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ABSTRACT 

Fuchs endothelial corneal dystrophy (FECD), a progressive polygenic disease that causes 

degeneration of the corneal endothelium, is the leading indication for corneal transplantation 

in the U.S. Characteristically, loss of corneal endothelial cells and formation of degenerative 

extracellular “guttae” result in failure to maintain appropriate corneal hydration through active 

ion pumping to counter the passive leakage of aqueous humor. FECD pathogenesis is linked 

to oxidative stress and environmental exposure to ultraviolet A (UVA), and impaired 

endogenous response to oxidative stress is common to the disease across multiple genotypes. 

UV irradiation is also known to cause cellular damage by ferroptosis, a nonapoptotic oxidative 

cell death resulting from iron-mediated lipid peroxidation. Although a possible role for 

ferroptosis in FECD has been postulated to account for the increased susceptibility to oxidative 

damage and lipid peroxidation, this has not been explored systematically. In this study, we 

investigated the roles of genetic background and UVA exposure in causing lipid membrane 

damage and endothelial cell degeneration in FECD. We first sought clinical evidence of iron-

mediated lipid peroxidation in surgical samples obtained from FECD patients undergoing 

endothelial keratoplasty, and found increased levels of cytosolic ferrous iron (Fe2+) and 

evidence of lipid peroxidation were present in end-stage diseased tissues compared with 

healthy human donor corneas. Next, using immortalized (F35T) and primary cell cultures 

modeling the TCF4 intronic trinucleotide repeat expansion genotype, we found that alterations 

in gene and protein expression involved in ferroptosis were conserved in both cell culture and 

tissue models of FECD disease compared to controls, including elevated levels of the 

ferroptosis-specific marker transferrin receptor 1. F35T immortalized cells showed 

significantly higher basal lipid peroxidation than control HCEC-B4G12 cells, indicating higher 

susceptibility to ferroptosis attributable to genetic background. Then, we tested the impact of 

physiologically relevant doses of UVA irradiation on F35T cell cultures and found increased 
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cytosolic Fe2+ iron levels indicating a role for ferroptosis in FECD disease progression. Finally, 

we tested the effects of inhibitory ferroptosis molecules. We found that F35T cells were more 

prone to RSL3 induced ferroptosis than healthy controls with deferoxamine chelation which 

indicated increased susceptibility in FECD cells, and cell death could be prevented after 

experimentally-induced ferroptosis using solubilized antioxidant ubiquinol indicating a role for 

anti-ferroptosis therapies. This investigation demonstrates that FECD genetic background and 

UVA exposure contribute to basal and incidental iron-mediated lipid peroxidation and cell 

death in FECD, and provides the basis for future investigations of ferroptosis-mediated 

oxidative damage and disease progression in FECD. 

 

KEYWORDS: Fuchs endothelial corneal dystrophy, transferrin, ferrous iron, ferritin, 

ferroptosis, corneal endothelium, reactive oxygen species, ubiquinol, ultraviolet light 

 

INTRODUCTION 

Fuchs endothelial corneal dystrophy (FECD) is a complex age-related polygenic disease that 

affects roughly 6.1 million Americans (1) and represents the leading indication for corneal 

transplant surgery in the U.S. (2-6). Although this condition can be diagnosed early before it 

causes visual dysfunction, FECD results in surgery to restore sight because affected cells do 

not regenerate effectively (7) and no available medical therapy can yet prevent disease 

progression. In all cases, FECD is diagnosed by detecting the loss of corneal endothelial cells 

(CECs) and formation of degenerative extracellular matrix deposits (guttae) on the corneal 

endothelium that lines the inner cornea, and results in failure to maintain appropriate corneal 

hydration through active ion pumping to counter the passive leakage of aqueous humor (8). On 

the molecular level in FECD, affected CECs have an increased steady-state level of reactive 

oxygen species (ROS), impaired antioxidant response to oxidative stress, and increased 
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sensitivity to known exogenous stressors that drive disease progression including ultraviolet 

light (UV) (9-12). The cornea is particularly susceptible to damage by ultraviolet A light (UVA, 

320 to 400 nm), which comprises the vast majority of incident solar radiation absorbed by 

CECs (9, 10, 13). Unlike ultraviolet B (UVB) light that causes DNA damage directly, UVA 

light causes macromolecular damage indirectly via the production of ROS that results from 

irradiation (14). DNA damage and apoptotic cell death in particular have been the focus of 

studies examining UV mediated cell death in FECD (9, 15-17). However, UVA is also known 

to result in lipid peroxidation and nonapoptotic oxidative cell death (18, 19). The roles of 

genetic background and UVA exposure in causing lipid membrane damage and endothelial cell 

degeneration in FECD have not been explored systematically. Specifically, the background 

effects of FECD mutation and exposure related effects of UVA irradiation on lipid peroxidation 

and CEC functioning in FECD patients or in vivo models have not been characterized. 

 

A key characteristic of FECD is impaired endogenous response to oxidative stress. 

Vulnerability to oxidative damage in FECD has been well established, and factors that increase 

CEC susceptibility to lipid peroxidation have been described. Previous studies have reported 

decreased transcription of key antioxidant defenses in FECD including glutathione S-

transferase, superoxide dismutase 2, aldehyde dehydrogenase 3A1, heme oxygenase 1, 

thioredoxin reductase 1, and several peroxiredoxins including Prdx 1, which protects against 

lipid peroxidation (20-24). Importantly, protein levels of nuclear factor erythroid 2–related 

factor 2 (Nrf2) – the regulator of a wide-ranging metabolic response to oxidative stress, 

including the cystine/glutamate antiporter (system xc-) that imports cysteine for glutathione 

biosynthesis – are reduced in FECD (20, 25). Normal levels of glutathione (GSH) and normal 

functioning of peroxidase 4 (GPX4), which catalyzes the reduction of lipid peroxides in a GSH-

dependent reaction, are important for protecting cells against nonapoptotic oxidative cell death 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 28, 2022. ; https://doi.org/10.1101/2022.06.27.497862doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.27.497862


 
 

5 

via ferroptosis (26, 27). Of note, GPX4 levels are lower than controls in FECD surgical 

samples, indicating strongly that FECD increases susceptibility to ferroptosis (28, 29). A 

possible role for ferroptosis in FECD has been postulated to account for the increased 

susceptibility to oxidative damage and lipid peroxidation (4, 30). In addition to increased ROS-

mediated lipid peroxidation and decreased GPX4 functioning, altered iron metabolism is 

required for ferroptosis to occur (31, 32). In health, ferric iron (Fe3+) is bound to transferrin, 

imported into the cell via transferrin receptor 1 (TFR1, also known as CD71) mediated 

endocytosis, and stored in ferritin (33, 34). A pool of labile and biologically reactive Fe2+ is 

available, but levels are carefully regulated in the cell (34, 35). In pathological exposures to 

oxidative stress, an excess of free Fe2+ reacts with membrane-bound lipids to cause ferroptosis 

(31). Reactive Fe2+ at or near cell membranes can drive Fenton reactions, which cause the 

formation of toxic prooxidant radicals (unstable) and non-radical lipid hydroperoxide 

intermediaries (stable and detectable) and result in membrane-bound lipid peroxidation (36-

40). This is of particular interest in FECD given the increased susceptibility to UVA-induced 

damage in affected patients. UV exposure is known to result in iron accumulation and 

ferroptosis (41-43), and iron release from ferritin with UVA irradiation have been well reported 

in literature (42, 44, 45). To date, no studies characterizing the role of iron, iron-lipid 

perturbations, or ferroptosis in FECD pathobiology have been reported. 

 

In this study, we examined ungenotyped FECD patient surgical samples and utilized a variety 

of primary and immortalized cell culture models from FECD patients with pathological 

expansions of trinucleotide repeats in intron 3 of the TCF4 gene (the most common genotype 

that causes a late onset of disease) to characterize lipid peroxidation and key iron metabolites 

in FECD and determine whether ferroptosis plays a role in its pathogenesis (46-48). 

Additionally, we compared changes in iron-lipid interactions that were attributable to genetic 
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background and UVA irradiation against healthy controls, and tested the effects of ferroptosis 

suppressor molecules. We found clear evidence of elevated lipid peroxide and cytosolic Fe2+ 

levels in FECD samples and models, consistent with increased susceptibility to ferroptosis in 

FECD attributable to genetic background. We identified the involvement of Fe2+, a key 

mediator of reactive oxidation reactions, in gene-dependent susceptibility to UVA exposure 

and detected increases in both cytosolic and mitochondrial Fe2+ levels after irradiation. TFR1, 

which has been proposed as a specific ferroptosis marker because it is responsible for the influx 

of iron inside the cell (33), was found to be elevated in all samples and models and may be a 

useful biomarker of ferroptosis in this disease. Interestingly, of the inhibitory ferroptosis 

molecules tested (N-acetyl-L-cysteine as a GSH precursor, deferoxamine as a chelator, 

ubiquinol as an antioxidant), only solubilized ubiquinol was found to prevent cell death after 

experimentally induced ferroptosis in this series. Taken altogether, this study presents the first 

lines of evidence that iron-mediated lipid peroxidation is linked cell death in FECD, and 

establishes a basis for future mechanistic investigations of ferroptosis prevention in FECD. 

 

MATERIALS AND METHODS 

Consent and tissue collection 

All investigations at the University of Iowa and Mayo Clinic were carried out following the 

guidelines of the Declaration of Helsinki. All tissues were obtained with informed consent by 

patients or the donor’s family or next of kin. Approval was not required for the deidentified 

donor corneal tissues in this investigation according to the Institutional Review Board (IRB) at 

the University of Iowa. For FECD samples, human corneal endothelial tissue was collected at 

the University of Iowa and Mayo Clinic at the time of endothelial keratoplasty from patients 

with advanced FECD that were enrolled in the  Proteomic Analysis of Corneal Health Study 

(IRB 201603746) or Mayo Clinic Hereditary Eye Disease Study (IRB 06-007210), 
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respectively. For control samples, human corneal endothelial tissue was obtained from human 

donor eyes provided by the Iowa Lions Eye Bank (ILEB, Coralville, IA) and Lions Gift of 

Sight Eye Bank (St. Paul, MN). 

 

Materials 

All required chemicals were procured from commercial sources and utilized without further 

purification process following the manufacturer’s guidelines. Ubiquinol was procured from 

Sigma Aldrich (United States Pharmacopeia [USP] reference standard, USA). γ-cyclodextrin 

was purchased from CI America (Portland, OR). BODIPY™ 581/591 C11 lipid fluorescent 

probe, Dihydroethidium (Hydroethidine) and SYTOX® Green nucleic acid stain dye were 

procured from ThermoFisher Scientific (Invitrogen, Waltham, MA). Cytosolic ferrous iron 

(Fe2+) detection dye FerroOrange and mitochondrial ferrous iron (Fe2+) detection dye Mito-

FerroGreen were purchased from Dojindo EU GmbH (Munich, Germany). LipidSpot™ 610 

Lipid Droplet Stain was procured from Biotium, Inc., USA. All other solvents and reagents 

were analytical and cell culture grades. 

 

Human corneal endothelial cell (HCEC-B4G12) and F35T cell culture 

Healthy immortalized human corneal endothelial cells (HCEC-B4G12) were procured from 

Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Culture GmbH, 

Germany, and FECD immortalized human corneal endothelial cells (F35T) were a generous 

gift of Dr. Albert Jun (Johns Hopkins University, Baltimore, MD). F35T cells were derived 

from a FECD patient expressing the TCF4 transcript with around 4500 CUG repeats in intron 

3. Both cell lines were cultured in Opti-MEM® I Reduced-Serum Medium (ThermoFisher) 

supplemented with 5 ng/mL of human epidermal growth factor (hEGF, ThermoFisher), 20 

ng/mL of nerve growth factor (NGF, Fisher Scientific), 200 mg/L of calcium chloride (Sigma-
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Aldrich), 50 µg/mL of gentamicin (ThermoFisher), 1 mL of Normocin™ (50 mg/mL, 

Invivogen), 0.08% chondroitin sulfate (Sigma-Aldrich) and 8% fetal bovine serum (HyClone 

Characterized, US origin). Media was filtered with 0.22 µM PTFE filters. Cells were incubated 

at 37°C with a continuous supply of 5% CO2 and passaged at the confluence. Plastic surfaces 

of cell culture dishes were coated with commercial FNC Coating Mix (Athena Environmental 

Sciences, Inc., USA) to facilitate the adherence of endothelial cells. 

