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Abstract 

Background  In the pathophysiology of the retina, the epithelial–mesenchymal transition and oxidative stress play 
key roles. To find a relationship between oxidative stress and diabetic retinopathy or proliferative retinopathy, we used 
an in-silico approach. We also used an in vitro investigation to examine the synergistic effect of transforming growth 
factors-β2 (TGFβ2) and hydrogen peroxide (H2O2) on the epithelial–mesenchymal transition (EMT) of ARPE-19 cells, 
analyzing cell survival, cell migration by wound healing, and expression epithelial–mesenchymal transition markers 
at the protein and mRNA levels.

Results  For 24 h, human retinal pigment epithelial cells (ARPE-19) were cultured in standard conditions and sub-
jected to various concentrations of TGFβ2, H2O2, and their combinations. According to a bioinformatics study, signal-
ing pathways including hypoxia-inducible factor (HIF-1), forkhead box O (FoxO), phosphoinositide-3-kinase (PI3K-Akt), 
and transforming growth factors-β (TGFβ-signaling), both growth factors and oxidative stress-associated proteins play 
a significant role in the development of retinopathies. In vitro studies showed that oxidative stress induced by H2O2 
and TGFβ2 enhances the epithelial–mesenchymal transition of ARPE-19 cells.

Conclusions  Hydrogen peroxide enhances the TGFβ2-mediated epithelial–mesenchymal transition of human retinal 
pigment epithelial cells, or at least in cell line ARPE-19 cells.
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Graphical abstract

1 � Background
The retinal pigment epithelium (RPE) cells are a sin-
gle layer of highly polarized cells located between the 
choroid and photoreceptors. Each adult human eye 
has around 3.5 106 cells of the retinal pigment epithe-
lium. Retinal pigment epithelium cells are traditionally 
assumed to undergo terminal differentiation throughout 
life [1, 2]. Retinal pigment epithelium cells are essential 
for maintaining healthy retinal physiology and the differ-
ent signaling cascades required for optimal vision. They 
also have a significant impact on the movement of nutri-
ents from the choroid to the inner retinal membranes 
and the absorption of extra dispersed light to prevent 
photooxidation [3]. The blood-retinal barrier (BRB), a 
monolayered cuboidal epithelium held together by cell–
cell junctional structures such as tight junctions and 
adherens junctions, is a function of the retinal pigment 
epithelium cells in addition to their role in metabolizing 
retinoid molecules in the visual cycle [4, 5]. Along with 
maintaining the milieu, the RPE also secretes cytokines 
that, in some circumstances, might lead to pathological 
alterations such as macrophage recruitment [6].

In the human body, mesenchymal cells and epithelial 
cells differ in their characteristics and roles. Expression 
of junctional complexes and apical-basal polarization are 
two key characteristics of terminally differentiated epi-
thelial cells. A basal membrane surrounds epithelial cells, 
separating them from other tissue constituents. Mes-
enchymal cells, as opposed to epithelial cells, are non-
polarized cells with invasive and migrating activity [2, 7, 
8]. Many biological processes, including embryogenesis, 
tissue fibrosis, and cancer metastasis, include the epithe-
lial-to-mesenchymal transition. Loss of cell polarity and 
adhesion during the transition from epithelial to mes-
enchymal tissue causes morphological alterations in the 
cells as well as increased motility and size [9] [10]. Type 
I EMT occurs in the early phases of embryogenesis, Type 
II EMT is linked to tissue regeneration and organ fibrosis, 
and Type III EMT occurs in cancer cells and promotes 
invasion and metastasis [2, 3, 8]. As mentioned previ-
ously, the epithelial–mesenchymal transition is brought 
on by abnormal stimuli and a modified microenviron-
ment, and it commonly results in tissue or organ fibrosis 
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[11–15]. A growing body of research demonstrates that 
various degenerative retinal illnesses cause the retinal 
pigment epithelial cells to become less differentiated, 
undergo EMT, and then migrate more easily [16, 17] [3]. 
Epithelial–mesenchymal transition affects proliferative 
retinopathy, proliferative diabetic retinopathy, and other 
degenerative illnesses of the retina [15, 18]. Clinical evi-
dence suggests that macular degenerations and prolif-
erative vitreoretinopathy (PVR) cause retinal pigment 
epithelial cells to undergo EMT [2, 3, 17]. Loss of vision 
in age-related macular degeneration (AMD) may come 
from the breakdown of the BRB, choroidal neovasculari-
zation (CNV), and associated exudative fluids invading 
the subretinal region; aberrant cytokine release may also 
accelerate disease activity [6].

Oxidative stress is defined as an imbalance between 
levels of reactive oxygen species and antioxidants [19]. 
An increase in intracellular reactive oxygen species pro-
duction can result in oxidative stress [9]. Reactive oxy-
gen species are produced by regular cellular metabolism 
(mitochondrial electron transport chain) as well as in 
response to cytokines and environmental stimuli (radia-
tion). Organ fibrosis may be significantly influenced by 
moderate chronic oxidative stress [20]. Damage caused 
over time to vital macromolecules by oxidative stress is 
one of the key factors in age-related diseases. The retina 
is particularly prone to oxidative stress-induced injury 
because of its elevated oxygen tension, ongoing exposure 
to light, and high concentration of polyunsaturated fatty 
acids (PUFA) [21, 22]. Numerous eye conditions, includ-
ing proliferative vitreoretinopathy and diabetic retinopa-
thy, as well as macular degenerative retinal diseases, are 
caused by oxidative stress [6, 23, 24]. One of the reactive 
oxygen species is hydrogen peroxide, and evidence has 
revealed that it is more prevalent in the aqueous humor 
of human eyes with proliferative retinopathies like pro-
liferative diabetic retinopathy and proliferative vitreo-
retinopathy [25]. Superoxide dismutase, catalase, and 
glutathione peroxidase have all been found in retinal tis-
sues like retinal pigment epithelium cells and photore-
ceptors [19, 26, 27].

