 
and HIF-1α proteins in vascular endothelial cells transfected 
with pSUPERH1-siHIF-1α (19,20). 

Since few studies are available on the relationship 
between the VEGF signaling pathway and the occurrence 
of ROP, this study is designed to establish a mouse model of 
ROP by intravitreal injection with pSUPERH1-siHIF-1α to 
observe the change in VEGF and HIF-1α expression using 
western blotting and the progression of retinal angiogenesis, 
providing evidence for clinical treatment of ROP.

Materials and methods

Materials

The following materials  were used in this  study: 
C57BL/6J mice provided by Shanghai Experimental 
Animal Center of Chinese Academy of Sciences; cationic 
liposomes (LipofectamineTM 2000, LF2000) purchased 
from Invitrogen; goat anti-VEGF polyclonal antibodies 
purchased from R&D; goat anti-HIF-1α polyclonal 
antibody purchased Santa Cruz; and mouse anti-β-actin 
monoclonal antibody and FITC-Dextran (MW 2×106) 
purchased from Sigma.

Creation of pSUPERH1-siHIF-1α eukaryotic expression 
vector

The smal l  inter fer ing RNA target  was  des igned 
according to the sequence of HIF-1α gene (NM_001530) 
in the human gene pool, with the target sequence 
o f  AAGAGGTGGATATGTCTGG (1214-1232) . 
The oligonucleotide sequences of 64nt chemically 
synthesized sh-HIF-1α (HIF-1α small hairpin RNA) 
w e r e :  s e n s e  s t r a n d :  5 ' - G AT C - C C C A A G A G G T
G G ATAT G T C T G G T T C A A G A G A C C A G A -
CATATCCACCTCTTTTTTTGGAAAA, antisense strand: 
5'-AGCTTTTCCAAAAAAAGAGGTGGATATGTCTGG
TCTC-TTGAACCAGACATATCCACCTCTTGGG. The 
sense and antisense strands of sh-HIF-1α were annealed 
to form a double-stranded template. Double digested 
with Hind III  and Bgl II, the linearized pSUPER.retro 
plasmids were connected to the annealed double-stranded 
in vitro and subject to transformation and screening for 
positive clones. The reorganized pSUPERH1-siHIF-1α 
vectors were then extracted and assessed by sequencing 
for the accuracy of the connection between the sh-HIF-1α 
oligonucleotide template and the pSUPERH1-siHIF-1α 
vectors.

ROP modeling and intravitreal injection with pSUPER-
siHIF-1α

Forty-eight newborn C57BL/6J mice were randomly 
divided into the control and experimental groups (n=24 
apiece) to create the model of ROP following the methods 
established by Smith and et al. (21). On day 7 after birth 
(P7), the mice were put together with their mother into an 
oxygen incubator at an oxygen concentration of (75±2)%. 
Five days later, the newborn mice (P12) and mother were 
transferred to a normal oxygen concentration. On P12, 
they received intraperitoneal injection with 30 mg/kg of 
1% pentobarbital sodium for anesthesia. A micro-injector 
was then inserted 0.5 mm posteriorly of the limbus of 
each mouse under the microscope for intravitreal injection 
with 1 µL liposome-plasmid mixture (1 µL 500 ng/µL 
pSUPERH1-siHIF-1α: 1 µL LF2000). Meanwhile, mice 
in the control group were injected with empty vectors. Six 
mice in each group were sacrificed 12 h after the injection 
for detection of retinal HIF-1α (20); the other eight were 
killed on P17 for detection of retinal VEGF, FITC-Dextran 
fluorescence and nucleus count, respectively.
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Western blotting of HIF-1α and VEGF expressions in two 
groups of mice

