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� NaIO3 was demonstrated to induce
EMT in human ARPE-19 cells and in
RPE cells of the mouse eyes as an
AMD model.

� Ca2+, EGFR, and ERK signaling
pathways responded to NaIO3-
induced EMT in ARPE-19 cells.

� Post-treatment with FR180204
downregulated multiple NaIO3-
induced signaling pathways leading
to EMT.

� ERK was shown to play a critical role
in promoting oxidative stress-
induced EMT of ARPE-19 cells in
contrast to MEK.

� FR180204 restored the RPE integrity
and retinal morphology compromised
by NaIO3 in mouse retina.
g r a p h i c a l a b s t r a c t

Activation of ERK is critical for NaIO3-induced multiple signaling pathways to coordinate EMT in RPE
cells.
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Introduction: Epithelial-mesenchymal transition (EMT) of retinal pigment epithelial (RPE) cells is related
to the pathogenesis of various retinopathies including age-related macular degeneration (AMD).
Oxidative stress is the major factor that induces degeneration of RPE cells associated with the etiology
of AMD.
Objectives: Sodium iodate (NaIO3) generates intracellular reactive oxygen species (ROS) and is widely
used to establish a model of AMD due to the selective induction of retinal degeneration. This study
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was performed to clarify the effects of multiple NaIO3-stimulated signaling pathways on EMT in RPE cells.
Methods: The EMT characteristics in NaIO3-treated human ARPE-19 cells and RPE cells of the mouse eyes
were analyzed. Multiple oxidative stress-induced modulators were investigated and the effects of pre-
treatment with Ca2+ chelator, extracellular signal-related kinase (ERK) inhibitor, or epidermal growth fac-
tor receptor (EGFR) inhibitor on NaIO3-induced EMT were determined. The efficacy of post-treatment
with ERK inhibitor on the regulation of NaIO3-induced signaling pathways was dissected and its role
in retinal thickness and morphology was evaluated by using histological cross-sections and spectral
domain optical coherence tomography.
Results: We found that NaIO3 induced EMT in ARPE-19 cells and in RPE cells of the mouse eyes. The intra-
cellular ROS, Ca2+, endoplasmic reticulum (ER) stress marker, phospho-ERK, and phospho-EGFR were
increased in NaIO3-stimulated cells. Our results showed that pre-treatment with Ca2+ chelator, ERK inhi-
bitor, or EGFR inhibitor decreased NaIO3-induced EMT, interestingly, the inhibition of ERK displayed the
most prominent effect. Furthermore, post-treatment with FR180204, a specific ERK inhibitor, reduced
intracellular ROS and Ca2+ levels, downregulated phospho-EGFR and ER stress marker, attenuated EMT
of RPE cells, and prevented structural disorder of the retina induced by NaIO3.
Conclusions: ERK is a crucial regulator of multiple NaIO3-induced signaling pathways that coordinate
EMT program in RPE cells. Inhibition of ERK may be a potential therapeutic strategy for the treatment
of AMD.
� 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Age-related macular degeneration (AMD) is a retinal degenera-
tive disease, which is the principal cause of blindness among peo-
ple over 65 years old in developed countries [1]. The pathogenesis
of AMD is related to the degradation of retinal pigment epithelial
(RPE) cells and affects macula region of the retina, resulting in cen-
tral vision impairment upon its progression [2]. Besides age and
genetic background, oxidative stress is one of the most important
etiological factors in AMD. Indeed, RPE cells are subjected to partic-
ularly high oxidative stress environment due to specific physiolog-
ical reactive oxygen species (ROS) sources such as high metabolic
activity to support the retina [3] and phagocytosis to digest pho-
toreceptor outer segments [4]. Importantly, the degenerative RPE
cells are exposed to more abundant accumulation of ROS associ-
ated with the decreased capacity to neutralize ROS and the dimin-
ished autophagy ability related to aging [5].

Epithelial-mesenchymal transition (EMT) is a biological process
of epithelial cells undergoing a transformation into mesenchymal
cells [6]. EMT is classified into three different subtypes associated
with distinct biological processes. The type I EMT is associated
with implantation and organ development and the type III occurs
in neoplastic cells, the type II EMT is associated with the wound
healing and tissue regeneration and is induced by trauma and
inflammatory injury to reconstruct tissues [7]. Previous animal
and cell culture studies support the idea that RPE cells undergo
type II EMT to move along a continuum from epithelial cells
toward mesenchymal cells [6]. Type II EMT is associated with
RPE cell dysfunction resultant from aging, inflammation, or
impaired tight junctions [8]. Such dysfunctional RPE cells become
less differentiated and subsequently undergo EMT [9] and have
been found in various retinal diseases including AMD [6], inherited
macular degenerations [8], retinitis pigmentosa [10,11], and prolif-
erative vitreoretinopathy [12,13]. The consequences of such events
may lead to the migration of RPE cells into the neuroretina in mac-
ular degeneration and into the epiretinal area in proliferative vitre-
oretinopathy [8].

NaIO3 can elicit ROS production, including hydrogen peroxide
(H₂O₂) and superoxide anions (O2

�–), to enhance oxidative stress
response in ARPE-19 cells [14]. As a result, the dysfunctional RPE
layer appears to disintegrate and initiate translocation after the
retro-orbital NaIO3 injection in mice [15]. Among the components
of oxidative stress response program induced by NaIO3-derived
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ROS were superoxide dismutase [16,17], glutathione peroxidase
[17], caspase 3 [18], and 8-isoprostane [17], as was shown in
ARPE-19 cells or in the rat retina. NaIO3 administration has been
widely used as a dry AMD model for its reproducible and selective
induction of retinal degeneration [19–21]. However, the potential
mechanism of NaIO3-induced oxidative stress in EMT of RPE cells
is still unclarified [22]. Several molecular modulators have been
revealed to regulate EMT in cells, including Ca2+ signaling, extracel-
lular signal-related kinase (ERK), and epidermal growth factor
receptor (EGFR). Briefly, the attenuation of Ca2+ signaling by intra-
cellular Ca2+ chelation significantly reduced EGF-induced EMT [23],
and the activation of EGFR [24] and ERK [25] was required for TGF-
b1-induced EMT in cancer cells. Nevertheless, the roles of Ca2+,
phospho-ERK (p-ERK), and phospho-EGFR (p-EGFR) in the mecha-
nism regulating NaIO3-induced EMT in RPE cells have not been
characterized.

Anti-vascular endothelial growth factor (anti-VEGF) drugs are
the most effective therapy for the wet-type AMD [26,27], however,
there are currently no valid treatments for the most common dry-
type AMD [28]. Therefore, the development of potential therapeu-
tic agents for the treatment of dry AMD is necessary. Moreover,
oxidative stress is known as an important factor to induce AMD,
and EMT of RPE cells is implicated in the pathogenesis of various
retinopathies including AMD [8–13]. However, the mechanism
involved in oxidative stress-induced EMT in RPE cells is not clari-
fied. In this study, we aimed to investigate the effect of the ROS
on multiple pathways that coordinate EMT in RPE cells. These
results may provide new insights into the intracellular pathways
responsible for regulating oxidative stress-induced EMT in RPE
cells in the progression of AMD.
Methods

Cell culture and chemicals

We purchased human ARPE-19 (#CRL-2302) from ATCC and
maintained the cells in culture medium which included Dulbecco’s
modified Eagle’s medium (DMEM)/F-12 (#11330–032), 10% fetal
bovine serum, and penicillin/streptomycin (#15140–122), all pur-
chased from Gibco/Thermo Fisher Scientific (Waltham, MA, USA).
The cells were cultured at 37 �C under 5% CO2 atmosphere with
95% relative humidity. The cells were seeded at a density of
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3 �105 cells/ml at day 1. After reaching 80–90% of confluence at
day 3, the cells were starved and synchronized in serum-free
DMEM/F-12 for 24 h before being subjected to further treatment
with NaIO3 or inhibitors (Fig. S1). 500 nM BAPTA-AM [29],
50 nM erlotinib [30], 10 lM FR180204 [31,32], 2 lM U0126, and
1 to 4 lM BVD-523 were used in cell culture. NaIO3 (#71702),
H2O2 (#31642), BAPTA-AM (#A1076), erlotinib (#SML2156), and
FR180204 (#SML0320) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). BVD-523 (ulixertinib, #S7854) was obtained from
Selleck Chemicals (Houston, TX, USA). Fluo-4 AM (#F14201), Cell-
ROX Green (#C10444) and DHR123 (#D23806) were purchased
from Thermo Fisher Scientific.

Western blot analysis

ARPE-19 cells were lysed in RIPA lysis buffer (#20–188; Merck
Millipore, Burlington, MA, USA) containing protease inhibitor
(#11836153001; Roche, Basel, Switzerland) and phosphatase inhi-
bitor PhosSTOP (#04906837001; Roche, Basel, Switzerland). The
samples were centrifuged for 10 min at 13,000 rpm and 4℃ to
obtain the supernatant for analysis [33,34]. The protein concentra-
tions were determined using the BCA Protein Assay Kit (#23225;
Thermo Fisher Scientific). The information on the used antibodies
is listed in Supplementary Table 1. The tagged secondary antibod-
ies were detected by enhanced chemiluminescence (ECL) substrate
kit (Merck Millipore, Darmstadt, Germany). The intensities of
immunoblot bands were quantified using ImageJ software (U.S.
National Institutes of Health, Bethesda, MD, USA).

