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Abstract

The dysfunction and cell death of retinal pigment epithelial (RPE) cells are hallmarks of late-stage 

dry (atrophic) age-related macular degeneration (AMD), for which no effective therapy has yet 

been developed. Previous studies have indicated that iron accumulation is a source of excess free 

radical production in RPE, and age-dependent iron accumulation in RPE is accelerated in patients 

with dry AMD. Although the pathogenic role of oxidative stress in RPE in the development of dry 

AMD is widely accepted, the mechanisms of oxidative stress-induced RPE cell death remain 

elusive. Here, we show that ferroptotic cell death, a mode of regulated necrosis mediated by iron 

and lipid peroxidation, is implicated in oxidative stress-induced RPE cell death in vitro. In 

ARPE-19 cells we observed that the ferroptosis inhibitors ferrostatin-1 and deferoxamine (DFO) 

rescued tert-butyl hydroperoxide (tBH)-induced RPE cell death more effectively than inhibitors of 

apoptosis or necroptosis. tBH-induced RPE cell death was accompanied by the three 

characteristics of ferroptotic cell death: lipid peroxidation, glutathione depletion, and ferrous iron 

accumulation, which were all significantly attenuated by ferrostatin-1 and DFO. Exogenous iron 

overload enhanced tBH-induced RPE cell death, but this effect was also attenuated by ferrostatin-1 

and DFO. Furthermore, mRNA levels of numerous genes known to regulate iron metabolism were 

observed to be influenced by oxidative stress. Taken together, our observations suggest that 

multiple modes of cell death are involved in oxidative stress-induced RPE cell death, with 

ferroptosis playing a particularly important role.
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1. Introduction

Age-related macular degeneration (AMD), a neurodegenerative disease of the macula, is the 

leading cause of irreversible central vision loss among the elderly in developed countries 

(Chou et al., 2016; Wong et al., 2014). The late stage of AMD presents two phenotypes: one 

is atrophic (or “dry”) AMD, and the other is neovascular (or “wet”) AMD (Miller, 2013). 

While intravitreal anti-vascular endothelial growth factor (VEGF) therapy has been 

established for neovascular AMD (Miller, 2010, 2016; Rosenfeld et al., 2005), no effective 

therapy has yet been developed for atrophic AMD, in which RPE cell dysfunction and cell 

death are observed (Adler et al., 1999; Bressler et al., 1995; Curcio et al., 2017; Schmitz-

Valckenberg et al., 2006; Xu et al., 2017). AMD is a multifactorial disorder caused by aging, 

genetics, and environmental factors (Evans, 2001; Fritsche et al., 2016; Miller et al., 2017; 

Thornton et al., 2005). Mechanistically, oxidative stress and free radical damage are believed 

to contribute to RPE cell death in AMD (Beatty et al., 2000; Hahn et al., 2003; Suzuki et al., 

2007; Tate et al., 1995), which has been supported by evidence that oral antioxidant intake 

prevents or slows the progression of early-stage AMD (Age-Related Eye Disease Study 

Research Group, 2001).

Recent studies have suggested that iron is implicated in the pathogenesis of AMD as a 

source of free radicals (Chen et al., 2009; Hahn et al., 2003, 2006). Iron is a biologically 

essential element that takes part in many processes, including cell proliferation, oxygen 

transportation, and DNA synthesis. However, excessive iron accumulation can be toxic 

(Song and Dunaief, 2013). Ferrous iron (Fe2+) catalyzes the conversion of hydrogen 

peroxide to hydroxyl radicals (OH●), the most toxic reactive oxygen species, as well as the 

conversion of lipid peroxide to lipid alkoxyl radicals (LO●) via the Fenton reaction 

(Halliwell and Gutteridge, 1984). Therefore, intracellular iron levels need to be strictly 

regulated at the minimum essential levels to avoid oxidative damage. However, retinal iron 

levels in humans and rats increase with age (Chen et al., 2009; Hahn et al., 2006). In 

addition, total iron levels in the RPE and Bruch’s membrane are higher in AMD-affected 

macula compared with age-matched healthy macula (Hahn et al., 2003), and aqueous humor 

iron levels are elevated more than two fold in patients with dry AMD (Junemann et al., 

2013). This supports the hypothesis that oxidative stress and elevated iron levels are 

implicated in AMD.

