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Introduction: Fuchs endothelial corneal dystrophy (FECD) is the leading cause of corneal blindness in
developed countries. Corneal endothelial cells in FECD are susceptive to oxidative stress, leading to
mitochondrial dysfunction and cell death. Oxidative stress causes many forms of cell death including
parthanatos, which is characterized by translocation of apoptosis-inducing factor (AIF) to the nucleus
with upregulation of poly (ADP-ribose) polymerase 1 (PARP-1) and poly (ADP-ribose) (PAR). Although
cell death is an important aspect of FECD, previous reports have often analyzed immortalized cell lines,
making the evaluation of cell death difficult. Therefore, we established a new in vitro FECD model to
evaluate the pathophysiology of FECD.
Methods: Corneal endothelial cells were derived from disease-specific induced pluripotent stem cells
(iPSCs). Hydrogen peroxide (H2O2) was used as a source for oxidative stress to mimic the pathophysi-
ology of FECD. We investigated the responses to oxidative stress and the involvement of parthanatos in
FECD-corneal endothelial cells.
Results: Cell death ratio and oxidative stress level were upregulated in FECD with H2O2 treatment
compared with non-FECD control, indicating the vulnerability of oxidative stress in FECD. We also found
that intracellular PAR, as well as PARP-1 and AIF in the nucleus were upregulated in FECD. Furthermore,
PARP inhibition, but not pan-caspase inhibition, rescued cell death, DNA double-strand breaks,
mitochondrial membrane potential depolarization and energy depletion, suggesting that cell death was
mainly due to parthanatos.
Conclusions: We report that parthanatos may be involved in the pathophysiology of FECD and targeting
this cell death pathway may be a potential therapeutic approach for FECD.
© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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1. Introduction

The corneal endothelium plays a critical role in maintaining the
corneal transparency [1]. Unlike endothelial cells in other tissues,
corneal endothelial cells (CECs) do not proliferate after birth [2].
Loss of endothelial density leads to loss of corneal clarity, resulting
in visual impairment. Fuchs endothelial corneal dystrophy (FECD) is
characterized by progressive loss of CECs and abnormal extracel-
lular matrix deposition [3], and is one of the most common corneal
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Abbreviations:

CECs corneal endothelial cells
FECD Fuchs endothelial corneal dystrophy
PARP-1 poly (ADP-ribose) polymerase-1
PAR poly (ADP-ribose)
AIF apoptosis-inducing factor
iPSCs induced pluripotent stem cells
PBMC peripheral blood mononuclear cells
EFSC eye field stem cells
NCSC neural crest stem cells
FBS fetal bovine serum
gH2AX phospho-histone H2AX
PBS phosphate-buffered saline
NAC N-acetylcysteine

Z-VAD-FMK z-VaD-Ala-Asp-fluoromethylketone
H2O2 hydrogen peroxide
ROS reactive oxidative stress
MMP mitochondrial membrane potential
FECD-JPN a Japanese FECD patient
FECD-EUR a European Caucasian FECD patient
CTRL a healthy Japanese volunteer as a control
CDH2 cadherin 2
ATP1A1 Na/K ATPase a-1
HO-1 heme oxygenase 1
NRF2 nuclear factor-erythroid 2-related factor 2
SOD2 superoxidase dismutase 2
TXNRD1 thioredoxin reductase 1
NAMPT nicotinamide phosphoribosyltransferase

S. Sakakura, E. Inagaki, T. Sayano et al. Regenerative Therapy 24 (2023) 592e601
endothelial diseases worldwide [4]. Since the typical age of onset of
FECD is over 50 years old and the prevalence is increasing with age,
the number of patients is expected to increasing in the future [5].

FECD is caused by both environmental and genetic factors [3,6].
Cellular stress, such as oxidative stress [6e8] and endoplasmic
reticulum (ER) stress [9], contributes to the pathogenesis of FECD
by inducing mitochondrial dysfunction [10,11], endothelial-
mesenchymal transition [12] and cell death [13]. Oxidative stress
has received particular attention, and antioxidant therapy is a
promising candidate for the treatment of FECD [7,8,12,14]. Mecha-
nisms of oxidative stress-induced endothelial cell death in FECD
have been reported to involve several types of cell death [15],
including apoptosis [13,16] and ferroptosis [17]. However, because
cell death in FECD progresses very slowly with aging, we hypoth-
esized that the mechanism may be similar to the cell death caused
by metabolic changes due to aging seen in neurodegenerative
diseases.

