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PEDF protects retinal pigment epithelium from ferroptosis
and ameliorates dry AMD-like pathology in a murine model
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Abstract Age-related macular degeneration (AMD)
is the leading cause of irreversible vision damage
among elderly individuals. There is still no efficient
treatment for dry AMD. Retinal pigment epithe-
lial (RPE) degeneration has been confirmed to play
an important role in dry AMD. Recent studies have
reported that ferroptosis caused by iron overload
and lipid peroxidation may be the primary causes of
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RPE degeneration. However, the upstream regula-
tory molecules of RPE ferroptosis remain largely
unknown. Pigment epithelium-derived factor (PEDF)
is an important endogenic protective factor for the
RPE. Our results showed that in the murine dry AMD
model induced by sodium iodate (SI), PEDF expres-
sion was downregulated. Moreover, dry AMD-like
pathology was observed in PEDF-knockout mice.
Therefore, the aim of this study was to reveal the
effects and mechanism of PEDF on RPE ferroptosis
and investigate potential therapeutic targets for dry
AMD. The results of lipid peroxidation and transmis-
sion electron microscope showed that retinal ferropto-
sis was significantly activated in SI-treated mice and
PEDF-knockout mice. Restoration of PEDF expres-
sion ameliorated Sl-induced retinal dysfunction in
mice, as assessed by electroretinography and optical
coherence tomography. Mechanistically, western blot-
ting and immunofluorescence analysis demonstrated
that the overexpression of PEDF could upregulate
the expression of glutathione peroxidase 4 (GPX4)
and ferritin heavy chain-1 (FTH1), which proved to
inhibit lipid peroxidation and RPE ferroptosis induced
by SI. This study revealed the novel role of PEDF in
ferroptosis inhibition and indicated that PEDF might
be a potential therapeutic target for dry AMD.
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«Fig. 1 The expression of PEDF decreased in Sl-treated mice
and ARPE-19 cell line. A Representative SD-OCT images in
normal control and Sl-treated mice. B Quantification of the
relative ILM-RPE thickness from SD-OCT images of retinal
sections. C H&E staining for retina morphological changes
in normal control and Sl-treated mice. Scale bar=50 pm. D
PEDF (red) immunostaining of retinas in normal control and
SI-treated mice. Scale bar=20 um. E Protein levels of PEDF
in the RPE-choroidal tissues of normal control and SI-treated
mice. F Quantification of the PEDF expression in the RPE and
choroidal tissues. G Protein levels of PEDF in ARPE-19 cells
treated with or without 5 mM SI for 24 h. H Quantification
of the PEDF expression in ARPE-19 cells. I Relative mRNA
levels of SERPINFI in ARPE-19 cells treated with or without
5 mM SI for 24 h. SD-OCT, spectral-domain optical coherence
tomography; ILM, internal limiting membrane; NC, normal
control; *P<0.05, **P<0.01, ***P<0.001

Introduction

Age-related macular degeneration (AMD) is the
leading cause of irreversible vision damage among
elderly individuals. The global prevalence of AMD
is approximately 8.7%, and it is estimated that up
to 288 million individuals globally will have AMD
in 2040 [1]. AMD is commonly classified as dry
AMD and wet AMD according to different patho-
logical features. The proportion of patients with dry
AMD was approximately 90% [2]. However, there
is still no efficient treatment for dry AMD. Thus, it
is essential to further explore the mechanism of dry
AMD and identify potential therapeutic targets.

Retinal pigment epithelial (RPE) dysfunction is
critical for the onset and development of AMD [3].
However, the causes and mechanisms of RPE dys-
function are still not fully understood. Ferroptosis,
a newly discovered programmed cell death pathway,
has been reported to be associated with the pathogen-
esis of RPE dysfunction in AMD [4-6]. The occur-
rence of ferroptosis depends on iron overload and
lipid peroxidation [7, 8]. Recent studies have shown
that antioxidants inhibit ferroptosis in RPE cells, pro-
viding new directions for the treatment of AMD [9].
However, there is controversy about the strategy to
inhibit ferroptosis, and there is a lack of effective and
biosafe targets to inhibit RPE ferroptosis.