While it is accepted that oxidative stress and iron toxicity may be implicated in RPE cell 

death and the development of AMD, the mechanisms of oxidative stress-induced RPE cell 

death have not yet been fully elucidated. The majority of previous studies have investigated 

apoptosis as the mechanism of RPE cell death in response to pro-oxidants such as hydrogen 

peroxide (H2O2) and tert-butyl hydroperoxide (tBH), a stable and long-acting form of H2O2 

(Sharma et al., 2008). Few studies have suggested necrosis as another mechanism for RPE 

cell death (Kaarniranta et al., 2005; Kim et al., 2003). However, with recent advances in the 
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understanding of different modes of regulated necrosis (Moreno-Gonzalez et al., 2016), 

some studies have suggested that necroptosis, a mode of regulated necrosis, is 

predominantly observed in oxidative stress-induced RPE cell death (Hanus et al., 2013, 

2016; Li et al., 2010; Murakami et al., 2014), though other studies have still observed 

apoptosis (Kim et al., 2010; Yan et al., 2014).

Ferroptosis is a distinct form of regulated necrosis, characterized by lipid peroxidation-

induced cell death contingent upon the availability of iron and reactive oxygen species 

(ROS) (Bertrand, 2017; Cao and Dixon, 2016; Dixon et al., 2012). Ferroptosis is implicated 

in various pathophysiological states including tumor suppression (Shintoku et al., 2017), 

neurodegeneration (Do Van et al., 2016), ischemia/reperfusion injury (Friedmann Angeli et 

al., 2014), and hemochromatosis (Wang et al., 2017). Despite elevated iron levels in the 

ocular tissues of patients with AMD, the involvement of an iron-dependent mechanism (i.e., 

ferroptosis) in RPE cell death has not yet been clarified. Here, we show in vitro that, in 

addition to apoptosis and necroptosis, ferroptotic cell death may be a major mode of 

oxidative stress-mediated RPE cell death.

2. Materials and methods

2.1. Cell culture

The human retinal pigment epithelial (RPE) cell line ARPE-19 (CRL-2303; ATCC, 

Manassas, VA, USA) cells were cultured in Dulbecco’s modified Eagle’s medium with 

nutrient mixture F-12 (DMEM/F-12) with phenol red (Wako, Tokyo, Japan), supplemented 

with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), and 1% antibiotic-

antimycotic including penicillin, streptomycin, and amphotericin B (Thermo Fisher 

Scientific, Waltham, MA, USA). The primary human fetal RPE cells (hf-RPE; Lonza, 

Walkersville, MD, USA) were cultured in RtEGM (Lonza, Basel, Switzerland) 

supplemented with 2% L-glutamine (Lonza), 0.5% FGF-B (Lonza), and 0.25% GA (Lonza). 

ARPE-19 and hf-RPE cells were used between passages 2 and 5 and 2 and 4, respectively. 

Cells were incubated at 37 °C with 5% CO2 and plated at 0.4 × 105 cells/cm2. The medium 

was changed every 2 days as well as 1 day prior to initiating experiments. The experiments 

started 4 days and 1 day post-confluence of the ARPE-19 and hf-RPE cells, respectively. 

tBH (Tokyo Kasei Kogyo Co., Ltd., Tokyo, Japan) was used to confer oxidative stress at the 

described concentrations and durations. The following cell death inhibitors were used: pan-

caspase inhibitor Z-VAD-FMK (Z-VAD; AdipoGen, San Diego, CA, USA) at 50 μM, 

caspase 8 inhibitor (Ac-IETD; Sigma-Aldrich) at 50 μM, caspase 3 inhibitor (Ac-DEVD; 

Santa Cruz Biotechnology, Dallas, TX, USA) at 50 μM, receptor interacting protein 1 (RIP1) 

kinase inhibitors Necrostatin-1 (Nec-1; Santa Cruz Biotechnology) and Nec-1s (BioVision 

Inc., Milpitas, CA, USA) at 50 μM, lipid ROS scavenger ferrostatin-1 (Fer-1; Sigma-

Aldrich) at 50 μM, and iron chelator deferoxamine mesylate (DFO; Santa Cruz) at 25 μM. 

