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Introduction: Damage to retinal pigment epithelium (RPE) cells caused by

oxidative stress is closely related to the pathogenesis of several blinding retinal

diseases, such as age-related macular degeneration (AMD), retinitis pigmentosa,

and other inherited retinal degenerative conditions. However, the mechanisms

of this process are poorly understood. Hence, the goal of this study was to

investigate hydrogen peroxide (H2O2)-induced oxidative damage and protective

role of peroxiredoxin 6 (PRDX6) protein via EGFR/ERK signaling pathway in RPE

cells.

Methods: Cells from a human RPE cell line (ARPE-19 cells) were treated with

H2O2, and then cell viability was assessed using the methyl thiazolyl tetrazolium

assay. Cell death and reactive oxygen species (ROS) were detected by flow

cytometry. The levels of PRDX6, epidermal growth factor receptor (EGFR), P38

mitogen-activated protein kinase (P38MAPK), c-Jun N-terminal kinase (JNK), and

extracellular signal-regulated kinase (ERK) were detected by Western blot assay.

PRDX6 and EGFR were also detected via immunofluorescence staining.

Results: Our results show that H2O2 inhibited cell viability, induced cell death,

and increased ROS levels in ARPE-19 cells. It was also found that H2O2 decreased

the levels of PRDX6, EGFR, and phosphorylated ERK but increased the levels

of phosphorylated P38MAPK and JNK. PRDX6 overexpression was found to

attenuate H2O2-induced inhibition of cell viability and increased cell death and

ROS production in ARPE-19 cells. PRDX6 overexpression also increased the

expression of EGFR and alleviated the H2O2-induced decrease in EGFR and

phosphorylated ERK. Moreover, inhibition of epidermal growth factor-induced

EGFR and ERK signaling in oxidative stress was partially blocked by PRDX6

overexpression.

Frontiers in Aging Neuroscience 01 frontiersin.org

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://doi.org/10.3389/fnagi.2023.1169211
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2023.1169211&domain=pdf&date_stamp=2023-07-17
https://doi.org/10.3389/fnagi.2023.1169211
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnagi.2023.1169211/full
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-15-1169211 July 11, 2023 Time: 15:10 # 2

Chen et al. 10.3389/fnagi.2023.1169211

Discussion: Our findings indicate that PRDX6 overexpression protects RPE cells

from oxidative stress damage caused by decreasing ROS production and partially

blocking the inhibition of the EGFR/ERK signaling pathway induced by oxidative

stress. Therefore, PRDX6 shows promise as a therapeutic target for the prevention

of RPE cell damage caused by oxidative stress associated with retinal diseases.

KEYWORDS

Peroxiredoxin 6, retinal pigment epithelium cell, oxidative stress, epidermal growth
factor receptor, extracellular signal-regulated kinase

1. Introduction

Age-related macular degeneration (AMD) is the most common
blinding retinal disease in developed countries in people aged
over 60 years (Mitchell et al., 2018; Thomas et al., 2021). Damage
to retinal pigment epithelial (RPE) cells caused by oxidative
stress is thought to be a vital factor in the pathogenesis of
AMD (Kaarniranta et al., 2020; Ruan et al., 2021; Toma et al.,
2021). Recent research has also indicated that oxidative stress
and RPE cell dysfunction are implicated in the pathogenesis
of retinitis pigmentosa and other inherited retinal degenerative
conditions (Gallenga et al., 2021; Pinilla et al., 2022). However,
the exact mechanism by which oxidative stress causes damage
to RPE cells is not comprehensively understood, and protecting
RPE cells from oxidative stress-related damage remains a
challenge.