Pigment epithelium-derived factor (PEDF), a
secreted glycoprotein, is a member of the serine pro-
tease family encoded by the SERPINFI gene. PEDF
was first found in RPE cell culture medium and has var-
ious functions, such as fibrosis and angiogenesis inhibi-
tion [10]. In retinas, PEDF has been shown to inhibit

angiogenesis and protect the retina from oxidative
stress injury [11-13]. It has also been reported to have
a regulatory effect on lipid metabolism, and its reduc-
tion leads to increased fatty acid uptake and lipid drop-
let formation [14]. However, the relationship between
PEDF and ferroptosis has not been determined.

This study aimed to explore the effect and mecha-
nism of PEDF in sodium iodate (SI)-induced ferrop-
tosis and evaluate the potential of PEDF for dry AMD
treatment. Briefly, ferroptosis was activated in PEDF-
knockout mice, as evidenced by lipid reactive oxy-
gen species (ROS) accumulation and the downregu-
lated expression of ferroptosis inhibitors, including
glutathione peroxidase 4 (GPX4) and ferritin heavy
chain-1 (FTH1). Moreover, the restoration of PEDF
expression ameliorated dry AMD-like pathology in a
mouse model induced by SI.

Methods
Cell culture, cell treatment, and cell transfection

ARPE-19 cells were purchased from the American
Type Culture Collection. Dulbecco’s modified Eagle’s
medium (Gibco, USA) containing 10% fetal bovine
serum (FBS) (Sigma, USA) was used to culture ARPE-
19 cells. Solid SI (Macklin, China) was dissolved in
PBS to form a sterile 250 mM solution and then filtered
for cell treatments. The cells were exposed to 5 mM
SI or PBS for 24 h. The PEDF overexpression plasmid
used the pCDNA-3.1(+) vector with a human cyto-
megalovirus immediate-early promoter for high-level
expression in a wide range of mammalian cells. Then
the pPCDNA3.1-PEDF plasmid and pCDNA3.1 plasmid
were used as a template to synthesis adenoviruses. The
PADV-mCMV-PEDF-3FLAG adenovirus (Ad-PEDF)
and the control adenovirus (Ad-Ctrl) were obtained
from Obio Technology (China). The PEDF adenovirus
titer was 6.32% 10'® PFU/mL, and the control adenovi-
rus titer was 10'! PFU/mL. When cell grew at the con-
fluency of 70-80%, the transient transfection of PEDF
overexpression adenovirus or control adenovirus was
carried out according to the manufacturer’s instructions.

Animals model

The animal experiments were approved by the Ani-
mal Care Committee of Sun Yat-Sen University
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(approval number: SCYK2016-0029). Guangdong
Provincial Animal Center (Guangzhou, China)
provided the C57BL/6 mice, while PEDF homozy-
gous KO (PEDF~") mice were provided by Dr. S.J.
Wiegand of Regeneron Pharmaceuticals, Inc. (Tar-
rytown, NY).

Sodium iodate treatment

Six- to eight-week-old C57BL/6 J mice were fed in a
specific pathogen-free (SPF) environment and main-
tained on a 12-h light/dark cycle. Solid sodium iodate
(SI) was dissolved in PBS to form a sterile 1 mg/ml
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Fig. 2 PEDF-KO mice appeared AMD like retinopathy. A
Representative SD-OCT images in the WT and PEDF-KO
mice. B Quantification of the relative ILM-RPE thickness
from SD-OCT images. C Representative scotopic-ERG a- and
b-wave by full-field ERG in the WT and PEDF-KO mice. D
Quantification of the scotopic-ERG a- and b-wave amplitude
values by full-field ERG. E Fundus photograph of the WT and
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PEDF-KO mice. F Quantification of the drusen in the WT and
PEDF-KO mice. G H&E staining for retina morphological
changes in WT and PEDF-KO mice. Scale bar=20 ym. SD-
OCT, spectral-domain optical coherence tomography; ILM,
internal limiting membrane; WT, wild type; PEDF-KO, PEDF-
knockout. *P <0.05, **P<0.01, ***P <0.001
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solution and then filtered for tail vein injection [15].
The mice were intravenously injected with the SI
solution at a dose of 30 mg/kg, and the control group
received an equivalent volume of PBS.

