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Purrose. Dysregulated cholesterol metabolism is critical in the pathogenesis of AMD.
Cellular senescence contributes to the development of numerous age-associated diseases.
In this study, we investigated the link between cholesterol burden and the cellular senes-
cence of photoreceptors.

MerHobps. Retinas from rod-specific ATP binding cassette subfamily A member 1 (A4bcal)
and G member 1 (4bcg1) (Abcal/gl rod/rody knockout mice fed with a high-fat diet were
analyzed for the signs of cellular senescence. Real-time quantitative PCR and immunoflu-
orescence were used to characterize the senescence profile of the retina and cholesterol-
treated photoreceptor cell line (661W). Inducible elimination of p16(Ink4a)-positive
senescent cells (INK-ATTAC) mice or the administration of senolytic drugs (dasatinib and
quercetin: D&Q) were used to examine the impact of senolytics on AMD-like phenotypes
in Abcal/g17°¥"°¢ retina.

Resurrs. Increased accumulation of senescent cells as measured by markers of cellu-
lar senescence was found in Abcal/gl1"%"? retina. Exogenous cholesterol also
induced cellular senescence in 661W cells. Selective elimination of senescent cells in
Abcal/g1°% o4 INK-ATTAC mice or by administration of D&Q improved visual function,
lipid accumulation in retinal pigment epithelium, and Bruch’s membrane thickening.

Concrusions. Cholesterol accumulation promotes cellular senescence in photoreceptors.
Eliminating senescent photoreceptors improves visual function in a model of retinal
neurodegeneration, and senotherapy offers a novel therapeutic avenue for further inves-
tigation.

Keywords: age-related macular degeneration, cholesterol, ATP binding cassette trans-
porter Al, cellular senescence, senolytics, neurodegeneration, photoreceptor

holesterol is a sterol lipid essential for cellular and
systemic functions to maintain mammalian homeosta-
sis.'! As a major component of the plasma membrane,
cholesterol maintains its integrity and fluidity.? However,
the excess accumulation of intracellular cholesterol with
age induces membrane fluidity disruption, cytokine produc-
tion, and endoplasmic reticulum (ER) stress, eventually
leading to an inflammatory state and cell death.>~> There-
fore disrupted cholesterol metabolism leads to age-related
diseases, including neurodegenerative eye diseases and
cardiovascular diseases.®®
AMD is a leading cause of blindness in the elderly popu-
lation in industrialized countries.” In early stages, patients

1

Copyright 2024 The Authors
iovs.arvojournals.org | ISSN: 1552-5783

present with lipid-rich deposits in subretinal- or sub-retinal
pigment epithelium (RPE) spaces (i.e., subretinal drusenoid
deposits or drusen), which contain lipids including choles-
terol in abundance.!®!! Genome-wide association studies
have found that polymorphisms in genes involved in lipid
metabolism such as apolipoprotein E, cholesteryl ester trans-
fer protein, and ATP binding cassette (ABC) subfamily A
member 1 (ABCA1) are associated with increased AMD
risk. 2714 Abcal is a transmembrane transporter necessary
for the cellular efflux of cholesterol and phospholipids.'
cholesterol efflux pathway is essential to maintain appro-
priate intracellular cholesterol levels by transporting it out
of cells.'® We previously demonstrated that the deficiency
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of Abcal and Abcg1 in photoreceptors leads to photorecep-
tor degeneration and lipid accumulation in RPE.” However,
how dysregulated cholesterol metabolism in photorecep-
tors drives the pathogenesis of retinal degeneration needs
further elucidation.