Peroxiredoxin 6 (PRDX6) is a member of the non-selenium
thiol peroxidase family, has both glutathione peroxidase and
phospholipase A2 activities, and is widely distributed throughout
many organs (e.g., the lungs, brain, liver, kidneys, and testes)
and tissues (e.g., retina and optic nerve) (Fisher, 2011, 2017;
Chidlow et al., 2016). There is growing evidence that PRDX6
acts as an antioxidant enzyme in vivo and can prevent oxidative
stress (Manevich et al., 2002; Manevich and Fisher, 2005). In a
previous study, we have found that PRDX6 levels were elevated
in the retinas of rd12 mice, an animal model of Leber congenital
amaurosis. This increase, a possible result of ongoing retinal
degeneration, was normalized in the course of gene therapy,
which led us to hypothesize that PRDX6 acts as an important
antioxidant in the outer retina (Zheng et al., 2012). It is worth
mentioning that the findings of Tulsawani et al. (2010) indicate
that PRDX6 may play a similar role in the inner retina; they
found that it provided protection against hypoxia-induced damage
in retinal ganglion cells. Our hypothesis is also supported by
Zha et al.’s (2015) more recent study in which it was shown
that PRDX6 levels decreased after hydrogen peroxide (H2O2)
treatment and that PRDX6 knockdown enhanced oxidative damage
in RPE cells. In addition, another study showed that PRDX6,
which is highly expressed in airway epithelial cells, suppressed
lipopolysaccharide-induced Muc5ac via epidermal growth factor
receptor (EGFR) and mitogen-activated protein kinases (MAPKs)
(Yang et al., 2017). A recent study also showed PRDX6 protects
irradiated cells from oxidative stress and shapes their senescence-
associated cytokine landscape (Salovska et al., 2022). However,
the presence of such a mechanism in RPE cells remains unclear,
and the specific mechanism employed by PRDX6 to protect

RPE cells from oxidative stress-induced damage has yet to be
elucidated.

EGFR is located on the cell membrane, and its ligand
is epidermal growth factor (EGF). When this tyrosine kinase
receptor binds its ligand, it regulates cell growth, differentiation,
and migration. When activated, EGFR can induce a series of
intracellular transduction signaling events, such as activation of
the following important cellular proteins: extracellular signal-
regulated kinase (ERK), p38 mitogen-activated protein kinase
(P38MAPK), and c-Jun N-terminal protein kinase (JNK) (Lemmon
and Schlessinger, 2010). It was reported that PRDX6 expression in
melanoma cells is maintained in a post-transcriptional manner by
EGFR-dependent signaling, implying a link between PRDX6 and
EGFR signaling (Schmitt et al., 2015). Additionally, a link between
MAPKs and PRDX6 has been suggested by a report of MAPKs
mediating phosphorylation of PRDX6 in alveolar cells (Wu et al.,
2009). However, it remains unclear whether PRDX6 interferes with
the EGFR/MAPK signaling pathway in RPE cells under oxidative
stress.

In the present study, we investigated the effect of oxidative
stress on the EGFR/MAPK signaling pathway in RPE cells and
focused on the protective role that PRDX6 could play in mitigating
the negative effects of oxidative stress. Our results show that
damage to the RPE caused by H2O2-induced oxidative stress can
be attenuated by PRDX6 overexpression via stimulation of the
EGFR/ERK pathway. These findings suggest that PRDX6, with
its antioxidant function, may protect RPE cells against oxidative
stress-related damage.

2. Materials and methods

2.1. Cell culture and reagents

Cells from the ARPE-19 human RPE cell line were purchased
from the American Type Culture Collection (ATCC, Manassas,
VA, USA). The H2O2, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H- tetrazolium bromide (MTT), 2′,7′-dichlorodihydrofluorescein
diacetate (DCFDA), and FluoroShield with Diamidinophenyl
indole (DAPI) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). EGF was purchased from Peprotech Inc. (Rocky Hill, NJ,
USA). Anti-PRDX6 primary antibody was purchased from Abcam
Inc. (Cambridge, MA, USA). Anti-EGFR, anti-P38MAPK, anti-
ERK, and anti-JNK primary antibodies were purchased from Cell
Signaling Technology (Danvers, MA, USA).
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2.2. Plasmid construction

The pLV-Flag PRDX6 plasmid was constructed from the full-
size human PRDX6 cDNA sequence (PRDX6; GenBank accession
no. NM_004905.2), which was provided as a gift by the Han Lab
(http://hanlab.xmu.edu.cn/) from the School of Life Sciences at
Xiamen University. The PRDX6 cDNA sequence was cut using
restriction enzymes (SalI and XmaI) and then assembled in a
pLV-Flag vector.

