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Abstract 
● AIM: To investigate the regulation of vascular endothelial 
growth factors (VEGF) and pigment epithelium-derived 
factor (PEDF) expression by autophagy in retinal pigment 
epithelium (RPE) cells on exposure to hypoxia. 
● METHODS: ARPE-19, an RPE cell line, was treated as following: 
the control group was kept in a normoxic incubator; the 
hypoxia group was incubated in a hypoxic incubator with 
1% O2/5% CO2/94% N2 for 24h; the hypoxia + 3-methyladenine 
(3-MA) group was pretreated with 10 mmol/L 3-MA for 1h 
and then in the hypoxic incubator for 24h; and the hypoxia 
+ chloroquine (CQ) group was pretreated with 50 μmol/L 
CQ for 1h and then in the hypoxic incubator for 24h. The 
morphology and ultrastructure of the cells was observed 
by an inverted microscope or a transmission electronic 
microscope (TEM). Western blot was performed to assay the 
expression of autophagy-associated markers, including 
microtubule associated protein 1 light chain 3 B (LC3B), 
Beclin-1, Atg5 and p62. The concentration of VEGF and 
PEDF in the culture supernatant was determined by ELISA, 
and the ratio of VEGF/PEDF was calculated. 
● RESULTS: There were no obvious differences in cell 
morphology among different groups and autolysosomes 
could be observed in the cytoplasm in all groups. Compared 
to the control cells, the LC3B-II/I ratio and levels of Beclin-1 
and Atg5 were significantly increased and p62 level was 
significantly decreased in the hypoxia group. With the 

increase of VEGF and decrease of PEDF concentration, the 
VEGF/PEDF ratio was significantly increased in the hypoxia 
group compared to the control cells. The LC3B-II/I ratio was 
significantly reduced by 3-MA treatment and increased 
by CQ treatment. The expressions of Beclin-1 and Atg5 
were significantly reduced by 3-MA or CQ treatment, while 
expression of p62 was increased in the 3-MA or CQ treated 
cells. The concentration of VEGF was significantly decreased 
and PEDF increased, thereby the VEGF/PEDF ratio was 
decreased in the hypoxia + 3-MA group and hypoxia + CQ 
group compared with that in the hypoxia group. 
● CONCLUSION: Hypoxia leads to elevated autophagy in RPE 
cells, and expression of VEGF and PEDF might be regulated by 
autophagy on exposure to hypoxia to further participate in 
regulating the formation of retinal neovascularization.
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INTRODUCTION

R etinal pigment epithelium (RPE) cells secrete a variety of 
cytokines, including vascular endothelial growth factor 