Intravitreal injection of adenoviruses

The mice were anesthetized with 10% chloral hydrate
(50 pl/10 g). Then, the mice were treated with 0.5%
compound tropicamide eye drops and 1% carboxym-
ethylcellulose sodium eye drops to keep their eyes dilated
and moist. Two microlitres of PEDF or control adeno-
virus was injected into one eye of each mouse using
an ultrafine 33-g Hamilton syringe. The intravitreal

A

WT

injection was gently performed, and the needle was held
in place for 1 min to allow the adenovirus to spread in the
vitreous. Tobramycin dexamethasone eye ointment was
applied to the injection site, and the mice were allowed
to recover from anesthesia in an electric heating blanket.

Electroretinography

The mice were anesthetized with 10% chloral hydrate
(50 pl/10 g). Then, the mice were treated with 0.5%
compound tropicamide eye drops and 1% carboxy-
methylcellulose sodium eye drops to keep their eyes
dilated. We used Celeris (Diagnosys, USA) to detect and
record electroretinography (ERG) responses. In response
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Fig. 3 The screening of ferroptosis, apoptosis, and necropto-
sis in primary RPE extracted from PEDF-KO mice. A RPE65
(red) immunostaining to identify the primary mouse RPE cells.
B Cell viability detected by CCK-8 assay in primary RPE cells
cultured from WT or PEDF-KO mice treated with DMSO,

20 puM Z-VAD (apoptosis inhibitor), 40 pM Nec-1 (necroptosis
inhibitor) or 4 pM Fer-1 (ferroptosis inhibitor). C, D Cell via-
bility detected by CCK-8 assay in PEDF-expressing ARPE-19
cells treated with 10 uM erastin (ferroptosis activator) for 24 h
(C) and 48 h (D). ***P<0.001
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Fig. 4 PEDF deficiency triggered ferroptosis in the RPE of
mouse. A Ultrastructure of mitochondria in RPEs from WT or
PEDF-KO mice was imaged by TEM. Red arrowheads indicate
mitochondria. Scale bars=1 pm. B, C FTH1 (green) (B) and
GPX4 (green) (C) immunostaining of retinas in the WT and
PEDF-KO mice. Scale bar=20 um. D Protein levels of FTHI,
GPX4 in the RPE and choroidal tissues of WT or PEDF-KO
mice. E Quantification of the FTH1, GPX4 expression in
RPE and choroid tissues. F Protein levels of FTHI, GPX4
in the retinas of WT or PEDF-KO mice. G Quantification of
protein levels of FTH1, GPX4 in retinas. H Lipid ROS levels

@ Springer

detected by BODIPY™ 581/591 C11 staining in primary RPE
cells cultured from WT or PEDF-KO mice. Scale bar=20 um.
I Cell viability detected by CCKS8 assay in primary RPE cells
cultured from WT or PEDF-KO mice. J Western blot analy-
sis of GPX4, FTHI in primary RPE cells cultured from WT or
PEDF-KO mice. K Quantification of the FTH1, GPX4 expres-
sion in primary RPE cells cultured from WT or PEDF-KO
mice. L mRNA levels of Gpx4, and Fthl in primary RPE cells
cultured from WT or PEDF-KO mice. WT, wild type; TEM,
transmission electron microscope; ROS, reactive oxygen spe-
cies; *P<0.05, **P<0.01



GeroScience (2024) 46:2697-2714

2703

to different intensities of white light flashes, the corneal
ERG electrodes were adjusted to record the ERG.

Fundus photography

After the mice were anesthetized, the eyes were
dilated with 0.5% compound tropicamide, and the
cornea was moistened with 1% carboxymethylcel-
lulose sodium eye drops. A retinal imaging system
(Phoenix, MicronlV, USA) was used to capture the
fundus images. The fundus images of mice were pro-
cessed with ImagelJ (version 1.54d, National Institute
of Health, USA). First, we defined a scale bar for all
the images. Then, the images were converted to 8-bit
type. Finally, the area of drusen was measured after
the drusen regions were manually surrounded.

Optical coherence tomography

Optical coherence tomography (OCT) was performed
after fundus photography using a modified Spectralis
Heidelberg Engineering system (Heidelberg, Ger-
many). The mice were administered an additional 1%
carboxymethylcellulose sodium eye drop and were
positioned on a custom holder to maintain eye mois-
ture. We used the pattern of the standard 30° field
to obtain the images and analyzed the images with
Eye Explorer software version 1.9.14.0 (Heidelberg
Engineering, Heidelberg, Germany). OCT imaging

was conducted using a volume scan with 57 frames
(ART), 786 A-scans, a 30°x25° field of view, 100
scans at A120 pm, and 5 scans per second. Tobramy-
cin Eye ointment was applied to the eyes during
recovery. Total retinal thickness at 200 pm, 400 pm,
and 600 pm, centered on the murine optic papilla,
was measured using Imagel (version 1.54d, National
Institute of Health, USA).

