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Abstract

Purpose

To investigate the effects of bevacizumab on endoplasmic reticulum (ER) stress in human

retinal pigment epithelial (RPE) cells cultured under hypoxic conditions.

Methods

RPE cells (ARPE–19) were cultured under hypoxic conditions (1% O2) with or without beva-

cizumab (0.3125 mg/mL) for 24 and 48 h. Cell viability was measured by a PrestoBlue

assay. The expression of vascular endothelial growth factor (VEGF), binding protein/glu-

cose-regulated protein 78 (BiP/GRP78), and C/EBP homologous protein-10 (CHOP) mRNA

was measured by quantitative real-time polymerase chain reaction (qRT-PCR). BiP/GRP78

and CHOP protein levels in the cells were assessed by western blot. VEGF protein in the

media was quantified by enzyme-linked immunosorbent assay (ELISA).

Results

Under hypoxic conditions, cell viability decreased and mRNA and protein levels of VEGF,

BiP/GRP78, and CHOP increased compared to those under normoxic conditions. Bevacizu-

mab improved cell viability and reduced the expression of VEGF mRNA under hypoxic con-

ditions. Bevacizumab also reduced the expression of both mRNA and protein of two ER

stress indicators, BiP/GRP78 and CHOP, under hypoxic conditions.

Conclusions

Bevacizumab mitigated ER stress in human RPE cells cultured under hypoxic conditions.

This effect may be involved in the improved cell viability and reduction of VEGF expression

after bevacizumab treatment of hypoxic RPE cells in vitro. However, the effects of bevacizu-

mab on RPE cells under experimental conditions are unlikely to be clinically equivalent to

those in the human eye.
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Introduction

Age-related macular degeneration (AMD) is an important cause of blindness in the elderly

[1]. The disease is divided into a dry (atrophic) type and a wet (neovascular) type [2]. The

advanced form of dry AMD is called geographic atrophy (GA) and is characterized by the loss

of retinal pigment epithelium (RPE) and photoreceptor cells [1, 3]. Wet AMD is characterized

by choroidal neovascularization (CNV) [1, 3]. AMD is a multifactorial disease, and the patho-

genic mechanism of AMD is complex. In one possible hypothesis, deposits between the RPE

layer and choriocapillaries, known as drusen, may prevent the diffusion of oxygen and nutri-

ents from the choriocapillaries to the RPE monolayer and photoreceptors [4]. As a conse-

quence, the RPE gradually degenerates and GA occurs [5]. In wet AMD cases, cellular hypoxia

may result in the overexpression of angiogenic growth factors such as vascular endothelial

growth factor (VEGF), which, in turn, induces neovascularization from the choriocapillaries

[6]. There is no well-recognized treatment for halting the progression of early dry AMD to

GA. In contrast, the treatment of CNV is well established and recently, anti-VEGF drugs such

as bevacizumab have been used effectively for patients with wet AMD [7].

The endoplasmic reticulum (ER) is a major intracellular organelle responsible for protein

and lipid biosynthesis, protein folding and trafficking, and calcium homeostasis [8]. The ac-

cumulation of unfolded or misfolded proteins in the ER, a condition known as ER stress, is

induced by various pathological conditions, including oxidative stress, glucose deprivation,

disruption of calcium homeostasis, and viral infection [9–11]. ER stress generates a conserved

response termed the unfolded protein response (UPR). The UPR is a sophisticated cellular

signaling pathway that restores cellular homeostasis, but excessively strong or prolonged ER

stress can eventually lead to cell death [12, 13]. Binding protein/glucose-regulated protein 78

(BiP/GRP78) and C/EBP homologous protein-10 (CHOP) are the two main proteins involved

in ER stress and the UPR and the increased levels of these two proteins is an indicator of ER

stress. BiP/GRP78 is a molecular chaperone that is considered a marker for ER stress induc-

tion, whereas the activation of CHOP is closely linked to apoptosis [11, 14].

It has been suggested that ER stress is involved in the pathogenesis of AMD [8, 15].

Cigarette smoking is a well-known environmental risk factor for AMD [16]. ER stress and

the UPR are involved in RPE cell apoptosis induced by cigarette smoke-related oxidative injury

[17]. In addition, ER stress may be related to CNV formation by upregulating VEGF expres-

sion and promoting angiogenesis [18, 19]. In the present study, we aimed to investigate the

effects of bevacizumab, an anti-VEGF drug used for wet AMD, on ER stress in human RPE

cells cultured under hypoxic conditions.

Materials and methods

Cell culture

Human RPE cell line (ARPE-19) was purchased from American Type Culture Collection

(ATCC; Manassas, VA, USA). Cells were maintained in Dulbecco’s modified Eagle’s medium/

F-12 nutrient medium (DMEM/F-12; Gibco BRL, Carlsbad, CA, USA) supplemented with

10% heat-inactivated fetal bovine serum (Gibco BRL) and 1% penicillin-streptomycin. The

cells were plated in 185 cm2 tissue flasks and cultured in a humidified incubator at 37˚C in an

atmosphere of 5% CO2. RPE cells within the first 10 passages were selected and placed into

appropriate culture plates for the experiments. Semiconfluent cultures (70–80% confluency)

were serum-starved for 24 h. The cells were additionally cultured in different oxygen condi-

tions with or without bevacizumab treatment, as indicated below. The culturing in different
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conditions was conducted in a single day and three or more experiments were independently

performed on different days.

Hypoxia and drug treatment

In the preliminary experiments, RPE cells were incubated in 3% O2, 5% CO2, and 92%

N2 atmosphere and in 1% O2, 5% CO2, and 94% N2 atmosphere, using an O2 incubator

(Biofree, Seoul, Korea), for 24 h and 48 h. Cell viability was compared with that in the control

cells, which were cultured in a humidified incubator with 21% O2, 5% CO2, and 74% N2

atmosphere.

In the hypoxic group, RPE cells were incubated in 1% O2, 5% CO2 and 94% N2 atmosphere

using an O2 incubator, for 24 h and 48 h, whereas in the control group, RPE cells were cultured

in a humidified incubator with 21% O2, 5% CO2, and 74% N2 atmosphere.

Bevacizumab (AvastinTM; Genentech, Inc., San Francisco, CA, USA) at a final concentra-

tion of 0.3125 mg/mL, which was roughly equal to the concentration used clinically [20], was

used to treat RPE cells during exposure to hypoxic condisions (hypoxia+bevacizumab group).

In addition, RPE cells were treated with various concentrations of bevacizumab (0.0195,

0.0391, 0.0781, 0.3125, and 0.6250 mg/mL) during exposure to hypoxic conditions to assess

cell viability.