(VEGF) and pigment epithelium derived factor (PEDF), which 
are closely related to the development of intraocular angiogenic 
diseases. VEGF is a key factor to promote angiogenesis. It is 
a mitogen and chemokine of vascular endothelial cells that 
promotes cell division and proliferation, increases vascular 
permeability and induces angiogenesis. High affinity binding 
sites for VEGF were found on endothelial cells, which 
can directly affect vascular endothelial cells, significantly 
promoting mitosis[1]. In addition, VEGF can also increase the 
expression of plasminogen activator to cause extravasation 
of plasma protein, activation of polyols metabolic pathways, 
increase of glucose transport of the endothelial cells, and 
induction of diglyceride and protein kinase C mechanism, 
to finally promote the growth of blood vessels[2]. PEDF is 
an endogenous VEGF inhibitor with a variety of biological 
activities, including anti-oxidation, anti-neuronal apoptosis, 
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anti-inflammation and inhibiting angiogenesis[3]. By inhibiting 
the mitosis of endothelial cells, PEDF can inhibit the 
proliferation and migration of endothelial cells to inhibit retinal 
neovascularization[4].
The increase in VEGF and the decrease in PEDF will significantly 
promote the formation of retinal neovascularization[4]. 
Therefore, the increase of VEGF/PEDF ratio is an important 
factor in the development of retinal angiogenesis. Our 
previous studies demonstrated that autophagy activation 
was an important contributing factor to promote retinal 
angiogenesis under hypoxic condition, which was evidenced 
by significantly improved endothelial cell migration and tube 
formation[5]. Autophagy is a cellular degradation mechanism 
through which the lysosomal degradation of cytoplasmic 
components was carried out to meet the needs of metabolism 
of the cells themselves and of updates of some organelles, thus 
maintaining cellular homeostasis[6-7]. Like most other cells, 
RPE maintains a basic level of autophagy, which may change 
along with age and diseases. In some environment, such as 
lack of oxygen, oxidative stress, non-folding protein reactions 
or inflammation, autophagy of RPE can be activated[8-9].
Many factors in the body or the eyes can affect the process of 
angiogenesis. Among them, the expression of VEGF and PEDF 
by RPE cells has been recognized as the most important factor. 
However, the relationship between activation of autophagy in 
RPE cells and the levels of VEGF and PEDF expression is not 
clear yet. To clarify this, this study investigated the changes 
of autophagy level under hypoxic conditions and the effects 
of un-regulated autophagy on VEGF and PEDF expression in 
RPE cells. The results of this study shed new light on the roles 
of autophagy of RPE cells in retinal neovascularization.
MATERIALS AND METHODS
Cell Culture and Grouping  The human RPE cell line, 
ARPE-19, was obtained from Procell Life Science & 
Technology Co., Ltd. China (CL-0026, Procell, China) and 
cultured in Dulbecco’s modified Eagle’s medium/F12 human 
amniotic membrane nutrient mixture containing penicillin 
and streptomycin (DMEM/F12; Gibco, USA) supplemented 
with 10% fetal bovine serum (FBS; Invitrogen, USA) at 37℃ 
in a 5% CO2 humidified atmosphere. All experiments were 
performed based on ARPE-19 cells at passage 5-10. When 
ARPE-19 cells reached approximately 80% confluence, cells 
were harvested by digestion with 0.25% trypsin (Gibco, 
USA) and seeded at 5×105 per well on each well of 6 well 
plates. The cells were randomly classified into the following 
four groups: the control group, hypoxia group, hypoxia+3-
MA group and hypoxia+CQ group. In the control group, the 
cells were routinely cultured in a normoxic incubator. In the 
hypoxia group, the cells were incubated in a hypoxic incubator 
(BioSpherix, USA) with 1% O2/5% CO2/94% N2 for 24h, to 

