
Contents lists available at ScienceDirect

Redox Biology

journal homepage: www.elsevier.com/locate/redox

Research Paper

Peroxiredoxin-1 regulates lipid peroxidation in corneal endothelial cells

Matthew Lovatta,b,∗, Khadijah Adnana, Viridiana Kocabaa, Martin Dirisamere, Gary S.L. Peha,b,
Jodhbir S. Mehtaa,b,c,d,∗∗

a Tissue Engineering and Stem Cell Group, Singapore Eye Research Institute (SERI), Singapore
bDuke-NUS Graduate Medical School, Ophthalmology & Visual Sciences Academic Clinical Programme (EYE ACP), Singapore
c Singapore National Eye Centre (SNEC), Singapore
d School of Material Science and Engineering, Nanyang Technological University, Singapore
eUniversity Eye Hospital, Ludwig-Maximilian-University Munich, Germany

A R T I C L E I N F O

Keywords:
PRDX1
Corneal endothelial cells
Fuchs' endothelial corneal dystrophy
Lipid peroxidation
Ferroptosis

A B S T R A C T

Corneal transparency is maintained by a monolayer of corneal endothelial cells. Defects in corneal endothelial
cells (CEnCs) can be rectified surgically through transplantation. Fuchs’ endothelial corneal dystrophy (FECD) is
the foremost cause of endothelial dysfunction and the leading indication for transplantation. Increased sensi-
tivity of CEnCs to oxidative stress is thought to contribute to the pathogenesis of FECD through increased
apoptosis. In part, this is thought to be due to loss of NRF2 expression: a global regulator of oxidative stress. We
demonstrate that expression of the redox sensor, peroxiredoxin 1 (PRDX1) is selectively lost from CEnCs in FECD
patient samples. We reveal that expression of PRDX1 is necessary to control the response of CEnCs to agents that
cause lipid peroxidation. Iron-dependent lipid peroxidation drives non-apoptotic cell death termed ferroptosis.
We establish that the inhibitor of ferroptosis, ferrostatin-1 rescues lipid peroxidation and cell death in CEnCs.
Furthermore, we provide evidence that the transcription factor NRF2 similarly regulates lipid peroxidation in
CEnCs.

1. Introduction

The cornea is a transparent, refractive structure of the eye composed
of an epithelial layer, Bowman's layer, an inner stromal layer,
Descemet's membrane (DM) and corneal endothelium. The corneal
endothelium is a monolayer of hexagonal corneal endothelial cells
(CEnCs) attached to DM [1,2]. The corneal endothelium is essential for
maintaining transparency of the cornea, via the regulation of corneal
hydration. This is achieved through a pump-leak mechanism: nutrients
from the aqueous humor are allowed to passively diffuse through the
‘leaky’ endothelium into the stroma and at the same time an ionic pump
drives fluid from the stroma into the aqueous humor [1]. Together this
mechanism ensures optimal corneal transparency and hydration.

Corneal endothelial cells have limited capacity to regenerate in vivo.
If the functional integrity of the corneal endothelium is compromised,
low visual acuity and ultimately loss of sight will occur. Fuchs’ en-
dothelial corneal dystrophy (FECD) is a common cause of endothelial

dysfunction. Currently, surgical intervention is required to treat ad-
vanced stage disease. FECD is characterised by a visible decrease of
CEnC density, abnormal CEnC morphology with polymegethism and
pleomorphism of the cells, together with excrescence of extracellular
matrix named guttae present at the posterior part of DM [3]. Loss of
CEnCs in FECD is presumed to derive from an increase in apoptosis.
Furthermore, it has been demonstrated that there is an increase in
apoptotic CEnCs surrounding the largest guttae [4]. Although several
genetic loci have been implicated in FECD, oxidative stress is thought to
contribute to the pathogenesis of the disease [5]. Interestingly, the
peroxiredoxin (PRDX) family of redox sensors is known to be down
regulated in FECD tissue [6]. However, their exact role has not been
determined. The transcription factor; nuclear factor-like 2 (NRF2), a
master regulator of antioxidant response that promotes PRDX expres-
sion via binding to an antioxidant response element (ARE) [7], has been
reported to be down regulated in FECD [8]. This is consistent with the
hypothesis that loss of redox control contributes to the pathogenesis of
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FECD [9].
Ubiquitously expressed, the PRDX family of peroxidases are capable

of reducing hydrogen peroxide. Six isoforms of PRDX proteins exist in
mammals, with differing subcellular localisation patterns. Interestingly,
PRDX proteins have been reported to regulate multiple signalling
pathways that use peroxide as a second messenger [10]. Exactly how
PRDX controls oxidative stress in corneal endothelial cells has not been
characterised. Western blot analysis of PRDX expression has revealed
that PRDX2, PRDX3, and PRDX5 protein levels are significantly down
regulated in FECD [6]. However, exactly how this impacts the patho-
genesis of FECD is not fully elucidated.