Parthanatos, proposed in 2009 by Dawson et al. [18,19], is a non-
apoptotic regulated cell death induced by energy depletion seen in
neurodegenerative diseases [20]. In parthanatos, overexpression of
poly (ADP-ribose) polymerase 1 (PARP-1) and poly (ADP-ribose)
(PAR) polymers overexpression, translocation of apoptosis-
inducing factor (AIF) translocation into the nucleus and energy
depletion such as NADþ and ATP are the key findings [21,22]. PAR-
AIF interaction and NADþ depletion lead to depolarization of the
mitochondrial membrane [23]. AIF then translocates to the nucleus,
where it induces extensive DNA fragmentation and cell death [24].

In FECD, cell death is an essential aspect that could be a target
for potential new drugs. To date, established cell lines have been
used to study the etiology of FECD because of the ease of culturing
cells [9,12,25]. However, an immortalized cell line may not be
suitable to evaluate the precise mechanisms of cell death. In order
to overcome this drawback, we established a new in vitro FECD
model by inducing CECs from disease-specific induced pluripotent
stem cells (iPSCs) [26]. FECD has ethnic diversity in prevalence,
onset and genetic factors [3,27,28]. Therefore, we generated
disease-specific iPSCs from a Japanese and a Caucasian European
FECD patient and examined the effect of oxidative stress on each
iPS-derived CEC to reveal the contribution of parthanatos in FECD.

2. Methods

2.1. Generation of disease-specific iPSCs

As described previously [29], we induced iPSCs from peripheral
blood mononuclear cells (PBMCs). Briefly, PBMCs were obtained
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from two FECD patients (72-year-old Japanese female and 64-year-
old European Caucasian female) and one healthy subject (68-year-
old Japanese male). PBMCs were separated on a Ficoll-paque
PREMIUM (GE Healthcare, Chicago, USA) gradient, and T cells
were isolated with anti-CD3 monoclonal antibody (BD Biosciences,
New Jersey, USA) and rIL-2 contained GT-T502 medium (Kohjin Bio
Co., Ltd., Saitama, Japan). On day 6, T cells were infected with a
Sendai virus vector carrying OCT3/4, SOX2, KLF4, and c-MYC. Two
days after infection, cells were harvested and transferred to a 10 cm
dishwithmitomycin C-treated SNL feeder cells at 5� 104 cells/dish.
After 24 h, the medium was changed to human iPSC medium. The
medium was changed every other day until the colonies were
picked on day 25. Established iPSCs were maintained in a feeder-
free condition in StemFit AK02 N (Reprocell, Kanagawa, Japan) on
iMatrix-511 silk (Nippi, Tokyo, Japan) coated 6-well plates. The
medium was changed every 1e2 days, and cells were passaged
with TrypLE Select (Thermo Fisher, Massachusetts, USA) every
seven days. All experimental procedures were approved by the Keio
University School of Medicine Ethics Committee (approval number:
20130221).

2.2. Differentiation of disease-specific iPSCs into CECs

To differentiate CECs from iPSCs, we modified a previously
published protocol by Zhao [30]. After iPSCs reached 80 % conflu-
ence in culture, the medium was switched to eye field stem cell
(EFSC) medium. EFSC medium included DMEM/F12 (Nacalai Tes-
que, Inc., Kyoto, Japan) with 1x N2 (R&D Systems, Inc., Minnesota,
USA), 1x B27 (Thermo Fisher, Massachusetts, USA), 0.2 % BSA
(FUJIFILM Wako Pure Chemical Corp., Osaka, Japan), 2 mM L-ala-L-
glutamine (Sigma-Aldrich Co. Llc., Missouri, USA), 0.1 mM MEM
nonessential amino acids (Sigma-Aldrich Co. Llc., Missouri, USA),
0.1 mM 2-mercaptoethanol (Thermo Fisher, Massachusetts, USA)
and 20 ng/ml bFGF (PeproTech, Inc., New Jersey, USA) for one day.
For the following six days, cells were cultured in EFSC medium
supplemented with 5 mM SB431542 (Sigma-Aldrich Co. Llc., Mis-
souri, USA), 50 nM LDN193189 (Reprocell, Kanagawa, Japan) and
1 mM IWP2 (Sigma-Aldrich Co. Llc., Missouri, USA). The medium
was changed every day. Cells were dissociated with TrypLE Select
and passaged in Neural Crest Stem Cells (NCSC) medium on
iMatrix-511 silk coated 6-well plates. NCSC medium included
DMEM/F12 and Neurobasal plus medium (Thermo Fisher, Massa-
chusetts, USA) (50:50) with 1x N2, 1x B27, 0.3 mM 2-phospho-L-
ascorbic acid (Sigma-Aldrich Co. Llc., Missouri, USA) and 3 mM
CHIR 99021 (Tocris Bioscience, Bristol, UK). On the passage day,
10 mM Y-27632 (Nacalai Tesque, Inc., Kyoto, Japan) was also
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supplemented. The medium was changed every other day. Seven
days later, cells were dissociated with TrypLE Select and passaged
in corneal endothelial cell (CEC) medium on 6-well plates coated
with FNC Coating Mix (Athena Enzyme Systems, Maryland, USA).
CEC medium included human endothelial SFM (Thermo Fisher,
Massachusetts, USA) with 5 % fetal bovine serum (FBS) (Nichirei
Bioscience Inc., Tokyo, Japan), 0.3 mM 2-phospho-L-ascorbic acid,
1 mMSB431542 and 3 mMY-27632. CECmediumwas changed every
other day. CECs were passaged every seven days, and cells at pas-
sage numbers between 1 and 3 were used for the experiments.
Induced cells were observed with phase-contrast microscopy
(BIOREVO BZ-9000; KEYENCE Corp., Osaka, Japan).