2.3. Lentivirus-mediated PRDX6
overexpression

HEK293T cells (a human embryonic kidney cell line, ATCC
CRL-3216) were transfected with a control plasmid, the pLV-Flag
PRDX6 plasmid, and lentiviral packaging vectors. At 48 h post-
transfection, the virus-containing supernatant was collected and
used for further infection. Next, the ARPE-19 cells (2.0 × 105

cells/mL) were cultured in culture media with the virus-containing
supernatant and 10 µg/mL polybrene media for a further 48 h.

2.4. Cell viability assay

ARPE-19 cells were transferred to 96-well plates, treated with
H2O2 for 6 h, and then incubated in a medium containing 50
µg/mL MTT for 4 h. Then, the medium was discarded, and the cells
were fragmented using dimethyl sulfoxide. The absorbance value
was measured at 550 nm using a microplate reader (POLARstar
Omega, BMG Lab-tech, Germany).

2.5. Flow cytometric analysis of cell
death

Briefly, after being treated with H2O2, ARPE-19 cells were
gently trypsinized and washed twice with phosphate-buffered saline
(PBS). Then, the cells were resuspended in a binding buffer and
incubated with 5 µL annexin V-FITC and propidium iodide (PI)
dyes (Keygen Inc., Nanjing, China) for 10 min. Finally, the cells
were detected using a flow cytometer (Beckman Coulter Inc., Brea,
CA, USA).

2.6. Reactive oxygen species (ROS)
detection

Intracellular ROS production was detected as outlined in our
previous study (Chen et al., 2016). Briefly, ARPE-19 cells (1.0× 105

cells/well) were treated with 100, 300, or 500 µM H2O2 for 6 h and
incubated with 10 µM DCFDA for 20 min. DCFDA is converted
into fluorescent 2′,7′-dichlorofluorescein by ROS (Eruslanov and
Kusmartsev, 2010). After the cells were incubated with DCFDA,
they were washed in PBS once and gently trypsinized. Finally, the
cells were washed once again with PBS, suspended again in 1 mL
PBS, and detected using the flow cytometer.

2.7. Western blot analysis

In brief, after ARPE-19 cells were rinsed twice with PBS
and lysed with sodium dodecyl sulfate buffer, the proteins were
denatured by incubating the samples at 100◦C for 10 min.
Equal proteins were loaded and separated on polyacrylamide gels,
transferred to polyvinylidene difluoride (PVDF) membranes, and
blocked with 5% milk for 2 h. Then, the PVDF membranes were
rinsed thrice with PBST and incubated with primary antibodies
(1:1,000) at 4◦C overnight. Next, the PVDF membranes were rinsed
thrice with PBST, incubated with secondary antibodies (1:2,000) at
room temperature for 2 h, rinsed thrice with PBST, and stained
with a chemiluminescence solution. Finally, the protein bands on
the PVDF membranes were detected using the Bio-Rad ChemiDoc
XRS system (Bio-Rad, Hercules, CA, USA).

2.8. Immunofluorescence

Briefly, after treatment with different reagents, cells on slides
were fixed with 4% paraformaldehyde for 15 min, rinsed thrice with
PBS, and then permeabilized by the addition of 0.1% Triton X-100
solution. They were then rinsed thrice in PBS and blocked with
5% bovine serum albumin solution for 1 h. Next, the cells were
incubated with primary antibodies (1:100) at room temperature for
2 h, rinsed thrice in PBS, and incubated with fluorescent secondary
antibodies (1:1,000) for 1 h. Finally, the cells were rinsed twice in
PBS, shielded by FluoroShield with DAPI, and detected using a laser
confocal microscope (Carl Zeiss, Jena, Germany).

2.9. Statistical analysis

All values are shown as mean± SD or mean± SEM. Statistical
analysis was performed using GraphPad Prism 6 (GraphPad
Software, LaJolla, CA, USA). Unpaired t-test was used to analyze
differences between two groups. One-way ANOVA followed by
Dunnett test was used to analyze differences among three or
more groups. Significance is indicated as follows: ∗P < 0.05 and
∗∗P < 0.01.

