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Abstract
● AIM: To investigate the cross-talk between oxidative stress 
and the epidermal growth factor receptor (EGFR)/AKT 
signaling pathway in retinal pigment epithelial (RPE) cells. 
● METHODS: Human RPE cell lines (ARPE-19 cell) were 
treated with different doses of epidermal growth factor 
(EGF) and hydrogen peroxide (H2O2). Cell viability was 
determined by a methyl thiazolyl tetrazolium assay. Cell 
proliferation was examined by a bromodeoxyuridine (BrdU) 
incorporation assay. EGFR/AKT signaling was detected 
by Western blot. EGFR localization was also detected by 
immunofluorescence. In addition, EGFR/AKT signaling 
was intervened upon by EGFR inhibitor (erlotinib), PI3K 
inhibitor (A66) and AKT inhibitor (MK-2206), respectively. 
H2O2-induced oxidative stress was blocked by antioxidant 
N-acetylcysteine (NAC).
● RESULTS: EGF treatment increased ARPE-19 cell viability 
and proliferation through inducing phosphorylation of 
EGFR and AKT. H2O2 inhibited ARPE-19 cell viability and 
proliferation and also suppressed EGF-stimulated increase 
of RPE cell viability and proliferation by affecting the 
EGFR/AKT signaling pathway. EGFR inhibitor erlotinib 
blocked EGF-induced phosphorylation of EGFR and 
AKT, while A66 and MK-2206 only blocked EGF-induced 
phosphorylation of AKT. EGF-induced phosphorylation and 

endocytosis of EGFR were also affected by H2O2 treatment. In 
addition, antioxidant NAC attenuated H2O2-induced inhibition 
of ARPE-19 cell viability through alleviating reduction of 
EGFR, and phosphorylated and total AKT proteins. 
● CONCLUSION: Oxidative stress affects RPE cell viability 
and proliferation through interfering with the EGFR/AKT 
signaling pathway. The EGFR/AKT signaling pathway may 
be an important target in oxidative stress-induced RPE cell 
dysfunction.
● KEYWORDS: oxidative stress; epidermal growth factor 
receptor; AKT; retinal pigment epithelial cell
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INTRODUCTION 

Age-related macular degeneration (AMD) is a leading cause 
of blindness in the elderly in developed countries[1-3]. 