observe the effect of hypoxia on autophagy and the expression 
of VEGF and PEDF in RPE cells. In the hypoxia+3-MA 
group and hypoxia+CQ group, cells were pretreated with 
10 mmol/L 3-MA (Selleck, USA) or 50 μmol/L CQ (Sigma, 
USA) for 1h and then placed in a hypoxic incubator for 24h, 
to observe the effect of hypoxia on the expression VEGF and 
PEDF after autophagy inhibition by one of the two autophagy 
inhibitors 3-MA or CQ in RPE cells. The morphology of 
ARPE-19 cells was observed under an inverted microscope 
and the cell specimens were prepared conventionally[10] and 
the ultrastructure of the cells was detected by TEM. Each 
experiment was repeated three times by 3 plates of cells from 
the same batch.
Western Blot for Autophagic Markers RPE cells were 
harvested by trypsinization and then lysed in RIPA buffer 
(Beyotime, China), and the cell lysates were centrifuged at 
15 000 rpm for 15min at 4℃. Equal amounts of proteins were 
separated by 10% SDS-PAGE and then electrophoretically 
transferred to polyvinylidene difluoride (PVDF) membranes 
(Amersham, Little Chalfont, UK). The membranes were 
blocked with 5% non-fat milk for 2h at room temperature 
and incubated overnight at 4℃ with the following primary 
antibodies: rabbit anti-LC3B (1:1000, #2775, Cell signaling 
Technology, USA), rabbit anti-Beclin-1 (1:1000, #3738, Cell 
signaling Technology, USA), rabbit anti-Atg5 (1:500, 10181-
2-AP, Proteintech Group, Inc, China), rabbit anti-p62 (1:1000, 
#5114, Cell signaling Technology, USA), and rabbit anti-
GAPDH (1:1000, AB-P-R 001, Hangzhou Xianzhi biology 
Co., LTD, China). The membranes were then incubated with 
goat anti-rabbit horseradish peroxidase-conjugated secondary 
antibody (1:5000, BA1054, Boster, China) for 2h at room 
temperature. Then the membranes were incubated with ECL 
Western Blotting Substrate (Thermo Fisher Scientific, USA) to 
visualize the protein bands and the density of each band was 
analyzed with BandScan software (Glyko Inc., USA). 
Quantification of VEGF and PEDF Release by ELISA  The 
supernatants of ARPE-19 cells were collected for cytokine 
measurements. The concentrations of VEGF (pg/mL) and 
PEDF (pg/mL) in the collected culture media were measured 
with Human VEGF ELISA kits (EHC108.48 Neobioscience 
Technology Company, China) and Human PEDF ELISA kits 
(E-EL-H1875c, Elabscience Biotechnology Co., Ltd, China), 
respectively, according to the manufacturer’s instructions.
Statistical Analysis  Data analysis was performed by using 
SPSS software (SPSS, version 17.0; SPSS Science, Chicago, 
IL, USA). All data were presented as means±standard deviation 
(SD) and tested for the normality of distribution. The one-way 
ANOVA followed by LSD post hoc analysis was carried out to 
compare means of three or more groups. P-values <0.05 were 
considered as statistically significant.
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RESULTS 
Morphology and Autophagosome of ARPE-19 Cells  Under 
an inverted microscope, the morphology of ARPE-19 cell was 
different. It was mainly polygonal and spindle cells were less 
without obvious melanin particles in the cytoplasm (Figure 1).
There were no significant differences in cell morphology 
among different treatment groups. In addition, autolysosomes 
could be seen in the cytoplasm in all groups. Formation of 
autophagic vacuoles was significantly increased in the hypoxia 
group compared with the control group and the hypoxia+3-MA 
or CQ group (Figure 2). 
Expression Levels of LC3B-II/I, Beclin-1, Atg5 and p62  
We then measured the expression levels of several key factors 
in the autophagic flux with Western blot. The results showed 
that the LC3B-II/I ratio and Beclin-1 and Atg5 protein levels 
were significantly up-regulated in the hypoxia group compared 
to the control group (all P<0.05), while the expression of p62, 
as substrate of autophagy, was decreased in the hypoxia group 
(P<0.05), suggesting that autophagy was activated in RPE 
cells on exposure to hypoxia. When the cells were pre-treated 
with 3-MA in the hypoxic environment, significantly reduced 
LC3B-II/I ratio, Beclin-1 and Atg5 levels as well as increased 
expression of p62 were detected compared to the hypoxic cells 
(all P<0.05, Figures 3 and 4). When the cells were pre-treated 
with CQ in the hypoxic environment, significantly increased 
expression of LC3B-II/I ratio and p62 and reduced Beclin-1 
and Atg5 levels were detected compared to the hypoxic cells 
(all P<0.05, Figures 3 and 4). 
Expression of VEGF and PEDF by RPE Cells in Response 
to Hypoxia  The VEGF and VEGF concentrations in the 
supernatant of different groups of cells were then determined 
by ELISA. As shown in Figure 5, VEGF concentration (pg/mL) 
of the control group, hypoxia group, hypoxia+3-MA group 
and hypoxia+CQ group was 305.48±26.90, 623.72±27.35, 
479.19±21.82 and 396.53±31.96, respectively. This result 
indicated that exposure to hypoxia led to significantly increased 
secretion of VEGF to the culture medium (P<0.01 vs control 
cells), while pre-treatment with 3-MA and CQ significantly 
attenuated the hypoxia-induced secretion of VEGF in RPE 
cells (both P<0.01). The PEDF concentration (pg/mL) of the 
control group was significantly higher than that of the hypoxia 
group (815.58±19.49 vs 367.84±22.16, P<0.001), and the 
hypoxia+3-MA (489.24±29.60 vs 367.84±22.16, P<0.001) 
and hypoxia+CQ group (643.56±18.87 vs 367.84±22.16, 
P<0.001) both had attenuated secretion of PEDF than the 
hypoxia group (Figure 5). In addition, the ratio of VEGF/PEDF 
in the supernatant of RPE cells was calculated. VEGF/PEDF 
of the control group, hypoxia group, hypoxia+3-MA group 
and hypoxia+CQ group was 0.38±0.04, 1.70±0.17, 0.98±0.10 
and 0.62±0.06, respectively (Figure 5). This result suggested 

Figure 1 Morphology of ARPE-19 cells after culture for 24h 
under an inverted microscope  Bar=100 μm.

Figure 2 Representative images of autophagosomes in ARPE-
19 cells under TEM  A: The control group; B: The hypoxia group; 
C: The hypoxia+3-MA group; D: The hypoxia+CQ group. The 
arrows indicated the double-membrane bounded vacuoles digesting 
organelles or cytosolic contents. Bar=500 nm.

Figure 3 Expression levels of LC3B-II/I, Beclin-1, Atg5 and p62 
in RPE cells in different groups by Western blot with GAPDH as 
loading control.



