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Age-related macular degeneration (AMD) is a leading cause of irreversible vision loss in the elderly population, particularly the late-
stage of dry AMD known as geographic atrophy (GA), lacks effective treatment options. Genetic mouse models of AMD have
revealed the significance of impaired lipid metabolism and anti-oxidative capacity in early/intermediate stage of AMD, but remains
unclear in GA that severely damages visual function. Here, to investigate the potential relevance of peroxidized lipids in RPE for late-
stage dry AMD, GPx4™" mice underwent subretinal injections of RPE-specific AAV-Cre vector or control AAV vector. RPE-specific
GPx4 deficiency led to rapid RPE degeneration resembling key features of late-stage dry AMD, including preceding loss of RPE cell
polarity, accumulation of acrolein, malondialdehyde, and 4-hydroxynonenal, photoreceptor loss, lipofuscin-laden subretinal
melanophage infiltration, and complement activation. Treatment with a-tocopherol and ferrostatin-1 mitigated RPE degeneration,
and shrunk mitochondria were observed in GPx4 deficient mice, suggesting involvement of ferroptosis. Unexpectedly, necrostatin-
1s, an inhibitor of necroptosis, also ameliorated RPE degeneration, and activation of RIP3 and MLKL along with inactivation of
caspase-8 was observed, indicating crosstalk between ferroptosis and necroptosis pathways. Our findings shed light on the intricate
mechanisms underlying RPE degeneration in AMD and highlight GPx4/lipid peroxidation as potential therapeutic targets. RPE-
specific ablation of GPx4 in mice provides a valuable tool for further elucidating the interplay between lipid peroxidation, cell death

pathways, and AMD pathogenesis, offering new insights for preclinical research and therapeutic development targeting GA.

Cell Death and Disease (2024)15:763; https://doi.org/10.1038/s41419-024-07150-2

INTRODUCTION

Retinal pigment epithelium (RPE) is a monolayer of pigmented
epithelial cells positioned between photoreceptor outer segments
(OSs) and the choriocapillaris of the choroid. RPE cells are highly
polarized, and have apical microvilli enveloping the OSs of
photoreceptors and basal infoldings in the baso-lateral membrane
[1, 2]. RPE cells play multifaceted roles in vision, including
participating in visual cycle, forming the blood-retinal barrier,
supplying nutrients and growth factors to photoreceptors and
choroid, and protecting the retina from oxidative stress [2-5]. A
key task of RPE cells involves phagocytosing and metabolizing
10% of photoreceptor OS daily [3, 6], wherein 90% of OSs
comprise phospholipids, and the rest is cholesterol and glycoli-
pids. Importantly, OSs are enriched by four folds with polyunsa-
turated fatty acid (PUFA) that are highly susceptible to
peroxidation upon light exposure compared to other plasma
membrane [2, 7, 8], necessitating mechanisms to detoxify
peroxidized phospholipids for the homeostasis of RPE and vision.

Pathological alterations in the RPE invariably impair visual
function and can lead to permanent blindness, given the absence
of regenerative capacity in mammalian RPE cells [9]. Age-related
macular degeneration (AMD) is a major cause of blindness
worldwide. The onset of AMD manifests in early and intermediate
stages characterized by the formation of extracellular lipid
depositions called drusen and subretinal drusenoid deposits
around the RPE, while maintaining relatively preserved vision.
Advanced AMD stages, associated with significant visual loss,
encompass neovascular (wet) AMD (~15%) and atrophic (dry)
AMD, also known as geographic atrophy (GA) (85%) [10, 11].
Notably, while effective therapies exist for wet AMD, no
established treatment exists for dry AMD, although complement
inhibitors have been debated [12]. The etiology of AMD, though
not fully elucidated, implicates oxidative stress, impaired lipid
metabolism, and inflammation [1, 13, 14]. Genetically engineered
mouse models mirroring abnormal lipid metabolism and impaired
anti-oxidative defense have provided insights into AMD
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development, particularly in early and intermediate stages [13, 15].
However, their relevance to late-stage dry AMD or GA, particularly
concerning endogenously produced peroxidized lipids in the RPE,
remains obscure.

Glutathione peroxidase 4 (GPx4), an antioxidant enzyme
ubiquitously expressed, has a distinctive role in directly detoxify-
ing peroxidized phospholipids within cell membranes and
thwarting ferroptosis, a lipid peroxidation-induced form of non-
apoptotic cell death [16]. Conventional knockout (KO) of GPx4
results in early embryonic lethality [17], while conditional KO (cKO)
mice with GPx4 deficiency in various cell types exhibits loss of
homeostasis and cell death [18-21], except in select cell types
including myeloid cells [22] and vascular endothelial cells [23].

In this context, we developed RPE-specific cKO mice for GPx4 and
scrutinized their degenerative phenotypes to unravel the significance
of regulating peroxidized lipids for RPE in vivo. Our study furnishes
direct evidence implicating endogenous lipid peroxidation products
in RPE in inducing pathological features reminiscent of GA, with
involvement of ferroptosis and necroptosis.