Dimethyl sulfoxide (DMSO; Wako) was used as the vehicle as well as the control for 

inhibitor treatments at 0.16% in the medium. Treatment with these cell death inhibitors 

started 3 h prior to tBH exposure and continued until the end of the experiments. For the iron 

overload experiments, ARPE-19 cells were treated with ferric ammonium citrate (FAC; 

Wako) at the described concentrations for 2 days until the start of cell death inhibitor 
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treatment and/or tBH exposure (i.e., from day 2 to day 4 after confluence of the ARPE-19 

cells).

2.2. Dehydrogenase activity and lactate dehydrogenase (LDH) leakage

ARPE-19 and hf-RPE cells seeded into 96-well plates were used. Dehydrogenase activity, 

which reflects cell viability, was assessed with the Cell Counting Kit-8 (CCK-8; Dojindo, 

Kumamoto, Japan) and a plate reader (2030 ARVO X3; Perkin Elmer, Waltham, MA, USA) 

for absorption measurements at 450 nm, according to the manufacturer’s protocol. LDH 

leakage into the medium, which reflects cell membrane damage, was assessed with the 

Cytotoxicity LDH Assay Kit (Dojindo) and a plate reader for absorption measurements at 

490 nm, according to the manufacturer’s protocol.

2.3. Annexin V/propidium iodide (PI) staining

ARPE-19 cells seeded into chamber slides (8-well chamber slide II; AGC Techno Glass, 

Shizuoka, Japan) were used. After exposure to tBH, cells were washed with PBS and labeled 

with Annexin V and PI using the Annexin-V-FLUOS Staining Kit (Roche, Basel, 

Switzerland) according to manufacturer’s protocol. Nuclei were stained with Hoechst 33342 

(Thermo Fisher Scientific). After washing, the cells were observed under a fluorescence 

microscope (EX51; Olympus, Tokyo, Japan). For evaluation, we counted 800 cells per well 

and the number of apoptotic (Annexin V(+)/PI(−) for early apoptosis and Annexin V (+)/

PI(+) for late apoptosis) and necrotic (Annexin V(−)/PI(+)) cells, and the findings were 

confirmed in triplicates.

2.4. Intracellular ROS, lipid peroxidation, and Fe2+

ARPE-19 cells seeded into chamber slides and 96-well plates were used for assays. 

Intracellular ROS were assessed using treatment with 5 μM 5-(and-6)-chloromethyl-2′,7′-
dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA; Thermo Fisher 

Scientific) in phenol red-free DMEM/F-12 medium. After washing, cells were observed 

under a fluorescence microscope (BZ-9000; Keyence, Osaka, Japan) or measured using a 

plate reader with filters for excitation around 488 nm and emission around 525 nm. Lipid 

peroxidation was assessed using treatment with 10 μM Bodipy 581/591C11 (Thermo Fisher 

Scientific) in phenol red-free DMEM/F-12 medium. After washing, cells were observed 

under a fluorescence microscope (BZ-9000, Keyence). Oxidized Bodipy and reduced 

Bodipy were observed using filters for green and red, respectively. Intracellular Fe2+ was 

assessed using treatment with 5 μM FeRhoNox-1 (Goryo Chemical, Inc., Sapporo, Japan) in 

Hank’s balanced salt solution (HBSS; Thermo Fisher Scientific). After washing, the cells 

were observed under a fluorescence microscope (BZ-9000; Keyence). At least four fields per 

chamber were imaged, and the fluorescence intensities were analyzed with the Image-J 

system (https://imagej.nih.gov/ij/; provided in the public domain by the National Institutes 

of Health, Bethesda, MD, USA). The fluorescence intensities were corrected by the number 

of cells in the same field.
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2.5. Intracellular glutathione (GSH)

ARPE-19 cells seeded into 6-well plates were used. Cells were harvested by scraping with 

60 μL distilled water (DW), followed by sonication at 0 °C for 20 min and centrifugation at 

15,000 × g at 4 °C for 10 min. The cell-free supernatant was used for analyzing total protein 

concentration with the Pierce BCA Protein Assay Kit (BCA assay; Thermo Fisher 

Scientific), and for analyzing GSH levels with the GSSG/GSH Quantification Kit (GSH 

assay; Dojindo). To remove protein from the samples prior to the GSH assay, 1/5 volume of 

5% 5-sulfosalicylic acid dihydrate (SSA; Wako) in DW was added. After sample 

centrifugation at 15000 × g at 4 °C for 10 min, the supernatant was applied to the GSH 

assay. The protein and GSH concentrations of the samples were measured according to the 

manufacturers’ protocols using a plate reader to measure absorbance at 405 nm. Values for 

the GSH levels were corrected by the protein concentration in the same sample.