Immunofluorescence and phalloidin staining

ARPE-19 cells were seeded at a density of 3�105 cells/ml on
glass coverslips in 24-well plates and incubated in a 5% CO2 incu-
bator at 37 �C until the cells were approximately 80% confluent.
After 1 day of incubation with serum-free medium, cells were trea-
ted with 1 to 2 mM NaIO3 in HBSS for 24 h and then treated with
various inhibitors (Fig. S1). The information on the used antibodies
is listed in Supplementary Table 1. After the mounting procedure,
images were captured with a 63x objective for ARPE-19 cells and
40x objective for whole mount mouse retinas using a confocal laser
scanning microscope (LSM 880; ZEISS, Oberkochen, Germany) and
ZEN software was used for image processing [33,35,36].

Ca2+ imaging and [Ca2+]i detection

After the respective treatments (Fig. S1), ARPE-19 cells were
incubated with 5 lM Fluo-4 AM for 30 min in a 5% CO2 incubator
at 37 �C with 95% relative humidity, followed by washing with
HBSS to remove the excess Fluo-4 AM. Then, the cells were incu-
bated in HBSS without Ca2+ (#14175095; Thermo Fisher Scientific),
and the fluorescence intensity of Fluo-4 AM was recorded for 180 s
by a fluorescent microscope (Olympus IX71; Olympus Corporation,
Tokyo, Japan) at 1 s intervals using a FITC filter. At 30 s after start-
ing the recording, ARPE-19 cells were continuously exposed to
1 mM H2O2 to stimulate Ca2+ release from intracellular storage
[37]. 5 lM BAPTA-AM, a non-fluorescent Ca2+ chelator, was applied
to the cells for obtaining the minimal fluorescence (Fmin) intensity
of Fluo-4 AM in individual cells. ARPE-19 cells were incubated in
Ca2+-containing HBSS (#14025092; Thermo Fisher Scientific) and
5 lM A23187, Ca2+ ionophore, for the acquirement of the maximal
fluorescence (Fmax) intensity of Fluo-4 AM in individual cells. The
following formula was used for Ca2+ calibration: [Ca2+]i = Kd[F-
Fmin]/[Fmax-F]. The average fluorescence intensities in individual
ARPE-19 cells were quantified using region of interest (ROI) analy-
sis in ImageJ software.
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ROS measurement

We monitored NaIO3-induced ROS in live cells by two fluores-
cent sensors, CellROX Green [36] and DHR123 [38]. The cells were
incubated with 5 lM CellROX or 10 lM DHR123 for 30 min in an
incubator at 37 �C in 5% CO2 with 95% relative humidity. The fluo-
rescence intensity was estimated by a fluorescence microscope
(Olympus IX71, Olympus Corporation) using a FITC filter. Average
fluorescence intensities in individual ARPE-19 cells were quanti-
fied using region of interest (ROI) analysis with ImageJ software.
Wound healing assay

ARPE-19 cells were seeded in wells with Culture-Inserts (ibidi,
Gräfelfing, Germany) and treated as per experimental design. After
the Culture-Inserts were removed to reveal the wound gap, the
cells were incubated with mitomycin (500 ng/ml) and NaIO3 in
serum-free medium for 24 h. To investigate the pre-treatment or
post-treatment effects of small molecule inhibitors, the cells were
administered with various inhibitors under conditions described in
Fig. S1. The baseline and the wound closure after treatment were
photographed at magnification of 200 � by a digital microscope
(Olympus IX71; Olympus Corporation).
Cell viability and cytotoxicity assays

Cell Counting Kit-8 (CCK-8; Sigma-Aldrich) was used to quanti-
tatively evaluate cell viability [39]. The ARPE-19 cells were seeded
in 96-well plates at a density of 3 � 105 cells per ml and then trea-
ted with NaIO3 (0, 1, 1.5, and 2 mM) as described in Fig. S1A. Then,
10 lL of CCK-8 solution was added to each well of the plate, which
was then maintained for 2 h in a 5% CO2 incubator at 37 �C. The
level of lactate dehydrogenase (LDH) released from the cells was
measured to determine NaIO3-induced cellular toxicity using the
CyQUANT LDH Cytotoxicity Assay (#C20301; Thermo Fisher Scien-
tific) [40]. All samples were assayed in triplicate for CCK-8 and LDH
content at a wavelength of 450 nm (CCK-8) and 490 nm (LDH)
using a Sunrise microplate reader (Tecan, Männedorf, Switzerland).
ELISA measurement of BMP4, TGF-b1, and EGF secretion levels

Human BMP4 ELISA kit (#E-EL-H0012; Elabscience, Wuhan,
China), human TGF-b1 Quantikine ELISA kit (#DB100B; R&D Sys-
tems, Minneapolis, MN, USA), and human EGF Quantikine ELISA
kit (#DEG00; R&D Systems, Minneapolis, MN, USA) were used
according to the manufacturer’s instructions. The reactions were
quantified by optical density measurement using a Sunrise auto-
mated ELISA reader (Tecan).
Mouse model of NaIO3-induced oxidative stress in the retina

To investigate the effects of NaIO3 on the retina in vivo, we con-
ducted retro-orbital NaIO3 injection in 8-week-old C57BL/6J mice
as described in the previous studies [15,41]. Briefly, sterile 1%
NaIO3 solution was prepared freshly for injection via the retro-
orbital sinus at 20 mg/kg body weight after mice were anes-
thetized. Control mice were injected with PBS in parallel. Intraperi-
toneal (IP) injection of NaIO3 was performed as described
previously [42]. To study the effect of FR180204 on NaIO3-
induced lesion of the retina and EMT of RPE cells, 100 nM
FR180204 was retro-orbitally injected into the right eye and
diluted DMSO was parallelly injected into the left eye as a control
at 16 h after NaIO3 IP or retro-orbital injection.
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Histological analysis of the retina

The methodology for fixation, dehydration, infiltration, and
embedding was applied according to the protocol (Bio-Check Labo-
ratories,NewTaipei City, Taiwan) [43]. Briefly,whole eyeswere enu-
cleated and fixed with 4% paraformaldehyde overnight, followed by
threewashes in PBS. After paraffinembedding, each samplewas sec-
tioned into 3 lm slices and stained with hematoxylin and eosin
(H&E). The morphology of the retina was observed using a digital
inverted microscope (Olympus IX71; Olympus Corporation).

Spectral domain ocular coherence tomography (SD-OCT)

The SD-OCT system has been established in our previous study
[44]. In short, an illumination source used was SuperK Extreme
supercontinuum fiber laser (NKT Photonics, Birkerød, Denmark)
with broadband of which the wavelength range is 650–1800 nm.
For our experimental measurements, we applied the center wave-
length at 850 nm with full-width half maximum at 140 nm. To
direct the light to the sample and reference arms of the interferom-
eter, we used 20/80 fiber optic couplers. A spectrometer with a
2048 pixels line scan sensor and 130 kHz maximum A-line scan
rate was used to record the interference signal. A total of 500
A-scans were used to generate one 2D image. System control and
signal acquisition were achieved using LabView software. The en
face images of the retina were obtained from B-scan data using a
Z-projection method of the ImageJ software [45].

RNA-Seq analysis

Total RNA was prepared as described in our previous study [46].
For generation of strand-specific libraries, we used 500 ng of total
RNA extracted by the TruSeq Stranded Total RNA Library Prep Kit
(Illumina, San Diego, CA, USA). Then we used an Illumina HiSeq
2000 sequencer to perform pair-end sequencing (150 bp reads)
of cDNA libraries. The alignment of the reads to the human genome
(GRCh38/hg38) was accomplished with TopHat v1.3.3, and one
alignment with up to two mismatches per read was allowed. For
calculation of mRNA TPM values, we used the DRAGEN mRNA
quantification pipeline (Illumina). For selection of the differentially
expressed genes, we applied the criteria as follows: the minimum
RPKM above 10 units, fold change more than 1.5-fold or less than
0.85-fold. Clustering heatmaps were generated using Orange soft-
ware (https://orange.biolab.si). Principal component analysis (PCA)
and bubble enrichment analysis were performed with the prin-
comp and pathfindR R packages. The gene ontology (GO) analysis
was performed with the Enrichr software (https://maayan-
lab.cloud/Enrichr/). The overlapped genes with log2 intensity were
used to establishe a dataset to perform GSEA analysis (https://
www.broadinstitute.org/gsea/).

Statistical analysis

All statistical analyses were performed using SPSS 17.0 statisti-
cal software. A two-tail Student’s t-test was used for statistical
comparison between two groups. One-way ANOVA and post hoc
analysis with Scheffé test for multiple tests were used [47,48].
The experiment data are presented as the means ± standard errors
of the means. p < 0.05 was taken as significant.