The animals were sacrificed 12 h after injection (P12). 
Their retinas were removed and put into a 1.5 mL EP tube 
with 100 µL tissue lysate, ground on ice for 30 min, and 
centrifuged at 14,000 rpm, 4 °C for 10 min. The protein 
concentration was measured with the BCA protein assay 
kit. Denatured proteins of 20 µg per hole were subject to 
10% SDS-PAGE gel electrophoresis. The proteins were 
then transferred to the PVDF membrane under constant 
pressure, fixed with 2.5% bovine serum albumin for 1 h, 
and incubated 4 °C overnight with the addition of diluted 
HIF-1α (1:100), VEGF-A (1:500) and ß-actin (1:4,000), 
respectively. The membrane was washed with PBST for 
three times and added with the corresponding 1:10,000 
HRP marked IgG. After incubated for 1 h, the membrane 
was washed with PBST again for three times. The target 
band was identified with ECL chemiluminescence detection 
in a dark room. Following Kodak X-ray film exposure, 
developing and fixing, the films were scanned and imported 
into the Eagle Eye II analyzer for gray-scale analysis and 
calibration against ß-actin as internal control to calculate 
the relative amount of target protein expression. Method of 
calculation: relative expression of the target protein = gray 
value of the target protein band / gray value of the ß-actin 
band.

FITC-Dextran fluorescence and nucleus count of new 
retinal vascular endothelial cells

After intraperitoneal administration of 1% sodium 
pentobarbital 30 mg/kg, P17 mice (six per group) 
were subject to open-chest surgery for left ventricular 
perfusion with 0.5 mL FITC-Dextran (50 mg : 1 mL 4% 
paraformaldehyde) using a 1 mL syringe. Their eyes were 
then rapidly removed. Under the operating microscope, 
the eyes were immersed in 1× PBS and cut along the 
limbus to remove the anterior tissues and the lens. Each 
retina was carefully separated using a self-made glass 
rod, cut radially, spread on the filter paper, immersed in 
4% paraformaldehyde for 5 min. It was then stripped 
off and laid on a clean glass slide, paved, added with 2% 
gelatin drops, covered with a coverslip, placed under the 
fluorescence microscope and photographed.

The mice eyes were fixed with 4% paraformaldehyde, 
dehydrated through an ethanol gradient, embedded in 
paraffin, and cut into serial sagittal sections through 

the cornea parallel to the optic nerve (6 µm thick). 
Eight random sections of each eye, not containing the 
optic nerve, were processed by hematoxylin-eosin (HE) 
staining. The number of nuclei in vascular endothelial 
cells protruding the internal limiting membrane was 
counted under a microscope. The average endothelial cell 
count was used to describe the number of nuclei per eye in 
statistical analysis (21).

Statistical analysis

The analysis was completed in SPSS 11.0. All results were 
expressed as mean ± standard deviation (x±s). Measurement 
data were taken into one-way analysis of variance 
(ANOVA). Differences between groups were compared 
using Dunnett-t test, with a P value of less than 0.05 being 
considered statistically significant.

Results

HIF-1α and VEGF expressions in two groups of mice

The experiment group was associated with significantly less 
expression of retinal HIF-1α and VEGF proteins compared with 
the control group (90% and 65% lower, P<0.01) (Figures 1,2).

Retinal fluorescence of the two groups

The control group was associated with irregular expansion 
of large, tortuous retinal blood vessels with peripapillary 
capillary occlusion; a large non-perfusion area was seen. 
The surrounding normal capillary network had disappeared 
and a cluster of new blood vessels with fluorescein leakage 
was visible. In the experiment group, the structure of the 
retinal vascular network remained clear, and the central 
retinal vascular tortuosity and irregular expansion was 
significantly milder when compared with the control 
group. The capillary non-perfusion area around the 
optic disc was significantly reduced, peripheral capillary 
network basically normal, and there was remarkably fewer 
angiogenesis (Figure 3).  

Neovascular endothelial cell count

The number of retinal vascular endothelial cells protruding 
the internal limiting membrane was 48±5 in the control 
group and 18±5 in the experiment group, the difference 
being statistically significant (P<0.001) (Figures 4,5).
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Figure 1 Expressions of HIF1α and VEGF in two groups (Western blotting).

Figure 2 Expressions of HIF1α and VEGF in two groups (n=6). * P<0.01, compared with control group.