 

Patient derived TCF4 FECD primary cell cultures 

Primary HCECs were established as described previously (49). Briefly, FECD and control 

corneal endothelium was placed in Opti-MEM (Gibco, Waltham MA) with 8% fetal bovine 

serum (FBS; Gibco) overnight at 37°C, dissociated with 0.02% EDTA (Sigma, St Louis, MO) 

in phosphate buffered saline (PBS, Gibco) for 1h at 37°C, and plated in a single well of a 6-

well collagen IV-coated plate (Corning, Tewksbury, MA) containing Joyce’s medium (50). 

Once cell proliferation reached approximately 70%, cells were dislodged from the plate with 

1X trypsin, isolated, and centrifuged at 500 g for 5 min. Pelleted cells were resuspended in 

Joyce’s media and replated at a ratio of 1:3. HCECs were grown to confluence in Joyce’s media 

(5-7 days) and then incubated in maturation medium (human endothelial-SFM, 2% FBS and 

1X antibiotic/antimycotic) for 12 days prior to experimentation. 

 

Human Donor and Surgical Tissue Samples 

Human donor corneas were procured within 24 hours of donor death and preserved in Optisol-

GS storage media (Bausch & Lomb, Irvine, CA) at 4°C. Experiments were conducted within 

14 days of preservation. All donors were 50 to 75 years old and each cornea was inspected and 

evaluated following standard protocols and procedures of the Eye Bank Association of 

America (EBAA) and ILEB. Endothelial cell-Descemet membrane (EDM) tissues were 
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prepared by mounting donor corneas onto a 9.5 mm vacuum trephine (Barron Precision 

Instruments, LLC, MI, USA) and scoring the endothelium and Descemet membrane into the 

stroma. The ECD complex was visualized with 0.06% trypan blue ophthalmic solution 

(VisionBlue, DORC International, Netherlands) and the tissue was carefully peeled away from 

the stroma and stored at -80°C until further processing. Human corneal endothelial tissues were 

collected at the time of endothelial keratoplasty from patients with advanced FECD using 

standard surgical techniques. Immediately after removal from the eye, approximately 2/3rd of 

the excised tissue was placed in a cryopreservation vial on dry ice and stored at -80°C until 

further processing. The remaining 1/3rd of the excised tissue was sent in formalin for 

histopathological analysis to confirm the diagnosis of FECD.  

 

Western blot analysis 

HCEC-B4G12 (n = 5) and F35T (n = 5) cells were pelleted, and protein lysates were extracted 

using RIPA buffer on ice for 45 min. 0.6 µg of total protein was loaded per capillary (cat#, 

Protein Simple) and lysates were probed with antibodies directed at 4-HNE (STA-035, Cell 

Biolabs), GPX4 (MAB5457-SP, R&D Systems), SOD2 (PA5-85181, Invitrogen), NRF2 (PA5-

14144, Invitrogen), FSP-1 (20886-1-AP, Proteintech), Ferroportin/SLC40A1 (PA5-G4232, 

Invitrogen) and TFR1 (MABS1982, Millipore) proteins. Protein expression was normalized to 

total protein (Cat# DM-TP01, Protein Simple) and compared between cell types. 

 

Human FECD patient tissues samples (n = 24 pulled into groups of 3) and donor cornea EDM 

complexes (n = 12 pulled into groups of 3) were lysed in RIPA buffer in pools of 3 tissues for 

45 minutes on ice. 0.6 µg of total protein was loaded per capillary (DM-TP01, Protein Simple) 

and lysates were probed with antibodies. Protein expression was normalized to total protein 

(DM-TP01, Protein Simple) and compared between cell types. 
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Real time PCR analysis 

HCEC-B4G12 (n = 9) and F35T (n = 6) cells were pelleted and RNA was extracted and purified 

using RNeasy kit (Qiagen) according to manufacturer’s instructions. 18 ng total RNA was 

reverse transcribed using High-Capacity cDNA Reverse Transcription kit (Applied 

Biosystems). qPCR was performed on the CFX Connect thermal cycler (Bio-Rad Laboratories, 

Inc) with 10 sec melting, 30 sec annealing/extension for 40 cycles. Melt curve analysis was 

performed at the end of each qPCR run to verify single product formation. DDCt values were 

calculated between cell types normalized to 18S and statistical analysis was performed using 

Student’s t-test. Primers used for qPCR are: TFR1 forward, 5’-

ACCATTGTCATATACCCGGTTCA-3’, TFR1 reverse, 5’-

CAATAGCCCAAGTAGCCAATCAT-3’; 18S forward, 5’-AGAGGGACAAGTGGCGTTC-

3’, 18S reverse, 5’-CGCTGAGCCAGTCAGTGT-3’. 

 

Ferroptosis RNASeq data analysis 

RNA-Seq datasets of corneal endothelial samples from 47 patients with FECD and 21 donor 

controls were obtained from publicly available datasets (SRA Accession Numbers: 

PRJNA445238, PRJNA524323, PRJNA597343). Pre-symptomatic controls with TCF4 

trinucleotide repeats were excluded from the analysis (28, 29, 51). Reads were aligned and 

gene counts were made using STAR (52), data quality was assessed using FastQC, gene 

expression was normalized, batch corrected, and determined using EdgeR (53). Genes were 

excluded if there were less than 3 counts in 20 or more samples. Significant differences 

(FDR<0.05) were calculated using EdgeR. Gene Set Enrichment Analysis was conducted on 

known ferroptosis gene signatures (54). For the FerrDB gene signature, all genes that were 

ferroptosis drivers, suppressors or markers were included, which comprised of 211 expressed 
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genes. Heatmap and hierarchical clustering was conducted using the ComplexHeatMap, 

cluster, and dendextend packages in R. 

 

Cytosolic iron (Fe2+) detection in FECD surgical and control donor corneal tissues 

FECD corneal tissues were collected during endothelial keratoplasty surgery at the University 

of Iowa. Immediately after removal from the eye, approximately 2/3rd of the excised tissue was 

placed in Optisol-GS® and stored at 4°C on wet ice until further processing. Healthy donor 

corneas stored in Optisol-GS® at 4°C were used to prepare EDM complexes as described 

above. Human FECD patient tissues samples (n = 7) and donor cornea EDM complexes (n = 

11, cut into half and measured as two technical replicates) were digested with 0.2% collagenase 

type II and 0.05% hyaluronidase in reduced serum OptiMEM-I (Gibco-BRL, Grand Island, 

NY) media supplemented with 50 µg/mL of gentamycin for 3h at 37°C with frequent agitation 

on a tube rotator (model: 05-450-127, Fisher Scientific). The digestion was finally completed 

with 1X 0.5% trypsin-EDTA. Following the digestion, cells were filtered with a 100 µM cell 

strainer to get primary cell suspension. Cells were washed once with Live Imaging Solution, 

centrifuged, and resuspended in 100 µL of Live Imaging Solution. Cells were transferred to 

24-well plate and 300 µL of 1 μmol/L FerroOrange staining solution was added. Cells were 

incubated for 30 min (37°C, 5% CO2) and transferred to flow cytometer tubes. Fluorescence 

was measured using a flow cytometer (BD FACSCalibur™) and results were analyzed by 

FlowJo (BD Biosciences, USA). 

 

Basal level of lipid peroxidation (C11-Bodipy 581/591) assay in HCEC-B4G12 and F35T 

cells 

HCEC-B4G12 and F35T cells were cultured in T75 flasks until they reached the confluency. 

After detachment with trypsin, 400,000 cells were stained with 5 µM of 2 mL C11-Bodipy 
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581/591 fluorescent probe in Live Imaging Solution (Thermo Fisher) or kept unstained 

(unstained group), mixed by pipetting, and incubated in a cell culture incubator (37°C and 5% 

CO2) for 20 min. After staining, the cell suspension was transferred to 15 mL Falcon tubes 

corresponding to wells. All 15 mL tubes were centrifuged at 230 g for 5 min, and after the stain 

solution was discarded the cells were resuspended in 0.6 mL of Live Imaging Solution. After 

cells were transferred to flow cytometer tubes, fluorescence was measured using a flow 

cytometer (BD FACSCalibur™) and results were analyzed by FlowJo. 

 

Cytosolic iron (Fe2+) detection by flow cytometry using FerroOrange fluorescent probe 

HCEC-B4G12 and F35T cells were cultured in T75 flasks until they reached confluency. Cells 

were trypsinized and washed twice with 1X DPBS buffer to remove residual trypsin and serum-

containing media. The cell suspension was centrifuged at 230 g for 5 min and resuspended in 

Live Imaging Solution (Thermo Fisher). FerroOrange staining solution of 1 μmol/L was 

prepared following the manufacturer’s guidelines. In 24 well plates, 150,000 cells in 100 µL 

Live Imaging Solution were added to each well (n = 3) and 300 µL of 1 μmol/L FerroOrange 

staining solution was added. For the control group, 300 µL of Live Imaging Solution was added 

to the cells (n = 3). Then cells were incubated for 30 min (37°C, 5% CO2). After the incubation, 

cells were transferred to flow cytometry tubes and fluorescence was measured by flow 

cytometry (BD FACSCalibur™). Data analysis was carried out using FlowJo software.  

 

Mitochondrial iron (Fe2+) detection by flow cytometry using Mito-FerroGreen 

fluorescent probe 

HCEC-B4G12 and F35T cells were cultured, trypsinized, washed, and resuspended in Live 

Imaging Solution following the same protocol as cytosolic iron detection. Mito-FerroGreen 

staining solution of 5 μmol/L was prepared following the manufacturer’s guidelines. For the 
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experimental group, 500 µL of 5 µmol/L Mito-FerroGreen staining solution was added to 

150,000 cells in 100 µL of Live Imaging Solution in 24-well plate (n = 3). For the control 

group, 500 µL of Live Imaging Solution was added to the cells (n = 3). After the incubation of 

30 min (37°C, 5% CO2), fluorescence was measured using a flow cytometer (BD 

FACSCalibur™) and data was analyzed by FlowJo.  

 

Basal level of lipid droplets quantification  

HCEC-B4G12 and F35T cells at 250,000 cells/well in 24-well plate were stained with 1X of 

LipidSpot™ 610 in 1 mL of cell culture media and incubated for 30 min (37°C, 5% CO2). After 

incubation cells were transferred to flow cytometer tubes. Fluorescence was measured using a 

flow cytometer (BD FACSCalibur) and data was analyzed by FlowJo.  

 

Confocal microscopy 

Confocal microscopy was conducted with multiple fluorescent probes, including C11-Bodipy 

581/591 fluorescent probe for imaging lipid peroxidation, FerroOrange for cytosolic labile 

iron, Mito-FerroGreen for mitochondrial iron, Dihydroethidium (Hydroethidine) for ROS, and 

LipidSpot™ 610 for lipid droplets. HCEC-B4G12 and F35T cells were seeded at 100,000 to 

200,000 cells/chamber in 4-chambered coverglass (Thermo Scientific Nunc Lab-Tek) after 

coating the glass surface with FNC Coating Mix and incubated at 37°C and 5% CO2. After 18 

to 72 h, media was discarded, and cells were washed with Live Imaging Solution if required 

according to manufacturer depending on the fluorescent probe used in experiment. For iron 

detection, washing at least twice was important to remove extracellular iron from the media. 

For lipid peroxidation imaging, cells were stained with 0.9 mL of 5 µM C11-Bodipy 581/591 

fluorescent probe in Live Imaging Solution for 20 min and stain solution was discarded before 

adding 0.9 mL of fresh Live Imaging Solution. For cytosolic and mitochondrial iron imaging, 
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after washing twice, 500 µL of 1 μmol/L FerroOrange and 5 µmol/L Mito-FerroGreen staining 

solutions were added to the cells and incubated for 30 min. For ROS imaging, cells were stained 

with 0.9 mL of 10 µM Dihydroethidium fluorescent probe in Live Imaging Solution for 30 

min. For lipid droplet imaging, cells were stained with 0.9 mL of 1X LipidSpot™ 610 

fluorescent probe in cell culture media for 30 min. All incubation was conducted in cell culture 

incubator at 37°C and 5% CO2. Immediately after incubation, live cells were imaged by Leica 

SP8 confocal microscope with 63X oil lens. For each dye, all images were taken at the same 

gain level and image capture settings for both HCEC-B4G12 and F35T cells. The operating 

software was Leica Application Suite X (LAS X). Images were analyzed using Image J.  