Results

NaIO3-induced oxidative stress increases EMT capacity of RPE cells

Oxidative stress plays an important role in RPE cell degenera-
tion during AMD [3]. Previous studies have found that NaIO3 leads
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to ROS production and cell dysfunction in ARPE-19 cells [18] as
well as the RPE cells of the mouse retina [15,19], which were used
as in vitro and in vivo models for investigating pathogenic mecha-
nism of AMD. As the initial step of our study, we aimed to validate
the potential role of oxidative stress in the induction of EMT in RPE
cells. Therefore, ARPE-19 cells were cultured in a serum starvation
medium for 24 h in order to synchronize the cells and eliminate
serum-induced activation of various signaling pathways such as
Raf/MEK/ERK and PI3K/AKT pathways which may result in the
interference with the observed drug effects. Afterwards, the cells
were treated with NaIO3 in a concentration range from 1 to
2 mM for 24 h (Fig. S1A). The concentrations of NaIO3 of 1 and
1.5 mM did not have significant effect on the viability or cytotox-
icity of ARPE-19 cells, and 2 mM NaIO3 only very marginally
reduced their viability or cytotoxicity (Fig. S2A and B). The expres-
sion of EMT markers was monitored by western blotting and it was
revealed that the protein level of b-catenin (epithelial marker)
decreased in NaIO3 concentration-dependent manner, at the same
time, the levels of vimentin and Snail (EMT markers) increased
(Fig. 1A and B). Interestingly, the maximum expression level of
vimentin was achieved at 2 mM NaIO3; however, the highest
expression of Snail occurred at 1.5 mM NaIO3 (Fig. 1A and B). Flu-
orescent staining with phalloidin revealed the increased F-actin
polymerization with the formation of the filopodia structures typ-
ical for the mesenchymal cell types (Fig. 1C). At the same time,
immunofluorescent staining showed upregulation of vimentin
and downregulation of b-catenin (Fig. 1C). Consistently with the
fact that the transition to mesenchymal phenotype leads to the
increased motility of cells, we observed that the treatment with
NaIO3 also resulted in the increased migration of ARPE-19 cells
as was demonstrated by wound healing assay (Fig. 1D). To summa-
rize, we confirmed that ARPE-19 cells treated with sublethal con-
centrations of NaIO3 could be a usable in vitro model for
oxidative stress-induced EMT. Moreover, to further confirm the
effect of NaIO3 on EMT induction in vivo, we performed retro-
orbital injection of NaIO3 into mouse eyes (Fig. 1E). Indeed, such
injection resulted in significant detachment of the RPE cells and
their upward migration into the outer segment layer of photore-
ceptors accompanied by clearly disorganized structures of inner
and outer segments as well as outer nuclear layer (Fig. 1F). To sum-
marize, NaIO3 was shown to induce EMT in RPE cells both in vitro
and in vivo.

Characterization of pathway responses to the NaIO3-induced oxidative
stress resulting in EMT of ARPE-19 cells

Next, we aimed to further dissect the pathways of the induction
of EMT by the oxidative stress. Indeed, the treatment of ARPE-19
cells with NaIO3 for 24 h induced the production of intracellular
ROS in a concentration-dependent manner as was demonstrated
by CellROX and DHR123 assays (Fig. 2A and B). There is multiple
evidence pointing out that ROS and Ca2+ signaling have a cross-
talk relationship, particularly in age-related diseases [49]; in addi-
tion, the EMT of cells has been known to occur in a Ca2+ signaling-
dependent manner [23]. Therefore, we measured intracellular Ca2+

concentration ([Ca2+]i) in NaIO3-stimulated ARPE-19 cells using
Fluo-4 AM fluorescent Ca2+ indicator (Fig. 2C and Fig. S3A), and
stimulated cells with H2O2 to release Ca2+ from the intracellular
storage [37,50]. It was shown that the basal level of [Ca2+]i
increased (Fig. 2D), and Ca2+ in intracellular storage was elevated
(Fig. 2E) after the treatment with NaIO3. Normally, cells exposed
to oxidative stress initiate a complex antioxidant response depen-
dent on NRF2 transcription factor [51]. Indeed, the treatment of
ARPE-19 with NaIO3 for 24 h resulted in the increased NRF2 pro-
tein levels at 1 and 1.5 mM concentrations (Fig. 2F). At the same
time, the protein level of heme oxygenase-1 (HO-1), which is a tar-

https://orange.biolab.si
https://maayanlab.cloud/Enrichr/
https://maayanlab.cloud/Enrichr/
https://www.broadinstitute.org/gsea/
https://www.broadinstitute.org/gsea/


Fig. 1. NaIO3-induced oxidative stress increases EMT capacity of RPE cells. (A) Immunoblotting analysis of the expression of the epithelial (b-catenin) and mesenchymal
(Snail and vimentin) markers in ARPE-19 cells upon the treatment with the indicated concentrations of NaIO3. GAPDH – loading control. (B) Densitometry quantification of
the immunoblot in (A). Data are shown as means ± S.E.M. from three independent experiments. #p < 0.05, *p < 0.001 (ANOVA). (C) Fluorescent phalloidin staining of F-actin
and immunofluorescent staining of b-catenin and vimentin in ARPE-19 cells treated with the indicated concentrations of NaIO3. White rectangles indicate zoomed area
shown in the bottom panel. White arrows indicate the filopodia structures. (D) Wound healing assay showing the migration capacity of ARPE-19 cells treated with NaIO3 as
indicated. Bottom panel: quantification of the assay. Data are means ± S.E.M. from three independent experiments. #p < 0.05, *p < 0.001 (ANOVA). (E) Experimental outline of
retro-orbital injection of NaIO3 into mouse eyes. (F) H&E staining of the cross-sections of the mouse retinas after the retro-orbital injections of NaIO3. ONL - outer nuclear
layer, IS - inner segments, OS - outer segments, RPE - retinal pigments epithelium.
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get of the NRF2-mediated transcriptional response, was elevated in
a concentration-dependent manner with a maximum at 2 mM
(Fig. 2F). The presence of ROS may interfere with the protein fold-
ing and, as a result, trigger the endoplasmic reticulum (ER) stress
[52]. Given such close connection between the processes of the
oxidative and ER stress, we measured the expression of CHOP,
the pro-apoptotic transcription factor involved in the ER stress-
related cell death, and an anti-apoptotic factor GRP78, the molec-
ular chaperone involved in protein folding. Indeed, CHOP was sig-
nificantly upregulated in cells pre-treated with NaIO3, particularly
at 2 mM concentration (Fig. 2F and G). On the other hand, the level
of GRP78 was not upregulated (Fig. 2F and G). It has previously
been reported that EGFR activation promotes EMT of RPE cells
stimulated by TGF-b1, EGF or cigarette smoke extract [30,53]. In
addition, ERK was demonstrated to play the central role in cancer
cell EMT [25]. Nevertheless, the role of EGFR and ERK in EMT of RPE
cells induced by ROS is still unknown. We demonstrate that the
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treatment of ARPE-19 cells with NaIO3 resulted in increased phos-
phorylation of EGFR and ERK in a concentration-dependent man-
ner, indicative of its activation (Fig. 2H and I).

TGF-b family of cytokines has previously been characterized as
the inducers of ROS-stimulated EMT [54]. Therefore, we tested
whether the secretion levels of TGF-b1 and BMP4 (TGF-b family
member) were affected by the treatment with NaIO3 using ELISA.
Interestingly, BMP4 was secreted from ARPE-19 cells under control
conditions, however, its secretion was marginally downregulated
after the treatment with NaIO3 in a concentration dependent man-
ner (Fig. 2J). TGF-b1 secretion from ARPE-19 was extremely low
and not affected by NaIO3 stimulation (Fig. 2K). The level of EGF,
the ligand of EGFR, was also not affected by the treatment with
NaIO3 (Fig. 2L). These data imply that the multiple signaling
pathways are induced by NaIO3 stimulation rather than via the
secretion of extracellular factors. To summarize, our results
indicate that the treatment of ARPE-19 cells with NaIO3 results in



Fig. 2. Characterization of pathway responses to the NaIO3-induced oxidative stress in ARPE-19 cells. (A) CellROX and DHR123 fluorescence assays to detect ROS levels in
NaIO3-treated ARPE-19 cells. (B) Quantification of fluorescence assay in (A). Data are presented as mean fluorescence values relative to 0 mM NaIO3. (C) Ca2+ release profile
detected by Fluo-4 AM fluorescent Ca2+ indicator with stimulation of H2O2 in ARPE-19 cells pre-treated with the indicated concentrations of NaIO3. (D) Quantification of the
basal level of [Ca2+]i in (C). (E) Quantification of the level of Ca2+ released from intracellular storage (delta [Ca2+]) in (C). In (D) and (E) data are presented as mean
concentrations from 80 cells for each group. (F) Western blot showing the expression of the oxidative stress responsive factors (NRF2 and HO-1) and ER stress markers
(GRP78 and CHOP) in ARPE-19 cells treated with the indicated concentrations of NaIO3. (G) Densitometry quantification of the immunoblot in (F). (H) Western blot showing
the expression of ERK and EGFR and their phosphorylated forms (p-ERK and p-EGFR). (I) Densitometry quantification of the immunoblot in (H). (F) and (H) GAPDH was used
as a loading control. (J, K, L) ELISA analysis of the secretion of BMP4 (J), TGF-b1 (K) and EGF (L). Quantitative data are means ± S.E.M. from three independent experiments.
#p < 0.05, *p < 0.01 (ANOVA).
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the elevation of ROS, the increase of basal [Ca2+]i and intracellular
storage of Ca2+, the induction of NRF2-dependent anti-oxidative
stress response, the enhancement of ER stress-induced pro-
apoptotic transcription factor CHOP, and the activation of ERK
and EGFR.