3. Results

3.1. H2O2 induces damage in ARPE-19
cells

Cell shrinkage was observed by light microscopy in ARPE-
19 cells treated with 300 and 500 µM H2O2 for 6 h; however,
no shrinkage was observed in cells treated with 100 µM H2O2
(Figure 1A). To ascertain whether the observed cell shrinkage
resulted in cell death and to quantify the cell death that occurred
at each H2O2 concentration, the MTT assay and flow cytometry
were used. The MTT assay results showed that, compared to control
samples, samples treated with 100 µM H2O2 for 6 h did not exhibit
a significant difference in cell viability. In contrast, treatment with
either 300 or 500 µM H2O2 significantly reduced ARPE-19 cell
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FIGURE 1

H2O2-induced oxidative damage in ARPE-19 cells. (A) Representative photomicrographs of ARPE-19 cells after application of 0, 100, 300, and 500
µM H2O2 for 6 h. Scale bar = 50 µm. (B) ARPE-19 cell viability was measured using an MTT assay, n = 12. (C) Flow cytometry results from the same
experiment presented in panel (A). (D) Quantification of cell death of sample shown in panel (C), n = 3. (E) Flow cytometry was used to estimate ROS
production in ARPE-19 cells using staining with DCFDA. (F) Bar graphs representing relative fluorescence densities of DCF, which was transformed
from DCFDA by the ROS production shown in panel (E). All data are means ± SD, *P < 0.05, **P < 0.01, compared to the control.

viability (P < 0.01) under the same conditions. Furthermore,
treatment with 500 µM H2O2 induced significantly more cell death
than treatment with 300 µM H2O2 (56.6 vs. 14.1%, P < 0.01)
(Figure 1B). The cytotoxic effect of the induced oxidative stress
state on the cells was also determined using flow cytometry. The
flow cytometry results confirmed the MTT assay results: after 6 h
of treatment with 100 µM H2O2 no significant cell death was noted
compared to the control condition (1.3% ± 0.9% vs. 1.3% ± 0.1%,
P > 0.05), whereas treatment with 300 µM and 500 µM H2O2
caused significant cell death (5.1% ± 0.5% and 68.6% ± 11.6%,
respectively, P < 0.01) (Figures 1C, D).

To elucidate the influence of some intracellular mechanisms
that occur during oxidative stress on cell viability, intracellular ROS
production was measured using flow cytometry and DCFDA dye.
As shown in Figure 1E, a significant increase in ROS production
was detected in the cells treated for 6 h with 100, 300, and 500 µM
H2O2 compared with the control cells. Specifically, the relative level
of ROS increased by 1.76 ± 0.1 (P < 0.05), 2.03 ± 0.26 (P < 0.01),
and 2.68± 0.28 (P < 0.01) times, respectively (Figure 1F).

3.2. H2O2 affects EGFR and PRDX6
expression in ARPE-19 cells

The levels of EGFR and PRDX6 were observed to be lower
in cells treated with 100 and 200 µM H2O2; however, Western

blot quantification showed that the differences were not statistically
significant. In contrast, cells treated with 300, 400, and 500
µM H2O2 showed significant downregulation of EGFR and
PRDX6 (25% or more for EGFR and 50% or more for PRDX6,
P < 0.05) (Figures 2A, B). Additionally, immunofluorescence
staining showed that treatment with 300 µM H2O2 for 6 h induced
cell membrane-bound EGFR to translocate into the cytoplasm
and clearly decreased the expression of both EGFR and PRDX6.
Staining with the fluorescent phalloidin dye showed cell body
shrinkage and cytoskeleton destruction, thus providing indirect
confirmation of loss of cell viability. This was further supported
by the shrinkage of all cell nuclei observed with DAPI-staining
(Figure 2C).