Transforming growth factor beta (TGF-β), a subclass 
of cytokines controls many cellular processes, including 
cell division, proliferation, and differentiation [28–30]. 
Both oxidative stress/Reactive Oxygen Species (ROS) 
and transforming growth factor-beta (TGF-β) play cru-
cial roles in health and disease [31]. ROS production 
can be boosted by TGF-β in both transformed and non-
transformed cells. Furthermore, numerous studies have 
demonstrated that TGF-β can stimulate the produc-
tion of ROS in various cellular compartments [31, 32]. 
There is growing evidence to support the idea that ROS 
induction is the mechanism by which TGFβ-induced 

EMT is regulated [2, 33]. Particularly during pathologi-
cal conditions linked to the fibrosis of ocular structures, 
including retina pigment epithelial cells, TGFβ2 con-
centration was found to increase [15, 34–36]. Trans-
forming growth factors beta (TGFβ) family proteins are 
essential for the epithelial–mesenchymal transition and 
associated organ fibrosis, such as proliferative vitreo-
retinopathy [37, 38].

It is still unknown what causes the epithelial to mes-
enchymal transition across this continuum. RPE dys-
function is described in this context as the transition 
from fully differentiated epithelial cells to mesenchy-
mal cells (including the intermediate states). Aging, 
the breakdown of tight junctions, the buildup of mis-
folded protein, and inflammation are possible mecha-
nisms underlying RPE dysfunction [2, 3, 16, 17]. Thus, 
the onset of retinopathies is associated with both the 
epithelial–mesenchymal transition and oxidative stress. 
Multiple studies have demonstrated that β2  exposure 
causes oxidative stress [15, 31, 39].

We hypothesized that elevated ROS and TGFβ together 
trigger retinal pigment epithelium changes from epithe-
lial to mesenchymal states. This theory was tested in the 
current work, which looked at the molecular processes 
behind the epithelial–mesenchymal transitions of the 
retinal pigment epithelium caused by hydrogen peroxide 
and TGFβ-2. According to this work, TGFβ2-mediated 
processes connect oxidative stress to epithelial–mes-
enchymal transitions of the retinal pigment epithe-
lium for the first time. The goal of the current work is 
to identify shared pathways between epithelial–mes-
enchymal transition and oxidative stress in retinal pig-
ment epithelium cells using in-silico (bioinformatics) 
techniques. Additionally, utilizing in vitro studies on the 
RPE cell line ARPE-19, we investigated how TGFβ2 and 
H2O2-associated  factors affected cell migration and the 
expression of epithelial–mesenchymal transition mark-
ers at the cellular, mRNA, and protein levels.

2 � Methods
2.1 � Materials
ARPE-19, a human retinal pigment epithelial cell line 
was purchased from American Type Culture Collec-
tion (ATCC, Manassas, VA, USA). Dulbecco’s modified 
eagle medium (DMEM/F12) (Thermifisher, MA), fetal 
bovine serum (FBS) (ThermoFisher), hydrogen perox-
ide (Merck), TGFβ2 (Peprotech, USA) were purchased 
from respective sources. The primary antibodies were 
purchased from Cell Signaling Technology (CST, Bev-
erly, MA, USA). The nitrocellulose membranes were 
purchased from Millipore, USA. The bicinchoninic acid 
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assay (BCA) (Sigma) kit and the chemiluminescence kit 
were purchased from ThermoFisher (Rockford, IL, USA).

2.2 � Identification of oxidative stress and diabetic 
retinopathy‑associated potential genes

The GeneCards database (https://​www.​genec​ards.​org) 
was used to identify genes associated with oxidative 
stress based on relevance scores > 10, a cutoff suggesting 
a considerably high link with oxidative stress. GeneCards 
is a freely available database that offers in-depth details 
on predicted and annotated human genes [40]. Prolifera-
tive vitreoretinopathy and potential diabetic retinopathy 
genes (C0011884) were discovered using the DisGeNET 
database (https://​www.​disge​net.​org/). It incorporates 
knowledge of genetic variations and genes linked to 
human disease [41]. In addition, the PharmMapper pro-
gram (http://​www.​lilab-​ecust.​cn/​pharm​mapper/) was 
used to find proteins linked to glutathione.

2.3 � Construction and analysis of protein–protein 
interaction (PPI) networks

At the highest confidence level, protein–protein inter-
action networks of oxidative stress-associated potential 
genes, proliferative vitreoretinopathy, and diabetic retin-
opathy were created using the string database version 
11.5 [42].In order to investigate the relationship between 
oxidative stress-associated proteins and proliferative vit-
reoretinopathy as well as diabetic retinopathy, integrated 
networks were created using the “merge” tool (intersec-
tion option was selected) of Cytoscape software version 
3.8.2 [43]. Using Database Annotation, Visualization, 
and Integrated Discovery (DAVID) version 6.8 (https://​
david.​ncifc​rf.​gov/), the proteins of a combined oxida-
tive stress-diabetic retinopathy and combined oxidative 
stress-proliferative vitreoretinopathy protein–protein 
interaction network were used to perform the KEGG 
pathway enrichment analysis to explore their functions in 
the human body. The objective of this open-source online 
application is to offer functional annotation for lengthy 
lists of target genes and proteins [44].