Ca2+ signaling, EGFR, and ERK are required for the EMT response of
ARPE-19 cells to NaIO3-induced oxidative stress

To further analyze the regulatory role and interplay of [Ca2+]i,
p-ERK, and p-EGFR in NaIO3-stimulated EMT, ARPE-19 cells were
pre-treated with BAPTA-AM, a Ca2+ chelator; erlotinib, an inhibitor
of EGFR; or FR180204, an inhibitor of ERK, for 24 h prior to the
treatment with NaIO3 (Fig. S1B). The treatment of ARPE-19 with
these inhibitors per se, without subsequent induction of oxidative
stress, did not significantly alter the expression of the analyzed
proteins (Fig. 3A). As was observed by western blotting, the treat-
ment with NaIO3 increased the level of vimentin and decreased the
level of b-catenin, indicative of the induction of the EMT program;
increased the levels of NRF2 and HO-1, indicative of the classical
oxidative stress response; increased the level of CHOP, indicative
of the pro-apoptotic response to the ER stress (Fig. 3A). At the same
time, both EGFR and ERK were activated by phosphorylation
(Fig. 3A). However, the pre-treatment with BAPTA-AM, erlotinib
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or FR180204 resulted in abrogation of these responses to the
oxidative stress (Fig. 3A). Moreover, the immunofluorescent stain-
ing also showed that the pre-treatment of ARPE-19 with all the
inhibitors reduced the EMT response of downregulation of b-
catenin and upregulation of vimentin, in addition, phalloidin stain-
ing of F-actin also revealed the suppression of formation of the
mesenchymal cytoskeleton with the presence of filopodia struc-
tures (Fig. 3B). All the inhibitors significantly reduced the migra-
tion capacity of oxidative stress-exposed ARPE-19 cells, which is
consistent with suppressing EMT phenotype (Fig. 3C). To summa-
rize, all these observations indicate that intact Ca2+ signaling, EGFR
and ERK are required for the oxidative stress-induced EMT in RPE.
At the same time, the inhibition of ERK by FR180204 generally
resulted in the most complete and effective abrogation of these
oxidative stress-induced pathways leading to EMT.

Post-treatment with FR180204 downregulates NaIO3-induced multiple
signaling pathways resulting in EMT

Given that the pre-treatment with ERK inhibitor resulted in the
most efficient suppression of the oxidative stress-induced
signaling pathways regulating EMT in ARPE-19 cells, we applied
post-treatment with FR180204 to dissect the mechanisms of the
oxidative stress-induced responses in more detail (Fig. S1C).



Fig. 3. Ca2+ signaling and the activation of ERK and EGFR mediate the EMT response of ARPE-19 cells to NaIO3-induced oxidative stress. (A) Western blot analysis of the
expression of the indicated proteins in ARPE-19 cells treated or not treated with NaIO3 with or without pre-treatment with the indicated inhibitors. b-Actin – loading control.
(B) Fluorescent phalloidin staining of F-actin and immunofluorescent staining of b-catenin and vimentin in NaIO3-administrered ARPE-19 cells with or without pre-treatment
with the indicated inhibitors. White arrow indicates the filopodia structures. (C) Wound healing assay showing the migration capacity of NaIO3-administered ARPE-19 cells
pre-treated with the indicated inhibitors. Bottom panel: quantification of the assay. Quantitative data are means ± S.E.M. from three independent experiments. *p < 0.001
(ANOVA).
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Surprisingly, the post-treatment of ARPE-19 with FR180204
resulted in the reduction of ROS accumulation from the treatment
with NaIO3 (Fig. 4A and B). There were no detectable differences in
viability and cytotoxicity between NaIO3-stimulated ARPE-19 cells
post-treated with FR180204 and untreated controls as shown by
CCK-8 and LDH assays, respectively (Fig. S2C and D). The NaIO3-
stimulated increase of basal level of [Ca2+]i and the enhancement
147
of Ca2+ in intracellular storage were markedly suppressed by
post-treatment with FR180204 (Fig. 4C–E). The NaIO3-activated
NRF2/HO-1 antioxidant signaling pathway and pro-apoptotic
transcription factor CHOP were not elicited in cells post-treated
with FR180204 (Fig. 4F). The induction of vimentin and the
reduction of b-catenin did not occur in the cells post-treated with
FR180204, indicative of the attenuation of EMT (Fig. 4G). The



Fig. 4. Post-treatment with FR180204 downregulates NaIO3-induced multiple signaling pathways resulting in EMT. (A) CellROX and DHR123 fluorescence assays to detect
ROS levels in 2 mM NaIO3-treated ARPE-19 cells with or without post-treatment with 10 lM FR180204. (B) Quantification of fluorescence assay in (A). (C) [Ca2+]i release
profile detected by Fluo-4 AM fluorescent Ca2+ indicator with stimulation by H2O2 in 2 mM NaIO3-treated ARPE-19 cells in the absence or presence of post-treatment with
FR180204. (D) Quantification of the basal level of [Ca2+]i in (C). (E) Quantification of the level of released [Ca2+]i (delta peak) in (C). In (D) and (E) data are presented as mean
concentrations from 80 cells for each group. (F) Western blot showing the expression of the oxidative stress responsive factors (NRF2 and HO-1), ER stress markers (GRP78
and CHOP), EMTmarkers (vimentin and b-catenin), p-ERK and p-EGFR in ARPE-19 cells administered with NaIO3 in the absence or presence of post-treatment with FR180204.
GAPDH – loading control. (G) Fluorescent phalloidin staining of F-actin (red) and immunofluorescent staining of b-catenin (green) and vimentin (purple) of NaIO3-treated
ARPE-19 cells with or without post-treatment with FR180204. (H) Wound healing assay showing the motility of NaIO3-treated ARPE-19 cells with or without post-treatment
with FR180204. (I) Quantification of the number of migrated cells (N = 3, *p < 0.01 vs. 0 mM NaIO3 (Student’s-test). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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activation of ERK and EGFR was also suppressed by the post-
treatment with FR180204. The NaIO3-activated migration capacity
of ARPE-19 was suppressed by the post-treatment with FR180204
(Fig. 4H and I). Furthermore, the suppression of the NaIO3-
activated EMT by post-treatment with FR180204 was also con-
firmed with F-actin staining that revealed the diminished intensity
and the absence of filopodia structures (Fig. 4G). To summarize, all
these observations indicate that post-treatment with FR180204
decreases ERK activation resulting in the reduced intracellular
ROS and [Ca2+]i, downregulated ER stress markers expression and
EGFR phosphorylation, and attenuated NaIO3-induced EMT of
RPE cells.
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ERK plays a critical role in promoting oxidative stress-induced EMT of
ARPE-19 cells in contrast to MEK

MEK is the major upstream kinase responsible for the activation
of ERK in the MAPK/ERK pathway. We observed that MEK was acti-
vated by phosphorylation in response to the treatment with NaIO3

in a concentration-dependent manner (Fig. 5A). To study the func-
tional effect of MEK in response to ERK-regulated EMT, we applied
post-treatment with U0126 to inhibit MEK activity in NaIO3-
administered ARPE-19 cells. Our results demonstrated that the
induced p-ERK was decreased by U0126 administration, however,
the NaIO3-enhanced HO-1, CHOP, p-EGFR, and EMT markers were



Fig. 5. ERK, rather than MEK, plays a critical role in promoting oxidative stress-induced EMT in ARPE-19 cells. (A)Western blot showing the expression of p-MEK and MEK in
ARPE-19 cells treated with the indicated concentrations of NaIO3. (B) Western blot showing the expression of the indicated markers in ARPE-19 cells treated with NaIO3 with
or without the post-treatment with FR180204 or U0126. b-Actin in (A) and (B) was used as a loading control. (C) Bright-field images of ARPE-19 cells treated or not treated
with NaIO3 in the absence or presence of the post-treatment with FR180204 or U0126.

Y.-C. Yang, Y. Chien, A.A. Yarmishyn et al. Journal of Advanced Research 60 (2024) 141–157
partially downregulated by U0126, albeit not as robustly as by
FR180204 (Fig. 5B). When the cells were examined by bright-
field microscopy, it was clearly observed that the treatment with
NaIO3 resulted in the loss of an epithelial morphology with smooth
edges and close contacts between cells (Fig. 5C). When the cells
were post-treated with FR180204, but not U0126, the epithelial
phenotype was preserved, however, the post-treatment with
U0126 was associated with the obvious cell membrane damage
and morphology change in NaIO3-stimulated cells (Fig. 5C). It
implies that MEK, the upstream kinase of ERK, plays a role not only
in the progression of EMT through ERK activation, but also in a sur-
vival signaling for NaIO3-treated ARPE-19 cells. On the other hand,
the family of p90 ribosomal S6 kinases (RSKs), which are down-
stream of ERK, have been revealed to be important mediators of
ERK signaling, and were demonstrated to downregulate cell–cell
contact and increase cellular migration [55]. Our results showed
that p-RSK was decreased by post-treatment with FR180204, but
not with U0126 (Fig. 5B). It suggests that ERK regulates oxidative
stress-induced EMT via RSK activation in ARPE-19 cells.