3.3. H2O2 affects the EGFR/MAPK
signaling pathway in ARPE-19 cells

The Western blot assay results show that there was significant
downregulation of phosphorylated ERK in cells treated with 300–
500 µM H2O2 and significant upregulation of phosphorylated
P38MAPK (approximately 5–15 times) and JNK (approximately
2.5–5 times) in cells treated with 100–300 µM H2O2 (Figure 3).
Furthermore, we estimated the effects of H2O2 on EGF-induced
EGFR/MAPK signaling using a Western blot assay. For this, ARPE-
19 cells were pretreated with 300 µM H2O2 for 3 h, and then

Frontiers in Aging Neuroscience 04 frontiersin.org

https://doi.org/10.3389/fnagi.2023.1169211
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-15-1169211 July 11, 2023 Time: 15:10 # 5

Chen et al. 10.3389/fnagi.2023.1169211

FIGURE 2

Oxidative stress affects EGFR and PRDX6 in ARPE-19 cells. (A) Western blot results of EGFR and PRDX6 after ARPE-19 cells were treated with
different concentrations of H2O2 for 6 h. (B) Quantitative analysis of western blot results from three independent experiments. *P < 0.05, **P < 0.01,
compared with the control. (C) Immunofluorescence staining of ARPE-19 cells after treatment with 300 µM H2O2 for 6 h. EGFR (green), PRDX6
(green), phalloidin (red), and DAPI (blue). Scale bar = 20 µm.

the cells were treated with 100 ng/mL EGF for 15, 30, or 60 min.
The results show that EGF induced significant EGFR, ERK, and
JNK phosphorylation, as well as a small amount of P38MAPK
phosphorylation. In contrast, pretreatment with 300 µM H2O2 for
3 h did not induce significant EGFR and ERK phosphorylation;
however, it caused significant P38MAPK and JNK phosphorylation.
Interestingly, the EGF-induced phosphorylation of EGFR and
ERK was significantly inhibited by pretreatment with H2O2

(Figures 4A, B).

3.4. PRDX6 overexpression attenuates
H2O2-induced damage in ARPE-19 cells

The ability of PRDX6 to protect ARPE-19 cells from H2O2-
induced damage was examined using an MTT assay and
flow cytometry. The MTT assay results show that PRDX6
overexpression effectively reduced the amount of cell death induced
by treatment with 300 and 500 µM H2O2 for 6 h, with the
level of cell death reduced by about 21.1% (P < 0.05) and 24.6%
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FIGURE 3

Oxidative stress affects MAPKs in ARPE-19 cells. (A) Western blot results show ARPE-19 cells treated with H2O2 for 6 h. Total and phosphorylated
P38MAPK, ERK, and JNK were detected. (B) Quantitative analysis of western blot results from three independent experiments. *P < 0.05, **P < 0.01,
compared to control.

FIGURE 4

Oxidative stress affects EGF-induced EGFR/MAPK signaling in ARPE-19 cells. (A) ARPE-19 cells were treated with or without 300 µM H2O2 for 3 h
and then treated with 100 ng/mL EGF for 15, 30, or 60 min. Phosphorylated EGFR, P38MAPK, ERK, JNK, and β-actin were detected by western blot
assay. (B) Quantitative analysis and comparison of western blot assay results, *P < 0.05, **P < 0.01.

(P < 0.01), respectively (Figure 5A). Similarly, the flow cytometry
results show that PRDX6 overexpression decreased the amount of
cell death induced by treatment with 300 and 500 µM H2O2 for
6 h by about 3.4% (P < 0.05) and 8.6% (P < 0.01), respectively
(Figures 5B, C). Furthermore, the flow cytometric analysis of
cells stained with DCFDA showed that PRDX6 overexpression
significantly attenuated the high ROS levels induced by treatment
with 300 and 500 µM H2O2 for 6 h (Figures 5D, E).

3.5. PRDX6 overexpression affects EGFR
and ERK expression in ARPE-19 cells

A Western blot assay was also conducted to determine
the effect of overexpression of PRDX6 on EGFR and ERK
expression in ARPE-19 cells. The findings show that overexpression

of PRDX6 increased the expression of EGFR by about 24%
(P < 0.01); however, it did not cause significant changes in the
expression of ERK, P38MAPK, and JNK (Figures 6A, B). The
results of an immunofluorescence image analysis confirmed that
PRDX6 overexpression caused an increase in EGFR expression
(Figure 6C). Furthermore, we investigated the effects of PRDX6
overexpression on EGFR and MAPKs in ARPE-19 cells exposed
to H2O2-induced oxidative stress. The results show that PRDX6
overexpression partially attenuated the H2O2-induced decrease
in EGFR and phosphorylated ERK. However, it did not affect
the H2O2-induced increase in phosphorylated P38MAPK and
phosphorylated JNK (Figures 6D, E). Moreover, the Western
blot results show that EGF induced significant EGFR, ERK, and
JNK phosphorylation, and slight P38MAPK phosphorylation. In
contrast, pretreatment with 300 µM H2O2 for 3 h led to significant
phosphorylation of P38MAPK and JNK, whereas it inhibited
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FIGURE 5