2.4 � Cell culture of ARPE‑19 cells
The ARPE-19 human retinal pigment epithelial cell line 
was grown in DMEM/F12 with 10% FBS and antibiotic 
penicillin (ThermoFisher) at 37  °C, 5% CO2 in a 60-mm 
cell culture dish (Corning, Tewksbury, MA). Trypsin-
ethylenediamine tetraacetic acid (trypsin–EDTA; 
ThermoFisher) was used to detach  cells. Different con-
centrations of either only-H2O2, only-TGFβ2, or H2O2 
and TGFβ2  together were administered to the cells. 
Untreated cells were used as a control for the experiment.

2.5 � Cytotoxicity assay
By using the MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-di-
phenyltetrazoliumbromide) test, the vitality of ARPE-19 
cells was evaluated [45]. In 96-well plates, 1 × 104 cells 
of the cells were plated in each well. For 12 h, cells were 
starved in a serum-free medium. Following that, cells 
were incubated for 24 h with various doses of only-H2O2, 
only-TGFβ2, and their combinations. TGFβ2 (1–10  ng/
ml) and H2O2 (10–1000  µM) final concentrations were 
produced in a serum-free medium. Following treat-
ment, the cells undergo a 4-h of incubation with 0.5 mg/
ml MTT reagent. The formazans were then dissolved in 
100  μl  of dimethyl sulfoxide (DMSO) at 37  °C, and the 
absorbance was measured with a microplate reader (Bio-
Tek Epoch microplate spectrophotometer, Vermont, 
USA) at 570  nm. Results were expressed as a percent-
age of cells that survived, with the control considered as 
100%. The cell viability was calculated as described previ-
ously by Shukal and coworkers [46].

2.6 � Cell migration assay
The ARPE-19 cells were grown in 12 well plates (Corn-
ing, NY) at a density of 3 X 105 cells per well until they 
reached 95 percent confluency. For 12 h before the treat-
ment, cells were serum starved. With the help of a 200 µl 
tip, a wound was made in the monolayer of cells. To pre-
vent any interruptions to data collection, the detached 
cells were eliminated using a phosphate-buffered saline 
(PBS) wash (ThermoFisher). For 24 h, cells were exposed 
to treatments of only-H2O2, only-TGFβ2 alone, and their 
combinations. Cells were observed under an inverted 
microscope (Zeiss, Germany) and 10 photographs were 
taken from each well using a 5X objective lens at 0 h and 
after completion of treatment duration of 24  h. Images 
were analyzed for wound length using ImageJ software 
(V1.45 NIH, Bethesda, MD, USA) according to the for-
mula described previously by Shukal and colleagues [46].

2.7 � RT‑PCR, cDNA synthesis, and mRNA expression
As previously noted, the culture of ARPE-19 was carried 
out up to 75–80% confluency. Cells were treated with 
just H2O2, solely TGF2, and their mixtures for 24 h after 
serum starvation. After the course of treatment was com-
plete, RNA was isolated using Trizol reagent (Life Tech-
nologies, Waltham, MA, USA) in accordance with the 
manufacturer’s instructions, and 1 g of the isolated RNA 
was used for cDNA synthesis using Versa cDNA synthe-
sis kit (ThermoFisher, USA) following the manufactur-
er’s instructions. SYBR green master mix (Roche, USA) 
was used to quantify the gene’s expression under the 

https://www.genecards.org
https://www.disgenet.org/
http://www.lilab-ecust.cn/pharmmapper/
https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
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manufacturer’s instructions on a LightCycler II, Roche, 
USA. Table  1 describes the list of primers. The results 
of mRNA expression were calculated by 2−ΔΔCt value by 
using GAPDH as a housekeeping gene [47].

2.8 � Immunofluorescence observation
ARPE-19 cells were plated on coverslips in twelve well 
culture plates at 75–80% confluence. After treatment 
duration, coverslips were briefly washed using PBS 
(ThermoFisher). Cells were fixed in 4% paraformalde-
hyde (PFA) prepared in phosphate buffer saline (PBS) 
for 5–6 min. Cells were permeabilized by TritonX-100 in 
PBS (0.5%) for 30 min at 37 °C. Cells were blocked with 
1% bovine serum albumin (BSA, ThermoFisher) in PBS. 
Cells were exposed to the primary antibody (dilution 
of 1:100) overnight at 4  °C (Table 2). The blank samples 
were also processed similarly except for the use of a pri-
mary antibody. Then cells were washed with Tween-20 
in PBS (0.1%) three times. Cells were exposed to a sec-
ondary anti-mouse antibody tagged with Alexa Fluor488 
or an anti-rabbit antibody tagged with Alexa Fluor 546 
(Dilution 1:100) for 45 min at 37 °C. Then coverslips were 
washed five times with PBST and counterstained with 
4′,6-diamidino-2-phenylindole (DAPI) (Sigma), mounted 
in 1,4-diazabicyclo [2.2.2] octane (DABCO), and 
observed under the microscope (Zeiss, Germany). Pho-
tographs were taken with a charge-coupled device (CCD) 
camera (Cohu).