In addition, it is not known if increased reactive oxygen species
(ROS) is an early indicator of cell death in CEnC or, is a consequence of
cells undergoing apoptosis.

Oxidative stress is known to induce a plethora of effects in cells. This
includes DNA damage and lipid peroxidation resulting in apoptosis.
However, in addition to apoptosis, the discovery of caspase-in-
dependent, non-apoptotic cell death has resulted in a shift in how cell
death is regulated during disease [11]. Initially described for certain
cancer lines, iron-dependent, ferroptotic cell death has emerged as an
important regulator in degenerative disease [12,13]. Ferroptosis is
distinct from apoptosis and is defined by excessive toxic lipid perox-
idation. Glutathione peroxidase 4 (GPX4) has been demonstrated to be
an essential regulator of ferroptotic cell death [14]. As GPX4 is regu-
lated by glutathione (GSH); ferroptosis can be induced pharmacologi-
cally by small molecules such as erastin. Erastin binds and inhibits
SLC7A11: the subunit of cystine/glutamate transporter. The inhibition
of the importation of cysteine, leads to the depletion of GSH and thus
inactivation of GPX4. The loss of GPX4 activity leads to overwhelming
lipid peroxidation and ultimately cell death [14]. Interestingly, NRF2
has been demonstrated to regulate genes involved in iron synthesis,
regulators of ferroptosis, including SLC7A11 and, promote resistance to
ferroptosis [15–17]. However, to date there has not been any link to the
loss of NRF2, lipid peroxidation and ferroptosis in human CEnCs.

In this study we sought to characterise the expression pattern and
role(s) of PRDX in normal and in corneal endothelial cells from patients
with FECD. We demonstrated that the expression of PRDX1 in CEnC is
sensitive to oxidative stress. Furthermore, we have shown a significant
loss of PRDX1 expression in patient derived FECD tissue. We have also
established that PRDX1 controls the sensitivity of CEnCs to stimuli that
induce cell death through enhanced lipid peroxidation. We further
demonstrate that expression of both PRDX1 and NRF2 is required to
regulate lipid peroxidation. However, GPX4 appears largely redundant.
In addition, we have demonstrated that inhibitors of ferroptosis block
enhanced lipid peroxidation and restore cell viability in the absence of
PRDX1. We propose the use of inhibitors of ferroptosis as a novel
treatment of FECD.

2. Materials and methods

2.1. Chemicals

Ferrostatin-1 and erastin were purchased from Sigma-Aldrich
(Merck, Darmstadt, Germany). We selected cumene hydroperoxide
(CH) as the oxidative stress-inducing agent as a more stable alternative
to H2O2. Furthermore CH is lipophilic and acts predominantly on cell
membranes [18]. Moreover, we have previously demonstrated that CH
induces lipid peroxidation in CEnCs [19]. CH was provided along with
BODIPY® 581/591 C11, Image-iT™ lipid peroxidation kit (C10445,
Thermo Fisher Scientific).

2.2. Human corneal tissue and cell culture

The Singhealth centralized institutional review board approved this
study. The study was conducted according to the tenets of the de-
claration of Helsinki. Written and informed consent was obtained from

patients undergoing surgical treatment for FECD.
Human CEnCs attached to DM from FECD patients was obtained

from endothelial keratoplasty surgery. Tissue was stored in organ cul-
ture media prior to processing.

Primary human corneal endothelial cells (hCEnCs) were obtained
from cadaveric corneal tissue unsuitable for transplantation procured
through Lions Eye Institute for Transplant and Research (Tampa, FL,
USA). Isolated hCEnCs were expanded using a dual media approach
until passage 2 or passage 3 in 6 cm plates as previously described [20].
Prior to experiments hCEnCs were isolated using TrypLE™ Express and
seeded on 12 or 24 well plates pre-coated with FNC coating mix®
(AthenaES, Baltimore, USA) at high density (1.5–2 x 104 cells/cm2) for
24–48 h in M5 media consisting of Human endothelial-SFM (Life
Technologies) supplemented with 5% serum (EquaFetal® Atlas Biolo-
gicals, Fort Collins, CO, USA).

The human corneal endothelial cell line, B4G12-CEnC [21], was
maintained at 37 °C, 5% CO2 in DMEM (high glucose) supplemented
with 10% bovine serum (Gibco; ThermoFisher Scientific). The onco-
genic RAS mutant fibrosarcoma cell line, HT1080 (Kind gift from D
Virshup, DUKE-NUS, Singapore), was selected as a positive control for
ferroptotic cell death induced by the small molecule erastin [13].
HT1080 cells were similarly maintained at 37 °C, 5% CO2 in DMEM
(high glucose) supplemented with 10% bovine serum (Gibco; Thermo
Fisher Scientific).