MATERIALS AND METHODS

Construction of AAV vectors

pPAAV-CAG-EGFP (addgene, plasmid #37825) was modified by cutting at
BamHI/Hindlll to replace EGFP with mCherry sequence (addgene, plasmid
#58909) and cutting at Ndel/Xbal to replace CAG promoter with RPE65
promoter sequence (Vigene Biosciences), resulting in the creation of pAAV-
RPE65-mCherry. Separately, pAAV-CAG-EGFP (addgene, plasmid #37825)
was modified by cutting at Dralll/EcoRV to replace ITR and CAG-EGFP with
the sequence of ITR and RPE65-Cre-2A-mCherry. Cre-2A-mCherry sequence
was from pAAV-ProC3-Cre/mCherry (addgene, plasmid #126006). AAVp,
vectors were made with AAV Helper Free Packaging System (Cell Biolabs,
San Diego, CA, USA) as described previously (Fig. 1A) [24]. RT-gPCRs were
run to determine virus titers. Those AAV vector solutions were diluted with
PBS to 1.0x 10" vg/ml for subretinal injection.

Animal experiments

All animal experiments follow the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in Ophthalmic and
Vision Research. Protocols for animal procedures underwent reviewed and
approval by the Institutional Animal Research Committee of the University
of Tokyo. Mice were housed in cages with standard conditions, including
access to food and water, and maintained under 12-hour light/dark cycle
at 22°C.

GPx4" mice, obtained from Jackson Laboratory (strain #:027964) [25].
are C57BL/6J background and free of rd8 mutation. The mice harbor loxP
sites flanking exons 2-4 of the GPx4 gene. To establish RPE-specific GPx4
conditional KO (GPx4 cKO) mice, 8-week-old GPx4™" mice were randomly
chosen, and underwent subretinal injection of AAVp;-RPE65-Cre-2A-
mCherry (AAV-Cre) at 2.0 x 10'° vg/eye using a micro-syringe (MS-NEO5,
Ito corporation, Shizuoka, Japan) and a 33 G needle (Ito corporation) under
a surgical microscope (Universal S3, Zeiss, Carl Zeiss, Jena, Germany). Just
before the subretinal injection, anterior chamber paracentesis using the tip
of a 27 G/30 G needle was performed to make a space in the eye for the
following injection of AAV solution. After subretinal injection, a coverslip
was placed on the cornea and the fundus was observed. Success of the
subretinal injection was judged based on an appearance of retinal
detachment. Success rate was favorable (80-90%), and the other
unsuccessful eyes were excluded. For control, the other GPx4" mice
received subretinal injection of AAVp;-RPE65-mCherry (control AAV) at
2.0x10'® vg/eye. Mice were sacrificed 12-14 days or 42 days post-AAV
injections for analyses.

Best1-Cre mice were obtained from Jackson Laboratory (strain #017557).

To investigate the effect of vitamin E (Vit E), mice were maintained on
standard rodent diet CE-2 supplemented with DL-a-tocopherol acetate
(1000 1U/kg) (CLEA Japan) for 2 weeks, one week before and after AAV
injections.

Ferrostatin-1 (Fer-1), necrostatin-1s (Nec-1s), and Z-VAD-FMK (ZVAD, a
pancaspase inhibitor) to GPx4 cKO mice was administered via both
intraperitoneal and intravitreal routes to maximize the pharmacological
effects. Intraperitoneal injections were administered daily from day 10-13
post-AAV injections at dosages of 4.0 mg/kg, 1.6 mg/kg, and 4 mg/kg for
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Fer-1, Nec-1s, and ZVAD, respectively, with a vehicle control was 2%DMSO
in PBS. Intravitreal injections were conducted once on day 13 post-AAV
injections with 2.0 pl of 100 uM Fer-1, 300 uM Nec-1s, and 300 uM ZVAD in
PBS with 1%DMSO vehicle.

Spectral domain-optical coherence tomography (SD-OCT) was per-
formed using OCT Bi-pu (KOWA, Tokyo, Japan). Fundus photography was
conducted using Micron IV (Phoenix-Micron Inc., Oregon, USA).

Immunohistochemistry, evaluation of RPE damage, and
autofluorescent imaging
For histological analysis, enucleated eyeballs were fixed in 4% paraformal-
dehyde for 2h and dehydrated in 35% sucrose in 4°C overnight.
Enucleated eyes were cryosectioned at —20°C (10um thickness). For
melanin bleaching, sections were soaked in 10% hydrogen peroxide in PBS
at 60°C for 30 min. After blocking using Blocking One Histo (NACALAI
TESQUE, INC, Kyoto, Japan) for 10 min, slides were incubated overnight at
4°C with primary antibodies, and then incubated with secondary
antibodies and 4,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, Bur-
lington, MA) for 1h at room temperature. The primary and secondary
antibodies used are shown in Supplementary Table S1. The sections were
coverslipped with mounting medium (Vector Laboratories, Burlingame,
CA), and observed under a confocal microscope (Zeiss LSM880, Zeiss).