2.9 � Western blotting
In six-well plates, ARPE-19 cells were plated and 
allowed to reach 75–80% confluence before being used 
in western blotting assays. Following the completion 
of the treatment duration, the cells were rinsed in cold 
PBS, and the plate was maintained frozen. Cells were 
harvested using the 1X sample buffer. After a quick 

sonication, the cell lysate was centrifuged at 12,000  g 
for 10  min at 4  °C. The amount of total protein was 
measured using the BCA protein assay kit. In Bis–Tris 
gradient gels (ThermoFisher), the same quantity of 
protein was loaded  into each well. The gels were then 
subjected to further electrophoresis (100  V) until the 
markers were well separated. Following that, proteins 
were transferred using a transfer buffer to the nitrocel-
lulose membrane. Blotting was followed by blocking 
(5% BSA) and a primary antibody incubation at 4 °C for 
an overnight period while rotation. After being exposed 
to an anti-rabbit or anti-mouse antibody that had been 
horseradish peroxidase (HRP)-tagged for an hour at 
37  °C, the membrane was then washed with tris-buff-
ered saline with 0.1% Tween® 20 detergent (TBST), 
and bands were seen using chemiluminescence ECL 
substrate (BioRad). The images were captured using a 
gel doc system, and band intensities were calculated 
using ImageJ software (version 1.45, NIH, Bethesda, 
Maryland, USA). Results expressed as band intensi-
ties divided by GAPDH, where GAPDH served as the 
housekeeping gene.

2.10 � Total glutathione estimation
The total glutathione was measured by the method of 
Rahman et al., 2007 based on the principle that 5,5′-dith-
iobis (2-nitrobenzoic acid) (DTNB, Ellman’s reagent) 
reacts with all thiol-containing substances [48]. After 
completion of the treatment duration, cells were pro-
cessed immediately after taking from the cell culture and 
further, all the procedure was carried out over the ice 
bath. Cells were taken in a known amount of phosphate 
buffer (0.1  M, pH 7.4) and sonicated for two rounds of 
5  s, centrifuged at 12,000  g, 10  min at 4  °C. The result-
ant supernatant was pipette carefully used further for 
the enzymatic and estimation. The total 200  µl reaction 

Table 1  List of primers for quantitative real-time PCR

Target Gene Forward primer(5′→3′) Reverse primer (5′→3′) PCR fragment 
length

Gene bank 
accession 
number

FN1 GAG​CCG​GGC​ATT​GAC​TAT​GA ACA​AGA​AGG​AAG​ACT​CAG​TTA​ATG​T 138 NM_054034.3

ZO-1 CTA​CAA​GCC​TCG​GGT​TCC​CT GGA​AAC​CCC​GTT​CAC​CAT​GA 302 NM_001267560.2

N-Cadherin ATG​TGC​ATG​AAG​GAC​AGC​CT TGG​AAA​GCT​TCT​CAC​GGC​AT 140 NM_001792.5

E-Cadherin GCT​GGA​CCG​AGA​GAG​TTT​CC CAA​AAT​CCA​AGC​CCG​TGG​TG 155 NM_001317184.2

MMP9 CAT​CCG​GCA​CCT​CTA​TGG​TC CAT​CGT​CCA​CCG​GAC​TCA​AA 270 NM_004994.3

α-SMA CAG​CCA​AGC​ACT​GTC​AGG​AAT​ CAC​CAT​CAC​CCC​CTG​ATG​TC 182 NM_001613.4

Pax6 TCT​TGC​CCT​CAG​TTT​CCT​CC GCC​GCA​CTT​ACT​TGC​ATA​GG 139 NM_001398480.1

RPE65 ATG​TGG​GCC​AGG​ACT​CTT​TG GGT​CTC​TGT​GCA​AGC​GTA​GT 316 NM_000329.3

β-catenin ACA​CAG​GCA​ATA​GGC​CTC​AA CGC​GTT​CTC​GAG​TAC​CAG​TT 162 NM_001281495.2

S100A4 TTG​GTG​CTT​CTG​AGA​TGT​GGG​ TTG​TCC​CTG​TTG​CTG​TCC​AA 270 NM_019554.3
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volume which consists of 120 µl of DTNB: GR (60:60 v/v 
mixture), 60 µl β-NADPH, and 20 µl sample aliquots then 
immediately readings were taken at 412 nm for every 30 s 
in a total of 120 s. The system devoid of samples was con-
sidered blank. The total GSH is expressed as micromole 
per milligram of protein. The change in absorbance was 
measured at 412  nm. The concentration of glutathione 
was calculated by the linear regression method based on 

the glutathione standard. The concentration of total glu-
tathione is expressed as µM/mg protein. The BCA pro-
tein assay kit was used for total protein quantification.

2.11 � Statistical analysis
Graphs were made using GraphPad Prism software (ver-
sion  5.01). Data are presented as the means ± SEM. The 
analysis of variance (ANOVA) was utilized to find the dif-
ference between the groups. Statistical significance was 
set at p < 0.05. All experiments were repeated indepen-
dently at least seven times.