RNA-Seq profiling of gene expression upon ERK inhibition in NaIO3-
stimulated RPE cells

To investigate the effect of FR180204 on NaIO3-induced oxida-
tive stress on a transcriptome-wide level, we performed RNA-Seq
analysis of the transcriptomes of ARPE-19 cells treated with NaIO3

in the absence or presence of FR180204. ARPE-19 cells were pre-
treated with 0, 1, or 1.5 mM NaIO3 followed by treatment with
10 lM FR180204 in a fresh medium for 24 h before harvesting total
RNA. The principal component analysis (PCA) revealed that the
treatment of ARPE-19 cells with FR180204 per se without the
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application of oxidative stress did not result in any significant
changes in global gene expression (Fig. 6A). On the other hand,
the first variance component (PC1) effectively separated the sam-
ples treated with NaIO3 in the absence of FR180204, and the sec-
ond variance component (PC2) accounted for the effect of
FR180204 in NaIO3-treated samples (Fig. 6A). However, PC1 values
of FR180204-treated samples were closer to those of NaIO3-
untreated samples, implying that ERK inhibition could partially
reverse the effect of NaIO3 (Fig. 6A). Therefore, in our differential
gene expression analysis, we aimed to identify the genes whose
differential expression caused by NaIO3 treatment could be
reversed by concomitant FR180204 treatment. First, we identified
the genes upregulated and downregulated by NaIO3 treatment
per se (Fig. 6B, top panel), as well as those regulated by concomi-
tant treatment with NaIO3 and FR180204 (Fig. 6 B, bottom panel).
Remarkably, by applying the genes differentially regulated by both
1 and 1.5 mM NaIO3 with more than two-fold change (Fig. 6B) to
STRING protein–protein interaction network analysis, we found
that many of them were centered in a network regulated by b-
catenin (CTNNB1) (Fig. S4A). On the other hand, the genes differen-
tially regulated by FR180204 treatment were centered around his-
tone deacetylase 1 (HDAC1) (Fig. S4B). Further, we contrasted the
lists of genes upregulated by the treatment with 1.5 mM NaIO3

per se and downregulated in the cells treated with 1.5 mM NaIO3 +-
FR180204 and found that they were both enriched with Gene
Ontology (GO) terms related to oxidative stress response, Ca2+ sig-
naling and EMT (Fig. 6C and D). On the contrary, the list of genes
downregulated by the treatment with 1.5 mM NaIO3 and upregu-
lated in 1.5 mM NaIO3 + FR180204 sample were enriched in the
GO terms related to calcium signaling, EMT, stem cell/aging and
amyloid-beta metabolism (Fig. 6E and F). As shown in clustering



Fig. 6. RNA-Seq profiling of gene expression in NaIO3-administered ARPE-19 cells upon ERK inhibition. (A) PCA plot showing the difference of global gene expression in ARPE-
19 cells administered with NaIO3 and post-treatment with FR180204 as indicated. (B) Venn diagrams showing the numbers of unique and common differentially expressed
genes in the indicated experimental groups. (C) Bubble plot showing the significantly enriched GO terms of the upregulated genes (1.5 mM NaIO3 treatment) and the
downregulated genes (FR180204 post-treatment) in ROS (red), Ca2+ (green), and EMT (blue). (D) Clustering heatmap diagram of the genes differentially expressed in (C). (E)
Bubble plot showing the significantly enriched GO terms of the upregulated genes in cells administered with 1.5 mM NaIO3 following post-treatment with FR180204 and the
downregulated genes in 1.5 mM NaIO3-administered cells. (F) Clustering heatmap diagram of the genes differentially expressed in (E). (G) Clustering heatmap diagram of the
genes upregulated in the NaIO3-administered ARPE19 cells and downregulated by following post-treated with FR180204 (top cluster, black rectangle), and the genes with
opposite regulation pattern (bottom cluster). (H) STRING protein–protein interaction network implicated in MAPK/ERK (yellow) and EMT (blue) signaling. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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heatmaps, the expression of five ROS response-associated genes
(CRYGD, NOX5, ETV5, SLC30A10, and PPARA), three Ca2+ signaling-
associated genes (CDH5, F2RL2, and CCR6), and four EMT-
associated genes (SDCBP, MDK, ALX1, and PHLDB2) was gradually
increased in response to NaIO3 treatment (Fig. 6D). The heatmap
showed that the expression of three Ca2+ signaling-associated
genes (SRI, CLIC2, and SESTD1), two EMT-associated genes (SELP
and CADM3), three stem cell-associated genes (HMGA2, HNRNPU,
and NANOG), and four amyloid-beta-associated genes (LRPAP1,
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HDAC1, BIN1, and RTN4) were gradually increased in response to
FR180204 treatment (Fig. 6F). Based on the known EMT and
MAPK-associated genes from the GSEA database, we clustered
the genes according to their expression in our RNA-Seq data. The
clustered heatmap revealed the significantly upregulated genes
upon NaIO3 treatment that were significantly downregulated by
FR180204 co-treatment (Fig. 6G). In such a way, we identified forty
genes including CCND1, CDCA7, CEP55, CHUK, ASPM, BRCA1,
CENPA, NCKS1B, and others (Fig. 6G). By using the STRING pro-
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tein–protein interaction database, we constructed the relationship
of these top-ranking genes in the MAPK and EMT signaling
(Fig. 6H). According to the network, we found that CCND1 was clo-
sely connected to both EMT and MAPK signaling and was a subject
of a significant change after FR180204 treatment, suggesting that it
could be a crucial mediator of the effects of ERK inhibition
(Fig. 6H). The transcripts per million (TPM) values and Z-scores
of the transcripts implicated in EMT andMAPK signaling are shown
in Supplementary Table 2.

FR180204 prevents NaIO3-induced p-ERK-mediated remodeling in the
mouse retina

To characterize the effects of FR180204 on the retina, mice were
retro-orbitally injected with 100 nM, 500 nM, or 10 lM FR180204.
As was shown by H&E staining of the eye cross sections, no signif-
icant adverse effect on the morphology and thickness of the retina
was observed in mice treated with the indicated concentrations of
FR180204 (Fig. 7A). As was shown by OCT, there were no detect-
able hyperreflective foci (HRF) found in the retinas administered
with 100 nM FR180204, however, some HRF were found in the reti-
nas administered with 10 lM FR180204 (Fig. 7B). Therefore, we
decided to treat mice with 100 nM FR180204 by retro-orbital injec-
tion in the following experiments. Moreover, to confirm the role of
ERK in the oxidative stress-mediated EMT in vivo, we delivered
NaIO3 to the mice by IP injection as described previously [42]
(Fig. 7C). On the next day, 100 nM FR180204 was delivered to
the right eye by retro-orbital injection in parallel with the control
injection of DMSO in PBS to the left eye. On the 7th day, the mice
were sacrificed and the whole mount retinas were analyzed
(Fig. 7C). As was shown by immunostaining of tight junctions
(ZO-1 protein), the administration of NaIO3 resulted in the dis-
turbed structure of the epithelium with loose borders between
individual RPE cells. This effect was accompanied by increased
phosphorylation of ERK. Interestingly, the FR180204 post-
treatment clearly resulted in the preservation of the intact struc-
ture of RPE with low ERK phosphorylation level (Fig. 7D). The same
experimental design was applied in parallel to ARPE-19 cell culture
as a control, and we observed p-ERK fluorescence intensity
increase after NaIO3 stimulation, which was reduced by
FR180204 post-treatment (Fig. 7E). Importantly, FR180204 post-
treatment restored the reduction of ZO-1 in the retina (Fig. 7D)
and decreased F-actin induction in ARPE-19 cells stimulated by
NaIO3 (Fig. 7E), which implied that FR180204 might diminish the
NaIO3-induced degeneration of RPE cells. To summarize, we
observed the in vivo effect of FR180204 on p-ERK-associated RPE
cell EMT induced by oxidative stress, which was consistent with
in vitro findings.

FR180204 prevents NaIO3-induced structural changes in the mouse
retina

To further characterize the effects of FR180204 on the conse-
quences of NaIO3-induced oxidative stress in vivo, we administered
NaIO3 retro-orbitally (the same procedure as in Fig. 1E and 1F) fol-
lowed by retro-orbital injection of FR180204 on the next day
(Fig. 8A). After three days, we examined the H&E-stained whole
eye cross sections and detected the NaIO3-induced upward translo-
cation of RPE cells from the RPE layer and distortion of the adjacent
retinal layers (Fig. 8B). The post-treatment with FR180204, on the
other hand, clearly prevented these effects (Fig. 8B). To investigate
more long-term effects of FR180204 on NaIO3-induced oxidative
stress in vivo, different concentrations of NaIO3 were administered
intraperitoneally followed by retro-orbital injection of FR180204
into the right eye and DMSO control into the left eye on the next
day. The mice were sacrificed after one week and 6 weeks and
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the cross sections were analyzed by H&E staining (Fig. 8C). After
seven days post-injection with 20 or 30 mg/ml of NaIO3, the diffu-
sion of RPE cells and distortion of retinal structure were observed
(Fig. 8D). However, the post-treatment with FR180204 noticeably
alleviated these effects, particularly at lower concentration of
NaIO3 (20 mg/ml). Moreover, the total area of the retina affected
by NaIO3-induced structural perturbations was significantly
reduced upon FR180204 post-treatment. In the case of 6 weeks
after administration of NaIO3, we observed the significant thinning
of the retina, indicative of a heavy permanent loss of a substantial
number of retina cells. In comparison, the treatment with
FR180204 resulted in preservation of relatively intact structure of
the retina (Fig. 8D). In conclusion, we observed that post-
treatment with FR180204 alleviated both transient and long-
term irreversible damage to the retina caused by NaIO3.
FR180204 reduces NaIO3-induced retinal lesion as observed by SD-OCT