PRDX6 overexpression attenuates H2O2-induced oxidative damage in ARPE-19 cells. ARPE-19 cells were infected with lentivirus containing a control
plasmid or the pLV-Flag PRDX6 plasmid for 48 h and were then treated with H2O2. (A) Cell viability was measured using an MTT assay. (B) Cell death
analysis by flow cytometry. (C) Quantification of ARPE-19 cell death, n = 3. (D) Flow cytometric analysis of ROS levels, with DCFDA staining.
(E) Histograms representing the relative ROS levels, which were fluorescence densities of DCF transformed from DCFDA, n = 3, *P < 0.05,
**P < 0.01.

EGFR and ERK phosphorylation caused by EGF. While PRDX6
overexpression attenuated H2O2-caused inhibition of EGFR and
ERK phosphorylation induced by EGF, it did not affect H2O2-
caused P38MAPK and JNK phosphorylation in ARPE-19 cells
(Figures 7A, B).

4. Discussion

Extensive research by ophthalmologists and scientists has been
focused on investigating the damage caused by oxidative stress
in RPE cells (Cai et al., 2000; Lu et al., 2006; Koinzer et al.,
2015), particularly in the context of AMD (Totsuka et al., 2019;
Subramaniam et al., 2020; Terao et al., 2022). Recent studies

have indicated that oxidative stress-related damage in RPE cells
could lead to the degeneration of photoreceptor cells and plays
a vital role in the pathogenesis of hereditary retinal diseases,
including retinitis pigmentosa and other inherited photoreceptor
degenerative conditions (Gallenga et al., 2021; Pinilla et al., 2022;
Vingolo et al., 2022). However, the detailed molecular mechanism
that mediates oxidative stress-related damage in RPE cells is not
fully understood.

Oxidative stress induced by H2O2 often results in classical
oxidative damage in RPE cells (Ho et al., 2006; Kaczara et al., 2010;
Cui et al., 2020), and some studies have shown that antioxidants can
efficiently maintain the viability of RPE cells in a state of oxidative
stress (Cheng et al., 2014; Subramanian et al., 2016; Demirci
Kucuk et al., 2022). In the present research, we mostly used three
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FIGURE 6

The effect of PRDX6 overexpression on EGFR and MAPKs in ARPE-19 cells. (A) Cells were infected with lentivirus containing the PRDX6 plasmid.
Total EGFR, P38MAPK, ERK, JNK, and β-actin were detected by western blot. (B) Quantitative analysis of western blot results, *P < 0.05, **P < 0.01,
compared to control. (C) Immunofluorescence staining of EGFR, PRDX6, and DAPI after ARPE-19 cells were infected with lentivirus containing a
control plasmid or the pLV-Flag PRDX6 plasmid. Scale bar = 20 µm. (D) Cells were infected with lentivirus containing a control plasmid or the
pLV-Flag PRDX6 plasmid for 48 h and were treated with 300 and 500 µM H2O2 for 6 h. EGFR, P38MAPK, ERK, JNK, and β-actin were detected by
western blot. (E) Quantitative analysis of western blot results is shown in panel (D). All data were from three independent experiments, *P < 0.05,
**P < 0.01.

concentrations of H2O2 (100, 300, and 500 µM) to induce oxidative
stress, and we used the fluorescent dye DCFDA to detect ROS in
ARPE-19 cells. Our results show that H2O2 at these concentrations
induced a detectable increase in ROS levels at 6 h post-treatment
(Figures 1E, F). Although the slight oxidative stress caused by 100
µM H2O2 did not induce significant inhibition of cell viability or

increase cell death, moderate and severe oxidative stress caused
by 300 and 500 µM H2O2, respectively, caused significant cell
viability inhibition and cell death. Under physiological conditions
(in vivo), ROS are formed either during metabolic processes
or when organisms are exposed to various stress factors. The
effects of oxidative stress mainly depend on the intensity of
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FIGURE 7