3 � Results
3.1 � Network pharmacology and gene ontology analysis
A total of 428 oxidative stress, 646 diabetic retinopathy, 
180 proliferative vitreoretinopathy-associated genes, and 
300 glutathione-associated proteins were identified from 
GeneCards and DisGeNET databases. These identified 
potential genes were used to construct their protein–pro-
tein interaction networks using the STRING database. 
The resultant protein–protein interaction networks of 
oxidative stress, diabetic retinopathy, and proliferative 
vitreoretinopathy showed 424 nodes/2122 edges, 123 
nodes/534 edges, and 170 nodes/244 edges respectively 
by eliminating unconnected nodes. Additionally, the 
combined oxidative stress-diabetic retinopathy, oxida-
tive stress-proliferative vitreoretinopathy, and oxidative 
stress-glutathione protein–protein interaction networks 
were developed to explore the connection between them 
which showed that the protein–protein interaction net-
works network model possessed 123 nodes/534 edges, 
33 nodes/77 edges, and 38 nodes/76 edges respectively 
(Fig. 1A–C).

To illustrate the effect of oxidative stress-associated 
proteins in diabetic retinopathy as well as prolifera-
tive vitreoretinopathy, the proteins of combined oxi-
dative stress and diabetic retinopathy, protein–protein 
interaction networks were submitted to the DAVID 
web server to execute the KEGG pathway enrichment 
analysis. The results of the KEGG pathway enrichment 
analysis demonstrated that oxidative stress-associated 
proteins play a critical role in the development of 

Table 2  List of antibodies

*Immunofluorescence

Antibody Supplier Catalogue # Working concentration

ZO1 Cell signaling technology, USA (#5406S) 1:1000

FN1 Cell signaling technology, USA (#26836S) 1:1000, for IF* 1:100

β-actin Cell signaling technology, USA (#4967) 1:1000

Fig. 1  Combined oxidative stress-diabetic retinopathy 
protein–protein interactions network (1-A). Combined oxidative 
stress-proliferative vitreoretinopathy protein–protein interactions 
network (1-B). Combined diabetic retinopathy-glutathione protein–
protein interactions network (1-C). The constructed combined 
oxidative stress-diabetic retinopathy with 123 nodes and 534 edges. 
Nodes represent a protein and edges represent the connection 
between two proteins
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diabetic retinopathy as well as proliferative vitreoretin-
opathy through regulating signaling pathways such as 
HIF-1, tumor necrosis factor (TNF), FoxO, PI3K-Akt, 
mitogen-activated protein kinase (MAPK), Toll-like 
receptor, T-cell receptor, vascular endothelial growth 
factor (VEGF), Estrogen, nuclear factor kappa B (NF-
kappa B), Janus kinase/signal transducer and activa-
tor of transcription signaling pathway (Jak-STAT) and 
TGF-β (Table  3). In addition, in silico analysis sug-
gested the involvement of potential target proteins 
of glutathione are associated with oxidative stress by 
targeting HIF-1, TNF, FoxO, PI3K-Akt, MAPK, Toll-
like receptor, T-cell receptor, VEGF, Estrogen, and Jak-
STAT signaling pathways.

3.2 � Effect of H2O2 and TGFβ2 on the Survival of ARPE‑19 
cells

ARPE-19 cells were exposed to different concentra-
tions of H2O2 (Fig. 2) at 10, 20, and 30 μM H2O2, there 
was no significant cell death (at 10  μM p < 0.001, at 
20 μM p < 0.001, and 30 μM, p < 0.05). At 40 μM H2O2, 
there was very little effect but after 40 μM, there was 
a reduction in the survival of cells as H2O2 concentra-
tion of increased (p < 0.001 for all concentrations above 
40 μM). TGFβ2 treatment on ARPE-19 cells for 24  h 
showed a non-significant effect on cell survival (from 
1 to 10 ng/ml TGFβ2). The simultaneous treatment of 
TGFβ2 and H2O2 was dependent on the concentration 
of H2O2. Treatment of H2O2 at 10, 25 μM, and 100 μM 
along with 10  ng/ml TGFβ2 showed less cell death 
compared to that of similar concentration only-H2O2 
treated cells. However, a higher concentration of H2O2 

(400 μM) along with 10 ng/ml TGFβ2 showed signifi-
cantly reduced cell survival compared to that of a simi-
lar concentration of only-H2O2 treated cells. Based on 
the above results, we have selected 10  ng/ml TGFβ2 
and 10, 25, 100, and 400 μM H2O2 for further analysis.

3.3 � Effect of H2O2 and TGFβ2 on the migration of ARPE‑19 
cells

Exposure of only-TGFβ2 led to elongated cells com-
pared to that of untreated cells while only-H2O2 does 
not show any cell elongation. The morphology of cells 
in H2O2 along with TGFβ2 treated cells showed elonga-
tion (Fig. 3). The wound-healing assay was performed to 
assess the effect of H2O2 on the migration of ARPE-19 
cells. The ARPE-19 cells were treated with either TGFβ2 
(10 ng/ml) or H2O2 (10, 25,100,400 μM) and their combi-
nations for 24 h. Figure 2 shows the representative images 
of the ARPE-19 wound healing response. TGFβ2 (10 ng/
ml) along with H2O2-exposure increased the wound heal-
ing response of cells compared to the untreated groups 
(Fig.  2). H2O2 at 10, 25, and 100  μM showed higher 
wound closure compared to that of the untreated group. 
However, 400 μM H2O2 led to reduced wound closure 
than untreated cells. Based on the above results, we have 
selected 25 μM and 100 μM H2O2 for further evaluation.