2.3. Immunostaining and phospho-histone H2AX (gH2AX)
expression assay

Cells in 35 mm dishes were fixed with 4 % paraformaldehyde
(Nacalai Tesque, Inc., Kyoto, Japan) at room temperature for 10 min
and washed with phosphate-buffered saline (PBS). They were
blocked in 10 % normal donkey serum with 0.1 % Triton X-100
(Nacalai Tesque, Inc., Kyoto, Japan) for 30 min at room temperature.
Samples were incubated with the indicated primary antibodies
(Supplementary Table 1) overnight at 4 �C. Cells were washed with
PBS and incubated with anti-mouse or anti-rabbit Alexa Fluor 488/
555 conjugated secondary IgG antibodies (1:200, anti-mouse Alexa
Fluor 488: A-21202, anti-rabbit Alexa Fluor 488: A-21206, anti-
rabbit Alexa Fluor 555: A-31572, Thermo Fisher, Massachusetts,
USA) and Hoechst 33342 (1:1000, 346e07951, Dojindo Laboratories
Co., Ltd., Kumamoto, Japan) for 1 h at room temperature. Cells were
washed again with PBS and mounted. Samples were observed with
a fluorescent microscope (Axio Imager; Carl Zeiss Inc., Weimar,
Germany). For the assessment of phospho-histone H2AX (gH2AX)
staining, four images per dish were captured under the same
threshold. gH2AX foci and nuclei were counted with Image J [31].

2.4. Quantitative real-time PCR

Total RNA was collected from cultured cells with the RNeasy kit
(Qiagen, Hilden, Germany), and cDNA was prepared with the
ReverTra Ace a kit (Toyobo Co. Ltd., Osaka, Japan) according to the
manufacturer's protocol. Quantitative real-time PCR was per-
formed using Thunderbird SYBR qPCR mix (Toyobo Co. Ltd., Osaka,
Japan) on the StepOnePlus Real-Time PCR system (Thermo Fisher,
Massachusetts, USA). Primer pairs are described in Supplementary
Table 2.

2.5. Cell viability assay

CECs were cultured on 96-well plates coated with FNC Coating
Mix at 1 � 104 cells/well until they reached 80 % confluency. Sub-
sequently, theywere treated in the presence or absence of 50 mMN-
acetylcysteine (NAC) (Sigma-Aldrich Co. Llc., Missouri, USA) in
DMSO (Nacalai Tesque, Inc., Kyoto, Japan) or 1 mM PJ34 (MedChem
Express, New Jersey, USA) in DMSO or 1 mM z-VaD-Ala-Asp-fluo-
romethyl ketone (Z-VAD-FMK) (Selleck Chemicals, Texas, USA) in
DMSO in CEC medium in the absence of SB431542 and FBS. These
reagents were extracted for the accurate analysis of cell viability.
Twenty-four hours later, the medium was replaced with hydrogen
peroxide (H2O2) (FUJIFILM Wako Pure Chemical Corp., Osaka,
Japan) at indicated concentrations in CECmedium in the absence of
SB431542 and FBS for 4 h. After removal of the medium, cells were
stained with 50 nM Sytox Green (Thermo Fisher, Massachusetts,
USA) and 1 mg/ml Hoechst 33342 in 100 ml DMEM/F12 without
Phenol Red liquid (Nacalai Tesque, Inc., Kyoto, Japan) for 10 min.
Images of six fields in a well were captured automatically with In
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Cell Analyzer 6000 (GE Healthcare, Chicago, USA). Analysis with In
Cell Developer Toolbox v1.9 (GE Healthcare, Chicago, USA) was
performed, identifying Hoechst 33342 positive nucleus and
Sytox Green positive nucleus. The number of Hoechst 33342 and
Sytox Green positive cells were counted respectively. The ratio
of Sytox Green positive nucleus to Hoechst 33342 positive nuclei
was calculated.