Transmission electron microscope

RPE and choroidal tissues were fixed in 2.5% gluta-
raldehyde and 150 mM sodium cacodylate overnight
at 4 °C. The tissues were then postfixed in 1% OsO,
and uranyl acetate before being dehydrated in etha-
nol and embedded in epoxy resin. Ultrathin sections
were placed on formvar-coated grids, stained with
uranyl acetate and lead citrate and examined using
a transmission electron microscope (TEM) (Tecnai
Spirit, Netherlands).

Isolation and culture of primary mouse RPE cells

All surgical instruments were disinfected in advance
using 75% alcohol and UV radiation. Suckling
mice were anesthetized and immersed in 75% alco-
hol to ensure sterility. The eyeballs were carefully
enucleated and placed in DMEM containing 1%
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«Fig. 5 The overexpression of PEDF inhibited the ferropto-
sis triggered by SI in ARPE-19. A, B mRNA (A) and protein
(B) levels of PEDF in PEDF-overexpressing ARPE-19 cells.
C, D Cell viability detected by CCK-8 assay in PEDF-overex-
pressing ARPE-19 cells treated with 5 mM SI for 24 h (C) and
48 h (D). E Cell morphology change in PEDF-overexpressing
ARPE-19 cells treated with 5 mM SI for 24 h. F Lipid ROS
levels detected by BODIPY™ 581/591 C11 staining in PEDF-
overexpressing ARPE-19 cells treated with 5 mM SI for 24 h.
G Western blot analysis of PEDF, GPX4 and FTH1 in PEDF-
expressing ARPE-19 cells treated with 5 mM SI for 24 h. H
Quantification of the FTHI1, GPX4 expression in PEDF-
expressing ARPE-19 cells treated with 5 mM SI for 24 h.
%P <0.001

penicillin—streptomycin for 4 h. The RPE and cho-
roid layers were separated and subjected to diges-
tion using collagenase IV (Sigma, USA) at 37 °C
for 30 min. The digestion was terminated, and the
cells were collected by centrifugation at a speed
of 1000 rpm for 10 min. The isolated cells were
then cultured in DMEM with 20% FBS and 1%
penicillin—streptomycin.

Cell Counting Kit-8 assays

Cell Counting Kit-8 (CCK-8) assays were performed
with kits from New Cell & Molecular Biotech (C6005).
A total of 10* cells per well were seeded in 96-well
plates and treated as indicated. Ten microlitres of CCK-8
solution was added to each well and then incubated for
1 h. A Sunrise microplate reader (Tecan, Austria) was
used to assess cell viability at an absorbance of 450 nm.

Lipid reactive oxygen species detection

We detected live-cell fluorescence levels of lipid reac-
tive oxygen species (ROS) using 5 pM C11-BODIPY
(581/591). ARPE-19 or primary mouse RPE cells
were resuspended in 100 pL of fresh Hank’s balanced
salt solution (HBSS), and then C11-BODIPY was
added and incubated for 30 min. After the samples
were washed three times in HBSS, intracellular lipid
ROS were detected using a fluorescence microscope.

Western blot analysis

Tissues or cells were dissociated in RIPA lysis buffer
(Beyotime, PO013B) containing the protease inhibi-
tor phenylmethanesulfonyl fluoride (PMSF). A BCA
Detection Kit (KeyGen Biotech, China) was used

to quantify the protein concentrations of the lysates.
The protein supernatants were denatured at 95 °C for
5 min. Equal amounts of protein were separated on
an SDS—polyacrylamide gel and transferred to a poly-
vinylidene fluoride (PVDF) membrane. The PVDF
membrane was blocked with 5% milk solution for one
hour. Then, primary antibodies against the target pro-
teins PEDF (Millipore, MAB-1059), GPX4 (Beyotime,
AF7020), FTH1 (Beyotime, AF2104), p-actin (Sigma,
A5441), p-tubulin (Abcam, ab188548), and GAPDH
(Proteintech, 60004—1) were added and incubated over-
night and secondary antibodies (anti-mouse or anti-rab-
bit) were added and incubated for four hours at 4 °C.
Western enhanced chemiluminescence (ECL) substrate
was added to develop chemiluminescence. The specific
antibody information, such as dilution rate and product
code, is summarized in Supplemental Table 1.