2.3. Western blot analysis

Total cell lysates were prepared by directly lysing cells in RIPA
buffer containing a cocktail of protease inhibitors (Abcam). Proteins
were quantitated by BCA assay (Pierce, Thermo Fisher Scientific) and
equivalent amounts loaded on 4–20% mini-PROTEAN® TGX™ Gels
(BioRad). Gels were transferred to PVDF membranes and blocked in 5%
non-fat milk. The following antibodies were used for immunoblotting:
PRDX1(ab41906), PRDX2(ab109367), PRDX3(ab128953),
PRDX4(ab184167), PRDX5(ab180123), PRDX6(ab16947) and GPX4
(ab125066, all from Abcam). NRF2 (D1Z9C, Cell Signalling
Technology), and as controls GAPDH (BioLegend) or Lamin A/C (4C11,
Sigma brand, Merck). Blots were washed in PBST (PBS+0.1% tween-
20) and probed with HRP conjugated secondary antibodies (Cell sig-
nalling Technology) and visualised by chemiluminescence. Bands were
quantified using ChemiDoc™ MP imaging system and image lab soft-
ware (Bio-Rad). For Western blot analysis of FECD samples experiments
were performed using pooled DM-CEnCs (experiment 1 (N = 5), age
range 69–83; experiment 2 (N = 5), age range 62–86, experiment
3 (N = 5), age range 75–85). Age matched control DM-CEnCs were
isolated from corneas procured form Lions Eye institute.

Nuclear and cytoplasmic extracts were extracted using NE-PER
nuclear and cytoplasmic extraction kit (Pierce, Thermo Fisher
Scientific) according to manufactures instructions.

2.4. siRNA transfections

Confluent cultures of HT1080 or B4G12 cells were harvested and
seeded in 12 plates at 30-35 k/cm2. Cells were transfected with 10 pmol
siRNA (Silencer® select validated siRNA, Ambion® by Life
Technologies) in combination with Lipofectamine™ RNAiMAX trans-
fection reagent (Thermo Fisher Scientific) within 2 h post seeding ac-
cording to manufactures instructions. After 24 h, culture media was
changed and cells re-transfected. Cells were analysed the following day.

The following siRNA reagents were used: Silencer® select PRDX1
(ID# s10007), GPX4 (ID# s6112), NFE2L2 (NRF2, ID# s9493) and as
control Silencer® select negative control #1.
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2.5. Flow cytometry

2.5.1. Apoptosis assay
Experiments were performed on siRNA transfected cells plate in

duplicate or triplicate wells. On the day of experiment cells were
treated with CH for 3 h at 37 °C in a tissue culture incubator. For
Annexin V (AnV)/propidium iodide (PI) labelling, cells were washed in
PBS and harvested by trypsinisation. Aliquots (100 μl) of cells were
incubated with 5 μl of FITC-Annexin V and 10 μl of PI (BioLegend) for
15 min at room temperature in Annexin V binding buffer (BioLegend).
Cells were re-suspended in 400 μl AnV binding buffer and immediately
analysed on a BD FACSVerse™ flow cytometer.

Alternatively, for detection of activated caspase-3 and caspase-7
aliquots of harvested cells were labelled with the CellEvent™ Caspase 3/
7 detection reagent (Thermo Fisher Scientific) according to manufac-
turer's instructions. Briefly, cells were treated with 0.5 μm staur-
osporine or 100 μm CH for 90 min at 37 °C in a tissue culture incubator.
Harvested cells were resuspended in 500 μl PBS containing 1 μm cas-
pase 3/7 detection reagent for 30 min at 37 °C. During the last 5 min of
incubation SYTOX AADvanced dead cell stain was added at a final
concentration of 2 μm. Cells were immediately analysed on a BD
FACSVerse™ flow cytometer.

2.5.2. Lipid peroxidation assay
Cells were treated with CH for 2 h at 37 °C in a tissue culture in-

cubator. Where indicated erastin (10 μm/ml) or ferrostatin-1 (2 μm/ml)
was added at the same time as CH. BODIPY® 581/591 C11 (Thermo
Fisher Scientific, 10 μm final concentration) was added during the last
30 min of culture. Cells were harvested by trypsinisation and im-
mediately analysed by flow cytometry. C11 BODIPY was analysed by
measuring fluorescence from both the green (FL-1) and red (FL-3)
channels on a BD FACSVerse™ flow cytometer. To calculate the amount
of lipid peroxidation, both the percentage gated (FL-1) was determined
relative to controls, or, the mean fluorescence intensity (MFI) for both
FL-1 and FL-3 channels were determined. The amount of lipid perox-
idation was quantified by dividing the MFI(FL-1)/MFI(FL-3) from tri-
plicate samples. In control cells the MFI(FL-3) is high resulting in a low
FL-1:FL-3 ratio. However, following treatment with CH the MFI (FL-3)
decreases whilst MFI (FL-1) increases resulting in a high FL-1:FL-3 ratio.

2.6. Cell viability assays

Cell viability was assessed using the xCelligence real-time cell
analyzer (ACEA Bioscience). RNAi transfected HT1080 or B4G12 cells
were seeded at 5 × 104 in each well of an E-Plate 96 (ACEA
Biosciences) and left to attach for 24 h. Cells were treated with the
indicated compounds. The electrical impedance readings of overall cell
viability were recorded using the xCELLigence real time cell analyzer
throughout the experiment. The percentage of viable cells was calcu-
lated for each time point relative to time zero which was set as the last
impedance reading prior to addition of compounds. Data is re-
presentative of triplicate or quadruplicate wells from three independent
experiments.