PRDX6 overexpression attenuates inhibition of EGF-induced EGFR/ERK signaling caused by H2O2. ARPE-19 cells were infected with lentivirus
containing a plasmid for 48 h, pretreated with 300 µM H2O2 for 3 h, and then induced by application of 100 ng/mL EGF for 15, 30, or 60 min.
(A) Phosphorylated EGFR, ERK, P38MAPK, JNK, and β-actin were detected by western blot. (B) Quantitative data of western blot results shown in
panel (A). Comparisons are among the control group, H2O2 treatment group, and PRDX6 overexpression combined with H2O2 treatment group at
same time, *P < 0.05, **P < 0.01.

the ROS-induced oxidative damage and the cellular response to
this oxidative damage (Halliwell, 2013; Fanjul-Moles and López-
Riquelme, 2016). Our results suggest that ROS accumulated in
the cells treated with 300 and 500 µM at levels that exceeded
the limit of the normally tolerated concentration of intracellular
ROS (likely below the equivalent of ROS generated by 100 µM

H2O2) and that this might be an important activator of REP cell
dysfunction.

As a well-established model of oxidative stress in RPE cells,
recent reports have shown that H2O2 may be used in working
concentrations from 100 to 1,800 µM. Ayala-Peña et al. found
that treatment with 500 and 750 µM H2O2 for 24 h induced
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significant inhibition of RPE cell viability (Ayala-Peña et al., 2016).
Others have reported that RPE cells exposed to 500 µM H2O2
for 24 h exhibited a significant decrease in cell viability (Du
et al., 2017), and treatment with 100–1,800 µM H2O2 has been
shown to inhibit RPE cell viability in a concentration-dependent
manner after 24 h (Zhu et al., 2017). In this study, there was no
significant cell death found in the treatment of 100 µM H2O2
for 6 hours by the flow cytometry analysis. However, with the
increasing of H2O2 treatment to 300 µM and 500 µM, minimal
cell death and significant cell death were found respectively. Taken
together, these results from previous studies and our current study
suggest that moderate concentrations of H2O2 (100–300 µM)
may better reflect a physiologically relevant cellular environment,
while higher concentrations of H2O2 may result in pronounced
cytotoxicity and therefore be less representative of physiological
and pathophysiological processes that occur in vivo. Regarding the
mechanism underlying RPE cell death induced by H2O2, previous
studies have indicated that apoptosis is the primary mechanism
involved (Jin et al., 2001; Kim et al., 2003). In addition, others have
found that necrosis is also an important form of RPE cell death
in oxidative stress (Hanus et al., 2013; Zhu et al., 2016). In the
present study, the flow cytometric analysis showed that there was
a significant increase in the percentage of PI-stained cells in the
samples treated with 500 µM H2O2 for 6 h; however, there was
no significant increase in the percentage of annexin V-stained cells
in the same samples (Figure 1E). These results further support the
idea that necrosis might be a significant contributor to RPE cell
dysfunction in response to severe oxidative stress.

In the present study, treatment with H2O2 resulted in a
significant decrease in EGFR, PRDX6, and phosphorylated ERK
levels, whereas it induced JNK and P38MAPK phosphorylation.
The presence of EGFR in the cytomembrane also plays a vital role
in ocular development and photoreceptor differentiation (Zhang
and Du, 2015; Malartre, 2016). The EGFR signaling pathway can
initiate cell growth, division, migration, and proliferation (Yan
et al., 2007; Zhang et al., 2013, 2022). MAPKs, particularly JNK,
P38MAPK, and ERK, are crucial downstream proteins of EGFR
signaling, and, thereby play a critical role in a series of physiological
cellular activities, such as RPE cell proliferation, differentiation,
and migration (Samuel et al., 2008; Maugeri et al., 2019; Li et al.,
2021). In several studies, phosphorylated ERK in RPE cells has
been shown to be increased by treatment with H2O2 (Qin et al.,
2006; Wankun et al., 2011). On the other hand, some studies
showed the phosphorylation level of ERK1/2 was significantly
inhibited by H2O2 (He et al., 2014; Chen et al., 2021). Although
these results seem paradoxical, we think that these results are not
mutually exclusive. We found that after RPE cells were treated
with 300 µM H2O2 for different periods of time, phosphorylated
ERK was elevated for a short period after treatment, while it
was significantly decreased for a long period after treatment
(Supplementary Figures 1A, B). We speculate one possible reason
for this phenomenon is that treatment with a lower concentration
of H2O2 can activate phosphorylated ERK after a short period,
while treatment with a higher concentration of H2O2 can inhibit
phosphorylated ERK for a relatively long period.

