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Purpose: Oxidative stress is a key factor in the development of age-related macular degeneration. In this study, the
activation of the thioredoxin system in response to exogenous oxidative stress in retinal pigment epithelium cells derived
from human induced pluripotent stem cells was demonstrated.

Methods: Oxidative stress was induced either by sodium iodate (NalO,) or fert-butyl hydroperoxide. Cell viability,
reactive oxygen species (ROS) production, and vascular endothelial growth factor A (VEGFA) release were measured.
Gene expression of VEGFA, hypoxia inducible factor 1 subunit alpha (HIF14), thioredoxin (7XN) and thioredoxin-in-
teracting protein (TXNIP), gamma-glutamylcyclotransferase 1 (CHACI), and cystine/glutamate antiporter (SLC7411)
was determined.

Results: ROS levels significantly increased at the lowest NalO, concentrations without a decrease in cell viability.
Increased NalO, induction resulted in significant upregulation of VEGFA, HIFIA, TXN, CHACI, and SLC7411 and down-
regulation of ZXNIP gene expression. Antioxidant treatment with Mn-TM-2-PyP significantly reduced NalO,-induced
cytotoxicity, as indicated by decreased lactate dehydrogenase leakage, and helped to restore gene expression toward
baseline levels.

Conclusions: NalO, induction altered the expression of VEGFA, HIFIA, TXN, TXNIP, CHACI, and SLC7411, highlight-
ing pathways linked to cellular stress, angiogenesis, and pro-ferroptotic events. These biomarkers provide actionable
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targets for testing antiangiogenic therapies (e.g., anti-VEGF drugs) and gene-editing therapies.

Retinal pigment epithelium (RPE), a highly specialized
and polarized monolayer of cuboidal epithelial cells, is a part
of the retina that has a crucial role in maintaining proper
visual function and normal physiology of the eye [1]. RPE
cells, which are connected by tight junctions, form the outer
blood-retinal barrier together with Bruch’s membrane, regu-
lating the transport of molecules and metabolites between
the neural retina and choroidal blood vessels [2]. The RPE
is essential for maintaining the proper function and survival
of the photoreceptors by processes such as phagocytosis of
photoreceptor outer segments and light absorption [3].

Damage to the RPE and its function has been linked
to the development of several diseases causing irreversible
vision loss and blindness, such as age-related macular degen-
eration (AMD), which is the leading cause of blindness in the
elderly in the Western world [4,5]. AMD can be divided into
dry AMD, which is characterized by RPE dysfunction and
macular geographic atrophy, and wet AMD, in which new
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blood vessels grow into the retina, leading to its detachment
from the choroid [6,7]. This neovascularization is induced
by vascular endothelial growth factor A (VEGFA), an angio-
genic growth factor secreted by the RPE [8].

Oxidative stress, which may lead to cell damage caused
by reactive oxygen species (ROS), has been shown to play a
central role in the pathogenesis of AMD due to its major influ-
ence on RPE dysfunction and degeneration [9—11]. The RPE’s
location between the neural retina and the choroid exposes it
to an oxidative environment, and the RPE is also constantly
exposed to visible light, which leads to photo-oxidative stress
[12,13]. In addition, the RPE is enriched in mitochondria due
to its high metabolic demand, and mitochondria are a major
source of ROS [14]. ROS production increases in aging and
damaged cells. This leads to a harmful and amplified cycle
of oxidative stress that results in the death of RPE cells and
impairments in vision [3,15].

The thioredoxin system, an antioxidant pathway that
plays a key role in regulating oxidative stress, is modulated
by thioredoxin-interacting protein (TXNIP), an essential
regulator of redox homeostasis. TXNIP inhibits thioredoxin
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by forming a mixed disulfide bond with its active site thiols,
thereby suppressing its antioxidant function [16,17]. Studies
have shown that TXNIP also interacts with various other
proteins and systems. Upon transient exposure to physiologic
levels of hydrogen peroxide or tumor necrosis factor, TXNIP
activates signaling via vascular endothelial growth factor
receptor 2 and triggers apoptosis [18,19]. TXNIP also plays a
pivotal role in angiogenesis by interacting with hypoxia-in-
ducible factor 1 alpha (HIF-1a) and facilitating its degrada-
tion [19,20]. These findings highlight TXNIP as a promising
target for angiogenesis-related diseases such as AMD.