For primary human CEnCs, cells at passage 2 were dissociated into
single cells and seeded at 2.5 × 104/cm2 for each well of a E-Plate 96
pre-coated with FNC for 24 h. Viability was calculated as above.

2.7. Real time PCR analysis

B4G12-CEnC were transfected with siRNA reagents as described
above. Total RNA was extracted with PureLink RNA kit (Thermo Fisher
Scientific) with on-column DNaseI digestion. Total RNA (500 ng) was
reversed transcribed with high capacity cDNA reverse transcription kit
(Applied Biosystems) according to manufactures protocol. Real time
PCR was performed using the following TaqMan gene expression assays
(Thermo Fisher Scientific). GAPDH, (Hs02758991_g1); PRDX1,

(Hs00602020_mH); NFE2L2, (Hs00975961_g1) and SLC7A11
(Hs00921938_m1). PCR was performed using TaqMan Fast master mix
in the Light Cycler 480 II (Roche). Relative expression was calculated
using 2−ΔΔCT normalised to GAPDH.

2.8. Statistical analysis

All statistical analysis was performed using Prism 8 (Graphpad
software).

3. Results

3.1. Absence of PRDX1 in corneal endothelial cells derived from FECD

We determined if PRDX expression is selectively lost in CEnCs from
FECD corneal tissue. Since there is substantial CEnC loss in FECD pa-
tient DM compared to control DM-CEnC, we pooled DM-CEnC from 5
patient samples.

Consistent with previous reports [6], we observed that expression of
PRDX2, PRDX3, and PRDX6 from FECD DM-CENC is down regulated
compared to controls. Interestingly, we also observed a significant de-
crease in PRDX1 expression in FECD tissue samples (Fig. 1A). The loss
of PRDX1 was independently verified with additional patient DM-
CEnCs (Fig. 1B). However, for this pool of FECD derived DM-CEnCs
expression of PRDX6 was normal. Similarly, PRDX5 expression was
normal compared to controls. Expression of the CEnC marker Na+K+-
ATPase was reduced in both experiments. To verify equivalent amount
of protein was loaded on our gels, we used GAPDH as a loading control.
Surprisingly, and in contradiction to our protein assays (see materials
and methods) expression of GAPDH was reduced in FECD CEnCs
(Fig. 1A and B). To confirm this, we repeated the analysis with addi-
tional patient derived FECD tissue pooled from 5 donors. (Fig. 1C). To
account for reduced protein expression apparent in FECD we loaded a
greater amount (~8X) of total protein lysate. Whilst this greatly re-
stored expression of Na+K+-ATPase, GAPDH levels remained lower
than controls. PRDX1 and PRDX6 expression remained undetectable,
whereas expression of PRDX2 and PRDX5 were strongly reduced. Hence
our data demonstrated there was heterogeneity in PRDX expression in
pooled donors derived from FECD patient samples. However, PRDX1
expression was consistently deficient in FECD samples, suggesting
PRDX1 may be the most relevant PRDX family member in relation to
the pathogenesis of FECD.

To address whether oxidative stress contributes to loss of PRDX
expression, we treated CEnCs with CH. PRDX levels were determined by
Western blot and as controls we used the CEnC cell line B4G12. As
expected, CEnCs expressed all 6 members of the PRDX family (Fig. 1A).
Interestingly, we could not detect PRDX2 expression in the B4G12-
CEnC cell line despite detecting all other PRDX family members. Our
data showed that PRDX1, PRDX2 and PRDX6 were sensitive to CH with
down-regulation of their expression following a 4-h CH exposure.
Neither PRDX3 nor PRDX4 was altered by CH treatment. PRDX5 ex-
pression was inconsistent. PRDX5 expression was down regulated in
two donor-derived CEnC but up-regulated in a 3rd donor. Interestingly,
PRDX expression in B4G12-CEnC was not affected by CH.

Hence, our data suggested that PRDX1 expression was lost in CEnCs
derived from FECD. Furthermore, PRDX1 levels appeared to be sensi-
tive to oxidative stress in cultures of donor derived CEnCs. For this
reason, we concluded that DM-CEnCs from FECD patients may have
reduced PRDX1 protein expression due to enhanced oxidative stress.