2.6. Real-time RT-PCR

ARPE-19 cells seeded into 24-well plates were used. RNA was extracted with the TRI 

Reagent (Cosmo Bio, Carlsbad, CA, USA) according to the manufacturer’s instructions. 

RNA pellets were resuspended in 10 μL RNase-free water and RNA was quantified with a 

NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific). RNA was reverse-

transcribed to cDNA with the ReverTra Ace qPCR RT Master Mix with gDNA Remover 

(Toyobo Co., Ltd, Osaka, Japan) according to manufacturer’s protocol. SYBR Premix Ex 

Taq (Takara Bio Inc., Shiga, Japan) was used for real-time RT-PCR on the Thermal Cycler 

Dice Real System II TP900 (Takara Bio Inc.). The primer sequences are listed in 

Supplementary Table 1. Relative gene expression was calculated with the standard curve 

method, and the amount of each target mRNA was corrected by the expression level of the 

housekeeping gene, GAPDH, prior to gene comparisons. All reactions were performed in 

technical triplicates (three real-time RT-PCR replicates per well).

2.7. Statistical analyses

Data are presented as the mean ± standard error of the mean (SEM). All statistical analyses 

were performed using the GraphPad Prism program (GraphPad Software Inc., San Diego, 

CA). Values with p < 0.05 were considered statistically significant.

3. Results

3.1. Ferroptosis inhibitors rescue RPE cell death induced by oxidative stress

We first confirmed that the dehydrogenase activity assay and LDH leakage assay had similar 

sensitivities toward detecting decreased viability of ARPE-19 cells, by exposing these cells 

to different concentrations (0–600 μM) of tBH for 18 h (Supplementary Fig. 1A), or at a tBH 

concentration of 500 μM for different durations (Supplementary Fig. 1B). We next tested the 

effects of inhibitors toward apoptosis, necroptosis, and ferroptosis on cell viability while the 

cells were simultaneously exposed to 500 μM tBH for 18 h. We observed that the caspase 

inhibitors (Ac-DEVD, Ac-IETD, and Z-VAD), necroptosis inhibitors (Nec-1 and Nec-1s), 

and ferroptosis inhibitors (Fer-1 and DFO), were all able to rescue cell viability in the 

presence of lower tBH concentrations (Fig. 1A and B). However, at higher concentrations of 
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tBH, only the ferroptosis inhibitors were able to rescue the cell viability of the ARPE-19 

cells (Fig. 1A–B). Similarly, for primary hf-RPE cells, ferroptosis inhibitors were more 

effective in rescuing cell viability than apoptosis or necroptosis inhibitors at both lower and 

higher concentrations of tBH (Supplementary Fig. 1C).

Recently a study has indicated that Fer-1 may not be a specific inhibitor of lipoxygenases 

(LOXs) (Zilka et al., 2017). Therefore, we further confirmed the ferroptotic ARPE-19 cell 

death under oxidative stress through observation that a 5-LOX inhibitor zileuton ameliorate 

tBH-induced cell death (Supplementary Fig. 2A). In addition, we observed that RSL3, an 

inhibitor of glutathione peroxidase 4 (GPx4), effectively induces cell death in ARPE-19 cells 

(Supplementary Fig. 2B). Since GPx4 is the dominant regulator of ferroptotic pathway (Cao 

and Dixon, 2016; Dixon et al., 2012), the results confirmed the susceptibility of ARPE-19 

cells to ferroptosis.