3.4 � Effect of H2O2 and TGFβ2 on the expression 
of epithelial–mesenchymal transition markers

The effects of H2O2 and TGFβ2 is evaluated at mRNA, 
cellular, and protein levels. The results of mRNA 
expression are shown in Fig.  4. We have used zonula 
occludens-1 (ZO1), E-cadherin, β-catenin, and Pax6 as 
epithelial/RPE markers. H2O2 exposure at 25 μM did not 

Table 3  KEGG pathway enrichment analysis of combined oxidative stress (OS)-diabetic retinopathy (DR), OS-proliferativevitreo-
retinopathy (PVR) and OS-glutathione PPI network

Pathway ID Description DR PVR Glutathione

Gene count p value Gene count p value Gene count p value

hsa04066 HIF-1 signaling pathway 25 7.2e−23 9 6.5e−9 4 1.1e−2

hsa04668 TNF signaling pathway 25 1.2e−21 9 1.5e−8 6 1.1e−4

hsa04068 FoxO signaling pathway 25 3.4e−19 4 2.2e−2 7 1.7e−5

hsa04151 PI3K-Akt signaling pathway 25 7.2e−10 8 6.9e−4 7 3.6e−3

hsa04010 MAPK signaling pathway 22 4e−10 5 2.6e−2 10 2.8e−6

hsa04620 Toll-like receptor signaling pathway 18 5.8e−13 4 7.4e−2 6 7.4e−5

hsa04660 T cell receptor signaling pathway 14 5.4e−9 3 7.4e−2 5 9.7e−4

hsa04370 VEGF signaling pathway 14 8.5e−12 3 3.1e−2 7 1.5e−7

hsa04915 Estrogen signaling pathway 15 4.3e−10 5 9.4e−3 8 1.6e−6

hsa04064 NF-kappa B signaling pathway 11 1.1e−6 5 5.8e−3 – –

hsa04630 JAK-STAT signaling pathway 10 5.2e−4 5 3.8e−4 4 3.2e−2

hsa04350 TGF-β signaling pathway 7 2.3e−3 4 6.2e−3 – –
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alter the expression of ZO1, E-cadherin, and β-catenin 
(p < 0.05) and increased expressions of Pax6 (p < 0.01) 
compared to untreated control groups. H2O2 exposure at 
100 μM reduced the expression of ZO1 (p < 0.05), E-cad-
herin (p < 0.05), and β-catenin (p < 0.01). TGFβ2 at 10 ng/
ml reduced the expression of all epithelial/RPE markers 
compared to that of untreated cells. The simultaneous 
treatment of TGF β2 and H2O2 furthermore significantly 
reduced the expression of all epithelial/RPE markers 
compared to that of respective concentrations of only-
H2O2. We have used fibronectin, alpha-smooth muscle 

actin (α-SMA), S100A4, and matrix metallopeptidase 9 
(MMP9) as a marker of epithelial–mesenchymal transi-
tion. The simultaneous treatment of TGFβ2 (10  ng/ml) 
and H2O2 (25 μM and 100 μM) elevated the expression of 
all epithelial–mesenchymal transition markers compared 
to that of respective concentrations of only-H2O2.

The effect of only-TGFβ2, only-H2O2, and a combina-
tion of H2O2 and TGFβ2 on the expression of fibronectin 
is shown in Fig. 5. Immunofluorescence staining revealed 
that fibronectin was expressed both intracellularly as a 
diffused stain in the cytoplasm and extracellularly as a 
speckle of fibers. Fibronectin expression was found sig-
nificantly increased in the treatment of TGFβ2 (10  ng/
ml) and H2O2 (25  μM and 100  μM) compared to the 
respective concentration of only-H2O2 and compared to 
that of untreated cells.

The results of protein expressions shown in Fig. 6. We 
have used ZO1 as epithelial and fibronectin as a mes-
enchymal marker. The combined effect of TGFβ2 and 
H2O2 on ZO1 remained less than that of the respective 
concentration of only-H2O2 treated cells. The fibronectin 
protein levels found increased by the simultaneous treat-
ment of TGFβ2 (10  ng/ml) along with both 25 and 100 
μM H2O2 treatment compared to that of untreated cells 
(# = p < 0.05, ## = p < 0.01, and ### = p < 0.001).

3.5 � Effects on total glutathione content of TGFβ2 and H2O2 
treated ARPE‑19 cells

The results suggest the involvement of oxidative stress 
in the epithelial–mesenchymal transition of Retinal pig-
ment epithelium cells (Fig.  7). The treatment of only-
TGFβ2 (10  ng/ml) showed downregulated glutathione 
compared to untreated control cells (** = p < 0.01). The 
treatment of only-H2O2 treated cells (25 μM and 100 μM 
H2O2) also showed decreased glutathione ($ = p < 0.05, 
** = p < 0.01). However, the simultaneous treatment of 
TGFβ2 (10 ng/ml) along with H2O2 (25 μM and 100 μM 
H2O2) showed significantly decreased glutathione com-
pared to untreated control and only-TGFβ2 treated 
ARPE-19 cells (*** = p < 0.05, ### = p < 0.01).