3.2. siRNA silencing of PRDX1 in B4G12-CEnC reveals a role for PRDX1 in
lipid ROS

We reasoned that employing siRNA to selectively deplete PRDX1
would render B4G12-CEnCs more susceptible to oxidative stress and
apoptosis. Western blot data demonstrated that PRDX1 protein was
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reduced by approximately 70% compared to control siRNA-transfected
cells (Fig. 2A). To monitor cell death, we challenged B4G12-CEnCs with
CH and monitored apoptosis with AnV/PI labelling. B4G12-CEnCs
lacking PRDX1 appeared more susceptible to apoptosis than control
siRNA transfected cells as judged by an overall increase in cells binding
AnV and/or PI (Fig. 2B). However, over multiple experiments we could
not detect a statistically significant change in the percentage of AnV+

or PI+ subpopulations (Fig. 2C). Interestingly, the percentage of cells
judged viable (AnV−/PI−) were significantly reduced in the absence of
PRDX1, suggesting cells deficient in PRDX1 have reduced viability, but
without an apparent increase in a particular subpopulation of AnV and/
or PI (Fig. 2B and C). Subsequently we tested the efficacy of CH to

induce lipid peroxidation. Surprisingly we discovered a striking phe-
notype: PRDX1 knockdown B4G12-CEnCs displayed elevated lipid
peroxidation compared to controls (Fig. 2D). This was revealed by a
two-fold increase in the percentage of cells positive for C11-Bodipy
(Fig. 2E). Similar results were obtained when we compared the ratio of
the dual fluorescent C11-BODIPY between oxidised and non-oxidised
forms (Fig. 2F).

Therefore, our data suggests that B4G12-CEnCs lacking PRDX1 have
increased sensitivity to CH as reflected by a reduced ability to control
lipid peroxidation. Furthermore, our data suggest that loss of viability
in response to CH is AnV independent.

Fig. 1. PRDX expression in Fuchs’ endothelial corneal dystrophy (FECD), and normal CEnCs.Western blot analysis of PRDX expression from FECD patient CEnCs;
isolated during endothelial keratoplasty surgery, compared to age matched controls. Three independent experiments are presented for comparison (A,B & C). PRDX
protein levels are shown relative to GAPDH, (A&B) or, expression levels of the indicated proteins are shown relative to control CEnC (C). (D) Western blot of PRDX1-6
expression in donor derived cultures of human CEnCs (N=3) or B4G12-CEnCs treated with 100mm CH for 4 hours.
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3.3. GPX4 independent, ferroptosis-like response in corneal endothelial cells

Ferroptosis is a form cell death associated with lipid peroxidation
[13]. Compared to staurosporine: a potent inducer of apoptosis, CH
only weakly induced caspase activity in B4G12-CEnCs (Supplementary
Fig. S1). This suggests that CH might induce cell death by a caspase
independent mechanism such as ferroptosis. We determined if loss of
GPX4 resembled PRDX1 deficient cells, with respect to induction of
lipid peroxidation and ferroptotic cell death. Using siRNA we could
achieve a 90% knockdown of GPX4 protein compared to siRNA-

targeting PRDX1, or negative control siRNA (Fig. 3A). Silencing of
GPX4 moderately affected induction of lipid peroxidation compared to
B4G12-CEnCs transfected with negative control siRNA. However this
was not significant (Fig. 3B). As a control for these experiments we used
siRNA-targeting PRDX1. Consistent with our previous observation, loss
of PRDX1 was sufficient to induce a significant increase in lipid per-
oxidation (Fig. 3B). Therefore, our data suggests that in response to CH,
lipid peroxidation is predominantly regulated by PRDX1 and not GPX4
in B4G12-CEnCs. To confirm these findings, we targeted GPX4 in
B4G12-CEnCs as well as HT1080 cells. We confirmed that siRNA

Fig. 2. Phenotypic analysis of B4G12-CEnCs after depletion of PRDX1 with siRNA. (A) Knockdown efficiency of PRDX1 using siRNA. Bar charts represent
mean ± SEM, of PRDX1 protein levels normalised to GAPDH and relative to negative control siRNA (N= 4. **p= < 0.01, two-tailed t-test). (B) B4G12-CEnC cells
were transfected with negative control or PRDX1 siRNA. B4G12-CEnC were left untreated or treated with 100 μm CH for 3 h at 37 °C. Harvested cells were stained
with Annexin V and propidium iodide (PI). Representative FACS plots of viable (AnV-/PI-), early (AnV+/PI-) or late apoptotic (AnV+/PI+) and necrotic (AnV-/PI
+) is shown. (C) Bar graphs represent percentage of AnV/PI subpopulations. Two-way ANOVA with Bonferroni's post-test was performed to find statistical sig-
nificance (Data presented as mean ± SEM from technical and biological replicates from three independent experiments. ****p = 0.0001). (D) Lipid ROS was
determined after 2-h treatment with 100 μm CH using C11 BODIPY. (E) Percentage of cells gated positive for C11 BODIPY relative to untreated controls. (F) Mean
fluorescence intensity (MFI) of C11 BODIPY (green: FL-1 channel) normalised to C11 BODIPY (red: FL-3 channel), relative to not treated controls. Data (N = 5)
expressed as mean ± SEM. ****p=<0.0001, ***p = 0.009 (Two-way ANOVA with Bonferroni's post-tests). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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mediated knockdown of GPX4 was comparable in HT1080 cells to
B4G12-CEnCs (Supplementary Fig. S2A). Interestingly, GPX4 deficient
HT1080 demonstrated an increased basal level of lipid peroxidation,
consistent with previous reports [14] (Supplementary Fig. S2). How-
ever, basal lipid ROS levels in B4G12-CEnC cells were lower than
HT1080 and not affected by GPX4 deficiency (Supplementary Fig. 2B).
We confirmed that HT1080 were sensitive to ferroptosis induced by
erastin. Treatment of HT1080 cells with erastin resulted in a time-de-
pendent decrease in cell viability (Fig. 3C). Moreover, the effects of
erastin were augmented by the selective depletion of GPX4 (Fig. 3C)
resulting in approximately 2 times more cell death (Fig. 3D). However,
in parallel experiments erastin did not induce ferroptotic cell death in