2.6. Reactive oxidative stress (ROS) level analysis

Induced CECs were seeded on 96-well plates coated with FNC
CoatingMix at 1� 104 cells/well. They were treated with or without
50 mM NAC in CEC medium in the absence of SB431542 and FBS for
24 h. The medium was replaced with or without 600 mM H2O2 in
CEC medium in the absence of SB431542 and FBS for 4 h. Intracel-
lular ROS level was evaluated with CellROX green reagent (C10444;
Thermo Fisher, Massachusetts, USA). Cells were stained with 5 mM
CellROX reagent in CEC medium at 37 �C for 30 min. Images of four
fields in a well were captured automatically with a confocal
microscope (Cell Voyager CQ1; Yokogawa Electric Co. Ltd., Tokyo,
Japan). Total green fluorescent intensity was measured with
CellPathfinder (Yokogawa Electric Co. Ltd., Tokyo, Japan).

2.7. Western blotting

Protein samples from the whole cells were extracted with RIPA
buffer (Nacalai Tesque, Inc., Kyoto, Japan) supplemented with 1 %
Phosphatase inhibitor Cocktail (Nacalai Tesque, Inc., Kyoto, Japan)
and 1 % Protease inhibitor Cocktail (Nacalai Tesque, Inc., Kyoto,
Japan). Proteins from the nuclear or cytoplasm fractions were
extracted with NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Thermo Fisher, Massachusetts, USA) according to the
manufacturer's protocol. Protein sample volumes were estimated
with the TaKaRa BCA Protein Assay Kit (Takara Bio Inc., Shiga,
Japan). Proteins were subjected to SDS-PAGE and transferred on a
polyvinylidene difluoride membrane (BIO-RAD Laboratories Inc.,
California, USA). The membranes were blocked with Blocking One
(Nacalai Tesque, Inc., Kyoto, Japan) and incubated with primary
antibodies: anti-PARP-1 (1:1000, ab32138, Abcam, Cambridge, UK),
anti-AIF (1:1000, ab32516, Abcam, Cambridge, UK), anti-Histone
H3 (1:1000, ab1791, Abcam, Cambridge, UK), anti-PAR (1:1000,
ALX-804-220-R100, Enzo life Sciences, Inc., Exeter, UK), and anti-b-
actin (1:1000, ab160639, Abcam, Cambridge, UK) at 4 �C overnight.
Incubation was followed with horseradish peroxidase-conjugated
anti-rabbit secondary antibody (1:5000, #7074, Cell Signaling
Technology, Massachusetts, USA) or anti-mouse secondary anti-
body (1:3000, #7076, Cell Signaling Technology, Massachusetts,
USA) at room temperature for 1 h. Antibody-antigen complexes
were detected with SuperSignal West Pico PLUS (Thermo Fisher,
Massachusetts, USA) using a CCD camera system (ImageQuant LAS
4000, GE Healthcare, Chicago, USA). The images of uncropped gels
are shown in Supplementary Fig. 1. Quantification was performed
using Image J [31].

2.8. Mitochondrial membrane potential (MMP) assay

CECs were cultured on 96-well plates coated with FNC Coating
Mix at 1 � 104 cells/wells and treated with or without 1 mM PJ34 in
CEC medium in the absence of SB431542 and FBS for 24 h. The
medium was replaced with or without 600 mM H2O2 in CEC me-
dium in the absence of SB431542 and FBS for 4 h. Theywere stained
with JC-10 solution according to the manufacturer's instructions
(Cell Meter JC-10 Mitochondrion Membrane Potential Assay Kit;
AAT Bioquest, California, USA). Images of four fields in a well were
captured automatically with a confocal microscope (Cell Voyager
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CQ1). JC-10 exists as a polymer in the mitochondria under high
MMP states, while it is released from the mitochondria to the
cytoplasm as a monomer under low MMP. Fluorescent intensity of
green from the monomer and red from the polymer was analyzed
with CellPathfinder. The ratio of red to green fluorescence intensity
was calculated.

2.9. Intracellular ATP level measurement

The intracellular ATP level was measured by “Cell no” ATP assay
reagent Ver.2 (FUJIFILM Wako Pure Chemical Corp., Osaka, Japan)
according to the manufacturer's protocol. CECs were cultured on
96-well plates coated with FNC Coating Mix at 1 � 104 cells/well.
They were treated with or without 1 mM PJ34 in CEC medium in the
absence of SB431542 and FBS for 24 h. The medium was replaced
with or without 600 mM H2O2 in CEC medium without SB431542
and FBS for 4 h. ATP reagent was added. Cells were incubated at
room temperature for 10 min and luminescence was measured.