3.2. Annexin-V/PI staining after tBH exposure

Because inhibitors of different modes of cell death were observed to ameliorate the 

decreased cell viability caused by tBH-mediated oxidative stress, we next assessed whether 

both apoptotic cells and necrotic cells were present under oxidative stress by staining the 

cells with Annexin V/PI during treatment with 500 μM tBH (Fig. 2). We observed that after 

2–4 h of tBH exposure, the major staining pattern was Annexin V(+)/PI(−), indicating 

apoptosis. After 4–6 h, the number of cells with Annexin V(−)/PI(+) staining dramatically 

increased, whereas the number of apoptotic cells (Annexin V(+) with or without PI(+)) did 

not change significantly (Fig. 2), suggesting that both apoptotic and necrotic ARPE-19 cells 

exist under oxidative stress. In addition, ferroptosis inhibitors (Fer-1 and DFO) drastically 

decreased the number of PI(+) only necrotic cells, while apoptotic cells were retained 

(Supplementary Fig. 3).

3.3. Lipid peroxidation and GSH depletion after tBH exposure

Lipid peroxidation and GSH depletion are major hallmarks of ferroptotic cell death 

(Bertrand, 2017; Cao and Dixon, 2016; Dixon et al., 2012). We first assessed the 

intracellular levels of total ROS and lipid peroxidation in ARPE-19 cells exposed to 500 μM 

tBH (Fig. 3). Total ROS levels as depicted with the CM-H2DCFDA probe were upregulated 

at 3 and 6 h, but this upregulation was significantly suppressed by Fer-1 and DFO treatment 

(Fig. 3A). Upregulated lipid peroxidation as assessed with Bodipy was also evident after 1 

and 3 h of tBH exposure (Fig. 3B), and this upregulation was also significantly suppressed 

by Fer-1 and DFO treatment (Fig. 3C).

Intracellular GSH levels were significantly downregulated in ARPE-19 cells exposed to 

either non-lethal (150 μM) or lethal (500 μM) tBH concentrations for up to 3 h (Fig. 4A). 

The depleted GSH levels were replenished up to more than baseline levels in cells under 

non-lethal tBH conditions, whereas the GSH levels remained depleted in cells under lethal 

tBH conditions (Fig. 4A). When treated with Fer-1 or DFO while exposed to the lethal tBH 

concentration of 500 μM, GSH depletion was significantly attenuated (Fig. 4B).
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3.4. Intracellular Fe2+ levels and Fe2+ overload

Another hallmark of ferroptosis is iron dependency (Bertrand, 2017; Cao and Dixon, 2016; 

Dixon et al., 2012). Although we had already shown that the iron chelator DFO rescues tBH-

induced cell death (Fig. 1), we further investigated this dependency by measuring 

intracellular Fe2+ levels with FeRhoNox-1 in ARPE-19 cells after exposure to 500 μM tBH. 

As shown in Fig. 5A, increased intracellular Fe2+ was observed after tBH exposure, and this 

was abrogated by Fer-1 and DFO treatment. Next, we examined the effect of iron overload 

on tBH-induced cell death using FAC pretreatment of the cells over 2 days prior to tBH 

exposure. When the cells were exposed to the non-lethal tBH concentration of 200 μM, FAC 

pretreatment dose-dependently decreased cell viability as assessed by decreased 

dehydrogenase activity (Fig. 5B), increased LDH leakage (Fig. 5C), and markedly increased 

intracellular Fe2+ levels (Fig. 5D). In addition, we observed that 120 μM FAC pretreatment 

for 2 days sensitized ARPE-19 cells to cell death induced by tBH exposure, but this was 

significantly attenuated by treatment with Fer-1 and DFO (Fig. 5E–F).

3.5. Effect of oxidative stress on the expression of iron homeostasis-regulating genes

To clarify the effects of oxidative stress on intracellular iron homeostasis, we evaluated the 

effect of 500 μM tBH exposure on the mRNA levels of genes involved in iron uptake, 

intracellular iron metabolism and trafficking, and iron release from ARPE-19 cells (Fig. 6). 