PrestoBlue assay

Cell viability was measured using PrestoBlue (PB) reagent (Invitrogen, Carlsbad, CA, USA)

according to the manufacturer’s protocol. Briefly, a mixture of 10% PB was added to cells in

the culture media. The absorbance was read at 570 nm after RPE cells were incubated for 2 h

with PB reagent. Each sample was measured three times. Each experiment was repeated at

least three times and two or three samples were obtained from each independent experiment.

Quantitative real-time PCR

Total RNA was isolated from the cultured cells by the Trizol (Invitrogen) method and the

purity and yield of the RNA were determined spectrophotometrically. One microgram of total

RNA from each sample was reverse transcribed into cDNA, using PrimeScriptTM RT Master

Mix (Takara Bio Inc., Otsu, Shiga, Japan) in a total volume of 20 μL, according to the manufac-

turer’s instructions. Five hundred nanograms of cDNA were used as a template on a Light

Cycler 480 (Roche, Mannheim, Germany), using the SYBR Green Premix EX Taq kit (Takara

Bio Inc.). The primer sequences used in this study are shown in Table 1. Dissociation curves

were generated to check for the specificity of primer annealing to the template. The expression

level of each target gene was calculated by the comparative threshold cycle method (2–ΔΔCt)

Table 1. The sequences of target genes in this study.

Gene GenBank No. Sequence (5’– 3’)

BiP/GRP78 NM005347 F CCG AGG AGG AGG ACA AGA AG

R CTT CAG GAG TGA AGG CGA CA

CHOP NM001195053 F CTC CCA GAG CCC TCA CTC TC

R TGC TTG AGC CGT TCA TTC TC

VEGF NM001171623 F CTA CCT CCA CCA TGC CAA GT

R GCA GTA GCT GCG CTG ATA GA

GAPDH NM002046 F TTG GTA TCG TGG AAG GAC TC

R ACA GTC TTC TGG GTG GCA GT

https://doi.org/10.1371/journal.pone.0179048.t001

ER stress and bevacizumab in hypoxic RPE

PLOS ONE | https://doi.org/10.1371/journal.pone.0179048 June 7, 2017 3 / 15

https://doi.org/10.1371/journal.pone.0179048.t001
https://doi.org/10.1371/journal.pone.0179048


with GAPDH as the control gene. Each experiment was repeated at least three times and two

or three samples were obtained from each independent experiment.

ELISA

VEGF protein levels in collected media were examined using a human VEGF ELISA Kit

(R&D Systems, Minneapolis, MN, USA). Supernatant from incubated cells was collected and

enzyme-linked immunosorbent assay (ELISA) was immediately performed, as described in

the manufacturer’s protocol. We added 50 μL of assay diluent solution to the appropriate wells

in the supplied microplate, followed by 200 μL of samples or standard. After 2 h of incubation,

we aspirated and washed all wells and added 200 μL of substrate solution to each well. After

another 20 min of incubation, 50 μL of stop solution was added to each well, and the optical

density (OD) at 450 nm was immediately read. The OD of each sample was measured three

times. The experiments were repeated at least three times and two or three samples were

obtained from each independent experiment.

Western blot analysis

Cells were lysed in ice-cold RIPA buffer [50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% NP-40,

0.5% deoxycholate, and 0.1% SDS] for 30 min. Debris was removed by centrifugation at 16,000

g for 1 min. Equal amounts (20 μg) of total cell protein were separated by SDS-polyacrylamide

gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes. After blocking with 5%

BSA in TTBS buffer (10 mM Tris, pH 8.0, 150 mM NaCl, 0.1% Tween 20) for 1 h at room tem-

perature, membranes were incubated overnight at 4˚C with the following primary antibodies:

rabbit anti-BiP/GRP78 (1:1000; Cell Signaling, Beverly, MA, USA), mouse anti-GADD153

(CHOP; 1:200; Santa Cruz), and β-actin (1:10000; Sigma-Aldrich). The membranes were then

incubated with a peroxidase-conjugated secondary antibody for 1 h at room temperature.

Blots were developed using an enhanced chemiluminescence (ECL) kit (GE healthcare, Buck-

inghamshire, UK) and visualized using a Fujifilm Image Reader LAS-3000 (Fujifilm, Tokyo,

Japan). Each experiment was repeated at least three times and the densitometric analysis was

performed using a Multi Gauge V3.0 (Fujifilm Life Science, Tokyo, Japan).

Statistical analyses

Data are presented as mean ± standard deviation (SD). Statistical analysis was performed

using SPSS ver. 22.0 (SPSS Inc., Chicago, IL, USA). T-tests were performed to compare the dif-

ferences between the two groups and a P value of less than 0.05 was considered statistically sig-

nificant. One-way analysis of variance (ANOVA) followed by the Bonferroni correction of P

values was performed for multiple comparisons and a P value of less than 0.01 was considered

statistically significant.

Results

Cell viability

In the preliminary experiments, no significant difference in cell viability was observed between

the control group and the 3% O2 hypoxic group (p = 0.792 and p = 0.055, respectively),

whereas the relative cell viability decreased to 77.7% and 68.9%, after 24 h and 48 h incubation,

respectively, under 1% O2 hypoxic condition compared with that under 21% O2 normoxic

condition (p = 0.023 and p< 0.001, respectively; Fig 1). Therefore, 1% O2 hypoxic condition

was selected for the subsequent experiments.
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The mean relative cell viability decreased to 77.2% after 24 h of incubation and to 70.4%

after 48 h of incubation under 1% O2 hypoxic condition compared with that under 21% O2

Fig 1. Effects of different oxygen concentrations on cell viability. RPE cells were incubated for 24 h and 48 h under normoxic conditions (control group),

3% O2 hypoxic conditions, or 1% O2 hypoxic conditions. Cell viability was measured by a PrestoBlue assay. The absorbance was read at 570 nm after

RPE cells were incubated for 2 h with PB reagent. Corrected absorbance was calculated by subtracting the average control well value from that of each

experimental well. A. No significant difference was observed between the control group and the 3% O2 hypoxic group (n = 10, p = 0.375), whereas the

relative cell viability decreased to 77.7% after 24 h of incubation under 1% O2 hypoxic conditions compared with the control group (n = 10, p = 0.026). B. No

significant difference was observed between the control group and the 3% O2 hypoxic group (n = 9, p = 0.142), whereas the relative cell viability decreased to

68.9% after 48 h of incubation under 1% O2 hypoxic conditions compared with the control group (n = 10, p < 0.001). Error bars represent ±1 standard

deviation of the mean. P values were calculated by the t-test. An asterisk (*) indicates p < 0.05 versus control group.

https://doi.org/10.1371/journal.pone.0179048.g001
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normoxic condition (p< 0.001 and p< 0.001, respectively; Fig 2). Under hypoxic condition,

bevacizumab treatment improved the relative cell viability from 77.2% to 95.2% after 24 h of

incubation and from 70.4% to 87.6% after 48 h of incubation (p = 0.001 and p< 0.001, respec-

tively; Fig 2). There was no significant difference in cell viability between the control group

and the hypoxia+bevacizumab group after 24 h of incubation (p = 0.170; Fig 2). After 48 h of

incubation, cell viability was different between the control group and the hypoxia+bevacizu-

mab group (p< 0.001; Fig 2).