 

Deferoxamine (DFO) iron chelation assay  

HCEC-B4G12 and F35T cells were seeded in 96-well plates at 5,000 cells/well. After 18 h of 

incubation at 37°C and a continuous supply of 5% CO2, cells were treated with 100 µM of 

DFO (n = 3). After the incubation of 24nh (37°C and 5% CO2), cells were washed once with 

1X DPBS, and RSL3 at the doses of 1, 2, and 5 µM in DMSO were added to the respective 

cells while an equal amount of DMSO was added to the control cells, and incubated for 2, 4, 6 

and 8 h (37°C and 5% CO2). After the RSL3 treatment of 2, 4, 6, and 8 h, at each time point, 

cells were gently washed once with 1X DPBS and MTS reagent of 20 μL (Cell Titer-96 

Aqueous One Solution, Promega, USA) in 80 μL of cell culture media was added to the cells 

and incubated for 3 h (37°C and 5% CO2). After the incubation, the absorbance was measured 

at 490 nm using the Spectra Max plus 384 Microplate Spectrophotometer (Molecular Devices, 

Sunnyvale, CA) following the manufacturer’s guidelines. 

 

Cytosolic ferritin ELISA 
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HCEC-B4G12 and F35T cells were cultured in T75 flasks with 3 biological replicates. At 

confluence, the protein was extracted with 1X RIPA buffer (Sigma-Aldrich) supplied with 

EDTA-free Protease Inhibitor Cocktail (cOmplete™, Roche). Protein was stored at -80°C until 

the ELISA assay was performed. Protein concentration in each biological replicate was 

measured by Pierce™ BCA Protein Assay Kit (Thermo Scientific™). Three technical 

replicates of 100 µg protein from each biological replicate diluted with diluent supplied by the 

manufacturer were added to the antibody-coated wells (Ferritin Human ELISA Kit, 

Invitrogen). All the steps were carried out following the manufacturer’s protocol. Spectra Max 

plus 384 Microplate Spectrophotometer was used to measure the absorbance at 490 nm. The 

standard calibration curve of ferritin was prepared in duplicates.  

 

Mitochondrial ferritin (MTFT) ELISA 

Mitochondrial ferritin in HCEC-B4G12 and F35T cells were quantified using Immunotag™ 

Mitochondrial Ferritin ELISA kit (G-Biosciences, USA). Protein was extracted following the 

same protocol mentioned above in cytosolic ferritin ELISA. Three technical replicates of 100 

µg protein from each biological replicate (n = 3) were added to antibody-coated wells and all 

the experimental steps were conducted according to the manufacturer’s guidelines without any 

modification. The standard calibration curve of FTMT was prepared in duplicates. 

 

Mitochondrial superoxide assay 

HCEC-B4G12 (n = 12) and F35T (n = 8) cells (50,000/well and 25,000/well, respectively) 

were grown in 96 well plates until reaching confluency. Cells were exposed to MitoROS 580 

dye (ab219943, Abcam) for 30 min, and mitochondrial superoxide was quantified using Infinite 

M Plex plate reader (Tecan Group, Ltd) with Ex/Em =540/590 nm. Cells were fixed with 4% 

formaldehyde buffered in 0.1 M PBS, pH 7.4 for 30 min, washed with PBS 3 times, and 
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incubated with 300 nM DAPI for 30 min. DAPI-stained nuclei were counted in whole well 

images captured by Cytation 5 instrument (BioTek Instruments, Inc) using Gen5 Image Plus 

(version 3.10) software, and resulting cell counts were applied to obtain normalized MitoROS 

580 RFU/cell values for each well. Average values were calculated per group and compared. 

As a positive assay control, additional B4G12 and F35T cells were treated with antimycin-A 

(AMA) for 30 min prior to and during the MitoROS 580 dye treatment, for a total of 60 min. 

 

Basal level of ROS quantification  

HCEC-B4G12 and F35T cells at 250,000 cells/well in 24-well plate were stained with 10 µM 

of dihydroethidium (DHE) in 1 mL of Live Imaging Solution and incubated for 30 min (37°C, 

5% CO2). After incubation cells were transferred to flow cytometer tubes. Fluorescence was 

measured using a flow cytometer (BD FACSCalibur) and data was analyzed using FlowJo.  

 

Multidimensional protein identification technology (MudPIT) mass spectrometry 

Aqueous humor samples from patients with FECD (n = 4) and patients without FECD (n = 4) 

were collected. The filter-assisted sample preparation (FASP) method was used for preparing 

samples for digestion (55). It was solubilized in a mix containing ionic detergent 5% sodium 

deoxycholate (SDC), buffer 100 mM triethylammonium bicarbonate (TEAB) at pH 8.0, and 3 

mM dithiothreitol (DTT). Samples were then sonicated, spun down, and finally the supernatant 

was transferred to a 30 kD MWCO filter (Millipore, MA, USA) and centrifuged for 30 min at 

13,000 g. The filtrate was discarded, and the remaining sample was buffer exchanged with 1% 

SDC and 100 mM TEAB at pH 8.0. Following buffer exchange, the sample was alkylated with 

15 mM iodoacetamide and then digested overnight with trypsin at an enzyme to substrate ratio 

of 1:100 in a Thermo-Mixer at 1000 RPM at 37°C. Peptides were collected by centrifugation 

and reversed-phase stop-and-go extraction (STAGE) tips were used for desalting 
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approximately 20 µg of digested peptides (56). Elution solvent was a mixture of 80% 

acetonitrile and 5% ammonium hydroxide. Desalted peptides were lyophilized in a SpeedVac 

(Thermo Fisher Scientific, MA, USA) for 1 h. Peptide samples were then analyzed by ultra-

performance liquid chromatography coupled with tandem mass spectrometry (UPLC-MS/MS). 

The UPLC system was an Easy-nLC 1000 UHPLC system (Thermo Fisher Scientific) coupled 

with a quadrupole-Orbitrap mass spectrometer (Q-Exactive; Thermo Fisher Scientific). The 

column was 2 µM Thermo Easy Spray PepMap C18 column (Thermo Fisher Scientific) with 

500 mm × 75 µM i.d. Two mobile phases were used, phase A was composed of 97.5% MilliQ 

water, 2% acetonitrile, and 0.5% formic acid and phase B was composed of 99.5% acetonitrile, 

and 0.5% formic acid. The elution events were 0-210 min, 0-25% B in A and 210-240 min, 25-

80% B in A. Nano-electrospray ionization (Thermo Easy Spray source; Thermo Fisher 

Scientific) was used at 50°C with an electrospray voltage of 2.2 kV. Tandem mass spectra were 

acquired from the top 20 ions in the full scan in the range between 400 – 1200 m/z while 

dynamic exclusion was set to 15 seconds and singly-charged ions were excluded from the 

analysis. Isolation width was set to 1.6 Dalton and full MS and MS/MS resolution were set to 

70,000 and 17,500, respectively. The normalized collision energy was 25 eV and automatic 

gain control was set to 2e5. Max fill MS and max fill MS/MS were set to 20 and 60 

milliseconds, respectively, and the underfill ratio was set to 0.1%. 

 

For identifying peptides, msconvert was used to convert RAW data files to mzML format (57) 

and then Peak Picker HiRes tool from the OpenMS framework was used to generate MGF files 

from mzML format (58). Peptide identification searches required precursor mass tolerance of 

10 parts per million, fragment mass tolerance of 0.02 Da, strict tryptic cleavage, up to 2 missed 

cleavages, variable modification of methionine oxidation, fixed modification of cysteine 

alkylation, and protein-level expectation value scores of 0.0001 or lower. Finally, MGF files 
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were searched using up-to-date protein sequence libraries available from X!Tandem (59), 

UniProtKB, and OMSSA (60). Identified protein intensities were normalized to total peptide 

hits per sample and scaled to logarithmic base 10. Partek Genomics Suite version X.X. (MO, 

USA) was used to determine statistically significant proteins (analysis of variance [ANOVA], 

P<0.05). Pathway significance was ascertained by the number of proteins in the dataset in 

common with known proteins in a single pathway, as determined by the IPA database (Qiagen).  

 

Cytosolic iron (Fe2+) detection in human donor corneas upon UVA irradiation 

Human donor corneas stored in Optisol-GS® at 4°C were procured as noted above. This 

experiment was performed in pairwise fashion, where the right eye was exposed to UVA 

irradiation (n = 3) and the left eye from the same donor was used as a control. Corneas were 

washed with sterile Hank’s balanced salt solution (HBSS) and placed in 12-well plate in HBSS 

with endothelial side facing the UVA light source. Cells were exposed to UVA irradiation at 

the fluence of 5 J/cm2 using a Rayonet Photochemical Reactor (RPR-200, The Southern NE 

Ultraviolet Co., Brandford, CT). Four RPR-3500A UVA broadband lamps of 12-inch length 

emitting 350 nm light with an irradiance of 7.13 mW/cm2 were placed at 10 cm above the cells 

and illuminated for 11 min 41 sec to achieve a 5 J/cm2 UVA dose. Initially, various UV fluence 

levels of 5 to 25 J/cm2 with 5 J/cm2 increments were screened to find a relatively safe UV dose 

for cells by measuring cell viability after UVA irradiation using a MTS assay kit. Control 

corneas were treated identically except they were not subjected to UVA irradiation. Both UVA 

irradiated and unexposed control corneas were digested following the same procedures noted 

previously and primary cell suspensions were obtained. Cells resuspended in 100 µL of Live 

Imaging Solution were transferred to 24-well plate and 600 µL of 1 μmol/L FerroOrange 

staining solution was added to each well. Staining was performed for 30 min (37°C and 5% 
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CO2). Fluorescence were measured using a flow cytometer (BD FACSCalibur) and data were 

analyzed using FloJo. 

 

Cytosolic and mitochondrial Iron (Fe2+) detection upon UVA irradiation 

HCEC-B4G12 and F35T cells were cultured and prepared following the same protocol as used 

for cytosolic iron detection. In order to quantify cytosolic iron, 400,000 cells in 300 µL of Live 

Imaging Solution were added to each well in a 24 well plate. The UVA irradiation instrument 

set-up was the same as noted previously for the irradiation of human corneas. Various doses of 

UVA irradiation of 1, 2, 4, and 8 J/cm2 fluences were delivered. UVA irradiated and control 

cells were stained with 1.2 mL of 1 μmol/L FerroOrange staining solution for 30 min in the 

incubator (37°C, 5% CO2). For the detection of mitochondrial iron, 20,000 cells in 200 µL of 

Live Imaging Solution were added to each well and irradiated with a UV dose of 5 J/cm2. UV 

irradiated and control cells were stained with 700 µL of 5 μmol/L Mito-FerroGreen staining 

solution for 30 min in an incubator (37°C, 5% CO2). The same volume of Live Imaging solution 

was added to the unstained control group, which was used to monitor background fluorescence 

signals. After incubation, fluorescence was measured using a flow cytometer (BD 

FACSCalibur) and data was analyzed by FlowJo. 

 

Preparation of solubilized ubiquinol 

Solubilized ubiquinol was prepared by kneading method where physical complexation was 

formed between ubiquinol and γ-cyclodextrin (γ-CD) following our previously published 

protocol (30). Briefly, ubiquinol and γ-CD were mixed at the molar ratio of 1:10 and a hydro-

alcoholic solution at 1:1 ratio was added to the mixture to form a semi-liquid paste. Mixing 

was continued around 1h and vacuum dried to yield the powdered complex.  
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Lipid peroxidation inhibition by solubilized ubiquinol in HCEC-B4G12 and F35T cells 

The lipid peroxidation assay was conducted using C11-Bodipy 581/591 fluorescent probe 

following the same seeding, washing, staining and measurements steps described in the basal 

lipid peroxidation assay, except cells were treated with solubilized ubiquinol then challenged 

with 1 µM of RSL3 or left untreated as controls. 18 h after seeding, media was removed and 

solubilized ubiquinol at concentrations of 1, 10, 50, and 100 µM in cell culture media were 

added to the cells (n = 3) and incubated for 24 h (37°C and 5% CO2). After incubation, cells 

were washed twice with 1X DPBS, and 1 µM of RSL3 in DMSO was added except for the 

untreated and untreated-unstained control groups. Cells were then incubated for 8 h at 37°C 

and 5% CO2, and after the incubation, cells were stained with 2 µL of C11-Bodipy 581/591 

fluorescent probe stock prepared in DMSO as described in the basal lipid peroxidation assay. 