2.10. Intracellular NAD þ level measurement

CECs cultured on 96-well plates coated with FNC Coating Mix at
1 � 104 cells/well were treated with or without 1 mM PJ34 in CEC
medium in the absence of SB431542 and FBS for 24 h. The medium
was replaced with or without 600 mM H2O2 in CEC medium in the
absence of SB431542 and FBS for 4 h. The intracellular NAD þ level
was quantified using NAD/NADH-Glo Assay (Promega Corporation,
Wisconsin, USA) according to the manufacturer's protocol, and was
assessed by measuring luminescence. This assay detects the total
content of NAD/NADH. However, the NADH concentration in cells is
less than 10 %. Therefore, it is assumed that NADþ is the primary
component measured in this assay.
Fig. 1. Corneal endothelial cells (CECs) induction from iPSCs. (A) Immunostaining of iPS
endothelial cell differentiation protocol. (C) Immunostaining of induced cells for corneal en
cells exhibited hexagonal shape. Scale bars are 30 mm in immunostaining images and 30 m
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2.11. Statistical analysis

Statistical analysis was performed with GraphPad Prism 9.0
(GraphPad Software). The values are the mean ± SD. All experi-
ments have more than three samples in each experiment. One-way
analysis of variance (ANOVA) followed by the Bonferroni test was
performed to compare three or more groups. For cell death assay of
H2O2 dose dependency, two-way ANOVA followed by Turkey's test
and Steel-Dwass multiple test were used. P < 0.05 was considered
statistically significant: *P < 0.05, **P < 0.01, ***P < 0.001.

3. Results

3.1. Characteristics of disease-specific iPSC-derived CECs

We successfully established iPSCs lines from a Japanese FECD
patient (FECD-JPN), a European Caucasian FECD patient (FECD-
EUR) and a healthy Japanese volunteer as a control (CTRL). All iPSC
lines expressed pluripotent markers OCT4, SOX2 and NANOG
(Fig. 1A). We induced corneal endothelial cells according to a
modified protocol first reported by Zhao [30] (Fig. 1B). Induced cells
exhibited hexagonal morphology and expressed several CEC
markers such as ZO-1, Cadherin 2 (CDH2), and Na/K ATPase a-1
(ATP1A1) (Fig. 1C).

3.2. Reactive oxidative stress in FECD

To examine if the induced CECs exhibited vulnerability to ROS,
we treated cells with H2O2 (Fig. 2A). The mRNA levels of the
antioxidant enzymes heme oxygenase 1 (HO-1), nuclear factor-
erythroid 2-related factor 2 (NRF2), superoxidase dismutase 2
(SOD2), and thioredoxin reductase 1 (TXNRD1) did not change in
Cs for pluripotency markers (OCT4, SOX2, NANOG). Scale bars are 50 mm. (B) Corneal
dothelial markers (tight junction ZO1, CDH2, ATP1A1) and phase-contrast images. The
m in the phase-contrast images.



Fig. 2. Vulnerability to reactive oxidative stress (ROS) in FECD. (A) Protocol to assess phenotypes of induced corneal endothelial cells under oxidative stress. (B) Relative mRNA
level of HO-1 after H2O2 treatment in each group (n ¼ 3, **p ¼ 2.9 � 10�3). (C) Relative mRNA level of NRF2 after H2O2 treatment in each group (n ¼ 3, **p ¼ 4.1 � 10�3). (D) Relative
mRNA level of SOD2 after H2O2 treatment in each group (n ¼ 3, ***p ¼ 2.3 � 10�4). (E) Relative mRNA level comparison of TXNRD1 after H2O2 treatment in each group (n ¼ 3,
*p ¼ 0.01). (F) Schematic diagram of the redox pathway. (G) Relative cell death ratio with various concentrations of H2O2 in each group (n ¼ 12, FECD-JPN H2O2 0 mM vs FECD-JPN
H2O2 600 mM ***p ¼ 4.3 � 10�13, FECD-EUR H2O2 0 mM vs FECD-EUR H2O2 600 mM **p ¼ 2.6 � 10�3, immortalized CTRL H2O2 600 mM vs CTRL H2O2 600 mM **p ¼ 7.6 � 10�3, CTRL
H2O2 600 mM vs FECD-JPN H2O2 600 mM *p ¼ 0.03, CTRL H2O2 600 mM vs FECD-EUR H2O2 600 mM *p ¼ 0.03). (H, I) Relative cell death ratio by H2O2 supplemented with NAC in each
group (n ¼ 12, FECD-JPN vs FECD-JPN H2O2 ***p ¼ 1.5 � 10�9, FECD-JPN H2O2 vs FECD-JPN NACþ H2O2 **p ¼ 1.7 � 10�3, FECD-EUR vs FECD-EUR H2O2 ***p ¼ 3.8 � 10�7, FECD-EUR
H2O2 vs FECD-EUR NAC þ H2O2 **p ¼ 3.4 � 10�3, CTRL H2O2 vs FECD-JPN H2O2 ***p ¼ 8.9 � 10�7, CTRL H2O2 vs FECD-EUR H2O2 ***p ¼ 1.3 � 10�4). Sytox Green positive nuclei
indicate dead cells. Scale bars are 100 mm. (J, K) Relative ROS level by H2O2 supplemented with NAC in each group and representative images (n ¼ 12, CTRL H2O2 vs FECD-JPN H2O2