B4G12-CEnCs (Fig. 3C). Interestingly, depleting GPX4 expression in
B4G12-CEnC resulted in growth retardation of B4G12-CEnCs with loss
of cell viability (Fig. 3C). The addition of erastin to GPX4 deficient
B4G12 resulted in a rapid loss of viability; however, the amount of cell
death was not statistically significant, compared to GPX4 deficient
B4G12-CEnCs cultured for 24 h in the absence of erastin (Fig. 3C and
D).

Taken together our data suggest that GPX4 is required for the
normal growth and viability of B4G12-CEnC.

Fig. 3. B4G12-CEnC are resistant to erastin
mediated cell death. (A) Knockdown effi-
ciency of GPX4 and PRDX1 using siRNA.
Bar charts mean ± SEM, of PRDX1 and
GPX4 protein levels normalised to GAPDH,
relative to negative control siRNA (N = 3).
(B) Lipid peroxidation was calculated as
mean fluorescence intensity (MFI) of C11
BODIPY (FL-1) normalised to C11 BODIPY
(FL-3 channel), relative to controls. Data
representative of N = 3, *p=<0.05, two-
way ANOVA with Bonferroni's post-tests.
(C) HT1080 and B4G12-CEnC cells were
transfected with control or GPX4 siRNA for
48 h. Cells were harvested and seeded on
xCELLigence plates for 24 h s before ex-
posure to 10 μm erastin. Cellular viability
was assessed for an additional 24 h. Data
represents mean ± SEM from triplicate
samples (D). Viability of HT1080 or B4G12
was calculated from impedance readings of
at hourly time points. Percent viability was
calculated relative to time 0 (24hr time
point prior to addition of compounds). Data
represents mean ± SEM from three in-
dependent experiments (Two-way ANOVA
with Bonferroni's post-tests). **p < 0.005,
****p=<0.0001.
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3.4. PRDX1 regulates cell viability in B4G12-CEnCs

We next tested whether loss of PRDX1 would affect the viability of
B4G12-CEnCs to respond to CH. The addition of 50 μm CH rapidly
resulted in cell death for both control and PRDX1 deficient B4G12-
CEnCs (Fig. 4A). Reducing the concentration of CH to 25 μm resulted in
control siRNA transfected B4G12-CEnCs remaining predominantly vi-
able. However, PRDX1 deficient B4G12-CEnCs remained susceptible to
CH (Fig. 4A and B). Interestingly, erastin potentiated CH induced cell
death. Once more, this effect was particularly evident when the con-
centration of CH was reduced. Whilst a concentration of 25 μm CH did
not significantly reduce the viability of B4G12-CEnCs transfected with
control siRNA, after treatment with CH in combination with erastin,
viability was reduced by approximately 30% compared to untreated
controls (Fig. 4A and B). In stark contrast, PRDX1 deficient cells were
more susceptible to the lower dose of CH in combination with erastin as
the amount of cell death was approximately 2-fold higher compared to
control cells treated with CH + erastin (Fig. 4A and B). This data de-
monstrated that PRDX1 deficient cells were more sensitive to cell death
in response to lipid peroxidation. To confirm this, we measured lipid
peroxidation in B4G12-CEnCs with a combination of CH and erastin.
Erastin alone did not induces any lipid peroxidation. However, in
combination with CH the amount of lipid peroxidation was greater than
CH alone (Fig. 4C).

3.5. Ferrostatin-1 rescues CH induced cell death in B4G12-CEnC and
primary human CEnCs

We next treated B4G12-CEnCs with the ferroptosis inhibitor fer-
rostatin-1 (Fer-1). For both negative control siRNA and PRDX1 siRNA
transfected B4G12-CEnC cells, Fer-1 effectively rescued CH dependent
lipid peroxidation (Fig. 5A). Furthermore, Fer-1 rescued cell viability
(Fig. 5B). Importantly, Fer-1 did not rescue H2O2 induced cell death:
H2O2 does not provoke ferroptosis, as previously reported [13]. Similar
results were obtained for primary human CEnCs (hCEnCs). Addition of
Fer-1 to CH treated hCEnCs rapidly restored cell viability in CH treated
hCEnCs (Fig. 5D). However, and in contrast to B4G12-CEnCs addition
of erastin did not statistically potentiate CH induced cell death

(Fig. 5D). As addition of CH to cultures of primary hCEnCs reduced
expression of PRDX1, we examined whether PRDX1 downmodulation
could be reversed by the addition of Fer-1. Interestingly, PRDX1 levels
are restored to normal following the addition of Fer-1 to CH treated
hCEnCs (Fig. 5E).