Immunohistochemistry of RPE flatmounts were carried out as described
previously [26]. Briefly, enucleated mice eyes were fixed in 4%
paraformaldehyde for 1 h, anterior part of the eye, lens, and retina were
removed, then the RPE/choroid was dissected into flatmounts. They were
incubated with primary antibodies overnight at 4 °C, then incubated with
secondary antibodies for 1 h at room temperature, and coverslipped with
mounting medium (Vector Laboratories, Burlingame, CA). The flatmouted
RPE samples were subjected to grading based on RPE damage scale
proposed recently [27]. A subretinal AAV injection resulted in the gene
transfer to the RPE, primarily affecting approximately half of the total RPE
area around the injection site (Fig. 1B). Consequently, our evaluations were
performed on the same side as the injection. Topographical variations
were assessed at the central (close to the optic nerve head), middle
(750 um from the optic nerve head), and peripheral (1500 um from the
optic nerve head) regions (0.12 mm? each) (Fig. 1B). Morphometric
assessments of the RPE cells were performed using at least 3 eyes of 3
mice per group, and in each eye, predefined 3 center, 3 middle, and 3
peripheral areas were assessed. The assessments were conducted in
blinded fashion, and the evaluator (K.A.) was masked to which group each
sample was allocated.

Autofluorescent images of mouse retinal sections were captured by 450/
490 for excitation and 500/550 for emission wavelength under a confocal
microscope (Zeiss LSM880, Zeiss).

Transmission electron microscope (TEM)

Tissues were prefixed by 2% PFA + 2% glutaraldehyde in 0.1 M cacodylate
buffer pH7.4 overnight at 4 °C. After washing with 0.1 M cacodylate buffer,
they were postfixed by 2% osmium tetroxide in 0.1 M cacodylate buffer for
3 h at 4°C. The tissues were dehydrated through increasing concentrations
of ethanol, infiltrated using propylene oxide, and embedded in Quetol-812
(Nisshin EM, Tokyo, Japan).

Ultrathin sections of 70 nm thickness were made using an ultramicro-
tome (Ultracut UCT, Leica, Vienna, Austria). Electronic staining was
performed by 2% uranyl acetate for 15min at room temperature and
lead stain solution (Sigma-Aldrich) for 3 min at room temperature. TEM
images were captured using a transmission electron microscope (JEM-
1400Plus, JEOL Ltd., Tokyo, Japan) via a charge-coupled device camera
(EM-14830RUBY2, JEOL Ltd.).

Western blotting
Tissues were homogenized in RIPA buffer (Thermo Fisher Scientific,
Waltham, MA) with protease inhibitor cocktail (nacalai tesque). The proteins
were electrophoresed with NuPage Bis-Tris Gels (Thermo Fisher Scientific)
at 200V, then transferred into PVDF membrane. The membranes were
blocked with Blocking One (nacalai tesque) for 10 min, incubated with
primary antibodies overnight at 4°C, washed, incubated with HRP-
conjugated secondary antibodies for 1h, and washed. Blot images were
captured using ImageQuant LAS 4000 mini-camera system (GE Healthcare,
Chicago, IL). The primary and secondary antibodies were shown in Table S1.
Soluble and insoluble fractions of proteins were extracted as reported
previously [28, 29]. Tissues were homogenized in RIPA buffer with protease
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inhibitor and phosphatase inhibitor cocktail. The lysates were centrifuged
at 15,000x g for 20 min at 4°C. The supernatants were collected as the
soluble protein fraction. For insoluble protein fraction, the pellet was
resuspended in RIPA buffer supplemented with 8 M urea (Fujiflm Wako,
Tokyo, Japan) and protease and phosphatase inhibitor (Sigma-Aldrich), and
then sonicated briefly.
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Thiobarbituric Acid Reactive Substances (TBARS)
measurement