S. Sakakura, E. Inagaki, T. Sayano et al. Regenerative Therapy 24 (2023) 592e601
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Fig. 3. Upregulation of parthanatos-related molecules in FECD. (A) Relative protein level of PAR polymers (n ¼ 3, CTRL ¼ 1, CTRL vs FECD-JPN *p ¼ 0.04, CTRL vs FECD-EUR
*p ¼ 0.03). (B) Immunofluorescent analysis of PAR polymers. Scale bars are 50 mm. (C) Relative protein level of PARP-1 and AIF in the nucleus (n ¼ 3, CTRL ¼ 1, PARP-1: CTRL
vs FECD-JPN *p ¼ 0.02, CTRL vs FECD-EUR **p ¼ 5.1 � 10�3, AIF: CTRL vs FECD-JPN *p¼ 0.03, CTRL vs FECD-EUR *p ¼ 0.02). (D) Immunofluorescent analysis of nuclear AIF. Scale bars
are 10 mm. All data are presented as the mean ± SD values. All experiments were repeated 3 times independently.
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FECD, while a significant upregulation was observed in control
(Fig. 2BeF). Cell death assay using Sytox Green showed that cell
death was dose-dependent on the concentration of H2O2 in both
FECD-JPN and FECD-EUR, which was significantly higher than that
of normal immortalized CECs and control iPSC-derived CECs
(Fig. 2G). Cell death in FECD by H2O2 was significantly suppressed
with the antioxidant NAC (Fig. 2H and I). Next, intracellular ROS
level was measured by CellROX green staining. Treatment with
600 mM H2O2 for 4 h significantly increased fluorescence intensity
only in FECD groups, which was reduced with NAC (Fig. 2J and K).
These results indicate that induced CECs from FECD patients were
more vulnerable to oxidative stress compared to control.
3.3. PARP-1, PAR and AIF upregulation in FECD

Western blotting showed that the amount of PAR polymer was
higher in FECD than in control (Fig. 3A). Immunostaining of PAR
polymer also confirmed cytoplasmic PAR accumulation in FECD
(Fig. 3B). PARP-1 and AIF in the nuclear fractionwere upregulated in
FECD compared to control (Fig. 3C). Consistent with the findings in
western blotting, AIF was observed in the nucleus in FECD (Fig. 3D).
Taken together, these findings indicate that FECD CECs may be
prone to parthanatos.
***p ¼ 5.0 � 10�8, CTRL H2O2 vs FECD-EUR H2O2 **p ¼ 8.8 � 10�3, FECD-JPN vs FECD-JPN H
FECD-EUR H2O2 ***p ¼ 6.7 � 10�5, FECD-EUR H2O2 vs FECD-EUR NAC þ H2O2 *p ¼ 0.03
presented as the mean ± SD values. All experiments were repeated 3 times independently
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3.4. PARP inhibitor rescued FECD cells from parthanatos

To further confirm the involvement of parthanatos in FECD, we
examined the effect of the PARP inhibitor, PJ34. Cell death induced
by H2O2 in FECD was rescued with PJ34 treatment (Fig. 4A). To
examine the cell death types induced byH2O2 in our model, we also
conducted cell death assay with pan-caspase inhibitor, Z-VAD-FMK.
Cell death ratio was not significantly reduced with Z-VAD-FMK in
FECD (Fig. 4B).

Furthermore, the number of gH2AX foci to nucleus ratio
increased significantly with H2O2 in FECD groups but not in control
(Fig. 4C and D). PJ34 treatment significantly decreased this ratio in
FECD indicating that while DNA double strand breaks were not
significantly different among groups at baseline, DNA damage level
was significantly higher in FECD treated with H2O2 (Fig. 4C and D).

In parthanatos, PAR polymer accumulation causes mitochon-
drial depolarization. We monitored the changes in MMP using JC-
10 staining. JC-10 accumulates in mitochondria as a polymer and
emits red fluorescence under high MMP states, while in low MMP,
JC-10 localizes in the cytoplasm as a monomer and emits green
fluorescence. H2O2 treatment decreased the red to green ratio
significantly which was rescued with PJ34 treatment in FECD
(Fig. 4E and F).
2O2 ***p ¼ 8.4 � 10�11, FECD-JPN H2O2 vs FECD-JPN NAC þ H2O2 p ¼ 0.72, FECD-EUR vs
). High intensity indicates upregulated ROS level. Scale bars are 100 mm. All data are
.