Tissue or cell histology and immunofluorescence
analysis

For histological analysis, retinas were fixed in a solution
of 4% paraformaldehyde before being frozen and sec-
tioned. PBS was used to wash the sections, and then the
sections were permeabilized using 0.1% Triton X-100 for
15 min. The sections were blocked with PBS containing
2% bovine serum albumin at 37 °C for 1 h. PEDF (Mil-
lipore, MAB-1059), GPX4 (Beyotime, AF7020), FTH1
(Beyotime, AF2104) and ZO-1 (Beyotime, AF8394) pri-
mary antibodies were applied to the tissues or cells and
incubated overnight at 4 °C. After being washed three
times in PBS, the sections were incubated with fluores-
cent secondary antibodies (anti-mouse or anti-rabbit) at
37 °C for one hour. Finally, the cell nuclei were coun-
terstained using 4,6-diamidino-2-phenylindole (DAPI)
at room temperature for 10 min. The specific antibody
information, such as dilution rate and product code, is
summarized in Supplemental Table 1.

Quantitative real-time PCR

An RNA Extraction Kit (EZB-RNO0O1-plus, EZBio-
science) was used to isolate RNA from cells. Then,
the Primer ScriptTM RT Reagent Kit (RRO047A,
Takara) was used to reverse transcribe mRNA into
cDNA. The mRNA levels were quantified by using
SYBR® Green I Reagent (RR820A, Takara) and a
Bio-Rad CFX96 Real-Time system. The levels of tar-
get mRNAs were normalized to the levels of f-actin
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«Fig. 6 PEDF ameliorated Sl-induced AMD-like retinopa-
thy in mice. A Schematic diagram of the timepoint design
for the AMD mouse model via SI tail-vein injection. PEDF-
expressing adenovirus (Ad-PEDF) or control adenovirus
(Ad-Ctrl) were intravitreally injected simultaneously, and the
mouse retinas were collected at day 14 post-injection. B Rep-
resentative SD-OCT images of the mice in different treatment
groups. C Quantification of the relative ILM-RPE thickness
from SD-OCT images of retinal sections. D Representative
scotopic-ERG a- and b-wave amplitude by full-field ERG in
different treatment groups. E Quantification of the scotopic-
ERG a- and b-wave amplitude values by full-field ERG. F
Fundus photograph of the mice in different treatment groups.
G Quantification of the drusen in the mice in different treat-
ment groups. H H&E staining for RPE pigmentation and mor-
phological changes in the mice in different treatment groups.
I ZO-1 (green) immunostaining of ARPE-19 cells in different
treatment groups. SD-OCT, spectral-domain optical coherence
tomography; ILM, internal limiting membrane; ERG, electro-
retinogram. *P <0.05, **P <0.01, ***P <0.001

mRNA. The specific sequences of the primers are
shown in Supplemental Table 2.

Statistical analysis

All values are reported as the mean+SD. Data from
more than two groups were compared using the Stu-
dent-Newman—Keuls test. Two-tailed Student’s ¢ test
was used to compare the means between two groups.
A minimum of three independent experiments were
conducted to verify the results. All analyses were per-
formed using GraphPad Prism 8.0 (GraphPad Prism
Software, CA, USA). A P value less than 0.05 (two-
sided) was deemed statistically significant.