The mRNA levels of the transferrin receptor 1 (TFRC) that mediates iron import were 

significantly upregulated by tBH exposure. The mRNA levels of six-transmembrane 

epithelial antigen of prostate 3 (STEAP3) and divalent metal transporter 1 (DMT1), which 

facilitate ferrous iron transport to the cytoplasm, were significantly downregulated. The 

mRNA levels of IREB1 and IREB2, master regulators of iron metabolism, were significantly 

downregulated by tBH. Ferritin L (FTL) and H (FTH) subunits transport ferrous iron in the 

cytoplasm to lysosome for storage. In our experiment, mRNA levels of FTL were 

significantly upregulated, while those of FTH were insignificantly upregulated by tBH. The 

mRNA levels of hephaestin (HEPH) and ferroportin 1 (FPN1), which participate in 

oxidizing excessive ferrous iron into ferric iron for export, were downregulated.

4. Discussion

Since several lines of evidence support the hypothesis that RPE cell death is induced by 

oxidative stress and that elevated iron levels in RPE are implicated in AMD pathogenesis 

(Chen et al., 2009; Hahn et al., 2003, 2006; Junemann et al., 2013), we investigated the 

modes of oxidative stress-induced cell death in RPE cells in vitro. We found that both 

apoptotic and necrotic cells exist under lethal oxidative stress. Notably, ferroptotic inhibitors 

were more effective than inhibitors of apoptosis or necroptosis in rescuing cell death in both 

ARPE-19 cells and primary RPE cells.

Previous studies have described the apoptotic features of RPE cell death induced by H2O2 or 

tBH based on the following characteristics: caspase 3 activation (detected directly 

(Sreekumar et al., 2013; Sreekumar et al., 2005) or indirectly (Alge et al., 2002; Cai et al., 

1999; Jeung et al., 2016; Rodrigues et al., 2011)), Annexin V positivity (Barak et al., 2001; 

Cai et al., 1999; Jeung et al., 2016; Rodrigues et al., 2011), release of cytochrome c into the 
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cytosol (Cai et al., 1999), non-randomized DNA fragmentation (Eichler et al., 2008), and 

increased cell viability by Bcl-2 overexpression (Godley et al., 2002). However, some 

studies have shown not only apoptosis but also necrosis detection with Annexin V/PI 

staining (Barak et al., 2001; Jeung et al., 2016; Kim et al., 2003), which is consistent with 

our results. On the other hand, a recent study suggested necroptosis to be the major 

mechanism of ARPE-19 cell death induced by H2O2 or tBH, based on observations 

including the aggregation of receptor interacting protein kinase 3 (RIPK3), cell death 

amelioration by Nec-1 or RIPK3 silencing, nuclear and plasma membrane leakage and 

breakdown, absence of cleaved caspase 3 or DNA fragmentation, and lack of cell death 

inhibition by Z-VAD (Hanus et al., 2013). This ineffectiveness reported for Z-VAD is 

contradictory to the results of our study and those of many other studies; however, this 

inconsistency may have arisen because of differences in cell confluency and pretreatment 

duration with Z-VAD between studies (subconfluency and 24 h, respectively (Hanus et al., 

2013)). Our results indicate that not only apoptosis but also regulated necrosis, including 

necroptosis and ferroptosis, occur in RPE cells under oxidative stress.

Ferroptosis is characterized by (i) GSH depletion and lipid peroxidation, (ii) iron-dependent 

intracellular ROS accumulation and acceleration of cell death with iron overload, and (iii) 

rescue by lipid ROS scavengers such as Fer-1 and iron chelators such as DFO (Bertrand, 

2017; Cao and Dixon, 2016; Dixon et al., 2012). In our study, we observed GSH depletion 

and the accumulation of peroxidized lipids under oxidative stress, which were both 

attenuated by Fer-1 and DFO. In addition, iron overload increased intracellular Fe2+ and 

made ARPE-19 cells susceptible to lower concentrations of tBH, which was also 

ameliorated by Fer-1 and DFO. Therefore, our observations further support iron-dependent 

ferroptotic cell death of RPE cells under oxidative stress.

A recently publicshed study (Sun et al., 2018) has shown that GSH depletion, a ferroptotic 

stimulus, induces ferroptosis, autophagy and premature senescence in ARPE-19 cells. The 

same study further suggested the involvement of autophagy in the process of ferroptosis and 

premature senescence induced by GSH depletion.