560

that inhibition of autophagy reduced the expression of VEGF/
PEDF in RPE cells on exposure to hypoxia.
DISCUSSION
Our study showed that exposure to hypoxia significantly 
promoted the activation of autophagy and secretion of VEGF 
and led to decreased secretion of PEDF in RPE cells. When 
autophagy was blocked by 3-MA or CQ, the level of VEGF 
was reduced, while PEDF level was increased. These results 
suggested that expression of VEGF and PEDF was potentially 
regulated by autophagy to further participate in retinal 
neovascularization. Therefore, regulating the secretion of key 
cytokines, VEGF and PEDF, in RPE cells might represent 
another important mechanism of autophagy for promoting 
retinal angiogenesis under hypoxic conditions. Together 
with our previously published results[5], the results of this 
study suggested that activation of autophagy could promote 
endothelial cell migration and lumen formation, increase 
VEGF and decrease PEDF levels and thereby promote 
retinal neovascularization. Therefore, inhibition of autophagy 
is expected to be a novel target to prevent or halt retinal 
neovascularization in various ways. 
RPE cells, located between the neuroepithelial layer of retina 
and choroid, have a variety of complex physiological and 
biochemical functions, such as barrier function, phagocytosis, 
participation in the circulation metabolism, antioxidant 
function and secretion of many growth factors[11-12]. One of 
the most important physiological functions of RPE cells is to 
influence the physiological characteristics of the neural retinal 
cells and RPE cells themselves by secreting growth factors. 
Some of these growth factors are involved in regulation of 
the function of RPE cells, and others, such as VEGF and 
PEDF, are closely associated with the occurrence of many eye 

diseases[13-14], including retinal neovascularization.
Hypoxia is the most widely studied factor to regulate VEGF 
mRNA and protein expression. In a variety of ischemic 
retinopathy, damage of the blood-retinal barrier after ischemia-
hypoxia caused entering of some cytokines into the eye, to 
stimulate the expression of VEGF by the retina, and meanwhile 
the content of VEGF in intraocular fluid was also increased[15]. 
These changes can also increase the number of VEGF receptors 
on endothelial cells and increase the affinity of the receptors. 
VEGF binds to the receptors to mediate the proliferation of 
vascular endothelial cells, resulting in the formation of new 
blood vessels[16]. On the contrary to VEGF, PEDF is considered 
to be the most effective natural vascular inhibitor[17]. In the 
aqueous humor and vitreous cavity of normal people, a high 
concentration of PEDF is kept to maintain the non-vascular 
structure of the vitreous body and cornea. PEDF was found to 
significantly inhibit neovascularization of the cornea and retina 
in the animal models[18-19]. The mechanism of PEDF to prevent 
the proliferation of endothelial cells in the retinal angiogenesis 
was through inhibiting VEGF-sourced MAPK activity[20].
Under normal circumstances, the influence of endogenous 
vascular inhibitors is dominant and there is no pathologic 
angiogenesis. In pathological conditions, such as long-term hypoxia 
and hyperglycemia, increased expression of angiogenic factors 
and (or) decreased expression of angiogenic inhibitors result 
in retinal neovascularization. Current research suggests that 
expression of VEGF is increased and PEDF is reduced in 
eyes of patients with AMD, proliferative diabetic retinopathy 
(PDR) and other ocular diseases, and the increase of VEGF/
PEDF ratio may be the main reasons for the formation of 
retinal neovascularization[21-24]. This study used ARPE-19 cells 
(a widely used cell line to study retinal diseases such as AMD) 

Figure 4 Quantification of the Western blots data  The levels of LC3B (A), Beclin-1(B), Atg5 (C) and p62 (D) were normalized to that of 
GAPDH. The histograms represented the results of 3 independent experiments  aP<0.01 vs Control; bP<0.01 vs Hypoxia; c P<0.05 vs Hypoxia.

Figure 5 Quantification of the concentration of VEGF (A), PEDF (B) and VEGF/PEDF (C) in the supernatant of RPE cells in different 
groups measured by ELISA  The histograms represented the results of 3 independent experiments  aP<0.01 vs Control; bP<0.01 vs Hypoxia.