Oxidative stress is one of the main causes of RPE damage
and cell death. Therefore, the study of its effects on the thiore-
doxin system’s antioxidative and proangiogenic-related genes
is pivotal for understanding the pathology and progression
of AMD. Sodium iodate (NalO,) has been commonly used
as an exogenously applied oxidative stressor, having signif-
icant effects on RPE cell dysfunction, damage, and viability
in vitro [21,22] and in vivo [23]. However, in vitro data are
primarily derived from cell lines, such as ARPE-19, which
may not fully reflect the key characteristics of RPE. After
the discovery of human induced pluripotent stem cell (hiPSC)
technology in 2007 [24,25], RPE cells derived from hiPSCs
have become an important in vitro tool to study RPE-based
disease mechanisms, as they have been proven to express key
functional and morphological attributes of native RPE [26].
Furthermore, information on hiPSC-RPE cell response to
different oxidative stressors and how their intrinsic antiox-
idant systems are activated remains scarce in the literature.

The aim of this study was to demonstrate the effects of
NalO, induction in hiPSC-RPE cells and determine the acti-
vation of the thioredoxin system by measuring the changes
in the expression of antioxidative and proangiogenic-related
genes VEGFA, HIFI14, thioredoxin (TXN), and TXNIP.
Furthermore, pro-ferroptotic events were evaluated by gene
expression of oxidative stress—triggered ferroptosis mediator
gamma-glutamylcyclotransferase 1 (CHAC!) and the cystine/
glutamate antiporter (SLC7411), which regulates ferroptosis
by promoting cystine uptake and glutathione synthesis. In
addition, we wanted to further characterize hiPSC-RPE cells
to confirm their similarity to human RPE cells by immu-
nocytochemistry to assess RPE-specific protein expression,
visualizing cellular organelles and evaluating melanosome
maturation stages with transmission electron microscopy,
and assessing cell monolayer integrity with transepithelial
electrical resistance (TEER) and permeability testing.
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METHODS

Cell culture: The hiPSC-derived RPE cells (donor sex: male,
population: Caucasian) were received at passage 2 from
Phenocell (Grasse, France) and were cultured in RPE medium
containing 70% Dulbecco’s modified Eagle’s medium,
high glucose, 30% Ham’s F12 Nutrient Mix, 2% B-27
supplement, and 1% antibiotic-antimycotic, all from Gibco,
Thermo Fisher Scientific (Waltham, MA). Cells were used
at passages 3 to 4 for experiments. Passaging of hiPSC-RPE
cells was performed using Accumax solution (Sigma-Al-
drich, St. Louis, MO), and cells were seeded on Matrigel
(Corning, Corning, NY)—coated permeable Transwell cell
culture inserts (Corning) and 96-well plates (uClear; Greiner
Bio-One, Kremsmiinster, Austria) at a density of 100,000
cells/cm?. The cells were cultured on inserts for 28 days and
in 96-well plates for 22 days at 37 °C, 5% CO,. Cells tested
negative for mycoplasma using MycoAlert (Lonza, Basel,
Switzerland).

Immunocytochemistry: Cells cultured on inserts were washed
with Dulbecco’s phosphate-buffered saline (DPBS; Gibco,
Thermo Fisher Scientific), fixed with methanol for 10 min,
washed again, and blocked in blocking buffer (5% goat
serum in DPBS) for 20 min. The membranes containing the
cells were cut out from the inserts and transferred to a well
plate. Cells were incubated in different primary antibodies,
including anti—zonula occludens 1 (1:100; Thermo Fisher
Scientific), anti-occludin (1:100, Thermo Fisher Scientific),
anti-RPE65 (1:100; Novus Biologicals, Bio-Techne, Minneap-
olis, MN), and anti-ARLI13B (1:100; Proteintech, Manchester,
UK) for 90 min; washed with washing solution (0.5% goat
serum in DPBS); and incubated in secondary antibody for 1
h. Secondary antibodies were goat anti-rabbit or anti-mouse
IgG Alexa Fluor 488 (1:1,000; Thermo Fisher Scientific),
and for ARLI3B staining, the secondary antibody was
excess Fab fragment goat anti-rabbit Alexa Fluor 594 (1:100;
Jackson ImmunoResearch Europe Ltd, Cambridgeshire, UK).
After washing, the cell nuclei were stained with 0.1 pg/ml
4'.6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) for
10 min. The cells were mounted on microscope slides using
FluoroShield (Sigma-Aldrich). Images were acquired using
a fluorescence microscope (Leica Microsystems GmbH,
Wetzlar, Germany).