3.6. NRF2 regulates lipid peroxidation in B4G12-CEnCs

Finally, we determined whether NRF2 influences lipid peroxidation
in B4G12-CEnCs. Targeted disruption of NRF2 with siRNA resulted in a
strong down regulation of NRF2 mRNA levels (Fig. 6A). To confirm this
we probed protein lysates with anti-NRF2 antibodies. Whilst we failed
to detect expression of NRF2 in total cell lysates from control siRNA
transfected B4G12-CEnCs (negative data not shown), we could detect
NRF2 expression in the nuclear fraction by Western blot (Fig. 6D and
E). This data confirmed the effective siRNA mediated targeting of
NRF2, as NRF2 specific siRNA strongly abrogated nuclear NRF2 ex-
pression (Fig. 6D and E). To confirm whether loss of NRF2 would im-
pact ferroptosis we examined SLC7A11 expression. Consistent with
previous reports, targeting NRF2 abrogated SLC7A11 expression
(Fig. 6C). Interestingly, PRDX1 mRNA levels were only partially re-
duced by loss of NRF2 (Fig. 6B). However, similar to PRDX1 deficiency,
loss of NRF2 caused a substantial increase in lipid peroxidation com-
pared to controls (Fig. 6F and G) suggesting that in B4G12-CEnCs lipid
peroxidation is predominantly controlled by the concerted actions of
both NRF2 and PRDX1.

4. Discussion

Death of CEnCs in FECD is permanent since CEnCs have limited
ability to regenerate in vivo [22]. FECD is predominantly a late onset
progressive disease and the leading indication for keratoplasty surgery.
A CTG tri-nucleotide expansion of an intronic sequence in the TCF4
gene correlates with disease severity [23,24]. However, increased sus-
ceptibility to oxidative stress, mitochondrial dysfunction and apoptosis
is thought to play a prominent role in FECD [9,22]. We propose that
increased oxidative stress drives the loss of PRDX1 expression and
renders CEnCs susceptible to lipid peroxidation. We have demonstrated

Fig. 4. Erastin potentiates CH mediated
lipid peroxidation. (A) B4G12-CEnCs were
transfected with respective siRNA for 48 h.
Cells were harvested and seeded on
xCELLigence plates for 24 h before exposure
to indicated concentrations of CH ± 10 μm
erastin. Cellular viability was calculated
from impedance readings of B4G12-CEnCs
at hourly time points. Percent viability was
calculated relative to time 0 (24-h time
point prior to addition of compounds) from
triplicate samples. (B) Data from three in-
dependent experiments at 6-h post treat-
ment with 25 μm CH ± 10 μm erastin was
used to generate the bar chart figure. Data
represents mean ± SEM (Two-way ANOVA
with Bonferroni's post-tests). **p = 0.003,
***p = 0.005, ****p=<0.0001. (C)
Representative FACS plot (N = 3) of C11
Bodipy fluorescence from B4G12-CEnCs
treated with CH, erastin or CH + erastin.
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that with reduced expression of PRDX1 the B4G12-CEnC line has in-
creased sensitivity to agents which cause lipid peroxidation. We have
shown that CH induced cell death is reminiscent of that described for
ferroptotic cell death [25]. Ferroptosis, defined as lethal, iron-depen-
dent lipid peroxidation, that can be suppressed by Fer-1 as well as iron
chelators. Our data suggests that CH strongly induces lipid peroxida-
tion. Moreover, this can be suppressed by Fer-1 as well as iron chelators
such as DFO (not shown). Agents such as erastin have been demon-
strated to trigger ferroptosis via GPX4 inhibition. In stark contrast to
cancer cell lines, erastin did not have any effects on B4G12-CEnCs.
However, B4G12-CEnCs were sensitised to erastin when the level of
GPX4 was reduced. Furthermore, erastin acted synergistically with CH
to increase lipid ROS compared to CH alone. This suggested that erastin
may only partially inhibit GPX4 in B4G12-CEnCs. Furthermore, this
suggests that CH might induce lipid peroxidation by a distinct GPX4
independent pathway in CEnCs.