Figure 3 Fluorescence (FITC-Dextran, ×4) of the experiment group (Figure 3B) showed noticeably smaller central retinal capillary non-
perfusion area (triangle mark) and fewer new vascular plexuses (arrow mark) than the control group (Figure 3A), and that the surrounding 
capillary network was basically normal.
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Discussion

The animal model of retinopathy of prematurity established 
by Smith and et al .  follows a similar pathogenetic 
mechanism in humans. Seven days after birth, great retinal 
vessels are basically developed while capillaries are still 
immature in mice, where a high-oxygen environment can 
cause spasm of these immature retinal vessels. Returned 
to normal oxygen environment after 5 days, the retina is 
relatively hypoxic and triggers expansion of blood vessels 
to compensate at the early stage. When decompensation 
occurs later, formation of new blood vessels will be the 
result. The mouse model of ROP is mainly characterized 
by a large ischemic central retinal non-perfusion area and 
retinal neovascularization, while the ischemic non-perfusion 
area is observed in the peripheral retina in humans.

As shown in this study, intravitreal injection of a small 
amount of pSUPERH1-siHIF-1α could effectively inhibit 
retinal neovascularization in the mouse model. The 
following factors were probably involved in this process: 
(I) After injected intravitreally, pSUPER (H1-siHIF) 
may successfully enter into the “target” retinal cells that 
produced HIF-1α. Studies showed that increased HIF-1α 
expression was mostly present in the inner retinal tissue, 
where retinal ganglion cells were located, in the ROP 
mousemodel. Plasmids wrapped in intravitreally injected 
cationic liposomes could easily disseminate in the vitreous 
cavity, penetrate the retinal internal limiting membrane, 
spread in the retinal tissue, and eventually be absorbed by 
retinal ganglion cells with continued expression for as long 
as one month (22). Therefore, by entering and affecting 
the related retinal cells, intravitreally injected pSUPERH1-
siHIF-1α could cut off the “source” of HIF-1α production. 
(II) Amplification of RNA interference: Uptaken by retinal 
cells, pSUPERH1-siHIF-1α produced the targeted HIF-1α 
siRNA in cells by transcription. On the one hand, siRNA 
caused degradation of HIF-1α mRNA in retinal cells by 
binding with intracellular ribozyme complexes; on the other 
hand, the targeted HIF-1α siRNA could serve as primers 
to produce the complementary strand for HIF-1α mRNA 
using intracellular HIF-mRNA as a template through the 
effect of RNA-directed RNA polymerases (RdRP). As a 
result, HIF-1α mRNA became a double-stranded RNA. 
The newly synthesized double-stranded RNA was cleaved 
into a new targeted HIF-1α siRNA under the action of 
enzyme Dicer in retinal cells (23). Through that polymerase 
chain reaction, HIF-1α siRNA had a significant increase 
in number, and as a result, intravitreal injection of a small 
amount of pSUPERH1-siHIF-1α could impose a great 
inhibitory effect on retinal neovascularization.

Figure 5 Neovascular endothelial cell count (n=6). * Compared 
with control group, P<0.01.

Figure 4 Neovascular endothelial cell count (HE, ×200). The experiment group (Figure 4B) had significantly fewer cells that protruded the 
limiting membrane (arrow) than in the control group (Figure 4A).
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A nuclear protein with transcriptional activity generated 
in hypoxic cells, HIF-1 could bind with target genes (such 
as VEGF) to regulate transcription and post-transcriptional 
processes, triggering the body’s adaptive response to 
hypoxia and ischemia (24). VEGF, also known as the 
vascular permeability factor, was the specific mitogen for 
vascular endothelial cells. It played an important role for 
angiogenesis by enabling deformation, movement, division 
and proliferation of the cells and increasing vascular 
permeability. Previous studies showed increased expression 
of VEGF in a variety of retinal vascular diseases, which was 
a key factor of retinal neovascularization (25,26). Ozaki 
and et al. (25) found that in retinopathy of prematurity in 
mice, hypoxia induced higher expression of retinal HIF-1, 
which in turn promoted the expression of its downstream 
gene VEGF. This study showed that suppression of the 
HIF-1 expression by RNAi could down-regulate retinal 
expression of VEGF, thereby inhibiting the occurrence of 
retinal neovascularization. This suggested that the VEGF 
expression was highly related to HIF-1 in retinopathy of 
prematurity, and inhibiting the expression HIF-1 could 
reduce retinal neovascularization.

In summary, as shown in this study, downregulation of 
HIF-1 expression by RNA interference could effectively 
reduce the incidence of retinal neovascularization in 
the mouse model of ROP. That might be used as a new 
therapeutic option for the clinical treatment of ROP.
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