Transmission electron microscopy: Cells cultured on inserts
were washed with DPBS, fixed with 2% paraformaldehyde
and 0.5% glutaraldehyde for 10 min, and washed with 0.1 M
phosphate buffer (pH 7.4). Cells were postfixed in 1% osmium
tetroxide (Electron Microscopy Sciences, Hatfield, PA) for 1
h, washed, and dehydrated in a series of ethanol (50%, 70%,
96%, and absolute ethanol). An epoxy resin embedding kit
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(Ladd Research, Williston, VT) was used for cell infiltration
and embedding according to the manufacturer’s instructions.
Ultrathin sections (70 nm) were cut and stained with uranyl
acetate and lead citrate (both from Electron Microscopy
Sciences). Images were obtained with a JEM-2100F trans-
mission electron microscopy (TEM) microscope (Jeol, Tokyo,
Japan).

Transepithelial electrical resistance assessment: Culture
medium was removed from the inserts, and cells were washed
with warm Hank’s Balanced Salt Solution (HBSS; Gibco,
Thermo Fisher Scientific) with 25 mM HEPES (Sigma-Al-
drich). After washing, the cells were balanced with the same
buffer for 30 min at 37 °C, and TEER values were measured
using an EVOM?2 Epithelial Volt/Ohm Meter (World Preci-
sion Instruments, Sarasota, FL). After the permeability
experiments, test solutions were removed, fresh buffer was
added in the chambers, and TEER values were measured as
described above.

Permeability testing: The permeability tests were performed
in inserts from the basolateral to apical direction (i.e.,
representing transport from choroid to retina). Reference
compounds were diluted in HBSS-25 mM HEPES solution,
6-carboxyfluorescein (100 uM), and rhodamine B (100 uM)
from Sigma-Aldrich and placed in the donor chambers. Fresh
buffer was added to the receiver chambers. The samples were
taken from the receiver chambers at 10, 20, 30, 40, 50, and 60
min and from the donor chambers at 0, 30, and 60 min. The
loss of volume in the receiver chambers was replaced with
equal volumes of fresh buffer. The fluorescence intensity
of the samples was measured using a Cytation 3 multimode
reader (BioTek Instruments, Winooski, VT), and sample
concentrations were determined using standard curves. Three
independent experiments in duplicate were performed (n = 6).

Induction of oxidative stress: Oxidative stress was induced
in hiPSC-RPE cells grown in 96-well plates with NalO,
in concentrations of 0 to 20 mM and tert-butyl hydroper-
oxide (tBHP) in concentrations of 0 to 1.2 mM (both from
Sigma-Aldrich) at 37 °C for 24 h. NalO, was diluted in RPE
culture medium with B-27 supplement without antioxidants
(Thermo Fisher Scientific).

Antioxidant treatment: To evaluate antioxidant-mediated
suppression of NalO,-induced effects, cells were treated
with manganese (I11) tetrakis(1-methyl-4-pyridyl)porphyrin
(Mn-TM-2-PyP, 0.005%), a cell-permeable antioxidant with
broad redox activity, for 24 h before and during NalO, expo-
sure. The experiment involving antioxidant was conducted
only once for demonstrative purposes, and the results should
be interpreted as preliminary and considered directional
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rather than conclusive. Further replication is required to
confirm these findings.

Lactate dehydrogenase and VEGFA release assays.: Culture
medium was sampled to assess lactate dehydrogenase (LDH)
and VEGFA release from the hiPSC-RPE cells. LDH was
measured as previously described [27]. VEGFA concentra-
tions from the cell supernatants were measured using the
Human VEGFA Quantikine ELISA Kit according to the
manufacturer’s instructions (R&D Systems, Bio-Techne,
Minneapolis, MN). Three independent experiments (n = 3)
were performed with four to eight technical replicates.

Resazurin cell viability and ROS assays: The reduction of
resazurin to fluorescent resorufin was used to assess cell
viability. Resazurin (Sigma-Aldrich) 0.01 mg/ml in HBSS
was added to the cells, which were then incubated at 37 °C
for 1 h. The formation of ROS was measured with a general
oxidative stress indicator, CM-H,DCFDA (Thermo Fisher
Scientific), which was added to the cells at 5 uM in HBSS
and incubated at 37 °C for 1 h (loading), after which the
cells were incubated in HBSS at 37 °C for an additional 30
min. Fluorescence intensities were measured using the Cyta-
tion 3 reader. Three independent experiments (n = 3) were
performed with two to four technical replicates. After the
fluorescent measurements, cells were washed with DPBS and
lysed in TRIzol reagent (Thermo Fisher Scientific).