Cellular senescence, a state of cell cycle arrest in response
to various stressors such as DNA damage and organelle
stress as well as general aging, has emerged as an impor-
tant contributor to age-related diseases.'®!° Senescent cells
are characterized by increased expression of p16"™%% and
p21CPVVARL (coded by Cdkn2a and Cdknla, respectively),
senescence-associated S-galactosidase (SA-B-Gal) activity,
and secretion of senescence-associated secretory pheno-
types (SASP) such as vascular endothelial growth factor and
tumor necrosis factor-alpha (TNF-«). Furthermore, through
SASP, senescent cells propagate cellular senescence in neigh-
boring tissues and promote sterile chronic inflammation.?
Senotherapy by genetic and pharmacological removal of
senescent cells (senolytics) ameliorates age-related pheno-
types and neurodegenerative diseases.?!"?* In addition to the
cellular senescence of proliferating cells, there are several
reports of cellular senescence of terminally differentiated
and nonproliferating cells including astrocytes, microglia,
and macrophages.?>* Recent reports have found that age-
related neurodegenerative diseases such as Alzheimer’s
disease are associated with cellular senescence.”> Our
recent study also demonstrated that cholesterol accumula-
tion within the retina increases with age and that senes-
cent macrophages deficient in Abcal/gl contribute to the
development of neurodegeneration and subretinal lipid-rich
deposits in mice,? indicating a potential role for increased
cholesterol burden in promoting cellular senescence in reti-
nal diseases. A series of studies by Crespo-Garcia and
colleagues®” demonstrated the crucial role of cellular senes-
cence in ocular diseases. Senescent cells accumulate in
the retina of patients with proliferative diabetic retinopa-
thy and in the mouse model of oxygen-induced retinopa-
thy. Cells associated with vascular units were enriched
in senescence-related transcripts. Clearance of senescent
cells in a genetic model and small molecular inhibitor
of anti-apoptotic protein BCL-xL suppressed pathological
angiogenesis.”’ A recent study revealed that neutrophil-
mediated clearance of senescent vascular endothelial cells
promoted the remodeling of unhealthy vessels, further high-
lighting the potential importance of these processes in
AMD pathogenesis.?® Phase I clinical trial on UBX1325
(foselutoclax), a senolytic small-molecule inhibitor of BCL-
xL, demonstrated safety in patients with diabetic retinopa-
thy and is currently undergoing a phase 2 efficacy
study.?

We hypothesized that the dysregulated cholesterol
metabolism in photoreceptors induced their cellular senes-
cence and promoted the accumulation of subretinal lipid
and retinal degeneration, thereby displaying some features
of AMD. Because esterified and unesterified cholesterol
contained in the outer segments of photoreceptors are
potential sources of lipid accumulation in RPE cells and
drusen in human AMD, %3 we investigated whether choles-
terol accumulation in photoreceptors in the rod-specific
Abcal/Abcgl knockout mouse model promotes cellular
senescence in the retina. We also examined the potential util-
ity of senolytics against the development of AMD-like pheno-
types to find a possible therapeutic opportunity to target
age-related retinal dysfunction and photoreceptor degener-
ation secondary to lipid accumulation.

IOVS | August 2024 | Vol. 65 | No. 10 | Article 29 | 2

MATERIAL AND METHODS
Mice

All animal experiments were conducted in accordance with
the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research and Washington University School
of Medicine in St. Louis Animal Care and Use guidelines
and after approval by the Institutional Animal Care and
Use Committee. All mice in this study were housed in
a 12-hour light/dark cycle with free access to food and
water. To generate mice deficient in Abcal and Abcgl in
photoreceptors (Abcal/gl ™", Abcal"%/*/Abcg1/10¥fox
(Abcal/g1’) mice purchased from the Jackson Labora-
tory (021067) were crossed with mice with Rhodopsin-
iCre75 transgene mice, which were originally provided by
Dr. Ching-Kang Jason Chen.?!32 INK-ATTAC transgene mice
were provided by Unity Biotechnology?® and crossed with
Abcal/g1™¥ " to generate Abcal/g1"*¥ "4 INK-ATTAC. All
mice used for experiments in this study were fed a high-fat
diet (HFD; 60% fat) from six weeks of age for six weeks. In
individual experimental groups of mice, littermates of the
same sex were used.

Cells

The photoreceptor cell line (661W) was provided by
Dr. Muayyad Al Ubaidi and maintained as previously
described.3!3%35 Cells were plated and cultured in a humid-
ified incubator at 37°C with 5% carbon dioxide with
Dulbecco’s modified Eagle medium containing 10% fetal
bovine serum and 1% penicillin-streptomycin (Gibco, 15140-
122; Thermo Fisher Scientific, Waltham, MA, USA). The
following day, cells were serum-starved overnight. A choles-
terol solution with methyl-g-cyclodextrin (C4951; Sigma-
Aldrich Corp., St. Louis, MO, USA) was added to each well
and incubated for 24 hours.

Drug Treatments

To ablate p16k4_positive senescent cells,
Abcal/g17Y 74 INK-ATTAC mice were treated with an
intraperitoneal injection of AP20187 (B1274, 10 mg/kg
BW; Apexbio Technology LLC, Houston, TX, USA) every
other day while on HFD. AP20187 reconstituted in ethanol
(50 mg/ml) was diluted by polyethylene glycol (PEG) 400,
tween 80, and H,O. For pharmacological senolysis, mice
were treated with the combination of dasatinib (SML2589,
5 mg/kg BW; Sigma-Aldrich Corp.) and quercetin (Q4951,
50 mg/kg BW,; Sigma-Aldrich Corp.) dissolved in dimethyl
sulfoxide, tween 20, PEG 400, and H,O. The vehicle was
used for controls. Dasatinib and quercetin (D+Q) were
administrated on weekdays every two weeks via oral
gavage during the HFD feeding.