Autophagy regulates VEGF/PEDF expression in RPE



561

Int J Ophthalmol,    Vol. 12,    No. 4,  Apr.18,  2019         www.ijo.cn
Tel: 8629-82245172     8629-82210956      Email: ijopress@163.com

as the model and found that secretion of VEGF was increased 
while secretion of PEDF was decreased (the VEGF/PEDF 
ratio was accordingly increased) in RPE cells under hypoxic 
conditions, which was in line with previous research results.
Autophagy maintains self-sustainment and plays an important 
role in many physiological activities, such as cell growth, 
development and self-protection. In general, a certain degree 
of autophagy exists in the cells under physiological and 
pathological conditions, and the autophagy level within 
the normal range can provide protection and repair for the 
cells[25-26]. More than 30 specific genes related to autophagy 
(ATG) have been identified, and the proteins encoded by them 
were involved in various stages of autophagy formation in 
a coordinated manner. Among them, LC3, Beclin-1, Atg5, 
etc. are widely used as autophagy marker proteins. LC3, the 
homologous protein of Atg8 in mammalian cells, exists in 
both LC3-I and LC3-II, and participates in the formation of 
autophagosome. When autophagy occurs, the cytoplasmic 
form of LC3 (LC3-I) converts to (autophagic) membrane-type 
(LC3-II) by enzymolysis of a small amount of polypeptide[27]. 
Beclin-1, a homologous gene of yeast Atg6, is a necessary 
component of other autophagy genes involved in autophagy 
formation[28]. P62 is another common autophagosome-
lysosome membrane-associated autophagy marker protein. 
When autophagy is induced, autophagosomes combine with 
lysosomes to absorb and degrade p62, and this process will 
reduce its expression level. Therefore, the level of p62 is 
negatively related to autophagy[29]. Regularly, the ratio of 
LC3-II/LC3-I is combined with the level of p62 as an indicator 
of the level of autophagy. 
In this study, we used two autophagy inhibitors, 3-MA and 
CQ, to block autophagy in RPE cells under hypoxic condition. 
3-MA is an inhibitor of class III PI3K pathway and has been 
widely used as an autophagy inhibitor. 3-MA acts on the early 
autophagy induction stage, which can specifically block the 
formation of autophagosome, reduce the ratio of LC3-II/I, and 
inhibit the expression of Beclin-1 and Atg5. CQ is a lysosomal 
autophagy inhibitor, which can destroy the acid and alkaline 
environments of lysosomes and prevent the combination of 
autophagosomes with lysosomes to inhibit the last process 
of autophagy[30]. In view of the different mechanisms of 
autophagy inhibitors, we included both early inhibitor (3-MA) 
and late inhibitor (CQ) in this study to avoid the off-target 
effect of these two inhibitors on interpreting the data. The 
concentration of 3-MA (10 mmol/L) and CQ (50 μmol/L) 
adopted in this study was based on the reference of related 
reports[31-34]. We then measured the protein expressions of LC3-
II/I, Beclin-1, Atg5 and p62 as indicators for autophagic levels 
of RPE cells under different conditions. This study confirmed 
that autophagy was activated in RPE cells under the hypoxic 

environment, showing an increase in the protein expression of 
LC3-II/I, Beclin-1 and Atg5, and a decrease in p62 expression. 
In addition, 3-MA inhibited the formation of autophagosome, 
leading to decrease of LC3-II/I and increase of p62. After CQ 
treatment, the combination of autophagosomes and lysosomes 
was prevented, so that LC3 and p62 could not be degraded, 
resulting in an accumulation of LC3 in the cytoplasm. 
Therefore, LC3-II/I and p62 level was increased. 
This study also found that hypoxia can promote the expression 
of VEGF and inhibit the expression of PEDF in RPE cells, 
and the overexpression of VEGF was reduced and the down-
regulation of PEDF was rescued following the pre-treatment 
with 3-MA or CQ. Since 3-MA and CQ were both autophagy 
inhibitors and the results obtained after their treatment were 
consistent, the results strongly suggested that inhibition of 
autophagy led to decreased expression of VEGF and increased 
PEDF level in RPE cells. Our previous research showed 
that inhibition of autophagy could inhibit the proliferation, 
migration and tube formation of vascular endothelial cells 
to inhibit angiogenesis[5,35]. In combination with the results 
of this study, in addition to the direct effect on angiogenesis, 
regulating the secretion of VEGF and PEDF in RPE cells 
might represent another important way in which autophagy 
promotes retinal angiogenesis. However, how does autophagy 
regulate the secretion of angiogenic factors in RPE cells needs 
further exploration, and the influence of autophagy in the 
pathological process of retinal neovascularization still needs to 
be investigated in vivo models. 
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