RNA purification: NalO,-induced hiPSC-RPE cells were
lysed in TRIzol reagent, and cells from 2 wells were pooled.
Phase separation and RNA isolation were performed from the
colorless upper aqueous phase with a PureLink RNA Mini Kit
(Thermo Fisher Scientific) according to the manufacturer’s
instructions. Optional on-column PureLink DNase treatment
was performed to minimize DNA contents in purified RNA
samples. RNA concentration and purity were determined
with a NanoDrop One® Microvolume UV-Vis Spectropho-
tometer (Thermo Fisher Scientific).

Complementary DNA synthesis and real-time quantitative
polymerase chain reaction amplification: Complementary
DNA (cDNA) synthesis was performed with the High-Ca-
pacity RNA-to-cDNA Kit (Thermo Fisher Scientific)
according to manufacturer’s instructions using 0.2 pg total
RNA from cells. Then, 5 ng cDNA samples were used for
target (carboxyfluorescein [FAM]-labeled) and endogenous
control (2'-chloro-7'phenyl-1,4-dichloro-6-carboxy-fluo-
rescein [VIC]-labeled) gene quantitative polymerase chain
reaction (QPCR) amplification with five different TagMan
assays: vascular endothelial growth factor A (VEGFA,
Hs00900055 ml), hypoxia-inducible factor 1 alpha (HIFI4,
Hs00153153 m1), thioredoxin (7XN, Hs00828652 ml),
thioredoxin-interacting protein (7XNIP, Hs00197750 ml),
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ChaC glutathione-specific gamma-glutamylcyclotransferase
1 (CHACI, Hs00225520 ml), cystine/glutamate antiporter,
solute carrier family 7 member 11 (SLC7411, Hs00921938
ml), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, Hs99999905 ml, endogenous control; all from
Thermo Fisher Scientific), using the TagMan Fast Advanced
Master Mix in QuantStudio 3 Real-Time PCR System
(Thermo Fisher Scientific) according to the manufacturer’s
instructions with an elongated initial DNA denaturation time
(95 °C for 2 min). Two separate experiments were conducted,
including six technical replicates. Each technical replicate
was analyzed in triplicate. qPCR data were normalized to
GAPDH and analyzed with the 2-22°T method [28] for relative
gene expression analysis.

Statistical analyses: For the permeability testing, the apparent
permeability coefficient (P, cm/s) was calculated according
to the following equation: P.= (AQr / At) / (C, x A), where
AQr/At is the slope of the linear region of the cumulative
amount of the compound in the receiver chamber versus time
plot, C, is the average concentration of the compound in the
donor chamber during the experiment, and A is the surface
area of the insert (1.12 cm?). Data are presented as mean +
standard deviation (SD).

The relative fluorescence unit (RFU) of background was
measured and deducted from all treated and control condi-
tions, and cell viability (% of control) was calculated with the
/RFU % 100. The four-pa-
rameter dose—response curve was fitted using GraphPad
Prism (version 10.4.0; Dotmatics, Boston, MA) to obtain the
half-maximal inhibitory concentration (IC, ), defined as the
concentration of NalO; that reduces cell viability to 50%.

following equation: RFU

treated control

LDH and ROS data were normalized to the control condition
(0 mM NalO,). LDH data were analyzed as a four-parameter
dose—response curve, and the half-maximal effective concen-
tration (EC,)) for the LDH assay was calculated in GraphPad
Prism software. Data are presented as mean + SD.

Relative qPCR data were normalized to the control
condition (0 mM NalO,). Quantitative data were analyzed
using descriptive statistics and presented as mean £ SD.
Statistical analyses were performed using GraphPad Prism,
and differences were considered statistically significant at the
multiplicity-adjusted p < 0.05 level. For normally distributed
data, comparisons between the groups were determined using
one-way analysis of variance, followed by Dunnett’s multiple
comparison test or two-way analysis of variance with Sidak’s
multiple comparison test.
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RESULTS