In literature several ultrastructual changes have been reported for ferroptotic cell death. In 

BJeLR cells mitochondrial shrinkage and reduced cristae have been observed, while in 

kidney tissue mitochondrial rupture has been reported (Xie et al., 2016). In ferroptotic 

ARPE-19 cells, increased number of autophagosomes has been reported (Sun et al., 2018). 

Therefore, further investigations are necessary to address the ferroptosis-specific 

ultrastructual changes.

Intracellular Fe2+ levels have been shown to increase during the ferroptosis of other cell 

types (Aron et al., 2016), which is consistent with our results where the increase in 

intracellular Fe2+ levels in ARPE-19 cells under oxidative stress was abolished by Fer-1, a 

lipid ROS scavenger and ferroptosis inhibitor. Furthermore, in the present study, we assessed 

changes in the mRNA expression to understand how oxidative stress influences regulators of 

intracellular Fe2+. We observed downregulation of STEAP3, DMT1, IREB1, and IREB2 and 

upregulation of FTL mRNA levels after tBH exposure. These changes are considered to 

suppress intracellular Fe2+ levels, suggesting a compensatory response to increased Fe2+. In 

Totsuka et al. Page 8

Exp Eye Res. Author manuscript; available in PMC 2020 August 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



contrast, the mRNA level of TFRC was upregulated, whereas the levels of FPN1 and HEPH 

were downregulated after tBH exposure. As these changes are considered to increase 

cytosolic Fe2+ levels, these iron homeostasis regulators may have causative roles in oxidative 

stress-induced ferroptotic RPE cell death.

The underlying mechanisms of increased intracellular Fe2+ under oxidative stress are still 

unknown. Previous studies have reported that oxidative stress promotes iron uptake via 

IREB1 activation-mediated TFRC upregulation in B6 fibroblasts (Andriopoulos et al., 2007) 

and rat liver (Mueller et al., 2001), and that IREB1 activation mediates a positive feedback 

loop between oxidative stress and increased iron uptake in neuroblastoma (N2a) cells 

(Núñez-Millacura et al., 2002), and oxidative stress may also induce degradation of 

ferroportin proteins in neuroblastoma (SH-SY5Y) cells (Dev et al., 2015). Our observations 

of downregulated FPN1 and HEPH and upregulated TFRC mRNA levels may hint at the 

mechanisms underlying increased iron levels in RPE cells under oxidative stress, but further 

investigations are required.

In ferroptosis, three processes, (i) accumulation of Fe2+, (ii) glutathione depletion, and (iii) 

lipid peroxidation, are considered to unfold simultaneously, and these three events amplify 

each other through positive feedback loops until some of these events exceed the cellular 

compensative ability (Bertrand, 2017). We confirmed these events in RPE cells under 

oxidative stress and observed that ferroptotic cell death could be disrupted by lipid ROS 

scavengers or iron chelators.

Ferroptotic cell death under oxidative stress insights the AMD pathogenesis, however, the 

observations in vitro using an acute stress model in undifferentiated ARPE-19 cells may not 

be relevant to the complex human AMD pathogenesis. In our study, Fer-1 and DFO worked 

similarly to prevent ARPE-19 cell death while Fer-1 worked better than DFO in primary 

human RPE cells, indicating these two axes of tBH-induced cell death are not synonymous. 

Detail on the RPE ferroptosis under oxidative stress need to be further addressed.

In conclusion, we suggest that RPE cell death induced by oxidative stress may include 

ferroptosis in addition to apoptosis and necroptosis. Lipid peroxidation and intracellular iron 

levels may, therefore, prove suitable candidates as therapeutic targets for dry AMD.
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Fig. 1. Effects of cell death inhibitors on ARPE-19 cell viability under tBH exposure.
(A, B) Effects of cell death inhibitors on dehydrogenase activity (A) and LDH leakage (B) in 

ARPE-19 cells after exposure to tBH for 18 h. N = 5 per group. Significant differences 

(***p < 0.001) compared to DMSO vehicle group. Significant differences (★★★p < 0.001) 

compared to any other apoptosis/necroptosis inhibitors. No significant difference (ns) 

between Fer-1 and DFO treatments. Two-way ANOVA and post-hoc Tukey’s test.
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Fig. 2. Annexin V/PI staining of APRE-19 cells under tBH exposure.
Representative staining view at low and high magnifications at baseline (0 h) and with 500 

μM tBH exposure for 2, 4, and 6 h. Scale bar, 50 μm. The graph shows the time course of the 

number of cells stained with Annexin V and PI after 500 μM tBH exposure. ***p < 0.001 by 

one-way ANOVA for the appearance of apoptotic and necrotic cells. N = 3 per group.