RNA Isolation and Quantitative Polymerase Chain
Reaction (qPCR)

Samples were collected in TRIzol reagent to isolate RNA.
Dissected retina and RPE/choroid samples from mice were
homogenized before RNA isolation. According to the manu-
facturer’s instructions, mRNA was obtained using Nucle-
oSpin RNA columns (740955; Takara Biotechnology Co.,
Kyoto, Japan). DNase (D4527; Sigma-Aldrich) diluted with
DNA digestion buffer (E1010-1; Zymo Research, Irvine,
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TaBLe. QPCR Probes
Gene Taqman Gene Reference
B-actin MmO02619580_g1

Cdknla (p21°7P1)
Cdkn2a (p16Mkia)

MmO04205640_g1
Mm00494449_m1

Tnf-« MmO00443258_m1
Abcla MmO01350770_m1
Abcgl1 MmO01348250_m1
Cxcl12 MmO00445553_m1
Ccl2 MmO00441242_m1

CA, USA) was used for gDNA removal. CDNA was gener-
ated using a cDNA reverse transcription kit (4368813;
Applied Biosystems, Foster City, CA, USA). The probes
used in this study are shown in the Table. QPCR was
performed using probes for each target gene and TagMan
Fast Advanced Master Mix (4444554; Applied Biosystems).
TagMan array standard plates were purchased from Thermo
Fisher Scientific (4391524) and customized to evaluate the
senescence markers identified in a previous study.*® g-actin
was used as the internal control. MRNA transcript levels
were measured using StepOnePlus Real-Time PCR System
(Thermo Fisher Scientific). Relative expression of target
genes normalized to B-actin was calculated using the AACt
method.

Fluorescence In Situ Hybridization (FISH)

Fresh frozen sagittal section and cultured cells were
used for FISH. Samples were fixed with 10% forma-
lin, dehydrated, and incubated with protease reagents
(322381; Advanced Cell Diagnostics, Newark, CA, USA).
Probes against Cdknla and Cdkn2a (408551 and 411011;
Advanced Cell Diagnostics), also known as p21¢PVWAFI
and p16™*ie  respectively, were added on each slide
and incubated at 40°C for two hours in a HybEZ
Oven (241000ACD; Advanced Cell Diagnostics). Ampli-
fication and color development were performed using
RNAscope 2.5 HD detection reagents (322360; Advanced
Cell Diagnostics) according to the manufacturer’s instruc-
tions. Nuclei were stained with DAPI (5 pg/mL). Images
were taken using the LSM 800 with a 20 x 0.80 N.A. Plan-
Apochromat objective and processed with ZEN Microscopy
Software.

Immunofluorescence

Slides were fixed with 10% formalin for 15 minutes. PBS
containing 5% BSA and 0.1% Triton X-100 was used for
blocking and permeabilization. Slides were incubated with
anti-Iba-1 (NB100-1028; Novus Biologicals, Littleton, CO,
USA), anti-P2RY12 (AS-55043A; Anaspec, Fremont, CA, USA),
anti-GFAP (13-0300; Thermo Fisher Scientific), and anti-
Ki67(ab15580; Abcam, Cambridge, MA, USA) as primary
antibodies overnight at 4°C. The next day, slides were incu-
bated with Alexa Fluor-conjugated corresponding secondary
antibodies at room temperature for 1 hour. DAPI solu-
tion (5 pg/ml) was used for nuclear staining. Images were
taken using a Zeiss LSM 800 microscope (Zeiss, Oberkochen,
Germany) with 20 x 0.80 N.A. Plan-Apochromat, 63 x 1.40
Plan-Apochromat, and 100 x 1.45 alpha Plan-Fluor objec-
tives. Images were processed with ZEN Microscopy Soft-
ware.
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Electroretinography

Mice were dark-adapted overnight. The following day, mice
were anesthetized by intraperitoneal injection of 122 mg/kg
ketamine and 14.1 mg/kg xylazine. Both eyes were treated
topically with 1% tropicamide to dilate pupils. After anes-
thesia, mice were placed on a heating pad to maintain body
temperature at 37°C. The ground and reference needle elec-
trodes were placed in the base of the tail and the skin
between the eyes, respectively. Contact lens electrodes were
placed on the corneas bilaterally. ERG was performed using
UTAS BigShot System (LKC Technologies Inc., Gaithersburg,
MD, USA) under dark red-light illumination. A sequence of
white light flash (10 ps) with stepwise intensity was used as
full-field flash stimuli. The amplitude of a-wave was calcu-
lated as the difference from the baseline to the lowest point
soon after the stimuli. The amplitude of b-wave was calcu-
lated as the difference between the trough of the a-wave and
the peak of the b-wave as previously described.!”37:38