To further validate the effect of NaIO3 on the rodent retina and
the rescue role of FR180204, we applied a non-invasive imaging
method, spectral domain optic coherence tomography (SD-OCT),
which produces high-resolution volumetric histological images of
the retina. We observed the SD-OCT images from the posterior
eye of mouse after NaIO3 and FR180204 administration performed
as described above (Fig. 8C). The SD-OCT cross-sectional and en
face images showed that the retina lesion and HRF were observed
in the retina at day 7 after 30 mg/ml NaIO3 injection (Fig. 9A and
B). Moreover, after 30 mg/ml NaIO3 injection, the retina structure
was generally thinner compared to the control, and HRF were
observed in both the vitreous and the retina (Fig. 9A). However,
the number of HRF was significantly decreased upon FR180204
post-treatment (Fig. 9A–C). In addition, the SD-OCT cross-
sectional images showed that the retina was subjected to lesion
and its thickness was reduced as a result of 30 mg/ml NaIO3 injec-
tion after 6 weeks. However, the thicker retina and the outer plex-
iform layer (OPL) could be observed in the retina post-treated with
FR180204 (Fig. 9D). These results suggested that the treatment
with FR180204 alleviated the retinal lesions triggered by NaIO3-
induced oxidative injury in a short term (7 days) and a long term
(6 weeks), which was consistent with the histological observations
(Fig. 7).
Discussion

Oxidative stress is one of the most important pathogenesis fac-
tors in AMD. RPE cells are subjected to particularly high oxidative
cellular environment due to physiological sources of oxidative
stress such as high metabolic activity of RPE cells [3] and the
phagocytosis of photoreceptor outer segments [4], as well as
unique sources of photooxidative stress induced by high UV expo-
sure [56,57]. In addition, lifestyle-associated factors including
tobacco smoking contribute to oxidative stress-related RPE cell
damage in AMD progression [30,58]. Indeed, degenerative RPE cells
are exposed to particularly high accumulation of ROS resulted from
the decreased capacity to neutralize ROS and diminished autop-
hagy ability associated with aging [5]. In previous studies, it has
been shown that NaIO3 increases the level of ROS and generates
cellular oxidative stress to harm RPE cells, thus it can be used to
investigate the pathogenesis of AMD [15,18]. In our study, we
applied the experimental conditions to induce intracellular oxida-
tive stress that is implicated in AMD etiology by administering the
sublethal concentrations of NaIO3 in vitro and in vivo. In previous
studies, the programmed cell death of RPE cells occurring by the
mechanisms of apoptosis [59,60] or necroptosis [15] was the major
NaIO3-induced effect investigated as the causative factor of AMD.



Fig. 7. FR180204 prevents EMT of RPE cells. (A) H&E staining of whole eye cross sections (top panel) and zoomed retina segments marked by red rectangles (bottom panel) of
mice treated with the indicated concentrations of FR180204 using retro-orbital injection. Red arrows indicate thickness of the retina. (B) SD-OCT images of the mouse retinas
treated with the indicated concentrations of FR180204 using retro-orbital injection. (C) Experimental outline to investigate the effect of FR180204 on NaIO3-induced EMT
in vivo. (D) Immunostaining of the retinal wholemounts subjected to the indicated treatments with antibodies against ZO-1 and p-ERK. (E) Immunostaining of ARPE-19 cells
subjected to the indicated treatments with phalloidin antibodies against F-actin and p-ERK. In (B) and (C) nuclei stained with DAPI. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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In our study, we applied an in vitro model based on ARPE-19 cells
treated with the lower concentration range of NaIO3 (0–2 mM),
which resulted in the induction of EMT (Fig. 1) as well as the acti-
vation of multiple important signaling pathways (Fig. 2), but did
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not lead to substantial cell death (Fig. S2A and B). In such condi-
tions, we clearly observed that ARPE-19 cells underwent the tran-
sition from epithelial to mesenchymal phenotype as was observed
by the expression of EMT markers (Fig. 1A) and the loss of epithe-



Fig. 8. FR180204 restores NaIO3-induced structural changes in the mouse retina. (A) and (C) Schemes of experimental design for (B) and (D), respectively. (B) H&E staining of
whole eye cross sections (top panel) and zoomed retina segments marked by red rectangles (bottom panel). Red arrows indicate diffusing RPE cells. (D) H&E staining of whole
eye cross sections (left panels) and zoomed retina segments marked by red rectangles (right panels). Dashed black rectangles show total area of the retina with discernible
perturbations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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lial phenotype (Fig. 1C). Moreover, such oxidative stress conditions
increased RPE cell motility and clearly disturbed retinal structure
in vivo when NaIO3 was delivered to the mouse eyes (Fig. 1E).

The cigarette smoke extract [30], TGF-b1 [53,61], and EGF [30]
were used as the sources of oxidative stress to induce EMT and
study the regulatory networks in RPE cells as the models for
AMD. The increase of ROS levels is known to initiate various signal-
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ing pathways that can result in the activation of EMT-specific tran-
scription factors [62,63]. In this study, the level of secreted TGF-b1
was negligible and BMP4 was decreased upon NaIO3 treatment in
our ARPE-19 experimental system (Fig. 2H and I). Therefore,
according to our experimental conditions, the oxidative stress-
related signaling pathways and EMT are directly induced by oxida-
tive stress rather than TGF-b1 or BMP4 in ARPE-19 cells. Impor-



Fig. 9. FR180204 reduces NaIO3-induced retinal lesion as observed by SD-OCT. Cross-sectional (A) and en face (B) SD-OCT images of the NaIO3-administered mouse retinas
with or without FR180204 post-injection 7 days after the indicated treatment. White arrows show hyperreflective foci (HRF). Red arrows indicate the thickness of the retina.
(C) Quantification of HRF in (B). N = 3, #p < 0.05 (ANOVA). (D) Cross-sectional SD-OCT images showing the retinal structures 6 weeks after the indicated treatment. NFL, nerve
fiber layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; OLM, Outer Limiting Membrane; IS/ep, inner segment/
ellipsoid layer; PRT, photoreceptor tip layer. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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tantly, previously it has been demonstrated that TGF-b1 is unable
to initiate EMT in porcine RPE cells [9], though TGF-b1 is compre-
hensively used as a classic inducer of EMT. Besides, the role of
EGFR-mediated signaling pathway was demonstrated in cigarette
smoke extract-activated mesenchymal ARPE-19 cells [30], which
is consistent with our results showing that erlotinib has a partial
effect to attenuate NaIO3-activated multiple pathways, including
EMT. Interestingly, the phosphorylation of EGFR at Tyr1068 was
induced dramatically by 2 mM NaIO3 (Fig. 2H) but no EGF released
into the medium was observed (Fig. 2L), which may be indicative
of an unidentified mechanism for EGFR activation related to oxida-
tive stress-induced EMT in ARPE-19 cells.
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According to our results, the treatment of ARPE-19 cells with
NaIO3 caused a complex cell response characterized by the induc-
tion of the core oxidative stress response genes, stimulation of ER
stress response, as well as the activation of ERK (Fig. 2 and Fig. 5).
Importantly, we also observed the remodeling of Ca2+ signaling
system as was inferred from the increased basal levels of Ca2+

and increased responsiveness to intracellular Ca2+ storage (Fig. 2-
C-E). Indeed, overwhelming evidence indicates that ROS can induce
dynamic changes in [Ca2+]i and internal amount of Ca2+ pool [64] in
a variety of cell types [65]. ROS induces and regulates Ca2+ signal-
ing via a complex machinery including voltage-dependent Ca2+

channels (VDCCs), ryanodine receptors (RyR), 1,4,5-inositol-
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triphosphate receptors (IP3R) or other Ca2+ pumps and Na+/Ca2+

exchangers [65]. All the evidence is consistent with our observa-
tions on the robust remodeling of Ca2+ signaling system in
response to the oxidative stress.