Characteristics of native human RPE phenotype were
expressed in hiPSC-RPE cells: The fluorescence images of
zonula occludens 1 and occludin revealed that both proteins
were strongly expressed at cell—cell junctions, and the
typical polygonal shape of the cells was also clearly visible
(Figure 1A, B). TEM images showed that the cells possessed
several typical characteristics of native RPE cells, such as
apical microvilli and melanosomes at all maturation stages,
I to IV (Figure 1C, D). Interestingly, we also observed that
occludin consistently stained a dot-like region in the middle
of each hiPSC-RPE cell (Figure 1B and Figure 2A). Previous
studies have observed occludin localization in centrosomes
of primary cilia during cortex development [29]. Here,
we explored whether occludin (Figure 2A) is costained
with primary cilia marker ARL13B (Figure 2B). Indeed,
double immunostaining of hiPSC-RPE cells and DAPI
counterstaining revealed colocalization of occludin and
ARLI3B (Figure 2C). Lastly, we immunostained the cells
against RPE-specific 65 kDa protein (RPE65), which was
also expressed in the hiPSC-RPE cells (Figure 2D). Taken
together, these maturity markers confirm the full maturation
of the hiPSC-RPE cells grown in inserts [30].

Melanosome density and maturation in hiPSC-RPE cells: The
density and maturation level of melanosomes were evaluated
from TEM images (Figure 3A). In total, melanosomes were
counted from 24 hiPSC-RPE cells. Similarly, as reported by
others [31,32], we found that mature melanosomes of stages
IIT and IV were more predominant in hiPSC-RPE cells than
immature melanosomes of stages I and II (Figure 3A,B).

hiPSC-RPE cells presented tight junction functionality and
monolayer tightness: The TEER values of hiPSC-RPE cells
were measured to confirm the integrity of the cell monolayer
grown for 28 days in inserts. The results showed high values
both before (481 + 36 Q x cm?) and after the permeability
testing (549 + 34 Q x cm?). The permeability testing of the
reference compounds from the basolateral to apical direction
showed that the reference compound with high permeability,
rhodamine B, had the high P value (18.9 7.7 x 107 cm/s,
n = 6), while the low-permeability marker, 6-carboxyfluores-
cein (2.1 £ 1.2 x 10°® cm/s, n = 6), had a significantly lower
P value, indicating a strong epithelial barrier with good
discrimination between low- and high-permeability values.

NaIOj—induced oxidative stress decreased cell viability,
induced ROS and VEGFA production, and promoted anti-
oxidative, proangiogenic, and pro-ferroptotic gene expres-
sion in hiPSC-RPE cells: Cell viability decreased when the
hiPSC-RPE cells were treated with NalO, for 24 h. A decrease
in resazurin was observed at 5 mM NalO, and reached its
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Figure 1. Characterization of tight junction protein expression, localization, and morphology in human induced pluripotent stem cell-derived
retinal pigment epithelium. Representative immunofluorescence images of A: zonula occludens-1 (ZO-1) and B: occludin expression in
human induced pluripotent stem cell-derived retinal pigment epithelium (hiPSC-RPE) monolayers. Representative transmission electron
microscopy images showing C: vertical and D: horizontal cross-sections of the hiPSC-RPE monolayer. Scale bars: 50 um (A, B) and 5 pm
(C, D).

maximum at 20 mM, generating an IC_ of 9.4 mM (Figure
4A). Meanwhile, LDH levels started to rise with 3 mM NalO,
and rose steadily as the concentration increased to 10 mM
NalO,, after which the LDH levels stayed stable despite
increasing concentrations, resulting in an IC, of 4.1 mM
(Figure 4B). This indicates that NalO, caused cell membrane
damage first before affecting intracellular metabolism.

Interestingly, ROS formation was remarkably increased,
even with the lowest NalO, concentrations (0.1-2 mM; Figure
4A), while viability indicators did not show decreased cell
viability. The ROS levels gradually decreased from 2 mM
NalO, onward, coinciding with the cell membrane damage
indicated by LDH release (Figure 4B). In addition, an
increase in VEGFA levels could already be seen with 1 mM
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NalO, when the ROS levels peaked, and the VEGFA levels
rose further to approximately 4 mM NalO, (Figure 4B).

We sought to validate the principal cellular responses—
cell viability, ROS generation, and the release of VEGFA—in
hiPSC-RPE cells using an alternative oxidative agent, tBHP,
which, although commonly used to induce oxidative stress in
cellular models, is not specific to RPE cells. Compared with
NalO,, tBHP produced a markedly steeper dose—response
curve. The IC, | for resazurin reduction was 0.59 mM, while
the EC,, for LDH release was 0.55 mM, indicating that
tBHP induces intracellular metabolic impairment and cell
membrane damage at approximately the same tBHP concen-
tration (Figure 4C, D).
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Interestingly, tBHP did not induce a comparable peak in
ROS formation at lower concentrations of oxidative agent, in
contrast to NalO,. Moreover, overall ROS levels were lower
following tBHP induction (Figure 4C) than those observed
with NalO, (Figure 4A). Furthermore, VEGFA levels were
elevated (Figure 4D), but the increase was less pronounced
compared with NalO, induction (Figure 4B).