Results

The expression of PEDF was reduced in SI-induced
AMD-like mice and RPE cells

RPE abnormalities were selectively induced by
SI, and an RPE mouse oxidative stress model was
established to mimic various symptoms of dry
AMD, including drusen and photoreceptor degener-
ation [16, 17]. OCT images showed that SI induced
thinning of the whole retina, which was shown by
the thickness heatmap (Fig. 1A, B). Hematoxy-
lin and eosin (H&E) staining showed that RPE
cell arrangement was chaotic in the retinas of SI-
treated mice (Fig. 1C). The results showed that SI

successfully induced AMD-like symptoms in mice.
To further examine the relationship between PEDF
and AMD, we examined the expression of PEDF
in SIl-induced AMD-like mice. The immunofluo-
rescence (IF) results showed that PEDF expression
was decreased in SI-induced AMD-like mouse reti-
nas compared with that in the normal control group
(NC) (Fig. 1D). Furthermore, the western blot
results indicated that PEDF expression was signifi-
cantly decreased in SI-induced RPE and choroidal
tissues (Fig. 1E, F). We further treated ARPE-19
cells with 5 mM SI and analyzed PEDF expression.
The western blot and qRT—PCR results showed
that SI treatment significantly decreased the protein
and mRNA levels of PEDF (Fig. 1G-I). Therefore,
the results indicated that a reduction in PEDF is
involved in the onset of dry AMD.

PEDF deficiency triggered AMD-like retinopathy

To further understand the role of PEDF in AMD,
we constructed PEDF-knockout mice. OCT images
showed that PEDF deletion caused thinning of the
whole retinal layer compared with that in WT mouse
retinas (Fig. 2A, B). The ERG results showed that
wild-type mice (WT) had a solid scotopic ERG
curve, while PEDF-knockout mice had a substan-
tially reduced ERG curve (Fig. 2C, D). The results
indicated that PEDF deficiency induced retinal visual
damage. Furthermore, we performed fundus photog-
raphy, and the results indicated that PEDF-knock-
out mice had more drusen-like lesions (Fig. 2E, F).
These data showed that PEDF deficiency strongly
negatively affected the function of the retinal pig-
ment epithelium and photoreceptors in vivo. We
further tested the morphological characteristics of
PEDF-knockout mice. H&E staining showed abnor-
mal hypopigmentation and predominant loss of RPE
cells in PEDF-knockout mouse retinas (Fig. 2G). All
together, these results showed that PEDF deficiency
triggered AMD-like retinopathy.

PEDF deficiency triggered ferroptosis in the mouse
retina and ARPE-19 cells

To further understand the molecular mechanism

that may result in these impairments, we found that
recent studies reported that ferroptosis caused by iron
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Fig. 6 (continued)

accumulation and lipid peroxidation was the main
mechanism underlying RPE injury [5, 17]. PEDF
was shown to be involved in lipid metabolism and
the inhibition of oxidative stress [11-13]. We hypoth-
esized that PEDF was involved in ferroptosis. Firstly,
we cultured the primary mouse RPE cells to exclude
pyroptosis and necrosis. The primary RPE cells from
WT and PEDF-knockout mice were identified by posi-
tive expression of RPE65 (Fig. 3A). The CCKS results
indicated that the cell viability of PEDF-knockout pri-
mary RPE cells was rescued by the potent and selec-
tive ferroptosis inhibitor Ferrostain-1 (Fer-1), while
the apoptosis inhibitor Z-VAD or necroptosis inhibitor
Necrostatin-1 (Nec-1) had little effect on the PEDF-
knockout primary RPE cells (Fig. 3B). Furthermore,
we tested whether PEDF could rescue the cell viability
induced by the specific ferroptosis activator (erastin).
The CCKS results indicated that PEDF overexpres-
sion significantly inhibited ferroptosis in 24 h or 48 h
(Fig. 3C, D). Thus, PEDF might regulate the ferropto-
sis rather than apoptosis or necroptosis in RPE cells.
We further examined the characteristics of fer-
roptosis in the RPE and choroid tissues of PEDF-
knockout mice. The result of TEM showed that RPE
cells extracted from PEDF-knockout mice exhibited
distinctive morphological features such as smaller

@ Springer
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mitochondria with decreased membrane density
(Fig. 4A). We also observed that the ferroptosis sup-
pressors GPX4 and FTH1 were decreased in PEDF-
knockout mouse retinas, as shown by IF assays
(Fig. 4B, C). The western blot results showed that
GPX4 and FTHI1 protein levels were decreased in the
RPE and choroidal tissues and retinas of PEDF-KO
mice (Fig. 4D-G).