The effects of different concentrations of bevacizumab on the cell viability of hypoxic

RPE cells were investigated. The relative cell viability significantly increased to 122.8% and

135.8% after 24 h of incubation in groups treated with final concentrations of 0.0781 and

0.6250 mg/mL bevacizumab, respectively, compared with that in the hypoxia group (p< 0.001

and p< 0.001, respectively; Fig 3). Final concentrations of 0.0195, 0.0391, and 0.3125 mg/mL

bevacizumab did not affect cell viability after 24 h of incubation (p = 0.999, p = 0.077, and

p = 0.017, respectively). The relative cell viability significantly increased to 116.9% and 124.3%

after 48 h of incubation in groups treated with a final concentration of 0.3125 and 0.6250

mg/mL bevacizumab, respectively, compared with that in the hypoxia group (p = 0.007 and

p< 0.001, respectively; Fig 3). Final concentrations of 0.0195, 0.0391, and 0.0781 mg/mL

bevacizumab did not affect cell viability after 48 h of incubation (p = 0.999, p = 0.999, and

p = 0.031, respectively).

ELISA for VEGF

The mean concentration of VEGF in the media increased from 244.7 ± 21.82 pg/mL to

447.1 ± 76.97 pg/mL after 24 h of incubation and from 801.5 ± 69.11 pg/mL to 1189.8 ± 136.04

pg/mL after 48 h of incubation under hypoxic conditions compared with that under normoxic

conditions (p< 0.001 and p< 0.001, respectively; Fig 4).

Fig 2. Cell viability measured by PrestoBlue assay. RPE cells were incubated for 24 h (n = 9) or 48 h (n = 9) under normoxic conditions (control group),

1% O2 hypoxic condition (hypoxia group), or 1% O2 hypoxic condition with 0.3125 mg/mL bevacizumab (hypoxia+bevacizumab group). Cell viability was

measured by a PrestoBlue assay. The absorbance was read at 570 nm after RPE cells were incubated for 2 h with PB reagent. Corrected absorbance was

calculated by subtracting the average control well value from that of each experimental well. Error bars represent ±1 standard deviation of the mean.

Statistical significance was determined by one-way ANOVA followed by Bonferroni multiple comparison tests. Two asterisks (**) indicate p < 0.01 versus

control group. Two hashtags (##) indicate p < 0.01 versus hypoxic group.

https://doi.org/10.1371/journal.pone.0179048.g002
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Quantitative Real-Time PCR for VEGF, BiP/GRP78, and CHOP

The relative level of VEGF mRNA increased 2.4 ± 0.44 fold after 24 h of incubation and

2.6 ± 0.58 fold after 48 h of incubation under hypoxic conditions compared that with under

normoxic condition (p< 0.001 and p< 0.001, respectively; Fig 5A). Under hypoxic

Fig 3. Effects of different concentrations of bevacizumab on cell viability of hypoxic RPE cells. RPE cells were incubated for 24 h (n = 9) and 48 h

(n = 10) under 1% O2 hypoxic condition (hypoxia group) or 1% O2 hypoxic condition with final concentrations of 0.0195, 0.0391, 0.0781, 0.3125, or 0.6250

mg/mL of bevacizumab. Cell viability was measured by a PrestoBlue assay. The absorbance was read at 570 nm after RPE cells were incubated for

2 h with PB reagent. Corrected absorbance was calculated by subtracting the average control well value from that of each experimental well. The relative

cell viability significantly increased to 122.8% and 135.8% after 24 h of incubation in groups treated with final concentrations of 0.0781 and 0.6250 mg/mL

of bevacizumab, respectively, compared with that in the hypoxia group and to 116.9% and 124.3% after 48 h of incubation in groups treated with final

concentrations of 0.3125 and 0.6250 mg/mL of bevacizumab, respectively, compared with that in the hypoxia group (p < 0.01). Error bars represent ±1

standard deviation of the mean. Statistical significance was determined by one-way ANOVA followed by Bonferroni multiple comparison tests. Two asterisks

(**) indicate p < 0.01 versus hypoxia group.

https://doi.org/10.1371/journal.pone.0179048.g003

Fig 4. VEGF proteins in the culture media. RPE cells were incubated for 24 h (n = 9) or 48 h (n = 9) under normoxic condition (control group) or 1% O2

hypoxic condition (hypoxia group). Error bars represent ±1 standard deviation of the mean. Statistical significance was determined by the t-test. An asterisk

(*) indicates p < 0.05 versus control group.

https://doi.org/10.1371/journal.pone.0179048.g004
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Fig 5. Quantitative real-time polymerase chain reaction (PCR) for VEGF, BiP/GRP78, and CHOP. RPE

cells were incubated for 24 h or 48 h under normoxic conditions (control group), 1% O2 hypoxic condition
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conditions, bevacizumab treatment resulted in a decreased level of VEGF mRNA from

2.4 ± 0.44 fold to 1.1 00B1 0.40 fold after 24 h of incubation and from 2.6 ± 0.58 fold to

1.2 ± 0.22 fold after 48 h of incubation (p< 0.001 and p< 0.001, respectively; Fig 5A). There

were no significant differences in the levels of VEGF mRNA between the control group and

the hypoxia+bevacizumab group after 24 h and 48 h of incubation (p = 0.999 and p = 0.999,

respectively; Fig 5A).

The relative level of BiP/GRP78 mRNA increased 2.0 ± 0.26 fold after 24 h of incubation

and 2.4 ± 0.93 fold after 48 h of incubation under hypoxic conditions compared with that

under normoxic conditions (p< 0.001 and p< 0.001, respectively; Fig 5B). Under hypoxic

conditions, bevacizumab treatment resulted in a decreased level of BiP/GRP78 mRNA from

2.0 ± 0.26 fold to 0.8 ± 0.31 fold after 24 h of incubation and from 2.4 ± 0.93 fold to 1.1 ± 0.60

fold after 48 h of incubation (p< 0.001 and p = 0.001, respectively; Fig 5B). There were no

significant differences in the levels of BiP/GRP78 mRNA between the control group and the

hypoxia+bevacizumab group after 24 h and 48 h of incubation (p = 0.069 and p = 0.999,

respectively; Fig 5B).