Fig. 4. PARP inhibitor, PJ34 rescued FECD cells from parthanatos. (A) Relative cell death ratio by H2O2 supplemented with PJ34 in each group and representative images
(n ¼ 12, FECD-JPN vs FECD-JPN H2O2 ***p ¼ 2.9 � 10�5, FECD-JPN H2O2 vs FECD-JPN PJ34 þ H2O2 **p ¼ 7.4 � 10�3, FECD-EUR vs FECD-EUR H2O2 ***p ¼ 4.1 � 10�7, FECD-EUR
H2O2 vs FECD-EUR PJ34 þ H2O2 ***p ¼ 1.9 � 10�5). Scale bars are 100 mm. (B) Relative cell death ratio by H2O2 supplemented with pan-caspase inhibitor, Z-VAD-FMK in each
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PARP-1 uses NADþ as a substrate and inhibits glycolysis,
resulting in ATP depletion. ATP and NAD þ levels were significantly
decreased with H2O2 and rescued with PJ34 in FECD (Fig. 4G and
H). In addition, the mRNA level of nicotinamide phosphoribosyl-
transferase (NAMPT), a rate-limiting enzyme during the process of
NADþ production, was upregulated with H2O2 in control, while it
did not change significantly in FECD (Fig. 4I). These results indicate
that impairment of NADþ salvage pathway in FECD under oxida-
tive stress may contribute to NADþ depletion, resulting in ATP
decrease.

4. Discussion

Cell death is involved in the pathophysiology of FECD [3,11].
CECs have a limited proliferative potential in vivo [2], thus
immortalized cell lines are often used for the analysis [9,12,25].
However, since cell death analysis using immortalized cell lines
may not accurately reflect the pathophysiology, we used CECs
induced from iPSCs in this study. iPSC-derived cells are widely
used for disease modeling and drug development [32,33]. Cell
death ratio with 600 mM H2O2 in control iPSC-derived CECs was
significantly higher than that of normal immortalized CECs, sug-
gesting that iPSC-derived CECs were more susceptible to cell
death. iPSC-derived cells may still have limitations since age-
dependent or environment-dependent epigenetic changes may
be partially reprogrammed during iPSC generation [33,34]. How-
ever, by using a differentiation protocol tracing the development
of CECs [26,30], we successfully captured the vulnerability of
FECD cells to ROS compared with control. Although there is the
possibility that pathological cell death pathways may be reprog-
rammed by iPSC induction, several studies have successfully used
disease-specific iPSCs for drug screening using cell death as a
parameter [35e38].

Once CECs die in FECD, the energy requirement to maintain
corneal clarity cannot be compensated by cell proliferation and the
energy requirements of the remaining CECs increase. This may
induce oxidative stress [11], followed by a loss of mitochondrial
membrane potential leading to further cell death [11]. Oxidative
stress has been reported to induce CEC death by apoptosis and
ferroptosis in FECD [13,16,17]. Our data suggest that parthanatos
may also be a form of cell death involved in the pathogenesis of
FECD. In parthanatos, PARP-1 and PAR overexpression, AIF trans-
location into the nucleus, and energy depletion such as NADþ and
ATP are the key findings [21]. PARP-1 is also involved in apoptosis
[39,40] and upregulation of PARP-1 in clinical samples from FECD
patients has been reported previously [41]. However, to our
knowledge, essential features of parthanatos such as PAR accu-
mulation and AIF translocation to the nucleus and energy depletion
have not been reported.

Parthanatos has been implicated in the pathogenesis of
neurodegenerative diseases, ischemic diseases and cancer [42]. A
group (n ¼ 4, FECD-JPN vs FECD-JPN H2O2 *p ¼ 0.03, FECD-EUR vs FECD-EUR H2O2 *p ¼ 0
PJ34 and representative images (n ¼ 12, FECD-JPN vs FECD-JPN H2O2 ***p ¼ 2.6 � 10�13, F
H2O2 ***p ¼ 2.7 � 10�8, FECD-EUR H2O2 vs FECD-EUR PJ34 þ H2O2 *p ¼ 0.03). Foci is ob
MMP ratio by H2O2 supplemented with PJ34 in each group and representative images (
PJ34 þ H2O2 **p ¼ 6.7 � 10�3, FECD-EUR vs FECD-EUR H2O2 **p ¼ 6.9 � 10�3, FECD-E
rescence intensity is decreased in low MMP. Scale bars are 50 mm. (G) Relative intracellu
FECD-JPN H2O2 ***p ¼ 4.4 � 10�6, FECD-JPN H2O2 vs FECD-JPN PJ34 þ H2O2 ***p ¼ 2.0 �
PJ34 þ H2O2 ***p ¼ 9.6 � 10�5). (H) Relative intracellular NAD þ levels by H2O2 suppleme
FECD-JPN H2O2 vs FECD-JPN PJ34 þ H2O2 ***p ¼ 2.1 � 10�4, FECD-EUR vs FECD-EUR H2O2