Gene expression profiles of VEGFA, HIFIA, TXN,
TXNIP, CHACI, and SLC7A11 were generated from NalO,-
treated cells (Figure 5). The results revealed that VEGFA,
HIF1A4, TXN, CHACI, and SLC7A411 gene expression were
significantly upregulated (p < 0.05), and TXNIP gene
expression was significantly downregulated (p < 0.05) in
cells treated with 2 to 6 mM NalO, compared with untreated
cells. Upregulation of the 7XN gene, encoding thioredoxin,
may lead to a reduction in ROS formation in hiPSC-RPE
cells at 2 mM and higher concentrations of NalO, (Figure
4A). Downregulation of the 7XNIP gene (Figure 5D) may
lead to an increase in VEGFA (Figure 4B). Oxidative stress
induced upregulation of the ferroptosis mediator CHACI,
leading to enhanced glutathione degradation, mitochondrial
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dysfunction, and disruption of redox homeostasis (Figure
5E). Concurrently, increased expression of the cystine/gluta-
mate antiporter (SLC7411) gene at 2 mM NalO, (Figure 5F)
promoted cystine uptake and glutathione synthesis, which
may represent an early adaptive response to mitigate oxida-
tive stress and limit ferroptotic cell death.

Mn-TM-2-PyP-mediated antioxidant treatment
suppressed NalO,-induced cytotoxicity in cell viability
assays. The effect was less pronounced in the resazurin reduc-
tion-based cell viability assay, with a modest effect in the IC, |
value shift from 9.0 to 11.5 mM (Figure 6A). In contrast, LDH
release was markedly reduced, with a pronounced rightward
shift in the EC, from 5.1 to 11.0 mM (Figure 6B). Since
gene expression changes were most pronounced at NalO,
concentrations of 4 to 6 mM across all genes tested (Figure
5), antioxidant effects were evaluated at these levels (Figure
6C—H). Antioxidant treatment consistently attenuated gene
upregulation, reaching statistical significance for VEGFA and
TXN at 4 and 5 mM NalO, (Figure 6C, E). Notably, TXNIP
gene expression was higher in antioxidant-treated cells
exposed to 5 mM NalO, than in untreated controls (Figure

Figure 2. Assessment of maturity in human induced pluripotent stem cell-derived retinal pigment epithelium monolayers. Representative
immunofluorescence images of human induced pluripotent stem cell-derived retinal pigment epithelium showing A: occludin, B: primary
cilia (ARL13B), C: merged staining of occludin (green), primary cilia (grey), and DAPI (blue), and D: expression of the RPE maturity marker

RPEG65. Scale bars: 5 um (A—C) and 100 pm (D).
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Figure 3. Melanosome density and maturation in human induced pluripotent stem cell-derived retinal pigment epithelium cells. A: Repre-
sentative transmission electron microscopy image of human induced pluripotent stem cell-derived retinal pigment epithelium (hiPSC-RPE)
cells containing immature melanosomes at stages I (yellow arrow) and II (blue arrow), and mature melanosomes at stages 111 (orange arrow)
and I'V (black arrow). Scale bar 500 nm. B: Number of melanosomes per hiPSC-RPE cell according to maturation stage. Data are presented

as mean + SD (n =24).

6F). These results suggest that antioxidant treatment helps to
restore gene expression toward baseline in cells experiencing
extensive oxidative stress. However, antioxidant-containing
data should be interpreted as preliminary, and further repli-
cation is required to confirm these findings.

DISCUSSION

The aim of this study was to determine the response of
hiPSC-RPE cells to NalO,-induced oxidative stress and
study the activation of the thioredoxin antioxidant system
by assessing the changes in the expression of antioxida-
tive and proangiogenic-related genes. The first step in this
study was to confirm that the hiPSC-RPE cells have the
desired attributes, which were well documented previously
[33,34]. The cells were monitored closely during culturing,
and pigmentation could be seen approximately on day 15,
which indicates the presence of functional melanogenesis.
Immunofluorescent staining showed that the cell monolayer
had contiguous tight junctional patterns, and several RPE
characteristics, such as apical microvilli, melanosomes, and
cuboidal epithelium morphology, could be seen in the TEM
images. It was shown that mature melanosomes of stages
IIT and IV were more predominant in hiPSC-RPE cells than
immature melanosomes of stages I and II.