The degree of endothelial cell loss in FECD is related to several
factors. This includes patient age, density and size of guttae as well as
other clinical manifestations [22]. Previous reports have noted the
down-regulation or complete loss of PRDX expression in FECD [6]. In
particular loss of PRDX2 expression as well as significant down-
regulation of PRDX3,5 and PRDX6. PRDX1 was not analysed in that
study [6]. The tissue specimens we analysed were isolated from patients
with advanced FECD with significant endothelial cell loss. Therefore, to
maximise protein yield we analysed PRDX expression from FECD tissue
pooled from 5 donors. Endothelial cell loss in FECD affected the total
cellular protein concentration we could extract in our lysates. However,
as CEnCs are attached to DM we cannot rule out that our protein assays
are skewed by protein coming from both CEnCs as well as DM. Indeed,
there was a degree of heterogeneity with protein expression including
the expression of the housekeeping protein, GAPDH. However, loss of
PRDX1 was highly consistent. We believe that loss of PRDX1 and its role
in regulating lipid ROS may well be novel with respect to CEnCs. It will
be interesting to determine whether PRDX1 plays a similar role in other
cell types.

In the absence of NRF2 it is reported that macrophages do not ex-
press PRDX1 in response to oxidative stress [17]. In the absence of
NRF2, PRDX1 mRNA appeared reduced compared to controls (Fig. 6A).

However, the addition of CH largely restored mRNA levels (Fig. 6A).
Furthermore, we could not detect a significant reduction in PRDX1
protein levels following NRF2 depletion (ML unpublished observation/
data not shown). This suggested that PRDX1 was not regulated by
NRF2. Moreover it suggested that PRDX1 and NRF2 control lipid ROS
via different pathways. As controls for these experiments we monitored
a bona fide target of NRF2, SLC7A11. Expression of SLC7A11 mRNA was
severely down regulated in the absence of NRF2. However, loss of
SLC7A11 expression could not explain the sensitivity of NRF2 deficient
B4G12-CEnCs to CH, as erastin mediated inhibition of SLC7A11 has no
effects on B4G12-CEnCs. NRF2 controls multiple genes involved in the
regulation of ferroptosis. Currently it is not known which genes are
responsible for the sensitivity to CH with respect to heightened lipid
ROS. Regardless, loss of NRF2 has been reported in FECD [26] with the
suggestion this results in an increased sensitivity to apoptosis. However,
in light of our data we would argue that both apoptosis and ferroptosis
are driving significant cell death of CEnCs in FECD.

Loss of PRDX1 is likely to be independent to loss of NRF2 expres-
sion. Exactly how loss of PRDX1 triggers ferroptosis is not known.
Multiple cellular functions have been ascribed to PRDX1 [10]. Origin-
ally thought to be a peroxide scavenging enzyme it is now clear that
PRDX1 is more than an antioxidant with chaperone, tumor suppressor
[27] and signal transductions functions being described [28]. More-
over, the localisation of PRDX1 is not restricted to the cytosol. A pro-
portion of total cellular PRDX1 has been demonstrated to be associated
in lipid domains at the plasma membrane. Interestingly, in this context
PRDX1 has been demonstrated to regulate growth factor receptor sig-
nalling [29]. In addition, PRDX1 has been detected in the nucleus;
where it has been demonstrated to protect telomeres from oxidative
damage [30]. The role of PRDX1 in regulating lipid ROS is likely to
attributed to one or more of its interacting partners. To date 210 pos-
sible interactions have been identified (https://thebiogrid.org/111089/
table/homo-sapiens/PRDX1.html [31]). One putative interaction is
PEBP1 which encodes the scaffold protein phosphatidylethanolamine-
binding protein 1. Interestingly, PEBP1 has been shown to regulate
ferroptotic cell death [32].

In conclusion, we infer that CEnCs in FECD patients are under
continual oxidative stress. In part, this is due to the inability to activate

Fig. 5. Ferrostatin-1 restores viability of corneal en-
dothelial cells. (A) Ferrostatin-1 (Fer-1, 2 μm) was
added to cultures at the same time as CH and lipid
peroxidation analysed by the addition of C11-
BODIPY. Representative (N = 3) FACS plots are
shown. (B) Cell viability of siRNA transfected B4G12-
CEnCs or untouched (C) B4G12-CEnCs were treated
with CH at 50 μm or 25 μm or H2O2 (100 μm) in the
presence or absence of Fer-1 and analysed as in
Fig. 3. Data represents cell viability calculated 6-h
post treatment from 4 independent experiments
(mean ± SEM, two-way ANOVA with Bonferroni's
post-tests; ****p < 0.0001). (D) Primary human
CEnCs isolated from 6 independent donors were
treated with 50 μm CH ± 10 μm erastin or 2 μm Fer-
1 for 4 h. Data represents mean ± SEM, Two-way
ANOVA with Bonferroni's post-tests;
****p < 0.0001). (E) Primary human CEnCs were
treated with indicated reagents for 4 h. RIPA lysates
were analysed for protein expression with anti-
PRDX1 antibodies by Western blot. Relative PRDX1
expression was calculated by densitometry, relative
to GAPDH expression. Data represents three in-
dependent experiments using three different, donor
derived human CEnCs. Data represents mean ±
SEM (ordinary one-way ANOVA with Bonferroni's
post-tests, *p < 0.05).
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an antioxidative response due to loss of NRF2 expression. In addition,
we present evidence that the loss of PRDX1 could further contribute
through the upregulation of lipid ROS.
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