 

Ferroptosis assay in HCEC-B4G12 and F35T cells  

Lactate dehydrogenase (LDH) assay was performed using CyQUANT™ LDH Cytotoxicity 

Assay kit (Invitrogen, USA). LDH release in media was quantified as an endpoint of measuring 

ferroptosis. HCEC-B4G12 and F35T cells were seeded at 5,000 cells/well in a 96-well plate 

and incubated for 18 h (37°C and 5% CO2). After incubation, media was removed, and 

solubilized ubiquinol dispersed in media was added at 1, 5, 10, 50, and 100 µM concentrations 

while only media was added to the control group. In this assay, there were two control groups: 

one group was used for measuring the spontaneous LDH activity, and another group was used 

for measuring maximum LDH activity. Ferrostatin-1 (Sigma-Aldrich, USA), a known 

ferroptosis inhibitor, was dissolved in DMSO at 1 µM and used as a positive control. After 

incubating for 24 h at 37°C and 5% CO2, cells were washed twice with 1X DPBS and treated 

with 1 µM of RSL3 in DMSO whereas control groups had an equal amount of DMSO in media. 

After 24 h of incubation, 10 μL of supplied 10X lysis buffer was added to the group designated 
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for measuring the maximum LDH activity and incubated in the cell culture incubator for 45 

min. Following 45 min incubation, 50 µL from each well was transferred to a new 96-well flat-

bottom well plate. To test the assay performance, 50 μL of 1X LDH positive control was added 

to three wells which were used as the positive control group. The supplied reaction mixture of 

50 μL was added and incubated for 30 min at dark at room temperature (RT). A stop solution 

of 50 μL was added to each well for stopping the reaction. Absorbance was measured at 490 

nm following the manufacturer’s protocol. Percent cell viability was calculated using the 

formula mentioned below: 

% Cell viability = 100 - (!"#$"%&'	)*+,)+'	-./	,0)121)345$"&),&+"%6	-./	,0)121)3
7,81#%#	-./	,0)121)345$"&),&+"%6	-./	,0)121)3

) × 100  

 

Ferroptosis assay in F35T cells using MTS assay 

F35T cells were seeded at 2,500 and 5,000 cells/well in 96-well plate and incubated for 18 h 

(37°C and 5% CO2). After the incubation, media was removed, and solubilized ubiquinol, N-

Acetylcysteine (NAC) and deferoxamine (DFO) dispersed in media were added separately at 

1 and 10 µM concentrations while only media was added to the control group. Ferroptosis 

inhibitor ferrostatin-1 (Sigma-Aldrich, USA) in DMSO was used as a positive control. After 

adding treatments, cells were incubated for 24 h (37°C and 5% CO2). Cells were then washed 

twice with 1X DPBS to remove any residual treatments and 1 µM of RSL3 in DMSO was 

added to the cells except for the no RSL3 control group where only DMSO in media was added. 

After adding RSL3, cells were incubated for 24 h (37°C and 5% CO2) and bright-field 

microscopic images of live cells were taken using EVOS Cell Imaging System (ThermoFisher, 

USA). Cells were gently washed once with 1X DPBS and 20 μL of MTS reagent in 80 μL of 

media were added to the cells and incubated for 3 h (37°C and 5% CO2). After the incubation, 

the absorbance was measured at 490 nm following the manufacturer’s guidelines. 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 28, 2022. ; https://doi.org/10.1101/2022.06.27.497862doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.27.497862


 
 

22 

Time-lapse confocal imaging of ferroptosis 

Cells were seeded at 100,000 cells/chamber in a 4-chambered glass bottom coverglass (Thermo 

Scientific Nunc Lab-Tek) after coating with FNC Coating Mix and incubated for 18 h (37°C 

and 5% CO2). Cells were treated with 1 µM of RSL3, 1X of LipidSpot™ 610 and 50 nM of 

SYTOX™ Green nucleic acid stain dye in 0.9 mL of cell culture media. Time-lapse Z-stack 

imaging was performed up to 17 h using a LSM 980 confocal microscope (Zeiss) with Airyscan 

2 with 63X oil lens. During imaging, cells were incubated in the chamber maintained at 37°C 

and 5% CO2. Image analysis and video production were performed in Imaris 9.9 (Oxford 

Instruments).  

 

Statistical analysis 

All data were expressed as the mean ± standard error of the mean (SEM). Statistical analysis 

was performed using the two-tailed Student’s t-test when the experimental group was only 

compared with the control group. One-way ANOVA followed by Tukey’s post-hoc test was 

utilized when multiple groups were compared with each other. p-values of less than 0.05 were 

considered statistically significant. All experiments were carried out with at least 3 biological 

replicates and in technical triplicate. Statistical analysis was carried out using GraphPad Prism.  

 

RESULTS 

FECD surgical samples demonstrate key markers of ferroptosis including increased lipid 

peroxidation, cytosolic iron accumulation, and changes in gene and protein expression. 

 

Endothelial cell-Descemet membrane tissue samples resected from ungenotyped FECD 

patients during endothelial keratoplasty were used to determine the presence of ferroptosis 

(excessive lipid peroxidation and elevated labile cytosolic ferrous iron [Fe2+]) in end-stage 
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disease compared to healthy controls. First, Western blot analysis with anti-4-HNE was 

performed to detect lipid peroxidation in human surgical samples from FECD patients (n = 8). 

Surgical samples with FECD had 30% higher 4-HNE expression than control donor tissues (p 

< 0.01) (Fig. 1A, S1). Higher 4-HNE expression in FECD tissues indicated higher basal level 

of lipid peroxidation in FECD patients. Then, the labile cytosolic iron in endothelial cells of 

FECD patients was quantified to determine the presence of higher iron accumulation in FECD 

pathophysiology. Primary corneal endothelial cells were isolated from FECD surgical tissues 

obtained during endothelial keratoplasty and cytosolic iron was quantified by flow cytometry 

and compared with isolated corneal endothelial cells from healthy human donor corneas. FECD 

cells had a 32.23% increase in FerroOrange fluorescence compared to healthy donor controls 

(p < 0.01), indicating a significantly higher cytosolic Fe2+ content in FECD (Fig. 1B). Of note, 

only cytosolic Fe2+ was assayed in FECD surgical tissue explants in this series because of the 

limited availability of tissues and scarcity of live cells in resected tissue. 

 

Next, we probed tissue samples resected from ungenotyped FECD patients during endothelial 

keratoplasty that represent end-stage FECD disease and healthy donor tissue controls to 

determine alterations to key genes and proteins known to occur in ferroptosis. Glutathione 

peroxidase (GPX4) prevents lipid peroxidation and ferroptosis (61). Therefore, downregulation 

of GPX4 results in disruption of redox homeostasis and significantly more lipid peroxidation, 

and this is a well-documented change that occurs in ferroptosis (26, 62). FECD surgical 

samples had 0.62-fold lower gene expression than healthy donor cornea samples (p = 0.05; 

Fig. 1C). Superoxide dismutase 2 (SOD2), a key antioxidant enzyme responsible for 

neutralizing harmful superoxide anion (O2⋅–), is known to protect against ferroptosis (63). 

SOD2 gene expression has been found to be downregulated by 0.30-fold in FECD tissues in 

comparison to healthy control tissues in qPCR analysis (p < 0.01; Fig. 1D). SOD2 protein 
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expression was also significantly lower in FECD tissues than in healthy tissues (p < 0.05; Fig. 

1D). The transcription factor nuclear factor erythroid 2-related factor 2 (NRF2) is a key player 

in antioxidant defense and master regulator of genes responsible for preventing lipid 

peroxidation, iron accumulation and oxidative damage (64). NRF2 gene expression was 

downregulated by 0.57-fold in FECD tissues when compared with control tissues (p < 0.01; 

Fig. 1E). However, NRF2 protein was significantly overexpressed in FECD tissues in 

comparison to healthy tissues (p < 0.05; Fig. 1E). In contrast to GPX4 which is a glutathione 

dependent ferroptosis inhibitor, ferroptosis suppressor protein 1 (FSP1) has been found to be a 

glutathione-independent ferroptosis inhibitor (65). FSP1 is known to complement the loss of 

GPX4 and is upregulated in ferroptosis, while GPX4 is downregulated to protect cells against 

ferroptosis (65). FSP1 as CoQ oxidoreductase, catalyzes the NAPDH dependent reduction of 

oxidized form of CoQ10, ubiquinone to the active reduced form of CoQ10, ubiquinol which 

protects cells from ferroptosis by inhibiting lipid peroxidation (65, 66). In this study, FSP1 

gene expression was found to be downregulated by 0.6-fold in FECD tissues in comparison to 

control tissues (p < 0.05; Fig. 1F). FSP1 protein expression was found to be increased by 32% 

in FECD surgical samples in comparison to healthy donor cornea samples in western blot 

analysis (p < 0.05; Fig.1F). Ferroportin (FPN1) also known as SLC40A1, is a sole iron exporter 

plays crucial role in maintaining iron homeostasis (67). FPN1 gene expression was 

significantly upregulated by 2.06-fold in FECD tissues in comparison to control tissues (p = 

0.05; Fig.1G), which indicates a compensatory response in disease to export higher labile iron 

and restore iron homeostasis. FPN1 protein was also significantly overexpressed by 190% in 

FECD tissues when compared with control tissues (p < 0.001; Fig.1G). Acyl-CoA synthetase 

long chain member family 4 (ACSL4), a key player in cell death including ferroptosis, is 

responsible for regulating lipid biosynthesis by converting fatty acid to fatty acyl-CoA esters 

(68, 69). ACSL4 gene expression was downregulated by 0.46-fold in FECD tissues in 
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comparison to control tissues (p < 0.05; Fig.1H), which indicates cells downregulating lipid 

peroxidation precursors ***. 

 

We also performed an analysis of published databases of samples from FECD patients and 

controls for the presence of genes known to be involved in ferroptosis. Genes involved in 

ferroptosis were downregulated in FECD patients compared to control patients (FDR < 0.01). 

Strikingly, a mixed model analysis that allows for both upregulated and downregulated genes 

was more significantly enriched for changes consistent with ferroptosis occurrence in FECD 

(FDR < 0.001, Fig. 1I), indicating an overall dysregulation of the ferroptosis pathway in FECD. 

The most significant alteration occurred in the mixed model analysis from the FerrDB database, 

which includes known driver, suppressor, and marker genes of ferroptosis (54). 

 

FECD cell cultures modeling TCF4 repeat expansion recapitulate human tissue findings 

and demonstrate key markers of ferroptosis. 

4-HNE was significantly overexpressed in FECD tissues indicating higher basal levels of lipid 

peroxidation, however in cell culture models we initially found no significant differences 

between HCEC-B4G12 and F35T cells (p = 0.15; Fig. 2A, S2). Therefore, in our cultured cell 

models, we also analyzed basal levels of lipid peroxidation by quantifying differences in a 

fluorescent probe, C11-Bodipy 581/591, which acts as a reporter of lipid peroxidation by 

shifting fluorescence from red to green in response to exposure to ROS (70, 71). ROS-mediated 

oxidation of the polyunsaturated butadienyl part of the fluorescent probe causes the peak shift 

indicating the lipid peroxidation. Basal level of lipid peroxidation was quantified in both 

HCEC-B4G12 and F35T cells to compare the extent of lipid peroxidation without any cellular 

treatment. F35T cells were found to have a 2.89-fold higher basal level of lipid peroxidation 

when compared to HCEC-B4G12 cells (p < 0.0001; Fig. 2B). In representative confocal 
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images, there was notable difference in red and green fluorescence between HCEC-B4G12 and 

F35T cells. In HCEC-B4G12 cells, the majority of the fluorescence signal was red and came 

from the reduced form of the fluorescent probe, which was emitted at 591 nm. In F35T cells, 

oxidation of the polyunsaturated butadienyl portion of the dye shifted the emission peak from 

591 nm to 510 nm, and the majority of the fluorescence signal was green (Fig. 2C).  