Transmission Electron Microscopy

For ultrastructural analyses, the anterior segment, including
the cornea, ciliary body, and lens in enucleated eyeballs,
were removed. Eyecups were fixed in 2% paraformalde-
hyde/2.5% glutaraldehyde (Ted Pella Inc., Redding, CA,
USA) in 0.1 M sodium cacodylate buffer for two hours at
room temperature and then overnight at 4°C. Samples were
washed in sodium cacodylate buffer and post-fixed in 1%
osmium tetroxide (Ted Pella Inc.) for one hour at room
temperature. Samples were washed three times in distilled
water, followed by en bloc staining in 1% aqueous uranyl
acetate (Electron Microscopy Sciences, Hatfield, PA, USA)
for 1 hour. Samples were then rinsed in distilled water,
dehydrated in a graded series of ethanol, and embedded in
Eponate 12 resin (Ted Pella Inc). Sectioning was performed
using a Leica Ultracut UCT ultramicrotome (Leica Microsys-
tems, Bannockburn, IL, USA) at 95 nm. Sections were stained
with uranyl acetate and lead citrate and viewed on a JEOL
1200 EX transmission electron microscope (JEOL USA Inc.,
Peabody, MA, USA) equipped with an AMT 8 megapixel
digital camera and AMT Image Capture Engine V602 soft-
ware (Advanced Microscopy Techniques, Woburn, MA, USA).
EM images were randomly taken from multiple fields of the
retina by an EM core. The number of intracellular lipids in
the retinal pigment epithelium and Bruch’s membrane thick-
ness in each sample were evaluated by calculating the aver-
age of multiple EM images.

Lipid Measurements

Liver, adipose, and plasma samples were collected from indi-
cated mice. Mice were fasted for 6 hours to avoid the poten-
tial effects of feeding on lipid profiles. Tissue samples were
collected in a 2 mL homogenizer tube pre-loaded with 2.8
mm ceramic beads (no. 19-628; Omni International, Kenne-
saw, GA, USA), while plasma samples were collected in
Eppendorf tubes.

PBS 0.75 mL was added to the tube and homogenized in
the Omni Bead Ruptor Elite (three cycles of 10 seconds at
5 m/s with a 10-second dwell time). Homogenate contain-
ing 2 to 6 mg of original tissue was transferred to a glass
tube for extraction. A modified Bligh and Dyer extrac-
tion was carried out on all samples.® Prior to biphasic
extraction, an internal standard mixture consisting of 70
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lipid standards across 17 subclasses was added to each
sample (5040156 [AB Sciex, Toronto, Canadal, Avanti 330827
[Avanti Polar Lipids, Inc., Alabaster, AL, USA], Avanti 330830
[Avanti Polar Lipids, Inc.], Avanti 330828 [Avanti Polar Lipids,
Inc], Avanti 791642 [Avanti Polar Lipids, Inc.]). After two
successive extractions, pooled organic layers were dried
down in a SpeedVac SPD300DDA (Thermo Fisher Scien-
tific) using ramp setting 4 at 35° for 45 minutes with a total
run time of 90 minutes. Lipid samples were resuspended
in 1:1 methanol/dichloromethane with 10 mM Ammonium
Acetate and transferred to robovials (10800107; Thermo
Fisher Scientific,) for analysis. Samples were analyzed on the
Sciex 5500 with a DMS device (Lipidyzer Platform; SCIEX,
Framingham, MA, USA) with an expanded targeted acquisi-
tion list of 1450 lipid species across 17 subclasses. Quanti-
tative values were normalized to mg of tissue.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism. A
two-tailed, unpaired student’s #-test was used to compare the
two groups. A one-way ANOVA with the Bonferroni post-hoc
test was used to compare three or more means. Two-way
ANOVA followed by Bonferroni correction was performed
for comparison with multiple time points. Statistically signif-
icant outliers were excluded from the analysis. P < 0.05 was
considered statistically significant. Data were presented as
bar or line graphs (mean + standard error of the mean).
When indicated, dot plots show each value.