The retinal pigment epithelial (RPE) cells between the 
photoreceptors and the choroid are essential for maintaining 
normal physiological function of the retina[4]. Increasing 
evidence indicates that oxidative stress-induced RPE cell 
dysfunction is considered a major factor in the pathogenesis 
of early AMD[5-7]. However, the exact mechanism of oxidative 
stress affecting the RPE cells survival is not well understood. 
Epidermal growth factor receptor (EGFR) is a tyrosine 
kinase receptor located at the cell membrane. EGFR plays 
an important role in the development and normal physiology 
of epithelial cells, such as stimulating cell proliferation, 
differentiation and migration[8]. Some evidence indicates 
that EGFR-mediated signaling can activate intracellular 
phosphorylation of AKT, which can lead to proliferation, 
differentiation and migration of RPE cells[9-11]. Recent evidence 
also indicates that cellular stress triggers robust trafficking 
and signaling of ligand-independent EGFR[12-14]. Wang et 
al[15] found that EGFR-dependent AKT activation enhanced 
cell survival under oxidative stress. Yang et al[16] reported 
that oxidant triggered activation of AKT in human RPE cells. 
Recent studies have also shown that activation of EGFR or 
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AKT proteins is involved in the protection of RPE cell injury 
caused by oxidative stress[17-20]. However, the mechanism of 
oxidative stress affecting the EGFR/AKT signaling pathway in 
RPE cells is not fully known. 
In the present study, our objective was to investigate the 
effects of epidermal growth factor (EGF) and oxidative stress 
induced by hydrogen peroxide (H2O2) on the EGFR/AKT 
signaling pathway and their potential cross-talk in RPE cells in 
vitro. Our data indicate that oxidative stress induced by H2O2 
inhibits ARPE-19 cell survival through affecting the EGFR/
AKT signaling pathway. These results suggest the EGFR/AKT 
signaling pathway may be an important target for preventing 
and treating oxidative injury in RPE cells.
MATERIALS AND METHODS 
Materials  EGF was purchased from Peprotech Inc. (Rocky 
Hill, NJ, USA). H2O2, methyl thiazolyl tetrazolium (MTT), 
and N-acetylcysteine (NAC) were purchased from Sigma- 
Aldrich (St. Louis, MO, USA). EGFR inhibitor (erlotinib), 
PI3K inhibitor (A66), AKT inhibitor (MK-2206), and bromo-
deoxyuridine (BrdU) were purchased from Selleck Chemicals 
LLC (Houston, TX, USA). Total and phosphorylated EGFR 
primary antibodies and secondary antibodies were purchased 
from Cell Signaling Technology (Danvers, MA, USA). Total 
and phosphorylated AKT primary antibodies were purchased 
from Santa Cruz Biotechnology (Dallas, TX, USA). BrdU 
primary antibody was purchased from Proteintech Inc. 
(Wuhan, Hubei Province, China). Alexa Fluor® 488- or 
594-conjugated secondary antibodies were purchased from 
Abcam Inc. (Cambridge, MA, USA).
Cell Culture  The human RPE cell lines (ARPE-19 cells) 
were purchased from American Type Culture Collection 
(ATCC, Manassas, VA, USA). ARPE-19 cells were cultured 
in Dulbecco’s Modified Eagle Medium/Nutrient Mixture 
F/12 (DMEM/F12), supplemented with 10% (v/v) fetal 
bovine serum, 100 units/mL of penicillin, and 100 μg/mL 
streptomycin in a humidified incubator with 5% carbon dioxide 
(CO2) atmosphere at 37℃ .
Cell Viability Assay  ARPE-19 cells (1×104/well) were 
cultured in 96-wells culture plates and treated with different 
concentrations of EGF or H2O2. Cells were then incubated in 
a medium with MTT solution (50 μg/mL) for 4h. Next, the 
culture medium was removed and 150 µL of dimethylsulfoxide 
were added to each well. The absorbance at 570 nm was 
detected with a microplate reader (POLARstar Omega, BMG 
Labtech, Ortenberg, Germany). Cell viability was expressed as 
a percentage of control.
Bromodeoxyuridine Incorporation Assay  ARPE-19 cells 
were cultured on 0.1% gelatin-coated glass slides in 12-wells 
plates. Cells were divided into one control group and three 
treatment groups: a group treated with 300 μmol/L H2O2, a 
group treated with 100 ng/mL EGF, and a group treated with 