We also cultured primary RPE cells from WT and
PEDF-knockout mice. Compared with those of pri-
mary RPE cells isolated from WT mice, lipid ROS
levels were increased in primary RPE cells isolated
from PEDF-knockout mice (Fig. 4H). In addition,
the viability of cells isolated from WT mice was bet-
ter than that of cells isolated from PEDF-KO mice
(Fig. 4I). Western blotting and qRT-PCR showed
alterations in FTH1 and GPX4 in PEDF-knockout
primary RPE cells (Fig. 4J-L). Thus, PEDF defi-
ciency triggers ferroptosis in RPE cells.

PEDF exerted potent antiferroptotic effects on RPE
cells

We then used ARPE-19 cells to explore the mechanism
of PEDF in the regulation of ferroptosis. First, we used
PEDF overexpression adenovirus to infect ARPE-19
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Fig. 7 The overexpression of PEDF inhibited ferroptosis in
SI-treated mice. A, B Ultrastructure of mitochondria in mRPEs
from mice after injection with PEDF-expressing adenovirus
and/or SI was imaged by TEM. Red arrowheads: mitochondria.
Scale bars=1 pm. C-E FTH1 (green) (C), GPX4 (green) (D),
and PEDF (red) (E) immunostaining of retinas from mice in

different treatment groups. Scale bar=20 um. F Western blot
analysis of PEDF, GPX4, and FTH1 in PEDF-expressing RPE-
choroids from mice in different treatment groups. G Quantifi-
cation of the PEDF, FTH1, and GPX4 expression in different
treatment groups. *P <0.05, **P <0.01, ***P <0.001
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cells (Fig. 5A, B). PEDF overexpression protected
against Sl-induced acute oxidative death in ARPE-19
cells, as demonstrated by CCK-8 assays (Fig. 5C, D).
Brightfield imaging also confirmed the cytoprotective
effect of PEDF (Fig. 5E). Furthermore, BODIPY™
581/591 C11 was used to examine the levels of intracel-
lular and membrane lipid ROS. The results showed that
PEDF efficiently decreased the levels of lipid ROS in the
presence of SI (Fig. 5F). Western blot analysis showed
alterations in FTH1 and GPX4 in Sl-treated A19-PEDF
cells (Fig. 5G, H). These results indicated that PEDF
exerted potent antiferroptotic effects on RPE cells.

PEDF ameliorated SI-induced AMD-like retinopathy

Given the potent protective role of PEDF, we further
examined its potential as a treatment for dry AMD
in vivo. SI was injected into the tail vein of a mouse
model of AMD, and the PEDF adenovirus (Ad-
PEDF) or control adenovirus (Ad-Ctrl) was injected
intravitreally. The schematic of the process is shown
in Fig. 6A. To further evaluate the physiological
function of the retinas after tail vein injection of SI,
we performed OCT in each group. The OCT results
showed that ST injection caused thinning of the retinal
layer, which was alleviated in the PEDF overexpres-
sion group (Fig. 6B, C). An ERG test was also per-
formed to detect the scotopic response of the retina.
After SI injection, the amplitudes of the a-waves and
b-waves were decreased (Fig. 6D, E). However, SI
mice that were administered the PEDF adenovirus
by intravitreal injection showed a relatively excellent
response to light stimuli (Fig. 6D, E). We also per-
formed fundus photography to examine whether there
were drusen in the mouse retina. The fundus images
indicated that SI-treated mice that were intravitreally
injected with the PEDF adenovirus had alleviated
signs of drusen compared with Sl-treated mice that
were intravitreally injected with the control adeno-
virus (Fig. 6F, G). H&E staining showed that PEDF
overexpression irregularly reduced RPE cell arrange-
ment (Fig. 6H). SI induced severe retinal damage,
while PEDF overexpression significantly attenuated
retinal damage. To further elucidate the protective
effect of PEDF on RPE cells, we tested the expression
of the tight junction protein zonula occludens protein
1 (ZO-1). IF staining showed that tight junctions were
impaired in Sl-treated ARPE-19 cells but restored
by PEDF overexpression (Fig. 6I). Taken together,

the in vivo results indicated that PEDF protected the
physiological function of the retina.

PEDF overexpression inhibited ferroptosis in the
mouse retina

Given the amelioration of symptoms in SI mice that were
intravitreally administered the PEDF adenovirus, we also
examined the levels of ferroptosis in the retina. TEM
confirmed that the mitochondria were smaller and had
increased membrane density in RPE and choroidal tissue
in SI mice. Furthermore, PEDF overexpression reversed
the characteristic morphological features of mitochon-
dria (Fig. 7A, B). In addition, the IF results showed that
PEDF significantly increased the expression of GPX4
and FTH1 compared with that in Sl-induced mice
(Fig. 7C-E). Western blot analysis showed that PEDF
restored the expression of FTH1 and GPX4 in RPE and
choroidal tissues in SI-treated mice (Fig. 7F, G).