TBARS (TCA method) assay kit (Cayman Chemical, Ann Arbor, MI) was used
for measuring Malonaldehyde-bis-DimethylAcetal (MDA) following the
manufacture’s protocol. The fluorescence was read using a plate reader
(2030 ARVO X3, PerkinElmer, Waltham, MA) at an excitation wavelength of
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Fig. 1 Construction of AAV vectors. A Structures of AAV-Cre vector and control AAV vector used in this study. B mCherry expression in the
WT RPE observed on flatmount after a subretinal injection of control AAV. Central (close to the optic nerve head), mid-peripheral (750 ym from
the optic nerve head), and peripheral (1500 um from the optic nerve head) regions (0.12 mm? each) were examined to evaluate topographical
variations. Scale bar, 1 mm. € mCherry expression in the RPE was confirmed after a subretinal injection of AAV-Cre in WT mice. Scale bar,
50 um. D Ratio of Cre-expressing RPE cells to total RPE cells was compared between AAV-Cre-injected WT mice and Best1-Cre mice. n=3-4
per group. Scale bar, 50 pm. E GPx4 ablation in the RPE was confirmed in GPx4 cKO mice. The sections were partially de-melanized. The insets
are a higher magnification of the selected areas of the RPE layer. Black arrowheads indicate RPE layer. Scale bar, 20 um. F Accumulation of
acrolein, an aldehyde produced by lipid peroxidation, in the RPE-choroid was compared on western blot between GPx4 cKO and control mice.
n =4 per group. G Accumulation of MDA in the RPE-choroid was compared between GPx4 cKO and control mice. n = 4-5 per group. H 4-HNE
accumulation in the RPE was compared between GPx4 cKO and control mice after 12 days of subretinal AAV injections. The insets are a higher
magnification of the selected areas of the RPE layer. Black arrowheads indicate RPE layer. Scale bar, 50 um. Data are presented as a

mean £ SEM.

530nm and an emission wavelength of 550 nm. Fluorescence readings
were converted to concentration values based on the standard curve, and
then adjusted to the albumin concentration measured using BCA assay kit
(Thermo Fisher Scientific, Waltham, MA).

Statistics

Statistical analyses were performed by EZR [30] (Saitama Medical Center,
Jichi Medical University), which is based on R 4.0.3 (The R Foundation for
Statistical Computing). EZR is a modified version of R commander
designed to add statistical functions frequently used in biostatistics. In
experiments, biological triplicate and technical duplicate were ascertained,
and data were analyzed in a blinded fashion. Normal distribution and
homogeneity of variance were confirmed by Shapiro-Wilk and Levene’s
test, respectively. Sample size was determined by statistical power analysis
with a =0.05 and 3 = 0.2. No data or animals were not excluded as long as
the subretinal injections were successfully performed. Data are presented
as a mean + SEM. Unpaired Student's t test or one-way ANOVA followed by
Tukey’s post hoc test was used for numerical data analysis. A P value of
<0.05 Values was considered statistically significant. Asterisks mark P
values < 0.05 (*) or <0.01 (*¥).

RESULTS

Generation of GPx4 cKO mice

RPE-specific existence of AAV-Cre vector-derived mCherry expres-
sion was confirmed in wild-type (WT) mice following subretinal
injection of AAV-Cre vector (Fig. 1C). In this study we used AAV-Cre
vector in GPx4"™ mice to investigate the effects of GPx4 deletion
in the adult mice. While Best1-Cre mice are commonly used for
creating RPE-specific cKO mice, Cre expression initiates as early as
at least postnatal day 10 (P10) [31]. Additionally, Cre expression in
Best1-Cre mice exhibits considerable variability, with 10-90% of
total RPE cells expressing Cre due to individually different
epigenetic silencing mechanisms [32, 33]. In our experiments,
we found that Cre expression using AAV-Cre vector was more
consistent and at higher levels compared to using Best1-Cre mice
(Fig. 1D). In GPx4 cKO mice, depletion of GPx4 protein specifically
in the RPE was confirmed after AAV-Cre injections (Fig. 1E). As a
result, a significant increase in acrolein and MDA, lipid peroxida-
tion aldehydes related to AMD [34-38], in the RPE-choroid tissues
was detectable (Fig. 1F, G), despite Cre gene transfer occuring in
only approximately half of the total RPE area. Furthermore,
immunohistochemistry confirmed that another aldehyde
4-Hydroxynonenal (4-HNE) accumulates in the RPE of the GPx4
cKO mice as early as 12 days after AAV-Cre injections (Fig. 1H,
Supplementary Fig. S1).

GPx4 deficiency leads to RPE degenerations

To assess RPE degeneration in GPx4 cKO mice, the RPE damage
scale proposed in a recent study [27] was used (Fig. 2A). The RPE
of GPx4 cKO mice exhibited rapid degeneration evident as early as
14 days after the AAV-Cre injections, in all areas of different
distances from the optic nerve head (i.e, center, middle, or
periphery) (Fig. 2B). The degree of degeneration was mildest in the
RPE of control mice (GPx4™" mice receiving control AAV) and Cre-
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control mice (WT mice receiving AAV-Cre) (Fig. 2B). As expected,
supplementation of a-tocopherol (vit E), a lipophilic antioxidant,
significantly ameliorated RPE degeneration in GPx4 cKO mice,
confirming the lipid peroxidation-dependent mechanisms under-
lying the degeneration in GPx4-deficient RPE cells (Fig. 2B).
Additionally, since healthy RPE cells exhibit a uniform regular
hexagonal morphology, we compared the area and aspect ratio of
RPE cells between control and GPx4 cKO mice. The results
revealed that the RPE cells of GPx4 cKO mice were enlarged (Fig.
2C) and irregularly shaped (Fig. 2D), with worsening progressively
at day 14 and 42 after Cre gene transfer, the phenomenon was
significantly suppressed by vit E supplementation (Fig. 2C, D).