The functionality of hiPSC-RPE cell monolayer tight
junctions was demonstrated by measuring TEER values.
High TEER values observed were in agreement with the

TEER values of fetal human RPE cell monolayer, as demon-
strated by Ablonczy et al. [35], indicating that the cells
had formed highly organized tight junctional complexes.
Furthermore, high TEER values after permeability testing
correlated with the low P value for the low-permeability
reference molecule. Similarly, a low P value was previously
reported in isolated bovine RPE-choroid [36]. The cells also
displayed a barrier ~4 times tighter than that of the ARPE-19
cell line [37]. In the past, the ARPE-19 cell line was the most
popular in vitro model of RPE. However, it has been shown
that certain properties crucial for RPE cells, such as melanin
pigment expression and monolayer tightness with functional
tight junctions, are not properly represented in ARPE-19 cells
[35]. The high P, value for the high-permeability reference
molecule and the low P value for the low-permeability refer-
ence molecule showed that the hiPSC-RPE cell monolayer
discriminated between high and low values. This verifies that
the cells provided epithelial polarity with a strong and tight
paracellular barrier. The hiPSC-RPE cell monolayer maturity
was further confirmed by the expression of primary cilia
and RPE-specific maturity marker RPE6S. Interestingly, we
observed that occludin colocalized with the primary cilia. It
has been shown that occludin is localized in the centrosomes
of primary cilia during cortex development [32,38]. However,
this has not been previously demonstrated in RPE cells, and
therefore, further studies are needed to confirm if this is RPE
cell specific or a general feature of primary cilia.
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Figure 4. Cellular responses of human induced pluripotent stem cell-derived retinal pigment epithelium cells to 24 h NalO,- and tBHP-in-
duced oxidative stress. A: Cell viability measured as intracellular reduction of resazurin and reactive oxygen species (ROS) formation after
NalO,-induction. Cell viability is shown as a percentage of live cells compared to control cells. The half-maximal inhibitory concentration
(IC,,) represents the concentration with which 50% of the cells died. B: Lactate dehydrogenase (LDH) and vascular endothelial growth
factor A (VEGFA) release after NalO,-induction. The half-maximal effective concentration (EC,)) represents the concentration of NalO,
with which half of LDH maximum release was reached. C: Cell viability and ROS formation after tBHP-induction. D: LDH and VEGFA
release after tBHP-induction. ROS and LDH levels were normalized control condition (0 mM). VEGFA release is shown as ng/ml. All data

are shown as mean + SD (n = 3).

Since we demonstrated that cells possessed all the
required morphological and functional characteristics, we
proceeded to explore oxidative stress—induced damage.
However, it should be noted that the characterization tests
were performed in cells grown on inserts while the oxidative
stress experiments were performed on well plates. Thus, the
culture conditions were not identical. As expected, treating
the cells with NalO, caused oxidative stress and induced
hiPSC-RPE cell damage and death in a dose-dependent
manner.

Intriguingly, NalO, had increased intracellular ROS
levels at the lowest tested concentrations, while viability
indicators did not show decreased cell viability. ROS levels

started to decrease when cell viability started to decrease.
This may be a consequence of RPE-specific damage caused
by NalO,.