The relative level of CHOP mRNA increased 1.9 ± 0.39 fold after 24 h of incubation and

2.3 ± 0.77 fold after 48 h of incubation under hypoxic conditions compared with that under

normoxic conditions (p< 0.001 and p< 0.001, respectively; Fig 5C). Under hypoxic condi-

tions, bevacizumab treatment caused a decrease in the level of CHOP mRNA from 1.9 ± 0.39

fold to 0.9 ± 0.22 fold after 24 h of incubation and from 2.3 ± 0.77 fold to 1.4 ± 0.39 fold after

48 h of incubation (p< 0.001 and p = 0.001, respectively; Fig 5C). There were no significant

differences in the levels of CHOP mRNA between the control group and the hypoxia+be-

vacizumab group after 24 h and 48 h of incubation (p = 0.999 and p = 0.425, respectively;

Fig 5C).

Western blot analysis for BiP/GRP78 and CHOP

The protein levels of both BiP/GRP78 and CHOP increased after 48 h of incubation under

hypoxic conditions compared with that under normoxic conditions (p< 0.001; Fig 6). Under

hypoxic conditions, bevacizumab treatment resulted in decreased protein levels of BiP/GRP78

and CHOP (p< 0.001 and p< 0.001, respectively; Fig 6). There were no significant differences

in the protein levels of both BiP/GRP78 and CHOP between the control group and the hyp-

oxia+bevacizumab group after 48 h of incubation (p = 0.999 and p = 0.999, respectively; Fig 6).

Discussion

Cells under low oxygen tension adapt to maintain homeostasis. However, if this fails, the cells

die by apoptosis [21]. One cellular response to low oxygen is the stabilization of hypoxia-

inducible factor-1 (HIF-1), a transcription factor that upregulates VEGF expression [22–24].

VEGF is a major factor in the development of angiogenesis that occurs in wet AMD [22]. Pre-

vious studies suggested that because of decreased choroidal circulation, ischemia and hypoxia

may play a role in the development of CNV in AMD [25, 26]. In the present study, we showed

that VEGF secretion into media increased in RPE cells cultured under hypoxic conditions for

24 and 48 h.

(hypoxia group), or 1% O2 hypoxic condition with 0.3125 mg/mL bevacizumab treatment (hypoxia

+bevacizumab group). Error bars represent ±1 standard deviation of the mean. Statistical significance was

determined by one-way ANOVA followed by Bonferroni multiple comparison tests. Two asterisks (**) indicate

p < 0.01 versus control group. Two hashtags (##) indicate p < 0.01 versus hypoxic group.

https://doi.org/10.1371/journal.pone.0179048.g005
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The induction of ER stress and UPR is another cellular response to low oxygen [27].

Although the precise mechanism of how unfolded or misfolded proteins accumulate in the ER

under low oxygen tension remains to be elucidated, one possible explanation is that molecular

Fig 6. Western blot analyses of BiP/GRP78 and CHOP. RPE cells were incubated for 48 h under normoxic conditions (control group), 1% O2 hypoxic

condition (hypoxia group), or 1% O2 hypoxic condition with 0.3125 mg/mL bevacizumab treatment (hypoxia+bevacizumab group). Protein levels were

quantified by normalization to β-actin level (B). Error bars represent ±1 standard deviation of the mean. Statistical significance was determined by one-way

ANOVA followed by Bonferroni multiple comparison tests. Two asterisks (**) indicate p < 0.01 versus control group. Two hashtags (##) indicate p < 0.01

versus hypoxic group.

https://doi.org/10.1371/journal.pone.0179048.g006
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oxygen is the major electron acceptor providing the driving force for protein folding in the ER

[28]. The UPR improves protein folding by the upregulation of ER chaperones, promotes

unfolded protein degradation by promoting ER-associated degradation (ERAD), and reduces

the number of new proteins entering the ER by slowing protein translation [29]. These efforts

can eliminate ER stress. However, in the face of prolonged ER stress, apoptotic cell death is

triggered by the release of calcium from the ER and the stimulation of CHOP expression,

which also enhances apoptosis [30, 31]. ER stress and the UPR are involved in the RPE apopto-

sis induced by cigarette smoke-related oxidative injury [17]. In the present study, we showed

that BiP/GRP78 and CHOP, which are the two main proteins involved in ER stress and the

UPR, increased and cell viability decreased in hypoxic RPE cells. ER stress induced by hypoxia

may be also implicated in the pathogenesis of AMD.

In this study, the increases in BiP/GRP78 and CHOP mRNA were small in the hypoxia

group compared with those in the control group. In a study using astrocytes, CHOP mRNA

levels reached values almost 70 times higher than those of controls 6 h after oxygen and glucose

deprivation [32]. This study, however, used a different type of cells and different conditions. In

addition, we also determined the changes in BiP/GRP78 and CHOP protein levels in the hyp-

oxia group after 48 h of incubation. These changes were similar to changes in their mRNA

levels.

Bevacizumab is a humanized monoclonal antibody against human VEGF-A isoforms [33].

Although other anti-VEGF drugs exist, such as ranibizumab and aflibercept that have been

approved by the Food and Drug Administration (FDA) for the treatment of wet AMD, many

ophthalmologists are using off-label bevacizumab because of its low cost [7]. Anti-VEGF drugs

are effective for treating wet AMD, but in most cases, many injections are required [7]. How-

ever, VEGF plays an important role in the survival and maintenance of RPE cell integrity [34],

and RPE-derived VEGF is essential for the maintenance of choriocapillaries [35]. In addition,

VEGF has been reported to be involved in neuroprotection of the retina [36]. Recent reports

suggested that RPE atrophy and choroidal atrophy were exacerbated by anti-VEGF treatments

for wet AMD [37–39]. Increased RPE atrophy in the macula has been correlated with a poor

visual outcome [40].

In the present study, we induced ER stress by exposing RPE cells to hypoxic conditions and

investigated the effects of bevacizumab, an anti-VEGF drug, on ER stress. Our results indicated

that bevacizumab treatment mitigated ER stress in human RPE cells cultured under hypoxic

conditions. Under hypoxic conditions, bevacizumab treatment decreased the expression of

both BiP/GRP78 and CHOP mRNA and protein. However, we cannot elucidate the mecha-

nism for how bevacizumab affects ER stress. One possible explanation is that the paracrine

effects of secreted VEGF between RPE cells were blocked by bevacizumab [23]. Karali et al.

[41] demonstrated in an in vitro study using endothelial cells that VEGF activated UPR media-

tors without the accumulation of unfolded proteins in the ER, and suggested that the activation

of these mediators, activating transcription factor 6 (ATF6) and PKR-like endoplasmic reticu-

lum kinase (PERK), contributed to the survival effect of VEGF on endothelial cells.