 

Next, the cytosolic iron content was detected using a fluorescent probe to assess the availability 

of the toxic ferrous iron (Fe2+) pool that can drive ferroptosis. Labile cytosolic Fe2+ has been 

found to be increased during ferroptosis (72). Because ferroptosis is driven by labile iron 

overload, we first detected cytosolic iron content and compared F35T to HCEC-B4G12 cells. 

FerroOrange (Dojindo EU GmbH) is a fluorescent probe capable of live-cell fluorescent 

staining of cytosolic Fe2+ iron through the formation of a stable fluorescent complex (73). In 

flow cytometry analyses, F35T cells were found to have 3.3-fold higher cytosolic Fe2+ iron 

detected by an increase of fluorescence compared to HCEC-B4G12 cells indicating toxic 

ferrous iron overload (p < 0.0001; Fig. 2D). In cell population comparisons, 60.87±1.3% of 

F35T cells were present in the gated region of FL2 fluorescence above the background signal 

of unstained cells, whereas only 36.67±3.1% of HCEC-B4G12 cells were detected in that 

region (Fig. 2E). Confocal microscopy imaging also revealed that the fluorescent intensity of 

FerroOrange was markedly higher in F35T cells compared to HCEC-B4G12 cells, indicating 

a higher amount of labile ferrous iron in F35T cells (Fig. 2F).  

 

Mitochondria are key regulators of corneal endothelial cell redox signaling and antioxidant 

function. Iron plays a crucial role in mitochondrial function through controlling Fe-S cluster 

and heme protein biosynthesis, electron transport, and oxidative phosphorylation (74). 

Mitochondria need iron for proper functioning, but iron overload disrupts iron homeostasis and 
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leads to mitochondrial dysfunction, iron-dependent oxidative stress, and iron-mediated 

endothelial cell dysfunction (75). Herein, we quantified mitochondrial ferrous iron (Fe2+) 

content in cells using Mito-FerroGreen, a specific fluorescent probe capable of staining 

mitochondrial iron content in live cells (76). The fluorescent intensity of Mito-FerroGreen was 

10.9-fold higher in F35T cells than in HCEC-B4G12 cells in flow cytometry analyses, which 

indicated very high Fe2+ content in the mitochondria of F35T cells compared to healthy cells 

(p < 0.0001; Fig. 2G). In cell population comparisons, 6-times more F35T cells (64.33±1.17%) 

were present in the gated region of FL1 fluorescence above the background signal of unstained 

cells whereas only 10.27±0.4% B4G12 cells were detected in that region (Fig. 2H). Higher 

fluorescence intensity of Mito-FerroGreen in F35T cells than in HCEC-B4G12 cells was also 

detected in confocal microscopy imaging (Fig. 2I).  

 

Deferoxamine (DFO) is well-known iron chelator and can inhibit the ferroptosis process by 

lowering cytosolic labile iron concentrations (77). Since DFO can inhibit ferroptosis, we used 

DFO treatment as an indirect way of assessing the susceptibility of F35T cells towards 

ferroptosis and comparing them with healthy HCEC-B4G12 cells (77-79). Cells were treated 

with RSL3, which is a known RAS-selective and lethal ferroptosis inducer (80). RSL3 inhibits 

GPX4 and results in the accumulation of lipid ROS and an increase in the labile iron pool, and 

thus induces ferroptosis in dose dependent manner (81). When cells were treated with RSL3 

for 2 h at different concentrations, both cell types had a similar percentage of cell viability. 

Surprisingly, F35T cells had significantly higher cell death when RSL3 treatment duration was 

increased to 4, 6, and 8 h at all three different concentrations of 1, 2, and 5 µM (p < 0.0001; 

Fig. 2J). Higher cell death in F35T cells indicated that there was more labile iron content in 

F35T cells in comparison to B4G12 cells as both cell types were protected with the same dose 

of DFO of 100 µM. These findings indicate that F35T cells were less protected by DFO because 
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of comparatively higher cytosolic iron content, leading them to be more prone to ferroptosis 

than healthy cells. 

 

We also probed FECD disease and healthy cultured cell models to determine alterations to key 

genes and proteins known to occur in ferroptosis. In our study, F35T cells had 2.27-fold higher 

GPX4 gene expression when compared with HCEC-B4G12 cells (p < 0.01; Fig. 2K); however, 

F35T cells were found to have 53% lower GPX4 protein expression when compared to control 

B4G12 cells in western blot analysis (p < 0.001; Fig. 2K). F35T cells showed significantly 

higher SOD2 gene expression by 3.37-fold when compared with HCEC-B4G12 cells (p < 0.01; 

Fig. 2L). There was no significant difference in SOD2 protein expression in between these two 

cell lines (p = 0.71; Fig. 2L). NRF2 gene expression was also found to be upregulated by 3.03-

fold in F35T cells when compared with HCEC-B4G12 cells (p < 0.01; Fig. 2M). There was no 

significant difference in NRF2 protein expression was observed in these cell line (p = 0.10; 

Fig. 2M). FSP1 gene expression was increased by 2.52-fold in F35T cells when compared with 

B4G12 cells (p < 0.01; Fig. 2N). FSP1 protein expression was also increased by 38% in F35T 

cells when compared with control B4G12 cells in western blot analysis (p < 0.001; Fig. 2N). 

Of note, FSP1 expression in cells strongly correlated with the expression found in FECD 

tissues. F35T cells had upregulation of FPN1 gene expression by 4.3-fold when compared with 

HCEC-B4G12 cells (p < 0.001; Fig. 2O). F35T cells also had upregulation of ACSL4 gene 

expression by 1.88-fold in comparison to B4G12 cells (p < 0.01; Fig. 2P). Overall, GPX4, 

SOD2, NRF2, FP1 and ACSL4 genes were upregulated in FECD cell culture whereas in FECD 

tissues, these genes were downregulated except FSP1 was upregulated in both FECD cell 

culture and tissues. FECD cell culture model showed upregulation of NRF2 and FSP1 protein 

like FECD tissues. However, SOD protein expression was downregulated in FECD tissues but 

upregulated in FECD cells.  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 28, 2022. ; https://doi.org/10.1101/2022.06.27.497862doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.27.497862


 
 

29 

TFR1 expression correlates with increased lipid peroxidation, iron accumulation, and loss 

of GPX4 activity and is a useful biomarker of ferroptosis in FECD patient samples and cell 

cultures. 

Transferrin receptor (TFR1), which internalizes transferrin-iron complexes through 

endocytosis, has been identified as the most specific ferroptosis marker because this receptor 

is required for importing iron (33). TFR1 protein has been found to be upregulated in cells 

undergoing ferroptosis, and thus TFR1 upregulation serves as a useful marker of ferroptosis 

because it contributes to higher iron intake and correlates with iron-mediated lipid peroxidation 

(33). Therefore, we tested for levels of TFR1 gene and protein expression in human surgical 

samples from patients with FECD compared to healthy donor tissue samples. Although TFR1 

gene expression was significantly downregulated in FECD tissues (p < 0.05; Fig. 3A), TFR1 

protein expression was found to be 47% higher in FECD tissues when compared with healthy 

control tissues (p < 0.01, Fig. 3A). TFR1 gene and protein expression were also quantified in 

both diseased F35T and healthy HCEC-B4G12 cell culture models. In contrast to FECD tissue 

samples, F35T cells had upregulation of TFR1 gene expression by 4.77-fold compared to 

HCEC-B4G12 cells (p < 0.01, Fig. 3B). In concert with FECD tissue samples, we found 

significant upregulation of TFR1 protein expression by 5.40-fold when compared with B4G12 

cells (p < 0.001, Fig. 3B). Upregulation of both TFR1 protein and mRNA indicated that FECD 

cells are more prone to excessive uptake iron and ferroptotic cell damage.  

 

To quantify mitochondrial superoxide in FECD cells and controls, F35T and HCEC-B4G12 

cell cultures were exposed to MitoROS 580 dye. As a positive control both cell types were also 

exposed to 50 µM AMA. F35T cells showed 15.7-fold higher basal mitochondrial superoxide 

concentrations (p < 0.0001, Fig. 3C) than healthy control cells. Basal levels of ROS were also 

quantified by dihydroethidium (DHE) fluorescent probe. Flow cytometry analyses showed 
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3.29-fold higher ROS in F35T cells when compared with HCEC-B4G12 cells (p < 0.0001, Fig. 

3D). Confocal microscopy images also showed greater DHE fluorescence in F35T cells (Fig. 

3E).  

 

Ferroptosis has been reported to be closely associated with lipid metabolism and lipid storage 

in droplets (82-84). Degradation of intracellular lipid droplets promote ferroptosis and it has 

been reported that accumulation of lipid droplets increases during early stage of ferroptosis but 

decreases at the late stage of ferroptosis (82). Lipid droplet concentrations were quantified by 

flow cytometry using a LipidSpot™ 610 fluorescent probe. Flow cytometry analysis showed 

2.29-fold higher amount of lipid droplets in F35T cells in comparison to HCEC-B4G12 cells 

(p < 0.0001, Fig. 3F). Confocal microscopy images showed a higher number of lipid droplets 

in F35T cells (Fig. 3G). 

 

Iron overload in FECD is mediated by decreased ferritin and increased transferrin.  

Ferritin is a common protein readily available in all cells, and its main function is to form 

structures that can store cellular iron and prevent iron-mediated toxicity and oxidative stress 

(85). Cells get an influx of ferric iron (Fe3+) as transferrin-bound iron through transferrin 

receptor 1 (TFRC)-mediated endocytosis; Fe3+ then gets reduced to ferrous iron (Fe2+) in the 

endosome by STEAP3 and released to the cytoplasm via SLC11A2 (Fig. 4A) (86). Ferritin can 

store labile Fe2+ inside its multimeric shell in a nontoxic state and releases it as required 

depending on the consumption of iron during oxygen transport, Fe-S production in the 

mitochondria, and efflux transport via ferroportin (86). In addition to the iron overload due to 

higher iron uptake associated with TFR1 overexpression, downregulation of ferritin protein via 

ferritinophagy or other cellular processes can lead to accumulation of toxic Fe2+ and result in 

increased susceptibility to ferroptosis (86). Since ferritin plays a crucial role in iron 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 28, 2022. ; https://doi.org/10.1101/2022.06.27.497862doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.27.497862


 
 

31 

homeostasis, we quantified human ferritin in protein extracted from both F35T and HCEC-

B4G12 cell types using the Human Ferritin ELISA kit. Healthy HCEC-B4G12 cells had 

28.63±1.01 ng of ferritin/mg of protein whereas F35T cells had 23.88±0.45 ng/mg of protein 

(Fig. 4B). F35T cells had significantly (p < 0.001) lower ferritin/mg of protein than in B4G12 

cells. These findings demonstrate that F35T cells have less cytosolic ferritin in the FECD 

disease state than encountered in healthy cells, and indicates that hindered iron storage in 

FECD pathobiology associated with increased labile Fe2+ iron inside diseased cells may result 

in greater susceptibility to ferroptosis.  