100 ng/mL EGF plus 300 μmol/L of H2O2. After being treated 
for 24h, cells were incubated with 30 µmol/L BrdU for 4h, 
fixed with 4% paraformaldehyde (PFA) for 30min at room 
temperature, washed three times with phosphate buffered 
saline (PBS), and denatured with 2 mol/L hydrochloric acid 
in PBS containing 0.1% Tween-20 (PBST) for 30min. Cells 
were then blocked with 5% bovine serum albumin for 1h. 
After being washed three times with PBS, cells were incubated 
with a primary anti-BrdU antibody for 2h at room temperature. 
Next, cells were washed three times with PBS and incubated 
with a secondary antibody for 1h. Finally, after being washed 
three times with PBS, cells were mounted onto glass slides by 
FluoroShield™ with DAPI (Sigma Aldrich, MO, USA) and 
observed using a confocal microscope (LSM 780, Carl Zeiss, 
Jena, Germany).
Western Blot Analysis  ARPE-19 cells were treated with the 
reagent for different times. Cells were washed twice with by 
cold PBS and then were lysed in 1×SDS (sodium dodecyl 
sulfonate) loading buffer. All extracted protein samples were 
denatured at 100℃  heat for 10min, and equal amounts of 
proteins were loaded on 8%-10% polyacrylamide gels to 
separate and be transferred to polyvinylidene difluoride 
(PVDF) membranes. After being blocked with 5% milk diluted 
in PBST, the PVDF membranes were incubated with the 
phosphorylated and total EGFR and AKT primary antibodies 
and β-actin primary antibody (1:1000 dilution in PBST) 
overnight at 4℃ , rinsed three times with PBST, and incubated 
with horseradish peroxidase-conjugated secondary antibodies 
(1:2000 in 0.1% PBST) for 2h at room temperature. Finally, 
after being rinsed three times with PBST, specific protein 
bands were developed by addition of a chemiluminescence 
detection solution (Advansta Inc., Menlo Park, CA, USA) 
and visualized and analyzed by the Bio-Rad ChemiDoc XRS 
system (Bio-Rad, Hercules, CA, USA).
Immunofluorescence  ARPE-19 cells were cultured on 
0.1% gelatin-coated glass coverslips for 12h. Cells were 
treated by different reagents, fixed with 4% PFA in PBS for 
15min, and rinsed three times with PBS at room temperature. 
Next, cells were permeabilized with 0.1% triton-X buffer 
for 3min, rinsed three times with PBS, and blocked in 5% 
bovine serum albumin for 1h. Cells were then incubated with 
specified antibodies for 2h, rinsed three times with PBS at 
room temperature, and incubated with Alexa Fluor® 488- or 
594-conjugated secondary antibodies for 1h. Finally, after 
being rinsed three times with PBS, cells were mounted by 
FluoroShield™ with DAPI and were observed by using an 
LSM780 confocal microscope.
Statistical Analysis  All values in the study are expressed 
as mean±standard error of the mean (SEM). The difference 
between the two groups were analyzed by Student’s t-test, and 
differences in three or more groups were analyzed by one-way 
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ANOVA followed by a post-hoc Tukey’s test using GraphPad 
Prism 5 Software (GraphPad Software, LaJolla, CA, USA). 
P<0.05 was considered statistically significant.
RESULTS
Epidermal Growth Factor and H2O2 Affect ARPE-19 Cell 
Viability  Effects of EGF and H2O2 on ARPE-19 cell viability 
were measured by MTT assay. EGF caused a significant 
increase of cell viability in a dose-dependent manner. 
Treatment with 10, 25, 50 and 100 ng/mL of EGF for 
approximately 12h increased the cell viability by 5.6%, 6.3%, 
7.4% and 8.9% respectively, compared to the control (Figure 1A). 
H2O2 caused a signif﻿﻿﻿﻿﻿﻿icant inhibition of cell viability in a dose-
dependent manner. Treatment with 100, 200, 300, 400 and 
500 μmol/L of H2O2 for approximately 6h reduced the cell 
viability by 2.9%, 7.2%, 12.5%, 17.9% and 46.7% respectively, 
compared to the control (Figure 1B). In addition, EGF-induced 
an increase in ARPE-19 cell viability was decreased by 
treatment with 300 μmol/L of H2O2 (Figure 1C). 
H2O2-induced Oxidative Stress Inhibits Epidermal Growth 
Factor-dependent Proliferation of ARPE-19 Cells  Effects 

of EGF and H2O2 on ARPE-19 cell proliferation were detected 
by a BrdU incorporation assay. The number of BrdU+ ARPE-19 
cells is about 49.5% in control group. The number of BrdU+ 

ARPE-19 cells in the H2O2 (300 μmol/L) treatment group was 
reduced by about 43.8% compared with the control group, 
while the number of BrdU+ ARPE-19 cells in the EGF (100 ng/mL)
treatment group increased by about 21% compared with the 
control group. Furthermore, the number of BrdU+ cells in the 
combined treatment group (EGF+H2O2) was reduced by 
about 61% compared only with the EGF treatment group 
(Figure 2A, 2B). 
Epidermal Growth Factor-induced Epidermal Growth Factor 
Receptor/AKT Signaling in ARPE-19 Cells  EGF-induced 
EGFR/AKT signaling in ARPE-19 cells was detected by 
Western blot. As shown in Figure 3A and 3B, after ARPE-19 
cells were treated by 100 ng/mL EGF, phosphorylated EGFR 
levels increased to a maximum within 15min and subsequently 
slowly declined. Meantime, EGF treatment slowly declined 
total EGFR levels in a time-dependent manner. Similarly, 
phosphorylated AKT levels increased to maximum within 

Figure 1 Effects of EGF and H2O2 on ARPE-19 cells viability  A: ARPE-19 cells were treated with 0, 10, 25, 50, 100 ng/mL EGF for 12h 
(n=12); B: ARPE-19 cells were treated with 0, 100, 200, 300, 400 and 500 μmol/L H2O2 for 6h (n=8); C: ARPE-19 cells were untreated or treated 
with H2O2 (300 μmol/L) in the absence or presence of EGF (100 ng/mL) for 12h (n=4). Cell viability was measured by MTT assay, aP<0.05, 
bP<0.01.