In addition, this study demonstrated that bevacizumab treatment improved cell viability

and reduced the expression of VEGF mRNA under hypoxic conditions. The decreased ex-

pression of CHOP, which is closely linked to apoptosis, after bevacizumab treatment may be

associated with improved cell viability. Reduced ER stress, which is an inducer of VEGF

expression, after bevacizumab treatment may explain the reduced expression of VEGF mRNA.

ER stress is an HIF-1-independent inducer of VEGF and may contribute to CNV formation in

AMD [18, 19, 42]. Studies in which different ER stress models were used revealed that the

expression of VEGF was activated via ATF4 in RPE cells [43, 44].

ER stress and bevacizumab in hypoxic RPE

PLOS ONE | https://doi.org/10.1371/journal.pone.0179048 June 7, 2017 11 / 15

https://doi.org/10.1371/journal.pone.0179048


In the present study, we investigated the effects of various concentrations of bevacizumab

on the viability of hypoxic RPE cells. Cell viability significantly increased in groups treated

with final concentrations of 0.0781 and 0.625 mg/mL bevacizumab after 24 h of incubation

and final concentrations of 0.3125 and 0.625 mg/mL bevacizumab after 48 h of incubation

compared with that in the hypoxia group. Low concentrations of bevacizumab did not affect

cell viability. A final concentration of 0.3125 mg/mL bevacizumab is the approximate theoreti-

cal concentration immediately following injection of this drug into human eyes [20]. The

pharmacokinetics of intravitreal bevacizumab should be considered clinically. In the rabbit

eye, following intravitreal injection of 1.25 mg of bevacizumab, the peak concentration in vit-

reous humor was 0.4 mg/mL after 1 day and decreased in a single exponential fashion after-

wards with a half-life of 4.32 days [45]. In patients with CNV, the pharmacokinetics of

intravitreal bevacizumab followed a two-compartment model with initial and terminal half-

lives of 0.5 and 6.7 days, respectively [46]. The peak concentration (0.165 mg/mL) was reached

on day 2 after the intravitreal injection of 1.25 mg of bevacizumab and the estimated value was

0.053 mg/mL on day 4 [46]. In addition, it should be considered that the concentration of bev-

acizumab may be different between the vitreous and RPE. Therefore, the effects of bevacizu-

mab on RPE cells under the experimental conditions are unlikely to be clinically equivalent to

those in the human eye.

Since this study conducted in vitro using cells, the clinical effect of bevacizumab should be

judged carefully. Bevacizumab may induce atrophy of choriocapillaries, which is subsequently

associated with RPE atrophy [35]. Therefore, further in vivo experiments are needed to con-

firm our results. In addition, we exposed RPE cells to only hypoxic conditions in this study.

Oxidative stress is another important factor implicated in the pathogenesis of AMD [47]. In

previous in vitro experiments, bevacizumab treatment aggravated cell death under high oxida-

tive stress conditions [48, 49]. Another limitation in the present study was that we did not

investigate the effect of other anti-VEGF drugs, such as ranibizumab and aflibercept, on ER

stress. Malik et al. [20] reported different effects of anti-VEGF drugs on mitochondrial

toxicity.

In conclusion, this in vitro study demonstrated that bevacizumab mitigated ER stress in

human RPE cells cultured under hypoxic conditions. This effect may be involved in improved

cell viability and the reduction of VEGF expression by bevacizumab in hypoxic RPE cells in
vitro. However, the effects of bevacizumab on RPE cells under experimental conditions are

unlikely to be clinically equivalent to those in the human eye. Further studies on the mecha-

nism of bevacizumab affecting ER stress are necessary.

Acknowledgments

We thank Soo-Yeon Chung at the Data Management and Statistics Institute, Dongguk Univer-

sity Medical Center, for assistance with statistical analysis.

Author Contributions

Conceptualization: JHO.

Formal analysis: JHP JHO.

Funding acquisition: JHO.

Investigation: JHP.

Methodology: JHP JHO.

ER stress and bevacizumab in hypoxic RPE

PLOS ONE | https://doi.org/10.1371/journal.pone.0179048 June 7, 2017 12 / 15

https://doi.org/10.1371/journal.pone.0179048


Project administration: JHO.

Resources: MK JHO.

Supervision: MK JHO.

Validation: MK JHO.

Visualization: MK JHO.

Writing – original draft: JHP MK JHO.

Writing – review & editing: MK JHO.

References
1. Jager RD, Mieler WF, Miller JW. Age-related macular degeneration. N Engl J Med. 2008; 358

(24):2606–2617. https://doi.org/10.1056/NEJMra0801537 PMID: 18550876.

2. Age-Related Eye Disease Study Research Group. Risk factors associated with age-related macular

degeneration. A case-control study in the age-related eye disease study: Age-Related Eye Disease

Study Report Number 3. Ophthalmology. 2000; 107(12):2224–2232. PMID: 11097601; PubMed Central

PMCID: PMCPMC1470467.

3. Ac Bird. Pathogenetic mechanisms in age-related macular degeneration. In: Ryan SJ, editor. Retina.

5th ed. London: Saunders/Elsevier; 2013. pp. 1145–1149.

4. Starita C, Hussain AA, Patmore A, Marshall J. Localization of the site of major resistance to fluid trans-

port in Bruch’s membrane. Invest Ophthalmol Vis Sci. 1997; 38(3):762–767. PMID: 9071230.

5. Gass JD. Drusen and disciform macular detachment and degeneration. Arch Ophthalmol. 1973; 90

(3):206–217. PMID: 4738143.

6. Vavvas DG, Miller JW. Basic mechanisms of pathological retinal and choroidal angiogenesis. In: Ryan

SJ, editor. Retina. 5th ed. London: Saunders/Elsevier; 2013. pp. 562–578.

7. CATT Research Group, Martin DF, Maguire MG, Ying GS, Grunwald JE, Fine SL, et al. Ranibizumab

and bevacizumab for neovascular age-related macular degeneration. N Engl J Med. 2011; 364

(20):1897–1908. https://doi.org/10.1056/NEJMoa1102673 PMID: 21526923; PubMed Central PMCID:

PMCPMC3157322.

8. Zhang SX, Sanders E, Fliesler SJ, Wang JJ. Endoplasmic reticulum stress and the unfolded protein

responses in retinal degeneration. Exp Eye Res. 2014; 125:30–40. https://doi.org/10.1016/j.exer.2014.

04.015 PMID: 24792589; PubMed Central PMCID: PMCPMC4122592.

9. Frand AR, Cuozzo JW, Kaiser CA. Pathways for protein disulphide bond formation. Trends Cell Biol.

2000; 10(5):203–210. PMID: 10754564.