RESULTS

Dysregulated Cholesterol Metabolism in the
Retina Drives Photoreceptor Senescence

Our previous study demonstrated that Abcal/g1"°%"°? mice
fed with HFD for six weeks present with lipid accumu-
lation in RPE cells and photoreceptor neurodegeneration,
mimicking some features of AMD.!” In addition, diet-induced
obesity has been shown to induce neuroinflammation and
retinal neurodegeneration in models of AMD.* Given that
cellular senescence is an emerging contributor to the patho-
genesis of AMD, we sought to detect senescent cells in the
eyes of Abcal/g1"°V"o4,

p16 and p21 are cyclin-dependent kinase inhibitors that
regulate cell cycle arrest and are expressed at the initiation
of cellular senescence.’! qPCR revealed that the expression
of p16 and p21 was significantly increased in retinas isolated
from Abcal/g1"°¥"°¢ compared to control (Abcal/g1”). The
expression of Tnf-« in the RPE-choroid complex signifi-
cantly increased in Abcal/g1”°¥"*? (Fig. 1A). FISH identi-
fied increased numbers of p16 and p21-positive cells in the
outer nuclear layer (ONL) of Abcal/g1"°¥"°¢ (Fig. 1B). Of
note, while some p21-positive cells were also observed in
the inner layer (INL) of both the control and Abcal/g1 -rod/-rod
retinas, there was no difference in the prevalence of p21-
positive cells in INL between the two groups. These results
suggest impaired cholesterol efflux in rod photoreceptors
promotes cellular senescence in the ONL.

The ONL of the retina contains the nuclei of photore-
ceptors. However, during diverse pathological conditions
that drive photoreceptor degeneration, immune cells such
as microglia and monocyte-derived macrophages exit the
plexiform layers and migrate into the ONL or INL.%-%
To examine whether the senescent cells detected in ONL
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of Abcal/g1"°¥"** mice are immune cells, we performed
immunofluorescent staining for astrocytes, Miuller glial cells,
microglia, and macrophages. GFAP-positive astrocytes and
Miiller glial cells, Iba-1-positive microglia and macrophages,
and P2RY12-positive microglia were rarely observed in ONL
(Fig. 1C). Moreover, there were no differences in the distri-
bution of immune cells between Abca1/g1"°%"°¢ and control
retina, suggesting that immune cells did not infiltrate into
the ONL in Abcal/g1"°¥"°¢ (Fig. 1D). These data demon-
strate that deficiency of cholesterol efflux cell-autonomously
promotes cellular senescence of photoreceptors but does not
induce senescence of neighboring immune cells and glial
cells.

Cholesterol Accumulation Promotes
Photoreceptor Senescence

Based on the histological analysis of Abcal/gl™o% o4
retina showing that the majority of senescent cells in
Abcal/g1m¥"4 were photoreceptors, we evaluated the
impact of cholesterol burden on senescence profiles of
photoreceptor cells in vitro using the 661W immortalized
murine photoreceptor cell line. Exogenous cholesterol treat-
ment promoted the expression of Abcal and Abcg1, demon-
strating that the 50 pM concentration was sufficient to
promote the expression of cholesterol homeostatic response
in photoreceptors (Fig. 2A). Increasing concentration of
cholesterol promoted the expression of p16 and p21 in a
dose-dependent manner (Fig. 2B). Consistently, upregula-
tion of these senescence markers was validated by FISH (Fig.
2C). Moreover, the expression of previously reported SASP
factors secreted by photoreceptors, including tumor necro-
sis factor Tnf-a and Cxcl12, were upregulated by choles-
terol treatment in 661W (Fig. 2D). We further quantified the
expression of other previously reported senescence mark-
ers.3 Senescence markers such as Cendl, Ddal, Fam214b,
Gdnf, Plk3, Sic19a2, and Tollip were upregulated (Fig. 2E).
Given that a hallmark of cellular senescence includes termi-
nal cell-cycle arrest, we quantified the levels of Ki67, a
marker of cell proliferation. While photoreceptors are termi-
nally differentiated cells, Ki67 is commonly used to char-
acterize the senescence status in a photoreceptor cell line.*
Cholesterol treatment substantially decreased the expression
of Ki67 in 661W cells (Figs. 2F, 2G). These results support
that cholesterol upregulates the expressions of SASP and
senescence markers and induces cell-cycle arrest in photore-
ceptor cells, thereby inducing their cellular senescence.