Determining alterations in hiPSC-RPE gene expression
showed that NalO,-induced oxidative stress upregulated
VEGFA, HIFIA, and TXN expression. VEGFA is a growth
factor that has a pivotal role in the pathogenesis of wet AMD
as it promotes choroidal neovascularization, and its secretion
increases with oxidative stress [8]. Therefore, upregulated
VEGFA gene expression and increased VEGFA release
observed in this study are in line with previous studies.
The TXN gene encodes the thioredoxin protein, which has
protective properties against oxidative stress. Thioredoxin
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Figure 5. Gene expression profiles in human induced pluripotent stem cell-derived retinal pigment epithelium cells following 24 h NalO,-in-
duced oxidative stress. Gene expression levels of A: Vascular endothelial growth factor A (VEGFA), B: Hypoxia-inducible factor 1-alpha
(HIF1A4), C: Thioredoxin (7XN), D: Thioredoxin interacting protein (7XNIP), E: Gamma-glutamylcyclotransferase 1 (CHACI) and F:
Cystine/glutamate antiporter (SLC7411) were normalized to control condition. One-way ANOVA followed by Dunnett’s multiple comparison
test were performed for statistical analyses. *p < 0.05, **p < 0.01, ***p <0.001, ****p <0.0001. Each technical replicate is shown as a single
data point with mean + SD (n = 6).
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Figure 6. Antioxidant treatment suppresses NalO,-induced cytotoxicity and restore gene expression toward baseline in induced pluripotent
stem cell-retinal pigment epithelium cells. Effect of NalO, on hiPSC-RPE cell viability in the presence or absence of a broad redox-active
antioxidant. Cells were pre-treated with Mn-TM-2-PyP (0.005%) for 24 h and during NalO, exposure. A: Cell viability measured by intra-
cellular resazurin reduction assay, expressed as a percentage relative to untreated control cells. The half-maximal inhibitory concentration
(IC,)) indicates the NalO, concentration causing 50% cell death. B: Cell viability assessed by lactate dehydrogenase (LDH) release. The
half-maximal effective concentration (EC, ) represents the NalO, concentration at which 50% of maximal LDH release was observed. Gene
expression changes in the presence or absence of antioxidant at NalO, concentrations of 4-6 mM. Expression of C: Vascular endothelial
growth factor A (VEGFA), D: Hypoxia-inducible factor 1-alpha (HIF14), E: Thioredoxin (TXN), F: Thioredoxin interacting protein (7ZXNIP).
G: Gamma-glutamylcyclotransferase 1 (CHAC!) and H: Cystine/glutamate antiporter (SLC7411) were normalized to control condition
without antioxidant. Statistical analysis was performed using two-way ANOVA with Sidak’s multiple comparison test. *p < 0.05, **p < 0.01,
**%p < 0.001, ****p < 0.0001. Each technical replicate is shown as a single data point with mean + SD (n = 2).
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is known to decrease ROS levels and activate transcription
factors, promoting cell viability in response to oxidative
stress [16,39,40]. Upregulated TXN expression indicates that
the thioredoxin system was activated only after exposure
to 2 mM NalO, and may have reduced ROS formation in
hiPSC-RPE cells. HIF-1a, a transcription factor encoded
by the HIFIA gene, regulates angiogenesis and mediates
cellular response to reduced oxygen levels. HIF-1a expres-
sion increases in hypoxic conditions, upregulating VEGFA
expression [41,42]. Lastly, we found that the TXNIP gene
was downregulated at a 2 mM concentration of NalO,, and
this downregulation was inversely proportional to all other
studied genes. TXNIP protein promotes oxidative stress by
inhibiting thioredoxin and various other factors [43]. These
results are in line with a previous study by Cho et al., in which
TXNIP was downregulated in ARPE-19 cells under oxidative
stress. They also showed that knockdown of TXNIP increased
HIF-1la expression and enhanced VEGFA secretion and
angiogenesis in vitro [19]. Oxidative stress induced by NalO,,
which selectively damages RPE cells, markedly modulated
ferroptosis-related pathways, as demonstrated by the upreg-
ulation of CHAC! and SLC7A411 genes. Upregulated CHACI
indicates activation of a pro-ferroptotic pathway through
enhanced glutathione degradation, mitochondrial dysfunc-
tion, and disruption of redox homeostasis, thereby increasing
susceptibility to lipid peroxidation. In parallel, elevated
SLC7A411 expression suggests an early adaptive response that
promotes cystine uptake and glutathione synthesis to coun-
teract oxidative damage. However, persistent oxidative stress
and sustained CHACI activity are likely to overwhelm this
compensatory mechanism, ultimately favoring ferroptotic
cell death. In this context, the downregulation of 7XNIP,
accompanied by increased VEGFA expression, may reflect
a broader stress-adaptive response aimed at supporting cell
survival despite progressive redox imbalance. Furthermore,
Mn-TM-2-PyP-mediated antioxidant treatment seems to help
restore gene expression toward baseline in cells experiencing
extensive oxidative stress.

In this study, we demonstrated that hiPSC-RPE cells are
morphologically and functionally similar to native RPE cells
and are therefore well suited for nonclinical in vitro studies.
At low NalO, concentrations, ROS surged without compro-
mising viability, enabling early detection of oxidative stress.
This sensitivity allows screening of compounds targeting
ROS-related pathways, such as XN upregulation and TXNIP
downregulation. This also mirrors AMD pathology, where
oxidative stress drives VEGFA overexpression, making
hiPSC-RPE cells ideal for testing antiangiogenic therapies
(e.g., anti-VEGF drugs) and gene-editing therapies.
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