These in vivo and in vitro results showed that
PEDF had a potent antiferroptotic effect and could
inhibit oxidative stress and maintain mitochondrial
homeostasis in RPE cells.

Discussion

This study identified that PEDF could inhibit SI-induced
ferroptosis. Our results showed that in Sl-treated mice
and PEDF-knockout mice, dry AMD-like drusen and
retinal atrophy were observed and accompanied by the
downregulation of PEDF expression. The restoration of
PEDF expression could prevent SI-induced retinal atro-
phy and RPE dysfunction in mice. During this process,
the retinal pigment epithelium was an important target of
PEDF because our results showed that PEDF prevented
lipid peroxidation and reduced the level of ferroptosis in
primary RPE cells and the ARPE-19 cell line, thus pro-
tecting barrier function. Overall, our findings suggest
that PEDF might be a potential therapeutic target for dry
AMD that inhibits ferroptosis in RPE cells.

RPE dysfunction during aging is critical to the
pathogenesis of AMD [18]. Previous studies have
shown that apoptosis and pyroptosis cause RPE
injury, but targeting apoptosis or pyroptosis could
not exert a therapeutic effect on AMD [19-21].
Ferroptosis is a novel cell death pathway, and iron
overload and lipid peroxidation during the ageing
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process are the basis of ferroptosis [22]. There-
fore, ferroptosis is more closely associated with
age-related degenerative diseases than apoptosis or
pyroptosis [23]. Previous studies have shown that in
SI-treated mice, ferroptosis is activated in the retina,
and the retinal pigment epithelium is injured, result-
ing in AMD-like pathology [24]. Consistent patho-
logical changes were observed in our Sl-treated
mouse model. However, how to effectively pro-
tect the retinal pigment epithelium from injury and
slow the progression of AMD pathology remains
unknown.

PEDF is an endogenous protein that is abundantly
expressed in normal RPE cells and has an excellent
biological safety profile [25]. In addition, PEDF is
a multifunctional protein that has been shown to
have anti-neovascular [26], anti-inflammatory [27],
antifibrotic [28], and neuroprotective [29] functions,
and it may play an essential role in maintaining the
normal function of the retinal pigment epithelium.
In our study, Sl-induced dry AMD model mice
exhibited downregulated PEDF expression in the
retina compared to those in the normal control
group, and PEDF-knockout mice exhibited typical
AMD-like pathological changes, indicating a
potentially important role of PEDF downregulation
in the development of AMD. Further experiments
demonstrated that the restoration of PEDF prevented
retinal atrophy and visual functional damage in
SI-treated mice. To elucidate the specific mechanism
underlying the protective effect of PEDF, we treated
RPE cells and PEDF-overexpressing RPE cells
with a specific ferroptosis activator (erastin). The
results demonstrated that PEDF overexpression
could protect RPE cells from damage caused by the
activation of ferroptosis (Fig. 3C, D). Therefore, our
study discovered a novel function of PEDF-mediated
inhibition of ferroptosis, which provides a reference
for the use of PEDF to treat other ferroptosis-related
diseases.

The limitations of our study should also be
considered. First, the mechanism underlying the
downregulation of PEDF in AMD remains unclear.
Our results suggested that in SI-treated RPE cells,
in addition to the protein level, the transcription
level of PEDF was also significantly downregulated.

@ Springer

However, the specific molecules and mechanisms that
lead to the downregulation of PEDF require further
investigation. Revealing the upstream mechanisms
of the downregulation of PEDF will help to identify
earlier targets for the treatment of AMD. Second, it
has been reported that PEDF exerts a protective effect
on other retinal cells, such as photoreceptors [30]. In
future studies, we will reveal the additional effector
cells of PEDF in the retina to optimize its targeted
delivery.

Conclusions

In summary, we demonstrated the regulatory role of
PEDF in ferroptosis for the first time. Supplementa-
tion with PEDF might inhibit ferroptosis, protect RPE
cells, and prevent further progression of AMD.
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