Figure 2 Oxidative stress induced by H2O2 inhibits EGF-dependent proliferation of ARPE-19 cells A: Immunofluorescence 
microphotographs of proliferating ARPE-19 cells with BrdU (red) and DAPI (blue) staining were taken after ARPE-19 cells were left untreated 
or treated with H2O2 (300 μmol/L) in the absence or presence of EGF (100 ng/mL) for 24h and then subjected to BrdU labeling for 4h, followed 
by immunostaining with anti-BrdU antibody and DAPI; B: Quantitative data of BrdU+ cell are shown in panel A ( n=3, bP<0.01). Scale bars=20 μm.
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one hour and subsequently slowly declined. Total AKT levels 
were not greatly affected by this EGF treatment. In addition, 
we detected effects of erlotinib, A66, and MK-2206 on EGFR/
AKT signaling pathway. As shown in Figure 3C and 3D, 
erlotinib blocked EGF-induced phosphorylation of EGFR and 
AKT, and attenuated degradation of total EGFR caused by 
EGF. However, A66 and MK-2206 only blocked EGF-induced 
phosphorylation of AKT.
H2O2 Affects Expression Levels of Epidermal Growth Factor 
Receptor and AKT Protein in ARPE-19 Cells  Western blot 
results showed that 300 μmol/L H2O2 induced a significant 
down-regulation of total EGFR levels in a time-dependent 
manner. Treatment with 300 μmol/L H2O2 for less than 1h 
induced a significant increase in the expression levels of 
phosphorylated AKT, whereas treatment with 300 μmol/L H2O2 
more than 3h induced a significant reduction of phosphorylated 
and AKT. Additionally, the total AKT levels declined after 
treatment with 300 μmol/L H2O2 for 1h and longer (Figure 4A, 4B). 
Immunofluorescence evaluation showed that treatment with 
300 μmol/L of H2O2 for 6h caused translocation of EGFR from 

the cell membrane to the cytoplasm of ARPE-19 cells. Cell 
body shrinkage and cytoskeleton destruction were observed 
by a fluorescent phalloidin probe staining, and cellular nuclei 
shrinkage was observed by DAPI staining in ARPE-19 cells 
(Figure 4C). 
H2O2 Affects Epidermal Growth Factor-induced Epidermal 
Growth Factor Receptor/AKT Signaling in ARPE-19 Cells  
To investigate the molecular mechanism of H2O2 inhibiting 
EGF-stimulated cell viability and proliferation, the effect of 
H2O2 on EGF-induced EGFR/AKT signaling was detected. 
As shown in Figure 5A and 5B, significant phosphorylation 
of EGFR and AKT and reduction of the total EGFR were 
induced by treatment with 100 ng/mL EGF for 15, 30 and 
60min. In contrast, pretreatment with 300 μmol/L H2O2 for 
3h caused a significant decrease in levels of total EGFR and 
phosphorylated and total AKT. In addition, the phosphorylation 
of EGFR induced by treatment with EGF for 15 and 30min 
and the phosphorylation of AKT induced by treatment with 
EGF for 30 and 60min were also inhibited significantly by 
pretreatment with 300 μmol/L H2O2 for 3h.

Figure 3 EGF-induced EGFR/AKT signaling in ARPE-19 cells  A: ARPE-19 cells were treated with 100 ng/mL EGF for 0, 0.25, 0.5, 1, 3, 
6, 12h in a serum-free medium; cell lysates were subjected to Western blot analysis for total and phosphorylated EGFR and AKT; β-actin was 
used as a loading control. B: Quantitative data of Western blot are shown in panel A; the levels of protein in the treatment groups were compared 
with the control, aP<0.05, bP< 0.01. C: ARPE-19 cells were pretreated with 0.5 μmol/L erlotinib, 10 μmol/L A66 or 10 μmol/L MK-2206 for 12h 
and treated further with EGF for another 15min in the serum-free medium; cell lysates were subjected to Western bolt analysis with total and 
phosphorylated EGFR and AKT antibody; β-actin was used as a loading control. D: Quantitative data of Western blot are shown in panel C; n=3, 
aP<0.05, bP<0.01.
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Immunofluorescence evaluation showed that treatment 
with EGF for 15min induced a significant expression of 
phosphorylated EGFR and induced EGFR endocytosis 
from the cell membrane to the cytoplasm. In contrast, 
phosphorylation and endocytosis of EGFR induced by 
EGF treatment for 15min were suppressed by pretreatment 
with 300 μmol/L H2O2 for 3h. F-actin fiber staining with a 
fluorescent phalloidin showed that pretreatment with H2O2 
caused cell body shrinkage and F-actin fiber destabilization 
in ARPE-19 cells (Figure 5C).