 

Mitochondrial ferritin (FtMt) protein is structurally and functionally analogous to cytosolic 

human ferritin and plays a crucial role in cellular iron homeostasis via the storage of toxic labile 

iron within mitochondria (87). Previously, it has been found that overexpression of FtMt in 

mitochondria can cause the redistribution of iron from the cytosol to mitochondria, resulting in 

a decrease of the cytosolic iron accumulation (88, 89). FtMt has also been reported to play a 

major role in protecting mitochondria from iron-mediated oxidative damage in addition to its 

iron storage function (90, 91). Therefore, we quantified FtMt in protein extracted from both 

cell types using the Mitochondrial Ferritin ELISA kit. Healthy HCEC-B4G12 cells were found 

to have 175.16±3.94 ng of MtFt/mg of protein whereas F35T cells had 101.72±3.87 ng/mg of 

protein (Fig. 4C). F35T cells had 1.72-fold lower FtMt/mg of protein than in HCEC-B4G12 

cells (p < 0.0001). These findings indicated that F35T cells had very low FtMt compared to 

healthy cells, potentially hampering iron redistribution from cytosol to mitochondria as well as 

mitochondrial iron storage and leading to toxic iron accumulation and iron-mediated oxidative 

damage. Lower than normal FtMt can disrupt cellular iron metabolism and increase cellular 

ROS levels dramatically (87).  
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Ferritin in humans consists of both heavy and light chains encoded by the FTH and FTL genes, 

respectively (92). FECD surgical tissue samples showed downregulation of both FTH and FTL 

mRNA by 0.24 and 0.36-fold, respectively, in comparison to healthy control tissues (p < 

0.0001, Fig. 4D and p < 0.01, Fig. 4E, respectively). In contrast, F35T cells cultures showed 

upregulation of both FTH and FTL mRNA by 2.37 and 2.64-fold, respectively, in comparison 

to control tissues (p < 0.05, Fig. 4F and p < 0.05, Fig. 4G, respectively). These perturbations 

may reflect changes attributable to disease stage and/or model differences. 

 

A total of 23,171 protein isoforms were identified (STable 1), of which 3,448 protein isoforms 

had significantly altered expression in FECD patient aqueous compared to non-FECD aqueous 

samples (STable 2). A molecular pathway analysis of the statistically significant proteins (p < 

0.05) between FECD and control aqueous humor samples collected from patients undergoing 

endothelial keratoplasty identified several groups of functionally related proteins. The top 15 

most significantly represented pathways determined by IPA software (Qiagen) included 

ferroptosis. Of greatest relevance to this study was the statistically significant difference in 

transferrin protein in the aqueous humor. Several isoforms of human transferrin (UniProtKB 

IDs: F8WEK9, F8WCI6, P02787, A0PJA6, F8WC57, B4DHZ6, C9JVG0, Q06AH7, AND 

C9JB55) were higher in FECD aqueous samples compared to controls (3.8 < Ratio < 18.7; p < 

0.015). A complete list of differentially expressed proteins by molecular pathway can be found 

in STable 3, including the complete list of ferroptosis proteins significantly different in 

aqueous samples of FECD patients compared to controls. Findings indicate that transferrin 

levels in aqueous may be a potential biomarker and indicator of ferroptosis activity in FECD. 

 

FECD mutation is associated with cytosolic and mitochondrial iron accumulation after UVA 

exposure. 
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UVA a major component of prolonged sunlight exposure that can cause severe oxidative stress 

in exposed cells (93, 94). It has been well reported that UVA irradiation of cells increases labile 

cytosolic Fe2+ release from the core of cytosolic and mitochondrial ferritin through the ferritin 

degradation process, leading to the accumulation of potentially harmful iron forms (42, 44, 94). 

Herein, we exposed human donor corneas to UVA irradiation of 5 J/cm2, and cytosolic Fe2+ 

content was detected in isolated primary endothelial cells using FerroOrange fluorescent probe 

via flow cytometry. Dose screening using MTS assay showed that UVA irradiation of 5 J/cm2 

is a relatively safe physiological dose (Fig. S3). Upon UVA irradiation, labile cytosolic Fe2+ 

was markedly increased in pair-wise comparison with control unexposed corneas (p = 0.28; 

Fig. 4H, 4I). These findings indicated that the human cornea is susceptible to UVA irradiation 

mediated labile iron release and accumulation in the cytosolic compartment.  

 

Next, we exposed both F35T and HCEC-B4G12 cells to various doses of UVA irradiation of 

1, 2, 4 and 8 J/cm2. Upon irradiation, both cytosolic and mitochondrial Fe2+ were quantified 

and compared by measuring fluorescence using a flow cytometry. When HCEC-B4G12 cells 

were irradiated with UVA, there was maximum 8.1% increase of cytosolic Fe2+ at the dose of 

4 J/cm2, whereas F35T cells had a massive 60.01% increase at the same dose level (Fig. 4J). 

F35T cells had significantly (p < 0.0001) higher percentage of Fe2+ release from ferritin when 

compared with healthy B4G12 cells at all doses of UVA irradiation, which indicated that F35T 

cells are more susceptible to UVA irradiation mediated toxic iron release and accumulation. 

At higher dose of 8 J/cm2, we observed a decrease of percent increase of cytosolic iron in 

comparison to the dose of 4 J/cm2. In our UVA dose screening, we observed that dose above 5 

J/cm2 is toxic to F35T cells (Fig. S3); therefore, potential cell death might be associated with 

this finding. We also studied mitochondrial iron release with UVA irradiation. HCEC-B4G12 

cells had maximum of 9.84% iron release at the dose of 1 J/cm2, whereas F35T cells had a 
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28.52% increase of mitochondrial iron at the same low dose (Fig. 4K). F35T cells had 

significantly higher percentage of mitochondrial iron release when compared with HCEC-

B4G12 cells at all doses of UVA irradiation (p <0.0001, Fig. 4K). Therefore, F35T cells were 

significantly and dramatically more susceptible to UVA irradiation mediated mitochondrial 

iron release, which can lead to iron accumulation and iron-mediated oxidative damage of 

mitochondria. At higher dose levels of 4 and 8 J/cm2, we observed dramatic decreases in 

mitochondrial iron. It has been reported that higher UVA irradiation (e.g. >100 mJ/cm2) causes 

mitochondrial fragmentation (95, 96). Mitochondrial fragmentation can potentially cause the 

release of mitochondrial iron into the cytosol, and thereby affect the quantification of true 

mitochondrial iron by reducing the sensitivity of the mitochondria selective fluorescence probe 

used quantify mitochondrial iron. Considering the physiological daily UVA irradiation that 

corneas receive from sunlight exposure, our data suggest that chronic Fe2+ release may form 

the mechanistic basis for UVA mediated oxidative damage that contributes to FECD disease 

progression. 

 

Pretreatment with solubilized ubiquinol prevents lipid peroxidation and cell death after 

direct RSL3 ferroptosis induction in FECD and healthy cell cultures. 

RSL3, a potent ferroptosis inducer, was used to induce lipid peroxidation in both HCEC-

B4G12 and F35T cells. RSL3 directly inhibits GPX4, thereby lowering the antioxidant capacity 

of cells and increasing levels of lipid peroxides leading to cell death by ferroptosis (Fig. 5A) 

(32, 80). Ubiquinol is an endogenous antioxidant that is converted from coenzyme Q10 via 

ferroptosis suppressor protein 1 (FSP1) and provides some degree of protection against 

ferroptosis and lipid peroxidation (97). Previously, we developed a highly dispersible 

solubilized ubiquinol that showed significant protection against lipid peroxidation and 

ferroptosis in a dose-dependent manner in donor corneal endothelial cells (30). Herein, we 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 28, 2022. ; https://doi.org/10.1101/2022.06.27.497862doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.27.497862


 
 

35 

treated both cell types with solubilized ubiquinol at different concentrations of 1, 10, 50, and 

100 µM to examine its efficacy in preventing lipid peroxidation in a dose-dependent manner. 

We found that RSL3 at a 1 µM dose induced lipid peroxidation in untreated cells as indicated 

by the peak shift of the BODIPY fluorescent probe from red to green. Solubilized ubiquinol 

treatment at all the tested concentrations significantly inhibited lipid peroxidation in both cell 

types when compared to cells treated with RSL3 alone (p < 0.0001; Fig. 5B, 5C). Solubilized 

ubiquinol showed a clear dose-dependent inhibition pattern from 1 to 5 µM doses in HCEC-

B4G12 cells while in F35T cells, dose-dependent inhibition was detected until the 10 µM dose 

but higher doses did not confer more protection. Dose-dependent inhibition at higher doses 

also was not observed in HCEC-B4G12 cells; at the 1 µM dose, solubilized ubiquinol 

completely inhibited lipid peroxidation to a degree that was equal to basal levels in both the 

no-RSL3 and no-treatment groups. Lipid peroxidation inhibition with soluble ubiquinol 

reached basal levels at the 10 µM dose in F35T cells; however, the basal lipid peroxidation 

levels were significantly higher in F35T cells than HCEC-B4G12 cells (p < 0.0001). 

Solubilized ubiquinol treatment at the same doses was more effective in inhibiting lipid 

peroxidation in HCEC-B4G12 cells than F35T cells, which indicates a higher susceptibility of 

F35T cells to ferroptosis and lipid peroxidation. At the 1 µM dose, solubilized ubiquinol 

inhibited lipid peroxidation by 43.08% compared to the RSL3 only group in HCEC-B4G12 

cells, whereas only 12.45% inhibition was observed in F35T cells. Similarly, at a 10 µM dose, 

62.35% inhibition was noticed in B4G12 cells while 49.24% inhibition happened in F35T cells 

(Fig. 5C, 5D). These findings indicate that F35T cells were more susceptible to lipid 

peroxidation and ferroptosis, and solubilized ubiquinol was highly effective in inhibiting 

detrimental cellular processes and protecting corneal endothelial cell health.  
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We also assessed F35T and HCEC-B4G12 cell viability with and without solubilized ubiquinol 

following treatment with RSL3 using a LDH assay. A ferroptosis inhibitor, ferrostatin-1, was 

used as a positive control to validate that cell death was caused by the ferroptosis process. 

Solubilized ubiquinol significantly inhibited RSL3 induced ferroptosis event at a very low dose 

of 1 µM in both cell types (Fig. 6A). RSL3 caused significantly more cell death in F35T cells 

compared to HCEC-B4G12 cells, which indicated their higher susceptibility to ferroptosis and 

aligned with the findings of higher basal lipid peroxidation in F35T cells (Fig. 6B). Light 

microscopy images showed no morphological damage when cells were treated with solubilized 

ubiquinol even at the low concentration of 1 µM (Fig. 6C). Solubilized ubiquinol treatment at 

all concentrations tested underperformed in F35T cells compared to HCEC-B4G12 cells, which 

indicated higher susceptibility of F35T cells to ferroptosis. However, solubilized ubiquinol at 

higher concentrations from 5 to 100 µM increased cell numbers indicating possible F35T cell 

proliferation in addition to protecting F35T cells from ferroptosis.  

 

When cells were challenged with RSL3, we observed a dramatic increase of lipid droplets in 

both cell lines, and F35T cells showed notably more droplets when compared with HCEC-

B4G12 cells (Fig. 6D). In live time-lapse video analysis, we observed that the number of lipid 

droplets decreased dramatically during ferroptosis mediated cell death; almost no droplets were 

visible in the periphery, and droplets condensed closer to the nucleus (Fig. 6E, Supplementary 

video 1A, 1B). We also observed that F35T cells died 1 h earlier than B4G12 cells when treated 

with same dose of RSL3 (Fig. 6E, Supplementary video 1A, 1B, 2A, 2B). F35T cells also 

demonstrated a wave-like spreading pattern of ferroptotic lipid damage as reported in the 

literature (98). We observed a portion of the cell population to be completely dead as indicated 

by SYTOX green while another portion to be alive in the same well in the tissue culture dish 

(Fig. S4).  
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Solubilized ubiquinol performed better than antioxidant N-acetyl cysteine (NAC) and 

ferroptosis inhibitor deferoxamine (DFO). In the MTS-based RSL3 induced ferroptosis assay, 

solubilized ubiquinol at the concentrations of 1 and 10 µM showed significantly higher cell 

viability in comparison to N-acetyl cysteine (NAC) and deferoxamine (DFO) at the same 

concentrations (Fig. 6F). Solubilized ubiquinol also outperformed another potent antioxidant 

and known ferroptosis inhibitor, ferrostatin-1, at the 1µM dose. These findings indicated that 

solubilized ubiquinol may be better suited to counter ferroptosis in FECD than the other agents 

tested in this series.  