4 � Discussion
Network pharmacology is a computational approach to 
investigating the interactions of multiple proteins in vari-
ous therapeutic conditions [49]. The results of the cur-
rent study indicate that 123 (OS-DR) and 33 (OS-PVR) 
oxidative stress-associated proteins have a significant 
impact on the epithelial–mesenchymal transition of reti-
nal pigment epithelium cells. KEGG pathway enrichment 
analysis further demonstrated that oxidative stress-asso-
ciated proteins can activate pathways including PI3K-
Akt, MAPK, and TGFβ-signaling. The literature further 
supports our findings by suggesting that ocular cells, 

Fig. 2  Effects of H2O2 and TGFβ2 on the survival of ARPE-19 cells. 
Exposure of H2O2 after 40 μM, the OS-dependent reduction in cell 
survival observed compared to control (*** = p < 0.001). The Exposure 
of only-TGFβ2 (1–10 ng/ml) showed the non-significant change 
in cell survival compared to the untreated control. There was no cell 
death observed when the treatment of TGFβ2 (10 ng/ml) when it 
given simultaneously with H2O2 (10, 25 μM and 100 μM) compared 
to that of similar concentrations of only-H2O2 treated cells. However, 
at higher concentrations of H2O2 (400 μM) reduced the survival 
observed compared 10 ng/ml TGFβ2 treated cells. n = 7 for each 
group. Data represented by mean ± SEM as a percentage to that of 
untreated cells. All TGFβ2 and H2O2 concentrations tested are 
compared with untreated cells and shown with ns, non-significant, 
* = p < 0.05, ** = p < 0.01, and *** = p < 0.001. The combination 
of TGFβ2 and H2O2 are compared with similar concentration of H2O2 
and represented as $ = p < 0.05, $$ = p < 0.01, and $$$ = p < 0.001 
for 10 ng/ml TGFβ2
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Fig. 3  Effects of H2O2 and TGFβ2 on the wound healing of ARPE-19 cells. Exposure of TGFβ2 led to elongated cells and increased wound closure 
compared to that of untreated control cells. High concentration of H2O2 at 400 μM reduced the migration of cells and hence reduced the wound 
closure. The simultaneous treatment of H2O2 (10 μM, 25 μM, 100 μM) along with TGFβ2(10 ng/ml), the increased wound closure was observed 
compared to untreated and only-H2O2 treated cells and showed elongated cells. However, at 400 μM H2O2 along with 10 ng/ml TGFβ2, the wound 
closure was reduced than that of only H2O2. n = 7 for each group. Data represented by mean ± SEM as a percentage to that of untreated cells. All 
TGFβ2 and H2O2 concentrations tested are compared with untreated control cells and shown with ** = p < 0.01, and *** = p < 0.001. The combination 
of TGFβ2 and H2O2 was compared with a similar concentration of only H2O2 and represented as # = p < 0.05, and ## = p < 0.01
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particularly retinal pigment epithelium cells, undergo 
epithelial–mesenchymal transition predominantly 
through non-canonical TGFβ  signaling, which includes 
the PI3K-Akt and MAPK/Erk signaling pathways. 
Hypoxia and inflammatory pathways also contribute to 
the execution of the epithelial–mesenchymal transition 
process in retinal pigment epithelium cells [50–52]. It is 
not known, however, how oxidative stress triggers SMAD 
and MEK/ERK signaling to increase TGFβ-mediated 

EMT. However, since TGFβ  is stimulated by oxidative 
stress, SMAD activation may be brought on by TGFβ.

The reduced cell survival observed in the current study 
might be attributed to the increased oxidative stress in 
cells where the antioxidant capacity of retinal pigment 
epithelium cells is largely suppressed. Our findings of 
decreased viability of ARPE-19 cells are consistent with 
previous research in response to subtoxic concentra-
tions (50–300 µM) of H2O2 [24, 53]. Oxidative stress has 

Fig. 4  Effects of H2O2 and TGFβ2 on the expression of various epithelial and epithelial–mesenchymal transition markers at mRNA level 
in the ARPE-19 cells. The mRNA expression of epithelial markers ZO1, E-cadherin and β-catenin reduced with the simultaneous exposure H2O2 
and TGFβ2 compared to untreated control cells. Similarly, the Pax6 mRNA expression also reduced compared to untreated cells. The combined 
effect of H2O2 with TGFβ2 increased expression of mesenchymal-markers (fibronectin, N-cadherin, α-SMA, S100A4, MMP9) compared to that of 
only-H2O2. n = 7 for each group. Data are represented as a percentage of control as mean ± SEM. H2O2 alone and TGFβ2 alone exposures were 
compared with the untreated cells and shown with ns = non-significant, * = p < 0.05, ** = p < 0.01, and *** = p < 0.001. The combination of TGFβ2 
and H2O2 were compared with similar concentration of only-H2O2 and represented as # = p < 0.05, ## = p < 0.01, and ### = p < 0.001
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been shown to cause cell–cell dissociation, which may 
be required to initiate epithelial–mesenchymal tran-
sition [21, 54, 55]. α-SMA is an active isoform that is 
expressed specifically in myofibroblasts and is consid-
ered a critical marker for epithelial–mesenchymal tran-
sition [56]. According to the findings of a current study, 
the combined treatment of H2O2 and TGFβ2 upregu-
lates the expression of α-SMA. Additionally, fibronectin 
is a key component of the extracellular matrix of drusen 
in oculopathies [57]. Results of the current study show 
that the level of fibronectin increases several-fold after 
the simultaneous treatment of TGFβ2 and H2O2. Our 
understanding suggests that the increase in fibronectin 
could be due to the induction of epithelial–mesenchymal 
transition in ARPE-19 cells under the influence of oxi-
dative stress. Other mesenchymal markers, S100A4 and 
MMP9, are also upregulated epithelial markers E-cad-
herin, ZO1, Pax6, and β-catenin are downregulated as a 
result of the effects of oxidative stress. However, when 
only-H2O2 is exposed, Pax6 mRNA levels were found 
to be upregulated while S100A4 and MMP9 levels were 

downregulated, indicating the epithelial–mesenchymal 
transition of cells.