Totsuka et al. Page 15

Exp Eye Res. Author manuscript; available in PMC 2020 August 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Lipid peroxidation in ARPE-19 cells under 500 μM tBH exposure.
(A) Intracellular ROS was assessed using the CM-H2DCFDA probe at baseline (no tBH) 

and after 3 and 6 h of tBH exposure. The rescue effects of Fer-1 and DFO were also 

evaluated. Representative staining view. Scale bar, 50 μm. Quantification using a plate 

reader. N = 8 per group. ***p < 0.001 vs. DMSO vehicle only. One-way ANOVA and post-

hoc Dunnett’s test. (B) Intracellular lipid peroxidation was assessed using Bodipy 

581/591C11 at baseline (no tBH) and after 1 and 3 h of tBH exposure. Representative 

staining view. Reduced (r-) and oxidized (o-) Bodipy. Scale bar, 50 μm. Staining intensity 

with o-Bodipy divided by the staining intensity with r-Bodipy was used to represent the 

extent of lipid peroxidation. N = 7–9 per group. *p < 0.05 and ***p < 0.001 vs. 0 h. 

Kruskal–Wallis and post-hoc Dunnett’s test. (C) Representative view and quantification 

indicating rescue effects of Fer-1 and DFO after 3 h exposure to tBH. Scale bar, 50 μm. N = 

6–9 per group. *p < 0.05 vs DMSO vehicle. One-way ANOVA and post-hoc Dunnett’s test.
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Fig. 4. Intracellular GSH levels in ARPE-19 cells under tBH exposure and rescue effects of Fer-1 
and DFO.
(A) Degree of GSH depletion and replenishment under 150 and 500 μM tBH exposure. (B) 

Rescue effects of Fer-1 and DFO on GSH depletion under 500 μM tBH exposure. N = 6–12 

per group. ***p < 0.001 vs. 500 μM tBH only. ★★★p < 0.001 vs. 0 h of the same group. 

One-way ANOVA and post-hoc Tukey’s test.
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Fig. 5. Iron overload and susceptibility to ferroptotic cell death of ARPE-19 cells under tBH 
exposure.
(A) Intracellular Fe2+ levels under 500 μM tBH exposure and the effects of Fer-1 and DFO. 

Scale bar, 50 μm. N = 9–12 per group. ***p < 0.001 vs. 500 μM DMSO vehicle group only. 

One-way ANOVA and post-hoc Dunnett’s test. (B, C) Dose-dependent effects of iron 

overload on dehydrogenase activity (B) and LDH leakage (C) under 0 or 200 μM tBH for 18 

h. N = 5 per group. ***p < 0.001 vs. no FAC for the same group. One-way ANOVA and 

post-hoc Dunnett’s test. (D) The effect of iron overload with or without 200 μM tBH 

exposure for 6 h on intracellular Fe2+ levels. N = 5 per group. ***p < 0.001; n.s., not 

significant; one-way ANOVA and post-hoc Tukey’s test. (E, F) Rescue effects of Fer-1 and 

DFO on dehydrogenase activity (E) and LDH leakage (F) under iron overload (120 μM 

FAC) and tBH exposure for 18 h. N = 5 per group. ***p < 0.001, two-way ANOVA and 

post-hoc Tukey’s test.
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Fig. 6. Effect of oxidative stress on the expression of iron metabolism-related genes.
(A) Schematic illustration of the regulators of iron homeostasis. (B) Real-time RT-PCR 

analysis of mRNA levels in ARPE-19 cells after exposure to 500 μM tBH. TFRC, STEAP3, 

DMT1, IREB1, and IREB2 (upper row) are involved in iron import or the elevation of Fe2+ 

levels. FTL, FTH, Cp, HEPH, and FPN1 (lower row) are involved in iron storage as Fe3+ or 

in iron export. N = 7–10 per group. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. 0 h. One-

way ANOVA and post-hoc Dunnett’s test.
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