 

DISCUSSION 

While the genetic background of FECD is complex and age of onset varies based on genotype, 

the clinically recognized hallmarks of this disease are highly conserved. CTG trinucleotide 

repeat expansions in intron 3 of the TCF4 gene are found in more than 70% of patients with 

FECD; patients with this genotypic marker tend to develop “late-onset” disease and tend to be 

female (3- to 4:1 ratio). Although the exact mechanism of disease remains incompletely 

understood, it is possible that expressed non-coding regions of mRNA are toxic to CECs. The 

remaining portion of patients have a mutation in one of at least 10 known genes with a disease-

causing mutation that affect a variety of CEC functions, from abnormal collagen production to 

altered ion channel pump function. Remarkably, all forms of this disease are characterized by 

an increased susceptibility to oxidative stress, regardless of genotype, age of onset, or gender. 

Our analysis of surgical samples collected at the time of endothelial keratoplasty for patients 

with FECD that were pooled and performed on ungenotyped patients. This broad approach 

bears direct correlation with the FECD clinical phenotypes common to end-stage disease (loss 

of CECs, confluent guttae on the inner cornea, corneal edema and vision loss). It is noteworthy 
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that we found evidence of lipid peroxidation, cytosolic Fe2+ accumulation, and GPX4 depletion 

occurring in tandem in surgical samples. Our findings, which are contextualized by the well-

documented background of ROS accumulation, support the general presence of increased 

susceptibility to ferroptosis in patients with FECD. Although we include additional cell culture 

evidence that the TCF4 trinucleotide repeat expansion increases ferroptosis susceptibility, 

further studies are needed to determine if these findings apply to other FECD genotypes 

equally. 

 

Previously, we showed that ferroptosis can be induced experimentally in healthy immortalized 

human CECs using erastin, a direct inhibitor of system xc- and the GSH synthetic pathway. In 

this study, we found evidence that FECD is associated with constitutive increases in cytosolic 

Fe2+ and lipid peroxidation as well as decreased GPX4, specifically in primary and 

immortalized in vitro patient-derived FECD cell culture models harboring CTG repeat 

expansions in TCF4. Multiple lines of evidence support the theoretical basis for ferroptosis to 

be a pathological component of cell death in FECD. Nrf2, the stress-induced transcription 

factor that serves as the master regulator of endogenous antioxidant response element, becomes 

upregulated in response to a variety of endogenous and exogenous stressors (64, 99, 100). Nrf2 

has also been shown to regulate the activity of several ferroptosis and lipid peroxidation-related 

proteins involved in both iron and GSH metabolism, including SLC7A11 which encodes the 

cystine/glutamate antiporter (system xc-) that increases resistance to ferroptosis (101-104). In 

FECD, Nrf2 protein levels have been found to be decreased (12). The main regulator of Nrf2, 

DJ-1, is also downregulated in FECD, which can also lead to increased susceptibility of CECs 

to UVA induced damage (25). In addition to decreases in Nrf2, redox sensor peroxiredoxin 1 

(PRDX1) downregulation in FECD makes CECs more sensitive to cell death associated with 

lipid peroxidation because both Nrf2 and PRDX1 are required to regulate lipid peroxidation 
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(4). These reports indicate strong evidence for higher susceptibility to lipid peroxidation and 

ferroptosis in FECD. The TCF4 genotype models utilized in this study reproduce the 

ferroptosis pathway signatures found in both diseased tissue and direct experimental induction 

in healthy cells. Our findings are a strong indication that intronic repeat expansions likely 

render the FECD endothelium more susceptible to ferroptosis, and underscore the utility of 

these models – both primary and immortalized FECD cell lines, which returned similar data – 

in further studies of ferroptosis in FECD. They also suggest possible directions for 

investigating ferroptosis in other trinucleotide repeat expansions diseases, such as 

Huntington’s.  

 

In this study elevated levels of Fe2+, a reactive redox substrate under strict control and 

regulation, were detected in the cytosol of corneal endothelial cells from FECD patient samples 

and all cell culture models tested. While the notion that iron overload plays a part in the 

pathobiology of Fuchs dystrophy is novel, it is well known that dysregulation of iron 

metabolism plays a role in several diseases. Typically, iron enters the cell from surrounding 

fluid after complexation with transferrin, a secretory product that binds Fe3+ (Fig. 7). The 

transferrin-Fe3+ complex enters via TFR1-mediated endocytosis, becomes acidified and 

reduced to Fe2+ in endosomes by STEAP3 metalloreductase, and gets released into the cytosol 

where it is converted to Fe3+ and incorporated into ferritin, a key iron storage protein and major 

regulator of intracellular iron (61, 72). Cells normally maintain low free cytosolic Fe2+ levels 

in a steady-state equilibrium with ferritin-bound iron because free Fe2+ is highly reactive and 

potentially toxic. Fe2+ can generate excessive ROS via Fenton reactions and increase the 

activity of lipoxygenases that are responsible for lipid peroxidation (72, 94). Thus, our finding 

of cytosolic Fe2+ accumulation in patient and cell culture models is noteworthy because it 

implicates ferroptosis as a mechanism of oxidative cell death in FECD. In ferroptosis, the 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 28, 2022. ; https://doi.org/10.1101/2022.06.27.497862doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.27.497862


 
 

40 

sequence of Fe2+-mediated plasma membrane lipid peroxidation and subsequent cell death 

results in affected cells adopting a characteristic morphological appearance that features 

redistribution of lipids at the PM, occurring as lipid blebbing and bubble formation and leading 

toward cellular ballooning prior to death. Although we were unable to visualize ferroptosis cell 

morphology sequences in tissue explants owing to their terminal degeneration at the end stage 

of disease, we were able to visualize plasma membrane lipid degeneration and migration of 

pooled lipids toward the nuclear envelope in cultured FECD cells, confirming ferroptosis cell 

death sequences of affected cells. 

 

We detected several points of disruption in iron regulation attributable to FECD genotype, 

including increased iron uptake signaling and storage disequilibrium. First, cultured FECD 

CECs with TCF4 repeat expansions show increased levels of ferroportin, the only membrane 

bound protein responsible for iron efflux. Regulated by Nrf2 signaling under states of oxidative 

stress, an increase in ferroportin expression indicates the cellular attempt to remove excess iron 

from the cytosol. FPN1 expression has been reported be regulated by Hif1α, Hif2α and the Hif 

response element (HRE) under anemic conditions, which would cause increase to get more 

iron into the blood from cells, and is regulated by Nrf2 in response to oxidative stress (105). 

FPN1 transcription is also regulated by Nrf2 in response to inflammation and in FECD there 

is evidence of inflammation (106). In addition, increased amounts of transferrin, the secreted 

iron carrier protein necessary for uptake by cells, were detected in aqueous samples from 

patients with FECD at the time of transplant surgery. Increased transcription and expression of 

TFR1, the membrane bound receptor that endocytoses ferritin-Fe3+ complexes, was also 

detected in surgical tissue samples and all cell culture models. As well, decreased levels of 

cytosolic ferritin were found in cell culture models. The cell behavior observed with respect to 

iron uptake and storage is consistent with iron scavenging and decreased storage capacity, and 
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these findings may direct future investigations into iron storage regulation and ferritin recycling 

via ferritinophagy. Interestingly, we also found a corresponding decrease in levels of 

mitochondrial ferritin, which like its cytosolic counterpart regulates mitochondrial iron and 

indicates the potential for Fe2+ overload in disease-affected CEC mitochondria. Mitochondrial 

impairment in FECD has been described rather extensively, with findings that include 

increased membrane depolarization, decreased ATP synthesis, decreased mtDNA, and 

increased mitophagy. In this study we did not measure mitochondrial iron levels, mitochondrial 

membrane lipid peroxidation, or other indicators of ferroptosis in FECD mitochondria. 

However, mitochondria may be particularly resistant to ferroptosis due to the presence of a 

third independent antioxidant defense enzyme, dihydroorotate dehydrogenase (DHODH), that 

is located on the outer face of the mitochondrial inner membrane and, like FSP1, directly 

supports the biosynthetic recycling of ubiquinol. 

 

We found further evidence of the centrality of Fe2+ and importance of lipid peroxidation in 

FECD disease progression through UVA irradiation and ferroptosis suppression experiments. 

We first found that increased sensitivity to UV-induced oxidative damage in TCF4 FECD cell 

culture models was mediated by Fe2+ accumulation. After treating cultured cells with 

physiologic levels of UVA, we detected increased cytosolic levels of Fe2+ in FECD cells 

compared to controls treated with the same exposures; this response was dose dependent. UVA 

is a well-known risk factor for FECD disease progression, yet the mechanism by which UV 

causes oxidative damage in FECD has not been characterized previously. UVA is known to 

increase cytosolic Fe2+ by causing release from ferritin (41, 42, 107). In skin, UVA causes lipid 

peroxidation in cell membranes via pathways involving Fe (94, 108, 109); ferritin degradation 

within hours that results in immediate Fe2+ increases (107); and compensatory increases in 

ferritin days after exposure (107, 110). Our findings support current understandings of the role 
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of ultraviolet as an accelerant of cell damage in FECD, and demonstrate the involvement of 

Fe2+ in the mechanism of disease progression. We next found that iron chelation with DFO 

conferred some protection against ferroptosis induced by the direct inhibition of GPX4 using 

RSL3. When RSL3 inhibits glutathione peroxidase 4 (GPX4), the labile iron pool causes lipid 

peroxidation and increases the accumulation of lipid ROS, resulting ferroptosis mediated cell 

death (80, 81). Therefore, a larger quantity of labile will increase the risk of ferroptosis when 

GPX4 is blocked by RSL3. F35T cells had significantly more cell death in comparison to 

HCEC-B4G12 cells at the same dose of RSL3 challenge and pre-treatment with DFO. DFO 

was less effective in preventing ferroptosis in F35T cells when compared with HCEC-B4G12 

cells due to a comparatively higher labile iron pool. Therefore, this experiment simultaneously 

confirmed the presence of increased basal intracellular iron concentrations and susceptibility 

to cell death in immortalized FECD cells, and provided confirmatory evidence that iron is 

involved in FECD-associated cell death.  

 

We also found that ferroptosis suppression is possible in FECD cell cultures by co-treatment 

with ubiquinol. Ubiquinol, the reduced and active form of coenzyme Q10, is an essential 

participant in the FSP1-CoQ10-NAD(P)H pathway, an independent system working in parallel 

with GPX4 and glutathione to suppress lipid peroxidation and ferroptosis by supporting FSP1 

function (33, 111). This experiment demonstrated the ability to prevent cell death after direct 

induction of ferroptosis using RSL3 in immortalized FECD cells using a previously validated 

formulation of ubiquinol complexed with γ-cyclodextrin that increases ubiquinol availability 

to CECs by increasing drug bioavailability in the aqueous phase. By demonstrating that specific 

anti-ferroptosis agents can mitigate the iron-mediated lipid peroxidation present in cells with 

this common FECD genetic background, we simultaneously confirm the importance of 

ferroptosis as a mechanism by which characteristic phenotypic damage occurs in corneal 
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endothelial cells and establish the basis for investigating therapeutics to prevent ferroptosis-

mediated damage and disease progression in FECD. 

 

CONCLUSION 

Overall, this investigation presents first-line evidence that ferroptosis is a mechanism by which 

oxidative damage and corneal endothelial cell death occur in Fuchs endothelial corneal 

dystrophy. We present evidence that expanded trinucleotide repeats in intron 3 of TCF4 

comprise a genetic background that results in increased cytosolic Fe2+, iron-mediated lipid 

peroxidation, and increased susceptibility to ferroptosis. We also present evidence that UVA 

exposure in cells with expanded repeats in TCF4 increases the risk of cell death via an iron-

mediated mechanism, and highlight the importance of cytosolic Fe2+ accumulations as a 

plausible molecular mechanism for FECD disease progression. Experimental evidence 

demonstrating that both iron chelation and anti-ferroptosis antioxidant treatments prevent cell 

death in FECD cell cultures demonstrate the importance of these mechanisms. Although the 

evidence is strongest in this series for increased ferroptosis susceptibility in this TCF4 

genotype, our findings apply to other FECD genotypes and further studies are needed to 

explore this possibility.  
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Figure Legends 

Figure 1: FECD surgical tissues show key markers of ferroptosis. (A) 4-HNE protein 

expressions in human surgical samples from patients with FECD. (B) Cytosolic Fe2+ in primary 

endothelial cells isolated from healthy human donor corneas (n = 12) and FECD corneas (n = 

7). Data are shown as mean±SEM; **p < 0.01, Student’s t-test. (C) GPX4 mRNA expression 

in FECD and control human tissues. (D) SOD2 mRNA and protein expression in FECD and 

control tissues. (E) NRF2 mRNA and protein expression in FECD and control tissues. (F) 

FSP1 mRNA and protein expression in FECD and control tissues. (G) Ferroportin mRNA and 

protein expression in FECD and control tissues. (H) ACSL4 mRNA expression in FECD and 

control tissues. All data of mRNA and protein expression are shown as mean±SEM for n = 4 

(Control tissues) and n = 8 (FECD tissues). All the statistical comparisons were conducted 

using two-tailed, unpaired Student’s t-test, *p < 0.05, **p < 0.01, ****p < 0.0001. Relative 

gene expression is normalized by β-actin. (I) Heatmap with hierarchical clustering for 211 

genes from the FerrDB database that includes all driver, suppressor and marker ferroptosis 

genes that were expressed in the RNA-Seq datasets. For each plot, “pearson” was used for the 

clustering distance and “complete” for the hierarchical clustering method. The location where 

the representative dataset was collected (Mayo, Russia, or UTSW) and mutation type (Control, 

no TCF4 repeats [No_Rep] or TCF repeats [TCF4_Rep]) are shown for each sample. 