GPx4 cKO mice mimic clinicopathological features of

human AMD

Retinal fundus images of the GPx4 cKO mice revealed mottled
hypopigmented lesions compared to control mice after 28 days
of AAV-Cre injections, while no apparent abnormality was
observed in the fundus of control mice (GPx4"" mice receiving
control AAV) (Fig. 3A). SD-OCT of GPx4 cKO mice showed loss of
the ellipsoid zone of the photoreceptors, irregular and thinner
RPE line, a thinner choriocapillaris layer, and hyperreflective foci
14 days after AAV-Cre injections (Fig. 3B). Hematoxylin-eosin
staining of the retinal sections 14 days after AAV-Cre injections
displayed reduced outer nuclear layer (ONL) thickness (i.e., loss
of photoreceptors), loss of RPE cells, and localization of
pigment-containing cells in the subretinal space and neural
retina (Fig. 3C). The subretinal and intraretinal pigmented cells
in GPx4 cKO mice exhibited higher autofluorescence, indicative
of lipofuscin accumulation (Fig. 3D). In AMD, hyperreflective foci
on SD-OCT serve a biomarker for progression to the late stage
of AMD, consisting of melanosome/melanolipofscin-laden
mononuclear phagocytes, termed melanophages [39]. To
further characterize pigment-containing cells in GPx4 cKO
mice, ocular sections were examined via immunohistochemistry
after partial de-melanization due to the strong black pigment of
C57BL6/J strain blocking fluorescent signals. The results
confirmed that subretinal pigmented cells were positive for
F4/80 and Ibal, suggesting melanophage localization in the
subretinal space of GPx4 cKO mice (Fig. 3E, F). Accumulation of
lipofuscin-laden pigmented microglia/macrophages in the
subretinal space have also been observed in other AMD mouse
models [40-42] and aged WT mice [43]. Furthermore, comple-
ment activation in the RPE is another key feature of AMD in
humans [44, 45] and also found in some mouse models [42, 46].
In GPx4 cKO mice, activation of complement component C3
(cleaved C3) was specifically observed in the RPE (Fig. 3G), and
membrane attack complex (MAC) deposition was observed in
and around the RPE (Fig. 3G). In addition, zymogen C9 (70 kD) is
proteolytically cleaved at a specific site to induce C9 polymer-
ization [47]. The 25 kD product C9b, which is the carboxyl-
terminal fragment of C9 capable of disturbing membrane
potential, was identified as a marker of membrane attack
complex (MAC) formation in the NalOsz-induced dry AMD (GA)

Cell Death and Disease (2024)15:763
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Fig. 2 RPE degeneration in GPx4 cKO mice. A RPE degeneration grading based on a previously proposed scale. Scale bar, 100 pm. B 14 days
after AAV injections, RPE degeneration grade was compared among control (GPx4™" mice injected with control AAV), GPx4 cKO (GPx4™" mice
injected with AAV-Cre), and Cre-control mice (WT mice injected with AAV-Cre). 42 days after AAV injections, RPE degeneration grade was
compared among control, GPx4 cKO, and vit E-supplemented GPx4 cKO mice. n =4-6 per group. Scale bar, 50 um. C 14 days after AAV
injections, RPE cell area was compared between control and GPx4 cKO mice. n = 3-4 per group. 42 days after AAV injections, RPE cell area was
compared among control, GPx4 cKO, and vit E-supplemented GPx4 cKO mice. n =3-5 per group. D 14 days after AAV injections, aspect ratio
of RPE cells was compared between control and GPx4 cKO mice. 42 days after AAV injections, aspect ratio of RPE cells was compared among
control, GPx4 cKO, and vit E-supplemented GPx4 cKO mice. n =3-5 per group. Data are presented as a mean + SEM.
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model [46]. The RPE-choroid of GPx4 cKO mice contained
significantly increased levels of both C9 and C9b (Fig. 3H).

Ultrastructure of RPE degeneration in GPx4 cKO mice

TEM was employed to further elucidate the ultrastructure of RPE
degeneration in GPx4 cKO mice. In control eyes, normal
thickness of photoreceptor OSs (Fig. 4A), basal infoldings (Fig.
4B) and apical microvilli at the interface with OSs (Fig. 4C) were