Relative mRNA expression of NAMPT by H2O2 supplemented with PJ34 in each group (n ¼
experiments were repeated 3 times independently, except for (B) (4 times).
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significant amount of energy is required to dehydrate the cornea
[1], and energy depletion by parthanatos may accelerate the
vicious cycle of FECD pathogenesis. Several forms of cell death
may contribute to the pathophysiology of the disease [15,21]. Both
apoptosis and parthanatos are induced by oxidative stress and
share some features in common such as mitochondrial depolari-
zation, DNA damage, and chromatinolysis by gH2AX [15,43], all of
which were all observed in our study. AIF translocates to the
nucleus and interacts with gH2AX to induce chromatinolysis and
large DNA fragmentation [43,44]. AIF translocation was not
inhibited by caspase inhibitors, which is considered to be a
unique feature of parthanatos [22,45]. In this study, microscopic
examination revealed AIF in the nucleus in FECD, and the protein
level of AIF was higher in FECD. In addition, the upregulated
gH2AX foci to nucleus ratio, mitochondrial depolarization and
energy depletion were reversed with a PARP inhibitor. Since pan-
caspase inhibition did not significantly reduce cell death due to
oxidative stress, our results suggest that parthanatos is mainly
involved in FECD. It is not uncommon for more than one form of
cell death are involved in the pathophysiology of disease [46].
Further studies are required to investigate the underlying mech-
anisms involved in the different forms of cell death in CECs of
FECD.

Although it is still unclear as to how oxidative stress determines
cell death by either apoptosis or parthanatos, NADþ salvage by
NAMPT has been reported to be involved [47,48]. NADþ exists in
both the cytoplasm and mitochondria, and under normal condi-
tions, nuclear PARP-1 consumes only cytosolic NADþ, which can be
replenished by NAMPT [49]. In our study, control CECs expressed
higher mRNA levels of NAMPT under H2O2 treatment, which may
have allowed salvage of cytosolic NADþ, but not in FECD CECs with
lower NAMPT expression. Excessive consumption of NAD þ under
oxidative stress combined with weak recovery by NAMPT may play
a role in the pathophysiology of FECD.

In addition to its role of regulating energy homeostasis [50],
PARP-1 also plays an important role as a DNA damage sensor [51].
It is abundant in the nucleus where it regulates chromatin
structure and transcription [52]. Mild upregulation of PARP-1
facilitates DNA repair, whereas excessive activation of PARP-1
triggers DNA fragmentation and cell death by parthanatos [51].
The extent of DNA damage by oxidative stress and the location of
the activated domain of PARP-1 is thought to determine PARP-1
expression levels, but detailed mechanisms have not been eluci-
dated [51]. Mild upregulation of PARP-1 contributes to DNA repair
through replication, base excision repair and double-strand break
repair [51]. In FECD, the mRNA level of PARP-1 was reported to be
neither up- nor downregulated in the corneal endothelium and
Descemet's membrane samples [53]. In our study, nuclear PARP-1
and AIF protein levels were higher than control, suggesting that
nuclear PARP-1 expression may be excessive, leading to
parthanatos.
.01). (C, D) The number of foci to nucleus ratio of gH2AX by H2O2 supplemented with
ECD-JPN H2O2 vs FECD-JPN PJ34 þ H2O2 ***p ¼ 6.4 � 10�10, FECD-EUR vs FECD-EUR
served at the site of DNA double-strand breaks. Scale bars are 50 mm. (E, F) Relative
n ¼ 6, FECD-JPN vs FECD-JPN H2O2 **p ¼ 1.2 � 10�3, FECD-JPN H2O2 vs FECD-JPN
UR H2O2 vs FECD-EUR PJ34 þ H2O2 ***p ¼ 1.3 � 10�4). Ratio of red to green fluo-
lar ATP levels by H2O2 supplemented with PJ34 in each group (n ¼ 6, FECD-JPN vs
10�15, FECD-EUR vs FECD-EUR H2O2 ***p ¼ 3.1 � 10�6, FECD-EUR H2O2 vs FECD-EUR
nted with PJ34 in each group (n ¼ 6, FECD-JPN vs FECD-JPN H2O2 ***p ¼ 2.0 � 10�10,
***p ¼ 2.7 � 10�11, FECD-EUR H2O2 vs FECD-EUR PJ34 þ H2O2 ***p ¼ 7.8 � 10�4). (I)
3, ***p ¼ 8.9 � 10�5, *p ¼ 0.03). All data are presented as the mean ± SD values. All
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5. Conclusions

This study showed that the non-apoptotic cell death parthana-
tos may contribute to the pathogenesis of FECD using induced CECs
from FECD patients. The PARP-1 inhibitor, PJ34, rescued the char-
acteristic phenotypes of parthanatos, suggesting that targeting the
downstream pathways of parthanatos may be a potential avenue
for the therapy of FECD.
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