According to our results, NaIO3 induces ERK activation in ARPE-
19 cells (Fig. 2H, 2I, and 6E) and in RPE cells of the mouse retina
(Fig. 7D). A clinical study revealed that ERK activity increased in
the RPE of patients suffering from geographic atrophy (GA), as well
as in a DICER1-depleted mouse model with the characteristics of
RPE degeneration [66]. By applying the inhibitors of Ca2+ signaling,
EGFR/ERK pathway, we identified that among them, FR180204, the
specific inhibitor of ERK, induced the most efficient suppression of
EMT-related pathways in NaIO3-stimulated ARPE-19 cells (Fig. 3).
We found that the suppression of ERK activation by FR180204
ameliorated the EMT of RPE cells and benefited the maintenance
of the integrity of the retina stimulated with 20 mg/kg NaIO3

(Fig. 7). A recent study showed that the inhibition of ERK activation
in stressed Müller cells of mice exposed to photooxidative stress
resulted in the prevention of photoreceptor degeneration [67].
These findings are suggestive of an important role of ERK in retinal
degeneration, which supports the idea of ERK inhibition as a possi-
ble therapeutic target. In addition, the activation of ERK was found
to contribute to retina maturation and was proposed to play a sur-
vival role during retinal development [68]. ERK was completely
depleted by conditional knockout of Erk1 and Erk2 genes in the
mouse RPE, which led to diminished RPE65 expression and
induced retinal degeneration [69]. These studies support the con-
cept that the ERK signaling pathway has multiple roles, and the
activation of ERK in RPE cells is tightly regulated. On the other
hand, MEK is the major upstream kinase responsible for the activa-
tion of ERK. Unexpectedly, we found that the post-treatment with
U0126, a MEK inhibitor, in NaIO3-stimulated ARPE-19 cells
resulted in cell membrane damage and morphology change, in
contrast to the treatment with FR180204, which restored normal
cell morphology (Fig. 5). However, this result is consistent with
the clinical research, in which cancer patients administered with
MEK inhibitor chemotherapy such as MEK162 and trametinib were
found to be affected by ocular toxicity [70,71]. Taken together,
these results implied that MEK may play an important role in
RPE cell survival signaling pathway compared to ERK.

The pre-treatment with N-acetyl-L-cysteine (NAC) [72] or
resveratrol [73], as well as the overexpression of peroxiredoxin 6
(PRDX6) [74], an antioxidant protein, have been found to protect
ARPE-19 cells from oxidative stress; besides, the pre-treatment
with TGF-b-activated kinase 1 (TAK1) inhibitor, SB431542, was
revealed to diminish TGF-b1-induced EMT in ARPE-19 cells [75].
On the other hand, FR180204 is a selective inhibitor of ERK that
has been demonstrated to improve collagen-induced rheumatoid
arthritis in mice [76] and decrease the viability of combination-
treated cancer cells [77,78]. In this study, we treated ARPE-19 cells
with FR180204 at 10 lM to inhibit ERK activity [31,32], and found
that there were no detectable viability and cytotoxicity differences
between the presence and absence of FR180204 administration in
NaIO3-stimulated ARPE-19 cells using CCK-8 and LDH analysis
(Fig. S3A and Fig. S3B). In animal model, we determined that
10 lM, 500 nM, and 100 nM FR180204 did not induce significant
alterations in retinal thickness and RPE morphology when ana-
lyzed by H&E staining (Fig. 6A). However, in 10 lM, but not in
100 nM FR180204-administered mouse, HRF were detected in
the retina by SD-OCT (Fig. 6B). Given that the retina has multiple
layers containing various types of cells, including ganglion cells,
bipolar cells, horizontal cells, amacrine cells, and photoreceptors,
in addition to the RPE cells located at the border of the retina,
we decided to treat with 10 lM FR180204 in ARPE-19 cells and
100 nM FR180204 in mouse eyes to attenuate the activation of
ERK by NaIO3.
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In the treatment of AMD, anti-VEGF is the most common ther-
apy for wet AMD [26,27], however, there are currently no effective
treatments for the most common form, dry AMD [28,70]. NaIO3-
induced retinal degeneration is widely used to study dry AMD
[19]. To investigate the potential therapeutic applicability of
FR180204, we applied the mouse model to test its effects in vivo.
Consistent with the results of previous studies [15], we observed
the characteristic phenotype with the degenerative RPE layer
showing disintegration and initiation of translocation after the
treatment with NaIO3 (Fig. 1F and 7B). In addition, we identified
that the structural changes of the retina induced by NaIO3 were
restored by FR180204 analyzed by immunofluorescence and histo-
logical analysis (Figs. 6 and 7). We applied SD-OCT and identified a
pattern of HRF (Fig. 8), whose clinicopathological significance has
been widely investigated [71], indicative of the migration of RPE
cells, macrophages/microglia in AMD [79–81], and lipoprotein
extravasation in diabetic macular edema [82].
Conclusion

Intracellular ROS, Ca2+, ER stress marker, p-ERK, p-EGFR, and
EMT markers were enhanced in NaIO3-stimulated cells. Most
importantly, ERK activation was found to play a critical role in reg-
ulating the progression of various NaIO3-induced pathways leading
to EMT in RPE cells. The attenuation of ERK activation, multiple
NaIO3-induced signaling pathways, and EMT in RPE cells by post-
treatment with FR180204, an ERK inhibitor and potential cancer
drug, may be a new therapeutic approach for AMD.
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[55] Čáslavský J, Klímová Z, Vomastek T. ERK and RSK regulate distinct steps of a
cellular program that induces transition from multicellular epithelium to
single cell phenotype. Cell Signal 2013;25:2743–51. doi: https://doi.org/
10.1016/j.cellsig.2013.08.024.

[56] West SK, Rosenthal FS, Bressler NM, Bressler SB, Munoz B, Fine SL, et al.
Exposure to sunlight and other risk factors for age-related macular
degeneration. Arch Ophthalmol 1989;107:875–9. doi: https://doi.org/
10.1001/archopht.1989.01070010897038.

[57] Delcourt C, Cougnard-Grégoire A, Boniol M, Carrière I, Doré J-F, Delyfer M-N,
et al. Lifetime exposure to ambient ultraviolet radiation and the risk for
cataract extraction and age-related macular degeneration: the alienor study.
Invest Ophthalmol Vis Sci 2014;55:7619–27. doi: https://doi.org/10.1167/
iovs.14-14471.

[58] Cano M, Thimmalappula R, Fujihara M, Nagai N, Sporn M, Wang AL, et al.
Cigarette smoking, oxidative stress, the anti-oxidant response through Nrf2
signaling, and age-related macular degeneration. Vision Res 2010;50:652–64.
doi: https://doi.org/10.1016/j.visres.2009.08.018.

[59] Bluteau J, Zulliger R, Roberti S, Enzmann V. Retinal cell death caused by sodium
iodate involves multiple caspase-dependent and caspase-independent cell-
death pathways. Int J Mol Sci 2015;16:15086–103. doi: https://doi.org/
10.3390/ijms160715086.

[60] Safaei A, Brockmann J, Dick HB, Joachim SC. Apoptotic effects on human RPE
cells through NaIO3. Invest Ophthalmol Vis Sci 2022;63:773–F0332.

[61] Su Y, Tang Z, Wang F. Role of LINC01592 in TGF-b1-induced epithelial-
mesenchymal transition of retinal pigment epithelial cells. Aging 2021;13
(14053–64). doi: https://doi.org/10.18632/aging.203023.

[62] Cannito S, Novo E, di Bonzo LV, Busletta C, Colombatto S, Parola M. Epithelial-
mesenchymal transition: from molecular mechanisms, redox regulation to
implications in human health and disease. Antioxid Redox Signal
2010;12:1383–430. doi: https://doi.org/10.1089/ars.2009.2737.

[63] Cichon MA, Radisky DC. ROS-induced epithelial-mesenchymal transition
in mammary epithelial cells is mediated by NF-jB-dependent activation of
Snail. Oncotarget 2014;5(2827–38). doi: https://doi.org/10.18632/
oncotarget.1940.

[64] Gibson GE, Zhang H, Xu H, Park LCH, Jeitner TM. Oxidative stress increases
internal calcium stores and reduces a key mitochondrial enzyme. Biochim
157
Biophys Acta (BBA) - Mol Basis Dis 2002;1586:177–89. doi: https://doi.org/
10.1016/S0925-4439(01)00091-6.

[65] Yan Y, Wei C, Zhang W, Cheng H, Liu J. Cross-talk between calcium and
reactive oxygen species signaling. Acta Pharmacol Sin 2006;27:821–6. doi:
https://doi.org/10.1111/j.1745-7254.2006.00390.x.

[66] Dridi S, Hirano Y, Tarallo V, Kim Y, Fowler BJ, Ambati BK, et al. ERK1/2
activation is a therapeutic target in age-related macular degeneration.
Proceedings of the National Academy of Sciences 2012;109:13781–6.
10.1073/pnas.1206494109.

[67] Zeng S, Zhang T, Chen Y, Chu-Tan J, Jin K, Lee S-R, et al. Inhibiting the activation
of MAPK (ERK1/2) in stressed Müller cells prevents photoreceptor
degeneration. Theranostics 2022;12:6705–22. doi: https://doi.org/10.7150/
thno.71038.

[68] Donovan M, Doonan F, Cotter TG. Differential roles of ERK1/2 and JNK in retinal
development and degeneration. J Neurochem 2011;116:33–42. doi: https://
doi.org/10.1111/j.1471-4159.2010.07056.x.

[69] Pyakurel A, Balmer D, Saba-El-Leil MK, Kizilyaprak C, Daraspe J, Humbel BM,
et al. Loss of extracellular signal-regulated kinase 1/2 in the retinal pigment
epithelium leads to RPE65 decrease and retinal degeneration. Mol Cell Biol
2017;37:e00295–e317. doi: https://doi.org/10.1128/MCB.00295-17.

[70] de Guimaraes TAC, Varela MD, Georgiou M, Michaelides M. Treatments for dry
age-related macular degeneration: therapeutic avenues, clinical trials and
future directions. Br J Ophthalmol 2022;106:297–304. doi: https://doi.org/
10.1136/bjophthalmol-2020-318452.