Earlier studies  show that TGFβ is capable of raising 
ROS levels by suppressing the production of antioxi-
dant enzymes and lowering the amounts of antioxidant 
enzymes [58]. Taken together with the results of the 
current study, the effect of only-H2O2 has a variable 
effect on the expression of various epithelial markers 
as well as mesenchymal markers, but combined treat-
ments result in increased mesenchymal expression and 
decreased epithelial marker expression. As a result, the 
presence of TGFβ2 is required epithelial–mesenchymal 
transition of ARPE-19 cells; additionally, the presence of 
H2O2 enhances the effect of TGFβ2 and leads to a more 
significant increase in the expression of epithelial–mes-
enchymal transition. In the current study, we used total 
glutathione as an indicator of oxidative stress and our 
results indicate that the combined treatment of TGFβ2 
and H2O2 resulted in a significant decrease in glutathione. 
In support of our results earlier study conducted by Wei 
and coworkers on lens epithelial cells showed that a low 
glutathione level is a key event in promoting epithelial–
mesenchymal transition [20]. Furthermore, in addition to 
the liver, lungs, and lens epithelial cells, low glutathione 
levels have been seen in a number of human fibrotic dis-
eases [20, 59–61].

In the current study, wound closure increased in 
response to oxidative stress when simultaneous treat-
ment of H2O2 and TGFβ2 was given to ARPE-19 cells. 
Furthermore, the literature suggests that treatment of 
only-H2O2 is insufficient to induce epithelial–mesenchy-
mal transition in cells [62]. Although, it is also suggested 
that only TGFβ2 treatment is insufficient to cause cell–
cell junction dissociations [15]. As a result, the microen-
vironment containing both H2O2 and TGFβ2 appears to 
be required to induce the epithelial–mesenchymal transi-
tion of ARPE-19 cells, and further research is needed to 
understand the role of glutathione and the complex sign-
aling cascade involved in the activation and induction 
of epithelial–mesenchymal transition of ARPE-19 cells 
under oxidative stress microenvironment.

In summary, the current work shows that mild oxida-
tive stress can alter the epithelial–mesenchymal tran-
sitions of the retinal pigment epithelium in  vitro and 
in-silico. According to this study, antioxidant medica-
tion may be used to treat epithelial–mesenchymal tran-
sitions of the retinal pigment epithelium. It is important 
to understand the complex interactions and roles of 
TGFβ2 and oxidative stress in the initiation, progression, 
and eventual discovery of potential therapeutics for anti-
EMT treatment of epithelial–mesenchymal transitions of 
retinal pigment epithelium in humans. However, the first 
limitation of the current study is to elucidate the complex 

Fig. 5  Effects of H2O2 and TGFβ2 on fibronectin of the ARPE-19 
cells (Immunofluorescence aspect). TGFβ2 exposure led 
to elongation of cell nuclei and increased expression of fibronectin. 
However, the combined exposure of H2O2 and TGFβ2 showed 
more significantly increased expression of fibronectin compared 
to untreated and only-H2O2 treated ARPE-19 cells
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signaling cascade interplay and roles of TGFβ2 and oxi-
dative stress in epithelial–mesenchymal transitions of 
the retinal pigment epithelium. The second limitation is 
that we only examined ARPE-19 cells in vitro; thus, the 
aforementioned results need to be confirmed using pri-
mary retinal pigment epithelial cells before being further 
tested in  vivo. We currently intend to confirm it at the 
primary cell line level. The third limitation is that we have 
only used an in-silico (bioinformatics) method to clarify 
the significance of signaling cascades in the epithelial–
mesenchymal transition of retinal pigment epithelial 
cells; however, we also need to validate this at the pro-
tein level using western blotting. The fourth limitation is 
that we only represented a 24-h exposure time since it is 

more physiologically relevant.  It should be investigated 
to examine the effects of the treatment after 48 and 72 h. 
The fifth limitation is that glutathione was the only anti-
oxidant enzyme used in the current study as a measure 
of oxidative stress; however, other antioxidant enzymes 
such as superoxide dismutase (SOD), catalase (CAT), and 
glutathione peroxidase (GPx) also need to be assessed for 
alterations.

5 � Conclusions 
Taken together, the results of the present study show that, 
the presence of hydrogen peroxide enhances TGFβ2-
induced epithelial–mesenchymal transition of human 
retinal pigment epithelial cell line, ARPE-19 cells.

Fig. 6  Effects of H2O2 and TGFβ2 on the expression of epithelial and epithelial–mesenchymal transition markers at the protein level in the ARPE-19 
cells. The combined treatment of H2O2 and TGFβ2 showed reduced expression of ZO1 and showed increased expressions of fibronectin compared 
to untreated ARPE-19 cells and only-H2O2 treated cells. n = 5 for each group. Data are represented as a percentage of untreated cells as mean ± SEM. 
H2O2 alone and TGFβ2 alone exposure were compared with the untreated cells and shown with ns = non-significant, * = p < 0.05, ** = p < 0.01, 
and *** = p < 0.001. The combination of TGFβ2 and H2O2 compared with a similar concentration of only-H2O2 and represented as # = p < 0.05, 
## = p < 0.01, and ### = p < 0.001
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