10. Kim I, Xu W, Reed JC. Cell death and endoplasmic reticulum stress: disease relevance and therapeutic

opportunities. Nat Rev Drug Discov. 2008; 7(12):1013–1030. https://doi.org/10.1038/nrd2755 PMID:

19043451.

11. Smith sb. Mechanisms of ER stress in retinal disease. In: Ryan SJ, editor. Retina. 5th ed. London:

Saunders/Elsevier; 2013. pp. 529–536.

12. Tsai YC, Weissman AM. The Unfolded Protein Response, Degradation from Endoplasmic Reticulum

and Cancer. Genes Cancer. 2010; 1(7):764–778. https://doi.org/10.1177/1947601910383011 PMID:

21331300; PubMed Central PMCID: PMCPMC3039444.

13. Momoi T. Caspases involved in ER stress-mediated cell death. J Chem Neuroanat. 2004; 28(1–2):101–

105. https://doi.org/10.1016/j.jchemneu.2004.05.008 PMID: 15363495.

14. Oyadomari S, Mori M. Roles of CHOP/GADD153 in endoplasmic reticulum stress. Cell Death Differ.

2004; 11(4):381–389. https://doi.org/10.1038/sj.cdd.4401373 PMID: 14685163.

15. Gorbatyuk M, Gorbatyuk O. Review: retinal degeneration: focus on the unfolded protein response. Mol

Vis. 2013; 19:1985–1998. PMID: 24068865; PubMed Central PMCID: PMCPMC3782367.

16. Seddon JM, Willett WC, Speizer FE, Hankinson SE. A prospective study of cigarette smoking and age-

related macular degeneration in women. JAMA. 1996; 276(14):1141–1146. PMID: 8827966.

17. Chen C, Cano M, Wang JJ, Li J, Huang C, Yu Q, et al. Role of unfolded protein response dysregulation

in oxidative injury of retinal pigment epithelial cells. Antioxid Redox Signal. 2014; 20(14):2091–2106.

https://doi.org/10.1089/ars.2013.5240 PMID: 24053669; PubMed Central PMCID: PMCPMC3995121.

ER stress and bevacizumab in hypoxic RPE

PLOS ONE | https://doi.org/10.1371/journal.pone.0179048 June 7, 2017 13 / 15

https://doi.org/10.1056/NEJMra0801537
http://www.ncbi.nlm.nih.gov/pubmed/18550876
http://www.ncbi.nlm.nih.gov/pubmed/11097601
http://www.ncbi.nlm.nih.gov/pubmed/9071230
http://www.ncbi.nlm.nih.gov/pubmed/4738143
https://doi.org/10.1056/NEJMoa1102673
http://www.ncbi.nlm.nih.gov/pubmed/21526923
https://doi.org/10.1016/j.exer.2014.04.015
https://doi.org/10.1016/j.exer.2014.04.015
http://www.ncbi.nlm.nih.gov/pubmed/24792589
http://www.ncbi.nlm.nih.gov/pubmed/10754564
https://doi.org/10.1038/nrd2755
http://www.ncbi.nlm.nih.gov/pubmed/19043451
https://doi.org/10.1177/1947601910383011
http://www.ncbi.nlm.nih.gov/pubmed/21331300
https://doi.org/10.1016/j.jchemneu.2004.05.008
http://www.ncbi.nlm.nih.gov/pubmed/15363495
https://doi.org/10.1038/sj.cdd.4401373
http://www.ncbi.nlm.nih.gov/pubmed/14685163
http://www.ncbi.nlm.nih.gov/pubmed/24068865
http://www.ncbi.nlm.nih.gov/pubmed/8827966
https://doi.org/10.1089/ars.2013.5240
http://www.ncbi.nlm.nih.gov/pubmed/24053669
https://doi.org/10.1371/journal.pone.0179048


18. Salminen A, Kauppinen A, Hyttinen JM, Toropainen E, Kaarniranta K. Endoplasmic reticulum stress in

age-related macular degeneration: trigger for neovascularization. Mol Med. 2010; 16(11–12):535–542.

https://doi.org/10.2119/molmed.2010.00070 PMID: 20683548; PubMed Central PMCID:

PMCPMC2972399.

19. Roybal CN, Marmorstein LY, Vander Jagt DL, Abcouwer SF. Aberrant accumulation of fibulin-3 in the

endoplasmic reticulum leads to activation of the unfolded protein response and VEGF expression.

Invest Ophthalmol Vis Sci. 2005; 46(11):3973–3979. https://doi.org/10.1167/iovs.05-0070 PMID:

16249470.

20. Malik D, Tarek M, Caceres del Carpio J, Ramirez C, Boyer D, Kenney MC, et al. Safety profiles of anti-

VEGF drugs: bevacizumab, ranibizumab, aflibercept and ziv-aflibercept on human retinal pigment epi-

thelium cells in culture. Br J Ophthalmol. 2014; 98 Suppl 1:i11–16. https://doi.org/10.1136/

bjophthalmol-2014-305302 PMID: 24836865; PubMed Central PMCID: PMCPMC4033208.

21. Sendoel A, Hengartner MO. Apoptotic cell death under hypoxia. Physiology (Bethesda). 2014; 29

(3):168–176. https://doi.org/10.1152/physiol.00016.2013 PMID: 24789981.

22. Arjamaa O, Nikinmaa M, Salminen A, Kaarniranta K. Regulatory role of HIF-1alpha in the pathogenesis

of age-related macular degeneration (AMD). Ageing Res Rev. 2009; 8(4):349–358. https://doi.org/10.

1016/j.arr.2009.06.002 PMID: 19589398.

23. Witmer AN, Vrensen GF, Van Noorden CJ, Schlingemann RO. Vascular endothelial growth factors and

angiogenesis in eye disease. Prog Retin Eye Res. 2003; 22(1):1–29. PMID: 12597922.

24. Ozaki H, Yu AY, Della N, Ozaki K, Luna JD, Yamada H, et al. Hypoxia inducible factor-1alpha is

increased in ischemic retina: temporal and spatial correlation with VEGF expression. Invest Ophthalmol

Vis Sci. 1999; 40(1):182–189. PMID: 9888442.

25. Grunwald JE, Metelitsina TI, Dupont JC, Ying GS, Maguire MG. Reduced foveolar choroidal blood flow

in eyes with increasing AMD severity. Invest Ophthalmol Vis Sci. 2005; 46(3):1033–1038. https://doi.

org/10.1167/iovs.04-1050 PMID: 15728562.

26. Metelitsina TI, Grunwald JE, DuPont JC, Ying GS, Brucker AJ, Dunaief JL. Foveolar choroidal circula-

tion and choroidal neovascularization in age-related macular degeneration. Invest Ophthalmol Vis Sci.