[71] Fragiotta S, Abdolrahimzadeh S, Dolz-Marco R, Sakurada Y, Gal-Or O, Scuderi
G. Significance of hyperreflective foci as an optical coherence tomography
biomarker in retinal diseases: characterization and clinical implications. J
Ophthalmol 2021;2021:e6096017.

[72] Terluk MR, Ebeling MC, Fisher CR, Kapphahn RJ, Yuan C, Kartha RV, et al. N-
Acetyl-L-cysteine protects human retinal pigment epithelial cells from
oxidative damage: implications for age-related macular degeneration. Oxid
Med Cell Longev 2019;2019:5174957. doi: https://doi.org/10.1155/2019/
5174957.

[73] Qin S, Lu Y, Rodrigues GA. Resveratrol protects RPE cells from sodium iodate by
modulating PPARa and PPARd. Exp Eye Res 2014;118:100–8. doi: https://doi.
org/10.1016/j.exer.2013.11.010.

[74] Zha X, Wu G, Zhao X, Zhou L, Zhang H, Li J, et al. PRDX6 protects ARPE-19 cells
from oxidative damage via PI3K/AKT signaling. CPB 2015;36:2217–28. doi:
https://doi.org/10.1159/000430186.

[75] Dvashi Z, Goldberg M, Adir O, Shapira M, Pollack A. TGF-b1 induced
transdifferentiation of RPE cells is mediated by TAK1. PLoS One 2015;10:
e0122229.

[76] Ohori M, Takeuchi M, Maruki R, Nakajima H, Miyake H. FR180204, a novel and
selective inhibitor of extracellular signal-regulated kinase, ameliorates
collagen-induced arthritis in mice. Naunyn Schmiedebergs Arch Pharmacol
2007;374:311–6. doi: https://doi.org/10.1007/s00210-006-0117-7.

[77] Dirican A, Atmaca H, Bozkurt E, Erten C, Karaca B, Uslu R. Novel combination of
docetaxel and thymoquinone induces synergistic cytotoxicity and apoptosis in
DU-145 human prostate cancer cells by modulating PI3K–AKT pathway. Clin
Transl Oncol 2014;17:145–51. doi: https://doi.org/10.1007/s12094-014-1206-
6.

[78] Saglam ASY, Alp E, Elmazoglu Z, Menevse ES. Effect of API-1 and FR180204 on
cell proliferation and apoptosis in human DLD-1 and LoVo colorectal cancer
cells. Oncol Lett 2016;12:2463–74. doi: https://doi.org/10.3892/ol.2016.4995.

[79] Framme C, Wolf S, Wolf-Schnurrbusch U. Small dense particles in the retina
observable by spectral-domain optical coherence tomography in age-related
macular degeneration. Invest Ophthalmol Vis Sci 2010;51:5965–9. doi:
https://doi.org/10.1167/iovs.10-5779.

[80] Pang CE, Messinger JD, Zanzottera EC, Freund KB, Curcio CA. The onion sign in
neovascular age-related macular degeneration represents cholesterol crystals.
Ophthalmology 2015;122:2316–26. doi: https://doi.org/10.1016/j.
ophtha.2015.07.008.

[81] C.A. Curcio E.C. Zanzottera T. Ach C. Balaratnasingam K.B. Freund Activated
retinal pigment epithelium, an optical coherence tomography biomarker for
progression in age-related macular degeneration Invest Ophthalmol Vis Sci 58
2017 BIO211 –26 10.1167/iovs.17-21872.

[82] Bolz M, Schmidt-Erfurth U, Deak G, Mylonas G, Kriechbaum K, Scholda C, et al.
Optical coherence tomographic hyperreflective foci: a morphologic sign of
lipid extravasation in diabetic macular edema. Ophthalmology
2009;116:914–20. doi: https://doi.org/10.1016/j.ophtha.2008.12.039.

https://doi.org/10.1117/1.JBO.20.12.126005
https://doi.org/10.1117/1.JBO.20.12.126005
https://doi.org/10.1093/nar/gkz801
https://doi.org/10.1093/nar/gkz801
https://doi.org/10.1038/labinvest.2014.46
https://doi.org/10.1038/labinvest.2014.46
https://doi.org/10.1016/j.stem.2017.08.012
https://doi.org/10.1016/j.stem.2017.08.012
https://doi.org/10.1016/j.redox.2020.101678
https://doi.org/10.1016/j.redox.2020.101678
https://doi.org/10.1179/135100005X21660
https://doi.org/10.1179/135100005X21660
https://doi.org/10.1007/s00018-016-2223-0
https://doi.org/10.1016/j.redox.2015.08.010
https://doi.org/10.1016/j.redox.2015.08.010
https://doi.org/10.1038/srep43736
https://doi.org/10.1016/j.cellsig.2013.08.024
https://doi.org/10.1016/j.cellsig.2013.08.024
https://doi.org/10.1001/archopht.1989.01070010897038
https://doi.org/10.1001/archopht.1989.01070010897038
https://doi.org/10.1167/iovs.14-14471
https://doi.org/10.1167/iovs.14-14471
https://doi.org/10.1016/j.visres.2009.08.018
https://doi.org/10.3390/ijms160715086
https://doi.org/10.3390/ijms160715086
http://refhub.elsevier.com/S2090-1232(23)00167-4/h0300
http://refhub.elsevier.com/S2090-1232(23)00167-4/h0300
http://refhub.elsevier.com/S2090-1232(23)00167-4/h0300
https://doi.org/10.18632/aging.203023
https://doi.org/10.1089/ars.2009.2737
https://doi.org/10.18632/oncotarget.1940
https://doi.org/10.18632/oncotarget.1940
https://doi.org/10.1016/S0925-4439(01)00091-6
https://doi.org/10.1016/S0925-4439(01)00091-6
https://doi.org/10.1111/j.1745-7254.2006.00390.x
https://doi.org/10.7150/thno.71038
https://doi.org/10.7150/thno.71038
https://doi.org/10.1111/j.1471-4159.2010.07056.x
https://doi.org/10.1111/j.1471-4159.2010.07056.x
https://doi.org/10.1128/MCB.00295-17
https://doi.org/10.1136/bjophthalmol-2020-318452
https://doi.org/10.1136/bjophthalmol-2020-318452
http://refhub.elsevier.com/S2090-1232(23)00167-4/h0355
http://refhub.elsevier.com/S2090-1232(23)00167-4/h0355
http://refhub.elsevier.com/S2090-1232(23)00167-4/h0355
http://refhub.elsevier.com/S2090-1232(23)00167-4/h0355
https://doi.org/10.1155/2019/5174957
https://doi.org/10.1155/2019/5174957
https://doi.org/10.1016/j.exer.2013.11.010
https://doi.org/10.1016/j.exer.2013.11.010
https://doi.org/10.1159/000430186
http://refhub.elsevier.com/S2090-1232(23)00167-4/h0375
http://refhub.elsevier.com/S2090-1232(23)00167-4/h0375
http://refhub.elsevier.com/S2090-1232(23)00167-4/h0375
https://doi.org/10.1007/s00210-006-0117-7
https://doi.org/10.1007/s12094-014-1206-6
https://doi.org/10.1007/s12094-014-1206-6
https://doi.org/10.3892/ol.2016.4995
https://doi.org/10.1167/iovs.10-5779
https://doi.org/10.1016/j.ophtha.2015.07.008
https://doi.org/10.1016/j.ophtha.2015.07.008
https://doi.org/10.1016/j.ophtha.2008.12.039

	Inhibition of oxidative stress-induced epithelial-mesenchymal transition in retinal pigment epithelial cells of age-related macular degeneration model by suppressing ERK activation
	Introduction
	Methods
	Cell culture and chemicals
	Western blot analysis
	Immunofluorescence and phalloidin staining
	Ca2+ imaging and [Ca2+]i detection
	ROS measurement
	Wound healing assay
	Cell viability and cytotoxicity assays
	ELISA measurement of BMP4, TGF-β1, and EGF secretion levels
	Mouse model of NaIO3-induced oxidative stress in the retina
	Histological analysis of the retina
	Spectral domain ocular coherence tomography (SD-OCT)
	RNA-Seq analysis
	Statistical analysis

	Results
	NaIO3-induced oxidative stress increases EMT capacity of RPE cells
	Characterization of pathway responses to the NaIO3-induced oxidative stress resulting in EMT of ARPE-19 cells
	Ca2+ signaling, EGFR, and ERK are required for the EMT response of ARPE-19 cells to NaIO3-induced oxidative stress
	Post-treatment with FR180204 downregulates NaIO3-induced multiple signaling pathways resulting in EMT
	ERK plays a critical role in promoting oxidative stress-induced EMT of ARPE-19 cells in contrast to MEK
	RNA-Seq profiling of gene expression upon ERK inhibition in NaIO3-stimulated RPE cells
	FR180204 prevents NaIO3-induced p-ERK-mediated remodeling in the mouse retina
	FR180204 prevents NaIO3-induced structural changes in the mouse retina
	FR180204 reduces NaIO3-induced retinal lesion as observed by SD-OCT

	Discussion
	Conclusion
	Ethics approval and consent to participate
	Availability of data and materials
	Declaration of Competing Interest
	Acknowledgement
	Appendix A Supplementary material
	References