SPRINGER NATURE

observed, indicating well-polarized structures of RPE cells.
Conversely, in GPx4 cKO mice, a thinner OS layer (Fig. 4D),
subretinal pigment-containing cells (Fig. 4D, E), localized voids
in the subretinal space (Fig. 4F), and loss of polarized structures
of RPE cells including microvilli and basal infoldings (Fig. 4G)
were observed 13 days after AAV-Cre injections. At this stage,
abundant formation of melanolipofuscin were observed in the
RPE and in the subretinal melanin-containing cells (Fig. 4E, G).
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Fig. 3 GPx4 cKO mice mimicking clinicopathological features of AMD. A Retinal fundus images of control (GPx4™" mice injected with

control AAV) and GPx4 cKO (GPx4™" mice injected with AAV-Cre) mice 28 days after injections of AAV vectors. The insets are a higher
magnification of the selected area to clearly show mottled hypopigmentation of the GPx4 cKO mice compared to uniform texture of the
control mice. B SD-OCT images of control and GPx4 cKO mice 14 days after injections of AAV vectors. The insets show a higher magnification
of the area in the corresponding white rectangle, showing hyperreflective foci (red arrows). EZ, ellipsoid zone. CC, choriocapillaris. C ONL
thickness was compared on Hematoxylin-eosin staining between control and GPx4 cKO mice 14 days after injections of AAV vectors. White
arrows indicate pigment containing cells in the neural retina. n=6 per group. Scale bar, 50 um. D Autofluorescence of subretinal and
intraretinal pigment containing cells in GPx4 cKO mice 14 days after AAV injections. Scale bar, 50 um. E F4/80 expression of subretinal pigment
containing cells in GPx4 cKO mice (red arrows). Black arrowheads indicate RPE layer. Scale bar, 50 um. F Iba1 expression of subretinal pigment
containing cells in GPx4 cKO mice (red arrows) 13 days after AAV-Cre injections. Black arrowheads indicate RPE layer. Scale bar, 50 pm.
G Activation of complement component C3 in the RPE and MAC deposition in and around the RPE of GPx4 cKO mice 13 days after injections
of AAV-Cre vectors. Black arrowheads indicate RPE layer. Scale bar, 50 um. H Abundance of zymogen C9 and C9b fragment in the RPE-choroid
was compared on western blot between GPx4 cKO and control mice 14 days after injections of AAV vectors. n=5 per group. Data are

presented as a mean = SEM.

RPE degeneration progressed rapidly, and at 14 days after AAV-
Cre injections, OSs and RPE cells were lost (Fig. 4H). Consistent
with the findings of subretinal melanophages on immunohis-
tochemistry (Fig. 3D-F), subretinal pigment-containing cells
were filled with lipofuscin and melanolipofuscin (Fig. 4l).

Inhibitors of ferroptosis and necroptosis ameliorated RPE
degeneration caused by GPx4 deficiency

To assess the modes of RPE cell death observed in GPx4 cKO
mice, GPx4 cKO mice were treated with inhibitors for ferroptosis
(Fer-1), necroptosis (Nec-1s), or apoptosis (ZVAD). Unexpect-
edly, we observed that not only Fer-1 but also Nec-1s
significantly ameliorated the RPE degeneration in terms of the
grade assessment and the number of remaining RPE cells, while
ZVAD did not have significant effects (Fig. 5A-C). In control
mice, the same treatments did not significantly affect the
morphology of the RPE cells (Supplementary Fig. S2).

As GPx4 is the master inhibitory regulator of ferroptosis, the
amelioration by Fer-1 (Fig. 5) and also by vit E (Fig. 2B-D) were in
line with our expectation. Moreover, we observed shrunk
mitochondria on TEM, confirming another characteristic ferropto-
sis phenotype [48, 49] in GPx4 cKO RPE cells (Fig. 6A). Nec-1s is an
improved reagent from Nec-1 as Nec-1 is the inhibitor for both
RIP1 and indoleamine 2,3-dioxygenase (IDO). Besides, it has been
reported that Nec-1 can inhibit both ferroptosis and necroptosis,
while Nec-1s is a specific inhibitor of necroptosis [20, 50]. The
results suggest involvement of both ferroptosis and necroptosis in
the RPE cell loss of GPx4 cKO mice.

To clarify necroptosis in RPE degeneration caused by GPx4
deficiency, the levels of key molecules for the necroptosis
activation were investigated in the RPE-choroid samples. Assem-
bly of necrosome comprising phosphorylated RIP1 (p-RIP1)/p-
RIP3/p-MLKL is the critical step for the execution of necroptosis.
Because of the amyloid structure of the necrosome, translocation
of RIP1/RIP3/MLKL into detergent-insoluble fractions is important
for necroptosis signal transduction [28, 29, 51, 52]. In the RPE-
choroid samples from GPx4 cKO mice, a significant upregulation
of RIP3, MLKL, and p-MLKL was observed in the insoluble fraction
(Fig. 6B). On the other hand, RIP3 in the soluble fraction was
decreased (Supplementary Fig. S3A) and no apparent change in
the levels of MLKL and p-MLKL was observed (Supplementary Fig.
S3B). These results indicated necrosome formation and activation
of necroptosis pathway.