2008; 49(1):358–363. https://doi.org/10.1167/iovs.07-0526 PMID: 18172113; PubMed Central PMCID:

PMCPMC3077130.

27. Doroudgar S, Thuerauf DJ, Marcinko MC, Belmont PJ, Glembotski CC. Ischemia activates the ATF6

branch of the endoplasmic reticulum stress response. J Biol Chem. 2009; 284(43):29735–29745.

https://doi.org/10.1074/jbc.M109.018036 PMID: 19622751; PubMed Central PMCID:

PMCPMC2785605.

28. Feldman DE, Chauhan V, Koong AC. The unfolded protein response: a novel component of the hypoxic

stress response in tumors. Mol Cancer Res. 2005; 3(11):597–605. https://doi.org/10.1158/1541-7786.

MCR-05-0221 PMID: 16317085.

29. Zhang SX, Ma JH, Bhatta M, Fliesler SJ, Wang JJ. The unfolded protein response in retinal vascular

diseases: implications and therapeutic potential beyond protein folding. Prog Retin Eye Res. 2015;

45:111–131. https://doi.org/10.1016/j.preteyeres.2014.12.001 PMID: 25529848; PubMed Central

PMCID: PMCPMC4339403.

30. Xu C, Bailly-Maitre B, Reed JC. Endoplasmic reticulum stress: cell life and death decisions. J Clin

Invest. 2005; 115(10):2656–2664. https://doi.org/10.1172/JCI26373 PMID: 16200199; PubMed Central

PMCID: PMCPMC1236697.

31. Hetz C, Glimcher L. The daily job of night killers: alternative roles of the BCL-2 family in organelle physi-

ology. Trends Cell Biol. 2008; 18(1):38–44. https://doi.org/10.1016/j.tcb.2007.10.003 PMID: 18077169.

32. Benavides A, Pastor D, Santos P, Tranque P, Calvo S. CHOP plays a pivotal role in the astrocyte death

induced by oxygen and glucose deprivation. Glia. 2005; 52(4):261–275. https://doi.org/10.1002/glia.

20242 PMID: 16001425.

33. Steinbrook R. The price of sight—ranibizumab, bevacizumab, and the treatment of macular degenera-

tion. N Engl J Med. 2006; 355(14):1409–1412. https://doi.org/10.1056/NEJMp068185 PMID:

17021315.

34. Ford KM, Saint-Geniez M, Walshe T, Zahr A, D’Amore PA. Expression and role of VEGF in the adult ret-

inal pigment epithelium. Invest Ophthalmol Vis Sci. 2011; 52(13):9478–9487. https://doi.org/10.1167/

iovs.11-8353 PMID: 22058334; PubMed Central PMCID: PMCPMC3250352.

35. Saint-Geniez M, Kurihara T, Sekiyama E, Maldonado AE, D’Amore PA. An essential role for RPE-

derived soluble VEGF in the maintenance of the choriocapillaris. Proc Natl Acad Sci U S A. 2009; 106

(44):18751–18756. https://doi.org/10.1073/pnas.0905010106 PMID: 19841260; PubMed Central

PMCID: PMCPMC2774033.

36. Nishijima K, Ng YS, Zhong L, Bradley J, Schubert W, Jo N, et al. Vascular endothelial growth factor-A is

a survival factor for retinal neurons and a critical neuroprotectant during the adaptive response to

ER stress and bevacizumab in hypoxic RPE

PLOS ONE | https://doi.org/10.1371/journal.pone.0179048 June 7, 2017 14 / 15

https://doi.org/10.2119/molmed.2010.00070
http://www.ncbi.nlm.nih.gov/pubmed/20683548
https://doi.org/10.1167/iovs.05-0070
http://www.ncbi.nlm.nih.gov/pubmed/16249470
https://doi.org/10.1136/bjophthalmol-2014-305302
https://doi.org/10.1136/bjophthalmol-2014-305302
http://www.ncbi.nlm.nih.gov/pubmed/24836865
https://doi.org/10.1152/physiol.00016.2013
http://www.ncbi.nlm.nih.gov/pubmed/24789981
https://doi.org/10.1016/j.arr.2009.06.002
https://doi.org/10.1016/j.arr.2009.06.002
http://www.ncbi.nlm.nih.gov/pubmed/19589398
http://www.ncbi.nlm.nih.gov/pubmed/12597922
http://www.ncbi.nlm.nih.gov/pubmed/9888442
https://doi.org/10.1167/iovs.04-1050
https://doi.org/10.1167/iovs.04-1050
http://www.ncbi.nlm.nih.gov/pubmed/15728562
https://doi.org/10.1167/iovs.07-0526
http://www.ncbi.nlm.nih.gov/pubmed/18172113
https://doi.org/10.1074/jbc.M109.018036
http://www.ncbi.nlm.nih.gov/pubmed/19622751
https://doi.org/10.1158/1541-7786.MCR-05-0221
https://doi.org/10.1158/1541-7786.MCR-05-0221
http://www.ncbi.nlm.nih.gov/pubmed/16317085
https://doi.org/10.1016/j.preteyeres.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25529848
https://doi.org/10.1172/JCI26373
http://www.ncbi.nlm.nih.gov/pubmed/16200199
https://doi.org/10.1016/j.tcb.2007.10.003
http://www.ncbi.nlm.nih.gov/pubmed/18077169
https://doi.org/10.1002/glia.20242
https://doi.org/10.1002/glia.20242
http://www.ncbi.nlm.nih.gov/pubmed/16001425
https://doi.org/10.1056/NEJMp068185
http://www.ncbi.nlm.nih.gov/pubmed/17021315
https://doi.org/10.1167/iovs.11-8353
https://doi.org/10.1167/iovs.11-8353
http://www.ncbi.nlm.nih.gov/pubmed/22058334
https://doi.org/10.1073/pnas.0905010106
http://www.ncbi.nlm.nih.gov/pubmed/19841260
https://doi.org/10.1371/journal.pone.0179048


ischemic injury. Am J Pathol. 2007; 171(1):53–67. https://doi.org/10.2353/ajpath.2007.061237 PMID:

17591953; PubMed Central PMCID: PMCPMC1941589.

37. Comparison of Age-related Macular Degeneration Treatments Trials Research G, Martin DF, Maguire

MG, Fine SL, Ying GS, Jaffe GJ, et al. Ranibizumab and bevacizumab for treatment of neovascular

age-related macular degeneration: two-year results. Ophthalmology. 2012; 119(7):1388–1398. https://

doi.org/10.1016/j.ophtha.2012.03.053 PMID: 22555112; PubMed Central PMCID: PMCPMC3389193.