Senescence Clearance in a Genetic Model
Suppresses Retinal Neurodegeneration

To evaluate the effects of senolytics on senescence clear-
ance and retinal dysfunction in Abcal/g1™°%"? mice, we
used INK-ATTAC mice to selectively eliminate senescent
cells. INK-ATTAC is a transgenic mouse expressing FKBP-
caspase 8 fusion protein under the p16™%% promoter. The
administration of AP20187, a cell-permeable ligand used to
dimerize FKBP fusion proteins, can ablate p16™k4* positive
senescent cells in INK-ATTAC mice through the activation
of FKBP-fused caspase 8.3%4¢ We generated Abcal/g1"°% ",
INK-ATTAC mice and examined the efficacy of senescence
clearance and effects on retinal function and retinal degen-
eration in Abcal/g1"°¥"°? mice (Fig. 3A).
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Ficure 1. Cholesterol accumulation in the retina promotes photoreceptor senescence. (A) mRNA expression of senescence markers (p16
and p21) and Tnf-a in the retina and RPE/choroid complex isolated from Abcal/gi”/ and Abcal/g17°¥"°% fed by the high-fat diet. (B)
Images of FISH (p16 and p21) (red) of retinal sections. Arrows indicate positive cells in the outer nuclear layer. (C) Immunofluorescence
images of retinal sections stained for Iba-1, P2RY12, and GFAP. Nuclei were stained with DAPI (blue). (D) The quantification of Iba-1-,
P2RY12-, and GFAP-positive cells in each retinal layer. *P < 0.05; **P < 0.01, #-test for comparison between two groups, one-way ANOVA
followed by Bonferroni correction for multiple comparisons. Data are represented as mean + SEM.
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Figure 2. Characterization of cellular senescence in photoreceptor cells treated with cholesterol in vitro. mRNA expression of Abcal, Abcg1
(A), and senescence markers (p16 and p21) (B) in photoreceptor cell line 661W treated with cholesterol for 24 hours. (C) ISH (p16 and p21)
(red) of photoreceptor cell line treated with cholesterol. (D) mRNA expression of inflammatory cytokines (Tnf-«, Cxcl12b, and Ccl2) in a
photoreceptor cell line treated with cholesterol. (E) qPCR senescence array. (F) Immunofluorescence of photoreceptor cell line stained for
Ki67 (green). Nuclei were stained with DAPI (blue). (G) The quantification of Ki67-positive cells. *P < 0.05; *P < 0.01, **P < 0.001, **=*pP
< 0.0001, #test for comparison between two groups, one-way ANOVA followed by Bonferroni correction for multiple comparisons.
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Ficure 3. Selective elimination of p16-positive senescent cells suppresses retinal dysfunction and degeneration in rod-specific cholesterol
efflux-deficient mice. (A) Experimental design using Abcal/g1™°%7°? .INK-ATTAC. (B) Electroretinography waveform of Abcal/g1"°¥"od
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b-wave) amplitudes. (D) Images of H&E staining. Scale bar: 50 pm. *P < 0.05; **P < 0.01, two-way ANOVA followed by Bonferroni correction.

Data are represented as mean + SEM.

INK-ATTAC significantly improved the retinal function
quantified by scotopic a- and b-waves as detected by elec-
troretinography (ERG), suggesting that the clearance of
senescent cells improves visual function in Abcal/g1"°%"o4
mice (Figs. 3B, 3C). Histological images showed that senes-
cence clearance caused no adverse morphological changes
(Fig. 3D). Structural analysis using electron microscopy
(EM) found that the number of lipid droplets in RPE
cells was significantly reduced in Abcal/gl"°¥"°? ,INK-
ATTAC mice (Figs. 4A, 4B). Thickening of Bruch’s membrane

at the basal boundary of RPE occurs with age and in
patients with AMD. and was seen as previously reported
in reduced Abcal/g1”¥"** mice on a high-fat diet.*”:4
Thickening of Bruch’s membrane was also significantly
reduced Abcal/gl1”°¥"*4INK-ATTAC mice (Figs. 4A, 4C).
Consistently, INK-ATTAC suppressed the expression of p21
in the retina and both p21 and Tnf-« in the RPE/choroid,
suggesting that senescence clearance ameliorated the senes-
cent state in the retina seen with cholesterol accumulation
(Fig. 4D). Body fat percentage, cholesterol levels in plasma



Investigative Ophthalmology & Visual Science

Cholesterol Promotes Photoreceptor Senescence IOVS | August 2024 | Vol.65 | No. 10 | Article29 | 8

(A) (B) = Abcat/g? -od-od
> A 3y 3 Abcat/g1 "od0d :INK-ATTAC
o
K
- Lipid droplets in RPE Lipid droplets in RPE
®)})
P am ok 159 dokokk
3 B 0
< 3 34 °
E ‘© 10 [
5, g
E 5 S
= S 54
3 3 14 -
I Q | ~ o o
3 <4 i o
5 J )
I?m E . 0- 0-
=9 () . : .
8 = Bruch's membrane thickness  Bruch's membrane thickness
o —
< (um) 1.5 * (um) 2.0 Fkkok
o
- 154
8 197 %
g ° 104 & 3
£ 0.5+
0.5
0.0- 0.0-
(D)
3 )