Furthermore, caspase-8 inactivation is a prerequisite for
necroptosis activation [53, 54]. In the RPE-choroid of GPx4 cKO
mice, the active fragment p18 of caspase-8 was significantly
decreased while there was not a significant change in the levels of
intermediate fragment p43 (Fig. 6C), which further substantiated
the pro-necroptotic conditions in the RPE-choroid tissue of GPx4
cKO mice.
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DISCUSSION

The current study elucidated the crucial role of GPx4 in the RPE in
mice, revealing that RPE-originated lipid peroxidation leads to RPE
degeneration resembling key features of the late stage of dry
AMD. Animal models are indispensable in medical research, aiding
in the understanding and treatment of human diseases. In the
case of wet AMD, the development of laser-induced choroidal
neovascularization model was pivotal for the establishment of
anti-VEGF therapy. Similarly, various gene-modified mice related
to lipid metabolism have been reported to recapitulate age-
related early and intermediate changes of AMD [13, 15, 55, 56].
Additionally, deficiency of anti-oxidative enzymes, including SOD1
[57], SOD2 [58], and Nrf2 [59, 60] has been linked to early and
intermediate AMD phenotypes.

However, the roles of these models in the development of GA,
the late-stage manifestation of dry AMD, have remained unclear.
Previous models take 6-12 months, often up to 2 years, to
sufficiently develop early/intermediate AMD phenotypes, such as
drusen and subretinal drusenoid deposits. While these models
underscore the importance of age in AMD pathogenesis, their
utility as preclinical animal models may be limited. In contrast, the
laser-induced choroidal neovascularization model for wet AMD
can be applicable regardless of the mouse age, and it takes only
one week from laser irradiation to the assessment of neovascular-
ization. In the late stage of dry AMD, the scarcity of clinically
relevant animal models has posed a significant challenge, leading
researchers to rely on injections of artificial toxicants including
NalOs. Previously reported Dicerl1-deficient mice [61, 62] could
have served as a potential genetic mouse model for GA, but wider
adoption in research laboratories has yet to be realized. GPx4 cKO
mice demonstrate that the toxicity of lipid peroxidation products
in the RPE can induce RPE degeneration similar to GA. Although
lipid peroxidation in the RPE has long been considered a major
pathogenic factor in AMD development [13-15], it has lacked
direct in vivo evidence, especially for the late stage of dry
AMD or GA.

GPx4 cKO mice exhibited key features resembling the late stage
of dry AMD. Initially, RPE cells underwent a loss of polarized
structures, including apical microvilli and basal infoldings. As
degeneration progressed, we observed the loss of RPE cells, loss of
photoreceptors, accumulation of lipofuscin, presence of subret-
inal/intraretinal melanophages, and activation of complement.
Additionally, subretinal voids were observed in GPx4 cKO mice
using both light microscopy (Supplementary Fig. S4) and TEM (Fig.
4D, F). Although the significance of these voids remains unclear,
similar images have being reported in previous studies on AMD
mouse models [40, 63]. Interestingly, extracellular lipid deposition
beneath the RPE (resembling drusen) or in the subretinal space
(resembling subretinal drusenoid deposits), characteristics of
early/intermediate AMD, were not evident in GPx4 cKO mice.
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This absence may be attributed to the rapid degeneration of RPE Acrolein can be efficiently formed from PUFA [34], and is also a
cells, potentially limiting the time required for the gradual lipid component of tobacco smoke, which is recognized as the most
deposition in the extracellular space. However, in the RPE-choroid significant modifiable risk factor for AMD [35]. Additionally,
of GPx4 cKO mice, we observed a significant accumulation of toxic acrolein is utilized in cellular models that mimics smoking-
lipid peroxidation products, including acrolein, MDA, and 4-HNE. induced RPE cell death during AMD progression [36]. MDA and
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Fig. 4 Ultrastructure of RPE degeneration in GPx4 cKO mice. A A lower magnification TEM image of a control mouse retina 14 days after
injections of control AAV vector to GPx4™" mice. Scale bar, 20 um. B At higher magnification, normal basal infoldings of RPE (area inside
rectangle), and C apical microvilli enveloping photoreceptor OS (area inside rectangle) are observed. Scale bar, 2 um. D A lower magnification
TEM image of a GPx4 cKO mouse retina 13 days after AAV-Cre injections to GPx4" mice. A subretinal pigment-containing cell (red
arrowhead). Subretinal voids (black arrowheads). Scale bar, 20 pm. E At higher magnification, melanolipofuscin (red arrowheads), and
undigested OS particles (white arrowheads) are observed in pigment-containing subretinal cells and RPE cells. Scale bar, 5 um. F Subretinal
voids observed in GPx4 cKO mice. Scale bar, 5um. G Loss of apical microvilli and basal infoldings of RPE cells. Melanolipofuscin (red
arrowheads). Scale bar, 2 um. H A lower magnification TEM image of a GPx4 cKO mouse retina 14 days after AAV-Cre injections to GPx4
mice. The area surrounded by a rectangle indicates loss of OS and RPE cells. Scale bar, 20 um. I At higher magnification, pigment containing
subretinal cells contain significant volume of lipofuscin and melanolipofuscin, some of which are indicated by red arrowhead and a dashed
line. Scale bar, 5 um. IS inner segment, OS outer segment, RPE retinal pigment epithelium, CC choriocapillaris.
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Fig. 5 Effects of cell death inhibitors on RPE degeneration in GPx4 cKO mice. A RPE degeneration was compared among vehicle-, Fer-1-,
Nec-1s-, and ZVAD-treated GPx4 cKO mice, based on B the grading scale and C the number of remaining RPE cells 14 days after AAV-Cre
injections. n =6 per group. Scale bar, 50 ym. Data are presented as a mean + SEM.