N-acetylcysteine Attenuates Inhibition of ARPE-19 Cell 
Viability Induced by H2O2  The effect of antioxidant NAC 
on H2O2-induced oxidative stress in ARPE-19 cells was also 
detected. Cell viability assay showed that NAC significantly 
blocked H2O2-caused inhibition of cell viability (Figure 6A). 
Western blot results showed that treatment with 300 μmol/L
H2O2 for 6h reduced expression levels of total EGFR and 
phosphorylated and total AKT, while NAC significantly 
blocked down-regulation of total EGFR and phosphorylated 
and total AKT induced by H2O2 (Figure 6B, 6C).

Figure 4 H2O2 affects expression of EGFR and AKT protein in ARPE-19 cells  A: ARPE-19 cells were treated with 300 μmol/L H2O2 for 
0, 0.25, 0.5, 1, 3 and 6h. Total EGFR, and phosphorylated and total AKT were detected by Western blot; β-actin was used as a loading control. 
B: Quantitative data of Western blot are shown in panel A; the levels of protein in the treatment groups were compared with the control; n=3, 
aP<0.05, bP< 0.01. C: Immunofluorescence microphotographs of EGFR (green) with phalloidin (red) and DAPI (blue) after ARPE-19 cells were 
treated with 300 μmol/L H2O2 for 6h. Scale bars=20 μm.



512

Figure 5 H2O2 affects EGF-induced EGFR/AKT signaling in ARPE-19 cells  A: ARPE-19 cells were pretreated with or without H2O2 (300 
μmol/L) for 3h, and then were further stimulated by 100 ng/mL EGF for 0, 15, 30 and 60min in the serum-free medium; phosphorylated and total 
EGFR and AKT were detected by Western blot with respective antibodies; β-actin was used as a loading control. B: Quantitative data of Western 
blot are shown in panel A; comparison was between the control group and H2O2 pretreatment group at the same time point; n=3; aP<0.05, bP< 
0.01. C: Immunofluorescence microphotographs of phosphorylated and total EGFR (green), with phalloidin (red) and DAPI (blue), after ARPE-19 cells 
were pretreated with or without H2O2 (300 μmol/L) for 3h, and then were stimulated further by 100 ng/mL EGF for 0 or 15min in the serum-free 
medium. Scale bars=10 μm.