Relative expression

p16 p21 Tnf-a p16 p21 Tnf-a

Retina RPE / choroid

3 Abcat/g1 od-od
1 Abcat/g1 "od0d INK-ATTAC

(E) (F) CE ()
25 _ 4 ] 1.5 TG FFA
. ° ;3 ;3 .
X 204 c c
< o 34 9] o °
o o © 404
g 15+ k<] e
c T o T
© o 2 9]
S 10 N o s
8 g g 0.5+
& 54 s ' S
w b4 4
0- 0- 0.0-
3 Abcat/g1 rod-rod Plasma Liver Adipose

3 Abcat/g1 "od-0d . INK-ATTAC

Figure 4. Selective elimination of pl6-positive senescent cells suppresses AMD-associated phenotype and senescence without altering
systemic lipid metabolism. Representative electron microscopy images showing RPE cells and Bruch’s membrane (A), and the quantification
of the number of intracellular lipids in RPE cells (B) and Bruch’s membrane thickness (C). Scale bar: 2 pm. Note intracellular lipids in RPE
cells (arrow) and thickened Bruch’s membrane (arrowhbead) in Abcul/g]'"’d/ rod (D) mRNA expression of senescence markers (76 and
p21) and Tnf-o in the retina and RPE/choroid complex isolated from Abca1/g17°%"°? and Abcal/g17"°¥"°%INK-ATTAC. Fat percentage (E),
cholesterol ester in plasma and liver (F), and triglyceride and free fatty acids in adipose tissue (G) of Abcal/g1"°¥"°% and Abcal/g1"o% "4
;INK-ATTAC. *P < 0.05; **P < 0.01; ***P < 0.001; ***P < 0.0001, #-test. Data are represented as mean + SEM.



Investigative Ophthalmology & Visual Science

Cholesterol Promotes Photoreceptor Senescence

and liver, and triglycerides and free fatty acids in adipose
tissue were not improved in Abcal/gl1"°V"°? ;INK-ATTAC
mice (Figs. 4E-G). These findings suggest that senescence
clearance did not ameliorate systemic metabolic dysregula-
tion, such as hypercholesteremia, but had a targeted effect
on the retinal structure and function. These results indi-
cate that senolytics can prevent retinal neurodegeneration
and lipid accumulation in RPE induced by cholesterol efflux
deficit in photoreceptors without altering systemic metabolic
dysregulation.

Pharmacological Senolysis Improves Retinal
Neurodegeneration

D+Q are two of the most studied senolytic drugs that reduce
the senescence burden, extend lifespan, and improve age-
related functional decline in mice.* To examine if pharma-
cological senolytics can alter retinal phenotypes, we treated
Abca]/g]”"’d/”"d mice with D+Q (Fig. 5A). Similar to senol-
ysis by INK-ATTAC, D+Q treatment by oral gavage signif-
icantly improved retinal function quantified by the ampli-
tude of a- and b-waves measured by ERG (Figs. 5B, 50).
There were no noticeable morphological changes in histol-
ogy (Fig. 5D). Morphological changes, including intracellular
lipid accumulation in RPE and Bruch’s membrane thicken-
ing, were significantly suppressed by D+Q (Figs. 5E-G). Like
the results in INK-ATTAC, D+Q did not improve body fat
percentage (Fig. 5H). These results indicate that D+Q miti-
gates retinal dysfunction induced in HFD-treated Abcal/gl-
rod/-rod.

DiscussION

In these studies, we evaluated cellular senescence in
the retina induced by the accumulation of cholesterol in
photoreceptors. Recent studies suggest a close relation-
ship between cholesterol metabolism and cellular senes-
cence.”® A previous report showed that cholesterol induces
the senescence of vascular smooth muscle cells through
ER stress and mitochondrial reactive oxygen species.’!
Moreover, 7-ketocholesterol induces pancreatic -cell senes-
cence, presumably through SIRT1/CDK4-Rb-E2F1 path-
way.”?> Our group previously demonstrated that choles-
terol accumulation caused by impaired efflux secondary
to Abcal/Abcg1 deficiency combined with increased influx
from HFD promoted macrophage senescence that led
to features of retinal neurodegeneration and subretinal
lipid-rich deposits in a murine AMD model?® In this
previous study, depletion of nicotinamide adenine dinu-
cleotide by liver X receptor/CD38 was responsible for
cholesterol-induced macrophage senescence and mitochon-
drial dysfunction. Another report revealed that T cells defi-
cient in Abcal/Abcgl developed senescence.” As a thera-
peutic approach, a cholesterol-lowering drug, probucol, has
been shown to have suppressive effects against senescence
in human mesangial cells.>* Although the underlying mecha-
nism varies depending on the cell type, these studies suggest
that the cholesterol influx and efflux imbalance drives cellu-
lar senescence in diverse cell types.