4-HNE are constituents of lipofuscin in human RPE [37]. Recently,
increased MDA levels in the RPE has been reported in a slowly
progressive early/intermediate AMD model [38]. Furthermore,
resent research has demonstrated the transport of intracellular
lipids from RPE cells to the extracellular space, contributing to the
formation of drusen, in a slowly progressive AMD model using a
focused-ion beam scanning electron microscopy [42].

RPE degeneration in GPx4 cKO mice was alleviated by o-
tocopherol (vit E) and Fer-1, accompanied by the observation of
shrunk mitochondria, indicating the involvement of the ferroptotic
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mechanism. Interestingly, RPE degeneration was partially rescued by
Nec-1s, suggesting the potential role of necroptosis in this process.
Activation of necroptosis pathway was confirmed by presence of
activated RIP3 and MLKL, along with inactivated caspase-8. We
consider that GPx4 protects RPE cells from cell death by suppressing
both ferroptosis and necroptosis pathways. While most studies have
depicted GPx4 as a suppressor of ferroptosis, there are reports
suggesting its involvement in inhibiting necroptosis in certain cell
types. For example, a study demonstrated the inhibition of
necroptosis by GPx4 in erythroid precursor cells [54]. Moreover,
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Fig. 6

Implications of ferroptosis and necroptosis for RPE degeneration in GPx4 cKO mice. A Comparison of mitochondria area (shaded in

light red) in the RPE between GPx4 cKO and control mice. n=6 per group. Scale bar, 1 ym. B Abundance of MLKL, p-MLKL, and RIP3 in
detergent-insoluble fraction samples of RPE-choroid was compared on western blot between GPx4 cKO and control mice 12 days after
injections of AAV-Cre and control AAV vectors, respectively. n =4 per group. C Abundance of cleaved caspase-8 in the RPE-choroid was
compared on western blot between GPx4 cKO and control mice 12 days after injections of AAV-Cre and control AAV vectors, respectively.

n=>5 per group. Data are presented as a mean + SEM.

PUFA treatment on cancer cells induced lipid peroxidation-
dependent necroptosis evidenced by elevated phosphorylation of
RIP3 and MLKL, which was blocked by Fer-1 [64]. Furthermore, it has
been shown that necroptosis and ferroptosis are alternative
pathways in cultured fibroblasts. Deficiency of acyl-CoA synthetase
long-chain family member 4 (ACSL4) results in resistance to
ferroptosis but sensitivity to necroptosis, whereas deficiency of MLKL
results in resistance to necroptosis as well as sensitivity to ferroptosis
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[65]. These findings suggest that the mechanisms for GPx4-mediated
cell death prevention may vary depending on the cell types, and it is
possible for necroptosis and ferroptosis to coexist. Further research
will elucidate the molecular mechanisms underlying lipid
peroxidation-induced RPE cell death.

After preprint publication of this manuscript, another report of
GPx4 ablation in the RPE has recently been published [66]. The
other study used tamoxifen-inducible Cre system to achieve GPx4
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ablation in the adult mice. The data on RPE degeneration were in
line with ours, while there are some differences. First, in our study
the lipid peroxidation-dependent mechanism is demonstrated
through a significant rescue effect by vitamin E and ferrostatin-1,
while mechanistic investigations were not conducted in the other
study. Second, the involvement of necroptosis is also discussed in
our study. Third, the progression of RPE degeneration is faster in
our model, while it takes months to achieve severe degeneration
in the other study. This may be due to higher Cre expression levels
in our AAV-Cre system, and our model may be convenient for the
use in preclinical studies. Fourth, our study provides rigorous data
on accompanying oxidative stress, complement activation, and
infiltrating melaophages, while the other study largely depends on
analyses of mRNA levels.

In conclusion, our current study unveiled the critical role of
GPx4 in maintaining the homeostasis of RPE in mice. The synthesis
of lipid peroxidation products in the RPE led to the manifestation
of features resembling the late stage of dry AMD within a
relatively short time period. GPx4 cKO mice offer a promising
avenue to further explore the intricate relationship between lipid
peroxidation and RPE degeneration. Additionally, they provide a
valuable new option as a mouse model for preclinical
research on GA.
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