PRDX6 is a cytoprotective, dual-functional enzyme with
both glutathione peroxidase and phospholipase A2 activities
(Arevalo and Vázquez-Medina, 2018; Wahlig et al., 2018). An

increasing number of studies indicate that PRDX6 can protect
cells from oxidative stress-related injury by reducing phospholipid
hydroperoxides, controlling ROS levels, and other mechanisms
(Kubo et al., 2008; Wang et al., 2008; Asuni et al., 2015). Zha et al.
reported that PRDX6 might protect ARPE-19 cells from oxidative
damage and apoptosis induced by H2O2 via the PI3K/AKT
signaling pathway (Zha et al., 2015). Another study showed that
PRDX6 protected crystalline lens cells against oxidative stress
induced by UV exposure by reducing the levels of ROS (Shibata
et al., 2016). Our results show that oxidative stress induced by
H2O2 led to a significant decrease in PRDX6 levels. We also found
that overexpression of PRDX6 significantly attenuated ARPE-19
cell viability inhibition, cell death, and ROS production induced by
H2O2. Overall, our results, combined with results from previous
studies, suggest that PRDX6 might be an important target of
oxidative stress and a key regulator of redox balance in RPE cells.
These findings could also provide a foundation for the development
of an antioxidant-based gene therapy for some retinal degenerative
diseases in which oxidative damage in RPE cells contributes to
pathogenesis.

Some studies have showed that PRDX6 was related to the
EGFR signaling pathway. Schmitt et al. (2015) found that PRDX6 is
elevated in melanoma cells in an EGFR-dependent manner and is
an important driver of cell proliferation. Others have also reported
that PRDX6 may regulate LPS-induced airway inflammation by
suppressing the Muc5ac overproduction induced by LPS via the
H2O2-EGFR-MAPK pathway (Yang et al., 2017). Our findings
revealed overexpression of PRDX6 resulted in increased EGFR
levels, attenuated reductions of EGFR and phosphorylated ERK
caused by H2O2. Moreover, the oxidative stress-related inhibition
of EGFR and ERK phosphorylation caused by EGF was also
alleviated by PRDX6 overexpression. Overall, these results suggest
that EGFR/MAPK signaling is involved in oxidative damage in RPE
cells and that PRDX6 might reduce oxidative damage by inducing
the EGFR/ERK signaling pathway. There are still some limitations
to consider in this study. Firstly, the in vitro stimulation of H2O2-
induced oxidative stress may not fully replicate the complex cellular
environment found in vivo. Treatment with a lower concentration
of H2O2 over an extended period of time would provide a more
accurate reflection of the in vivo conditions. In addition, further
in vivo studies should be conducted to determine whether PRDX6
can protect RPE cells and photoreceptor cells against damage
induced by endogenous and exogenous oxidative stress.

In conclusion, our findings demonstrated that the H2O2
exposure could lead to significant oxidative stress-related damage
in RPE cells. Moreover, our study reveals that overexpression of
PRDX6 overexpression protect ARPE-19 cells against oxidative
stress through activation of the EGFR/ERK signaling pathway.
These findings shed new light on the protective role of PRDX6
in RPE cells and suggest its potential role in the development
of protectants and therapeutics for retinal degenerative
diseases such as AMD.
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Treatment with 300 µM H2O2 for different times affects pERK in ARPE-19
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∗P < 0.05, ∗∗P < 0.01, compared to control.
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