Although cellular senescence was originally defined as
cell cycle arrest of proliferating cells, terminally differen-
tiated post-mitotic neuronal cells can also develop senes-
cence that leads to cellular dysfunction and a proinflamma-
tory state that ultimately contributes to age-related neurode-
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generation.”>>° Senescent neurons are characterized by the

increase in levels of p21, yH2AX, and SASP factors such as
IL-6, NF-k 8, IL-8, and CXCL1.>%>” Here we show that special-
ized neurons such as photoreceptors can also develop senes-
cence as a consequence of cholesterol overload secondary
to impaired cholesterol efflux. Senescence states of photore-
ceptors were characterized by an increase in senescence
markers, including p16, p21, yH2AX, SA-B-Gal, and SASP
factors (INF-o and Cxcl12), and a decrease in Ki67.%5:58
Senescent cells secrete proinflammatory molecules trigger-
ing inflammation in neighboring tissues and systemically in
a paracrine or endocrine manner.>> SASP factors ultimately
drive an age-related sterile inflammatory state known as
inflammaging.®° In senescent photoreceptors, proinflamma-
tory cytokines such as TNF-a, MCP-1, IL-6, and Cxcl12 are
upregulated, highlighting their potential role in influencing
parainflammation within their micromilieu.”® In this study,
while senescence markers were upregulated in photorecep-
tors, RPE did not exhibit senescent profiles except for an
SASP factor, TNF-o. TNF-a plays a pivotal role in regulat-
ing the immune response and is involved in the patho-
genesis of AMD.®"%2 Our current study found that RPE in
our murine models and 661W cells treated with cholesterol
showed increased expression of TNF-«. These results indi-
cate that cholesterol accumulation drives an inflammatory
response in diverse cell types in the retina.

We further investigated the effects of senolysis in a
murine AMD model by using a genetic model and senolytic
drugs. Because senolytics did not improve the systemic
metabolic derangement by HFD, we concluded that the
therapeutic effects of senolytics in Abcal/gl™¥"¢ are
derived from the clearance of local senescent cells in
the eye. Senolytics are an emerging therapeutic approach
against diverse neurodegenerative diseases.”> INK-ATTAC
suppresses the tau-dependent neurodegenerative disease
and preserves cognitive function by removing senescent
cells in the hippocampus and cortex.??> Senolytics can reduce
neuronal loss and cognitive decline in Alzheimer’s disease
models through the elimination of senescent neurons.?!-%4:%
These reports suggest that the clearance of senescent
neurons could be beneficial for treating age-related neurode-
generative diseases. Although the removal of senescent
neurons may have a deleterious effect on neuronal func-
tion and worsen the underlying neurodegeneration, our data
revealed retinal functional recovery by senolytics. There-
fore our study suggests that the protective effects on nonse-
nescent photoreceptors outweigh the adverse effects of the
clearance of senescent photoreceptors on retinal function.

There are several limitations to this study. First, 661W is
a photoreceptor cell line generated by the expression of
SV40 T antigen.”> SV40-LT immortalizes cells by inactivat-
ing p53/Rb,°® which can further suppress p21 as the down-
stream target and prevent cellular senescence under baseline
culture conditions. Therefore suppressed p21 activity due to
the immortalization process may alter the cellular behavior
of photoreceptor cells and their physiological response to
cholesterol burden. Second, although some features of AMD
are observed in Abcal/g17°%7* mice, it is likely that cellu-
lar senescence of multiple cell types is involved in the AMD
process, thereby limiting the mechanistic insight into human
AMD. However, in conjunction with our study revealing the
interaction of dysregulated cholesterol metabolism, myeloid
cell senescence, and AMD, the study supports the impor-
tance of cholesterol burden on the senescence phenotype
across a wide range of cell types.®2%5® Because impaired
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cholesterol efflux in RPE also mimics early-stage AMD,*” we
will investigate the biological relationship between dysregu-
lated cholesterol metabolism and cellular senescence in RPE
cells in future studies.

In summary, these studies revealed that photoreceptor
senescence induced by cholesterol is responsible for visual
dysfunction in a murine model of AMD and provided a
mechanical insight into cholesterol-induced photoreceptor
dysfunction. They also support the therapeutic potential of
senolytics against AMD.
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