38. Young M, Chui L, Fallah N, Or C, Merkur AB, Kirker AW, et al. Exacerbation of choroidal and retinal pig-

ment epithelial atrophy after anti-vascular endothelial growth factor treatment in neovascular age-

related macular degeneration. Retina. 2014; 34(7):1308–1315. https://doi.org/10.1097/IAE.

0000000000000081 PMID: 24451923.

39. Kim M, Kim ES, Seo KH, Yu SY, Kwak HW. Change of retinal pigment epithelial atrophy after anti-vas-

cular endothelial growth factor treatment in exudative age-related macular degeneration. Indian J

Ophthalmol. 2016; 64(6):427–433. https://doi.org/10.4103/0301-4738.187659 PMID: 27488150;

PubMed Central PMCID: PMCPMC4991167.

40. Rofagha S, Bhisitkul RB, Boyer DS, Sadda SR, Zhang K, Group S- US. Seven-year outcomes in ranibi-

zumab-treated patients in ANCHOR, MARINA, and HORIZON: a multicenter cohort study (SEVEN-

UP). Ophthalmology. 2013; 120(11):2292–2299. https://doi.org/10.1016/j.ophtha.2013.03.046 PMID:

23642856.

41. Karali E, Bellou S, Stellas D, Klinakis A, Murphy C, Fotsis T. VEGF Signals through ATF6 and PERK to

promote endothelial cell survival and angiogenesis in the absence of ER stress. Mol Cell. 2014; 54

(4):559–572. https://doi.org/10.1016/j.molcel.2014.03.022 PMID: 24746698.

42. Ghosh R, Lipson KL, Sargent KE, Mercurio AM, Hunt JS, Ron D, et al. Transcriptional regulation of

VEGF-A by the unfolded protein response pathway. PLoS One. 2010; 5(3):e9575. https://doi.org/10.

1371/journal.pone.0009575 PMID: 20221394; PubMed Central PMCID: PMCPMC2833197.

43. Roybal CN, Yang S, Sun CW, Hurtado D, Vander Jagt DL, Townes TM, et al. Homocysteine increases

the expression of vascular endothelial growth factor by a mechanism involving endoplasmic reticulum

stress and transcription factor ATF4. J Biol Chem. 2004; 279(15):14844–14852. https://doi.org/10.

1074/jbc.M312948200 PMID: 14747470.

44. Roybal CN, Hunsaker LA, Barbash O, Vander Jagt DL, Abcouwer SF. The oxidative stressor arsenite

activates vascular endothelial growth factor mRNA transcription by an ATF4-dependent mechanism. J

Biol Chem. 2005; 280(21):20331–20339. https://doi.org/10.1074/jbc.M411275200 PMID: 15788408.

45. Bakri SJ, Snyder MR, Reid JM, Pulido JS, Singh RJ. Pharmacokinetics of intravitreal bevacizumab

(Avastin). Ophthalmology. 2007; 114(5):855–859. https://doi.org/10.1016/j.ophtha.2007.01.017 PMID:

17467524.

46. Zhu Q, Ziemssen F, Henke-Fahle S, Tatar O, Szurman P, Aisenbrey S, et al. Vitreous levels of bevaci-

zumab and vascular endothelial growth factor-A in patients with choroidal neovascularization. Ophthal-

mology. 2008; 115(10):1750–1755, 1755 e1751. https://doi.org/10.1016/j.ophtha.2008.04.023 PMID:

18708261.

47. Winkler BS, Boulton ME, Gottsch JD, Sternberg P. Oxidative damage and age-related macular degen-

eration. Mol Vis. 1999; 5:32. PMID: 10562656; PubMed Central PMCID: PMCPMC1773059.

48. Kim S, Kim YJ, Kim NR, Chin HS. Effects of Bevacizumab on Bcl-2 Expression and Apoptosis in Retinal

Pigment Epithelial Cells under Oxidative Stress. Korean J Ophthalmol. 2015; 29(6):424–432. https://

doi.org/10.3341/kjo.2015.29.6.424 PMID: 26635460; PubMed Central PMCID: PMCPMC4668259.

49. Byeon SH, Lee SC, Choi SH, Lee HK, Lee JH, Chu YK, et al. Vascular endothelial growth factor as an

autocrine survival factor for retinal pigment epithelial cells under oxidative stress via the VEGF-R2/

PI3K/Akt. Invest Ophthalmol Vis Sci. 2010; 51(2):1190–1197. https://doi.org/10.1167/iovs.09-4144

PMID: 19834034.

ER stress and bevacizumab in hypoxic RPE

PLOS ONE | https://doi.org/10.1371/journal.pone.0179048 June 7, 2017 15 / 15

https://doi.org/10.2353/ajpath.2007.061237
http://www.ncbi.nlm.nih.gov/pubmed/17591953
https://doi.org/10.1016/j.ophtha.2012.03.053
https://doi.org/10.1016/j.ophtha.2012.03.053
http://www.ncbi.nlm.nih.gov/pubmed/22555112
https://doi.org/10.1097/IAE.0000000000000081
https://doi.org/10.1097/IAE.0000000000000081
http://www.ncbi.nlm.nih.gov/pubmed/24451923
https://doi.org/10.4103/0301-4738.187659
http://www.ncbi.nlm.nih.gov/pubmed/27488150
https://doi.org/10.1016/j.ophtha.2013.03.046
http://www.ncbi.nlm.nih.gov/pubmed/23642856
https://doi.org/10.1016/j.molcel.2014.03.022
http://www.ncbi.nlm.nih.gov/pubmed/24746698
https://doi.org/10.1371/journal.pone.0009575
https://doi.org/10.1371/journal.pone.0009575
http://www.ncbi.nlm.nih.gov/pubmed/20221394
https://doi.org/10.1074/jbc.M312948200
https://doi.org/10.1074/jbc.M312948200
http://www.ncbi.nlm.nih.gov/pubmed/14747470
https://doi.org/10.1074/jbc.M411275200
http://www.ncbi.nlm.nih.gov/pubmed/15788408
https://doi.org/10.1016/j.ophtha.2007.01.017
http://www.ncbi.nlm.nih.gov/pubmed/17467524
https://doi.org/10.1016/j.ophtha.2008.04.023
http://www.ncbi.nlm.nih.gov/pubmed/18708261
http://www.ncbi.nlm.nih.gov/pubmed/10562656
https://doi.org/10.3341/kjo.2015.29.6.424
https://doi.org/10.3341/kjo.2015.29.6.424
http://www.ncbi.nlm.nih.gov/pubmed/26635460
https://doi.org/10.1167/iovs.09-4144
http://www.ncbi.nlm.nih.gov/pubmed/19834034
https://doi.org/10.1371/journal.pone.0179048