Figure 6 NAC attenuates inhibition of ARPE-19 cells viability induced by H2O2  ARPE-19 cells were divided into one control group and 
three treatment groups: a group treated with 5 mmol/L NAC, a group treated with 300 μmol/L H2O2, and a group treated with 5 mmol/L NAC 
plus 300 μmol/L of H2O2 for 6h. A: Cell viability was measured by MTT assay; the cell viability is expressed as a percentage of the control 
(n=4); B: Total EGFR and phosphorylated and total AKT were detected by Western blot; β-actin was used as a loading control. C: Quantitative 
data of Western blot are shown in panel B; n=3, aP<0.05, bP<0.01.
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DISCUSSION
RPE, a monolayer of pigmented cells located between 
photoreceptor and vessels of the choriocapillaris, forms a 
part of the blood/retina barrier[4]. An increasing number of 
studies indicate that the oxidative stress-induced RPE cells 
damage contributes the progress of AMD[21-22]. Environmental 
factors (e.g. intense light exposure[23] or cigarette smoke[24]) 
could arouse the oxidative stress and increase the risk of RPE 
injury. Some evidence has shown that oxidative stress inhibits 
RPE cells viability and proliferation and induces RPE cells 
apoptosis[25-27]. However, the exact mechanism of oxidative 
stress-induced the RPE cells damage is not fully understood.
EGFR, an important tyrosine kinase receptor located in 
cell membranes, plays a vital role in eye development and 
photoreceptor differentiation[28-29]. A series of studies reported 
that the EGF-induced EGFR signaling pathway is involved in 
proliferation, migration and survival of human RPE cells[9,11,30]. 
A recent study has indicated that activation of EGFR/AKT 
signaling is involved in protecting RPE cells against oxidative 
injury[17]. In the present study, our results showed that EGF 
stimulated cell viability and proliferation in ARPE-19 cells 
through inducing phosphorylation of EGFR and degradation 
of total EGFR. We also found that H2O2-induced oxidative 
stress inhibited ARPE-19 cell viability and caused a significant 
reduction of the expression level of total EGFR in a time-
dependent manner. These results suggest that the EGF-induced 
EGFR signaling pathway might play an important role in RPE 
cell growth, and oxidative stress could affect RPE cell viability 
through reduction of the EGFR signaling pathway.
A recent study showed that oxidative stress from H2O2 
treatment inhibited RPE cells proliferation and induced cellular 
senescence[31]. Filosto et al[12] have reported that oxidative 
stress caused abnormal EGFR phosphorylation and aberrant 
EGFR conformation. In the present study, our data showed 
that H2O2-induced oxidative stress affected EGF-stimulated 
RPE cells proliferation. These data hinted that there might be a 
potential cross-talking between oxidative stress and the EGF-
induced EGFR signaling pathway. To confirm the cross-talking 
between oxidative stress and the EGF-induced EGFR signaling 
pathway in RPE cells, we further detected the effect of 
oxidative stress on the EGF-induced EGFR signaling pathway. 
Interestingly, our results showed that H2O2-induced oxidative 
stress not only significantly reduced expression levels of 
total EGFR but also inhibited EGF-induced phosphorylation 
of EGFR (Figure 5A, 5B). In addition, EGF-induced EGFR 
endocytosis was also suppressed by pretreatment with H2O2 
(Figure 5C). These results supported our initial hypothesis that 
oxidative stress might suppress RPE cell growth by interfering 
with the EGF/EGFR signaling pathway.
AKT, also known as protein kinase B (PKB), plays a 
key role in multiple cellular functions, such as nutrient 
metabolism, cell survival, proliferation, transcription, and 
cell migration[32]. On one hand, phosphorylation of AKT was 
involved in EGF-induced RPE cell survival[9]. On the other 
hand, phosphorylation and the activation of AKT induced by 

H2O2 could protect RPE cells from oxidant-induced cell death 
under normal circumstances and in disease states such as 
AMD[16]. Our results showed that EGF could induce persistent 
phosphorylation of AKT (Figure 3A, 3B). In contrast, although 
treatment with 300 μmol/L of H2O2 within 3h resulted in an 
increase of phosphorylation of AKT, treatment with H2O2 for 
more than 3h reduced expression levels of phosphorylated AKT 
(Figure 4A, 4B). In addition, EGF-induced phosphorylation 
of AKT was affected by H2O2-caused oxidative stress (Figure 
5A, 5B). These results suggest that a durative oxidative stress-
induced decline of phosphorylated AKT might contribute to 
RPE cell dysfunction.
Evidence from a number of studies has shown that antioxidants 
could protect the RPE against oxidative stress[33-35]. NAC, a 
derivative of cysteine and glutathione precursor, is a thiol-
containing compound that could directly scavenge free 
radicals[36-37]. Some studies have shown that NAC may 
attenuate blue light-induced RPE cell apoptosis[38] and protect 
RPE against hypoxia-induced apoptosis[39-40]. Our results 
showed that NAC attenuated H2O2-induced inhibition of 
ARPE-19 cell viability through alleviating reduction of EGFR 
and phosphorylated and total AKT proteins. These data suggest 
that the EGFR/AKT signaling pathway might be a target for 
preventing and treating oxidative stress-induced RPE cell 
injury.
In conclusion, our data indicate that oxidative stress inhibits 
ARPE-19 cells survival through affecting EGFR/AKT 
signaling pathway. The EGFR/AKT signaling pathway might 
be an important target for prevention and treatment of RPE cell 
oxidative injury in some diseases such as AMD.
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