 

Figure 2: FECD cell culture model shows key marker of ferroptosis. (A) 4-HNE protein 

expressions in HCEC-B4G12 and F35T cells. (B) Basal level of lipid peroxidation in HCEC-

B4G12 and F35T cells quantified by C11-BODIPY fluorescent probe using flow cytometer. 

Comparisons of median fluorescence of C11-BODIPY detected in HCEC-B4G12 and F35T 

cells (10000 cells). Data are shown as mean±SEM; n = 3; ****p < 0.0001, Student’s t-test. 

C11-BODIPY (FL1 fluorescence) peak of F35T cells shifts to right when compares to B4G12 
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cells. (C) Representative confocal images showing fluorescence of reduced and oxidized dye 

in the indicated cell lines. (D) Representation of median of the fluorescence of FerroOrange 

showing significant difference in cytosolic Fe2+ between indicated cells. B4G12 and F35T cells 

were stained with FerroOrange fluorescent probe to quantify cytosolic Fe2+ by flow cytometer. 

A minimum ten thousand cells were quantified for measuring the fluorescence. (E) Cell 

population distribution after staining with FerroOrange showing cytosolic Fe2+ content. (F) 

Representation of confocal microscopy images of HCEC-B4G12 and F35T cells stained with 

FerroOrange fluorescent probe showing and comparing cytosolic Fe2+. (G) Representation of 

median of the fluorescence of Mito-FerroGreen showing significant difference in 

mitochondrial Fe2+ between indicated cells. HCEC-B4G12 and F35T cells were stained with 

Mito-FerroGreen fluorescent probe to quantify mitochondrial Fe2+ by flow cytometer. A 

minimum ten thousand cells were quantified for measuring the fluorescence. (H) Cell 

population distribution after staining with Mito-FerroGreen showing mitochondrial Fe2+ 

content. (I) Representation of confocal microscopy images of HCEC-B4G12 and F35T cells 

stained with Mito-FerroGreen fluorescent probe showing and comparing mitochondrial Fe2+. 

Data are represented as means ± SEM; n = 3; unpaired Student’s t-test, ****p < 0.0001. (J) 

Deferoxamine (DFO) iron chelation assay where HCEC-B4G12 and F35T cells were treated 

with DFO for 24h and then challenged with RSL3 at 1, 2 and 5 µM for different durations of 

2, 4, 6 and 8h. Cell viability was measured by MTS assay. Data are represented as means ± 

SEM for three biological replicates; Student’s t-test, * p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001. (K) GPX4 mRNA and protein expression in the indicated cells. (D) SOD2 

mRNA and protein expression in the indicated cells. (E) NRF2 mRNA and protein expression 

in the indicated cells. (F) FSP1 mRNA and protein expression in the indicated cells. (G) 

Ferroportin mRNA expression in the indicated cells. (H) ACSL4 mRNA expression in the 

indicated cells. All data of mRNA and protein expression are shown as mean±SEM for n = 5-
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9 (B4G12) and n = 5-7 (F35T). All the statistical comparisons were conducted using two-tailed, 

unpaired Student’s t-test, **p < 0.01, ***p < 0.001. Relative gene expression is normalized by 

β-actin. 

 

Figure 3: Expression of TFR1, reactive oxygen species (ROS) and lipid droplets in FECD. 

(A) TFR1 mRNA and protein expression in control and FECD surgical tissues. (B) TFR1 

mRNA and protein expression in HCEC-B4G12 and F35T cells. Relative gene expression is 

normalized by β-actin. Data are represented as means ± SEM for n = 4 (Control tissues), n = 8 

(FECD tissues), n = 5-9 (B4G12) and n = 5-7 (F35T); unpaired Student’s t-test, *p < 0.05, **p 

< 0.01, ***p < 0.001. (C) Mitochondrial ROS quantified by MitoROS 580 dye in the indicated 

cells. Data are shown as mean±SEM; n = 3; ****p < 0.0001, one-way ANOVA, followed by 

Tukey’s post-hoc test. (D) Representation of median of the fluorescence of DHE showing 

significant difference in ROS between indicated cells. DHE (FL2 fluorescence) peak of F35T 

cells shifts to right when compares to B4G12 cells. (E) Representative confocal images 

showing fluorescence of DHE indicating ROS in the indicated cell lines. (F) Representation of 

median of the fluorescence of LipidSpot™ 610 showing significant difference in ROS between 

indicated cells. LipidSpot™ 610 (FL4 fluorescence) peak of F35T cells shifts to right when 

compares to B4G12 cells. (G) Representative confocal images showing fluorescence of 

LipidSpot™ 610 indicating lipid droplets in the indicated cell lines. In flow cytometer analysis, 

data are shown as mean±SEM; n = 9 (3 biological replicates × 3 technical replicates); ****p < 

0.0001, Student’s t-test.  

 

Figure 4: FECD demonstrates iron overload associated with decreased ferritin and UVA 

irradiation. (A) Representation of cellular iron metabolism in ferroptosis process. (B) 

Quantification of human ferritin (Ft) by ELISA in protein from HCEC-B4G12 and F35T cells. 
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The human ferritin levels are presented as mean±SEM; n = 9 (3 biological replicates × 3 

technical replicates); ***p <0.001, Student’s t-test. (C) Quantification of mitochondrial ferritin 

(FtMt) by ELISA in protein from HCEC-B4G12 and F35T cells. The mitochondrial ferritin 

levels are presented as mean±SEM; n = 9 (3 biological replicates × 3 technical replicates); 

****p < 0.0001, Student’s t-test. (D) FTH mRNA expression in control and FECD tissues. (E) 

FTL mRNA expression in control and FECD tissues. (F) FTH mRNA expression in indicated 

cells. (G) FTL mRNA expression in indicated cells. All data of mRNA expression are shown 

as mean±SEM for n = 4 (Control tissues), n = 8 (FECD tissues), n = 7-9 (B4G12) and n = 6-7 

(F35T). All the statistical comparisons were conducted using two-tailed, unpaired Student’s t-

test, *p < 0.05, **p < 0.01, ***p < 0.001. Relative gene expression is normalized by β-actin. 

(H) Cytosolic Fe2+ release in human donor corneas upon UVA irradiation at 5 J/cm2. Primary 

endothelial cells were isolated after UVA irradiation and stained with FerroOrange fluorescent 

probe. The experiment was conducted pairwise, where the left cornea was used as control and 

the right cornea was exposed to UVA. (I) Comparison of geometric mean of FerroOrange (FL2 

fluorescence) signals. Data are mean±SEM, Paired two-tailed Student’s t-test. (J) 

Representation of percent increase of labile cytosolic Fe2+ after UVA irradiation at the fluence 

of 1, 2, 4 and 8 J/cm2. Indicated cells were stained with FerroOrange fluorescent probe 

immediately post-UVA (Data are shown as mean±SEM, n = 9; 3 biological replicates × 3 

technical replicates; ***p < 0.001, ****p < 0.0001, one-way ANOVA, followed by Tukey’s 

post-hoc test). (K) Representation of percent increase of mitochondrial Fe2+ after UVA 

irradiation at the fluence of 1, 2, 4 and 8 J/cm2. Indicated cells were stained with Mito-

FerroGreen fluorescent probe immediately post-UVA (Data are shown as mean±SEM, n = 9; 

3 biological replicates × 3 technical replicates; ****p < 0.0001, one-way ANOVA, followed 

by Tukey’s post-hoc test.).  
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Figure 5: Solubilized ubiquinol gives protection against lipid peroxidation. (A) Schematic 

showing RSL3 induced ferroptosis process and role of solubilized ubiquinol to prevent lipid 

peroxidation and ferroptosis. (B) Solubilized ubiquinol prevent lipid peroxidation in HCEC-

B4G12 and F35T cells induced by RSL3 in concertation dependent manner detected by the 

peak shift of C11-BODPY fluorescent probe in flow cytometer analysis. (C) C11-BODIPY 

fluorescence signals detected by flow cytometer following treatments with solubilized 

ubiquinol at different concentrations of 1, 10, 50 and 100 µM. Values are mean±SEM; n = 3; 

****p <0.0001, Student’s t-test against RSL3-untreated group. (D) Representation of cell 

population undergoing RSL3 induced lipid peroxidation following solubilized ubiquinol 

treatment at the indicated concentrations in HCEC-B4G12 and F35T cells. Solubilized 

ubiquinol decreased the number of cells undergoing lipid peroxidation at concentration 

dependent manner. Values are mean±SEM; n = 3. 

 

Figure 6: Solubilized ubiquinol gives protection against ferroptosis. (A) Cell viability 

assay by quantifying LDH release after treatments with solubilized ubiquinol at different 

concentrations of 1, 5, 10, 50, and 100 µM. Following solubilized ubiquinol treatment HCEC-

B4G12 and F35T cells were challenged with 1 µM of RSL3 for 24 h. Data are shown as 

mean±SEM; n = 3; ****p < 0.0001, Student’s t-test against RSL3 alone group. (B) 

Comparisons of cell viability of HCEC-B4G12 and F35T cells following the treatment of 

solubilized ubiquinol. Solubilized ubiquinol was comparatively less effective in F35T cells 

indication more ferroptosis than in B4G12 cells. Data are shown as mean±SEM; n = 3; *p < 

0.05, **p < 0.01, **** p < 0.0001, Student’s t-test. (C) Representative light microscopy images 

showing solubilized ubiquinol at 1 µM dose inhibited RSL3 induced ferroptosis in HCEC-

B4G12 and F35T cells. (D) Representative confocal images showing RSL3 induced lipid 

droplets in the indicated cells. (E) Representative confocal images showing disappearance of 
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lipid droplets at the time of ferroptosis induced death in the indicated cells. SYTOX green 

indicates cell death. (F) Solubilized ubiquinol outperforms NAC, DFO and ferrostatin-1 in 

protecting F35T cells against RSL3 induced cell death in ferroptosis assay. Data are shown as 

mean±SEM, n = 3; **** p < 0.0001, Student’s t-test. 

 

Figure 7: Summary of molecular mechanism of ferroptosis in FECD. Iron gets into cell in 

ferric form using TFR1 mediated endocytosis. Ferritin stores the excess iron in ferric form 

which is nontoxic. Ferric form of iron gets converted to ferrous form in endosome. When labile 

ferrous form of iron gets released into cytosol, it causes lipid peroxidation via Fenton reactions.  

UVA irradiation can cause iron release from the ferritin and eventually increases the labile iron 

in the cytosol and increases iron mediated lipid peroxidation known as ferroptosis. GPX4 is 

the master regulator of ferroptosis. In this study, RSL3 was used to block GPX4 to induce 

ferroptosis. Ubiquinol is a potent ferroptosis inhibitor. Other molecules like DFO and 

artesunate can prevent ferroptosis by quenching labile toxic ferrous iron. 
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Figure 1: 
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Figure 2: 
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Figure 3:  
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Figure 4 
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Figure 5: 
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Figure 6: 
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Figure 7: 
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