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ABSTRACT IN ENGLISH

Effectiveness of NAD+ in Inhibiting senescent phenotypes of RPE Cells
to Mitigate Disease Progression in Mouse Models of Age-Related

Macular Degeneration

Age-related macular degeneration (AMD) is the leading cause of blindness among the
elderly in developed countries. AMD is categorized into dry and wet types; Dry AMD is
characterized by retinal pigment epithelium (RPE) atrophy, lacking effective treatments. Wet AMD
originates from choroidal neovascularization and is treated with repetitive intraocular injections of
a monoclonal antibody targeting vascular endothelial growth factor (VEGF), nevertheless, long-
term observation unveils the progression to subretinal fibrosis and deterioration of visual acuity,
indicating unmet therapeutic needs . With aging, intracellular levels of nicotinamide adenine
dinucleotide (NAD+) in human decline, including in the retina 2. Numerous studies have
demonstrated the anti-aging effects and therapeutic benefits of raising NAD+ levels in age-related
diseases. In this study, we investigated the therapeutic effects of NAD+ elevation in an in vivo
model of dry and wet AMD.

In both the geographic atrophy (GA) model of advanced dry AMD and the laser-induced
choroidal neovascularization (CNV) model of wet AMD, increased expression of senescence
markers and decreased intracellular NAD+ levels were confirmed in the retina.

Systemic supplementation of the NAD+ precursors such as nicotinamide
mononucleotide (NMN) and nicotinamide riboside (NR) resulted in an elevation of retinal NAD+
levels. In an in vivo GA model, NAD+ precursors significantly reduced RPE atrophy, decreased
the expression of age-related markers, and improved visual function. Transcriptome analysis
revealed that NAD+ precursors reduced inflammation-related gene set expression and increased
visual system-related gene set expression. Additionally, NAD+ precursors led to a substantial

reduction of the lesion size in the laser-induced CNV model, which was comparable to the current



clinical intervention of intravitreal aflibercept. The gene expression of aging markers, angiogenic
factors, and senescence-associated secreting phenotype (SASP) was significantly reduced in the
NAD+ precursor treated cases. Furthermore, this treatment strategy concurrently facilitated a
decrease in subretinal fibrosis.

Clinical trials are currently underway to explore the efficacy of NAD+ precursors in
treating various diseases and counteracting aging, and which are considered safe for use in humans.
Based on the evidence from our preclinical models, supplementation with NAD+ precursors could
be employed as a novel treatment approach for age-related macular degeneration, a disease with
limited therapeutic options.

Key words :Age-related macular degeneration, Senescence, Nicotinamide Adenine Dinucleotide



|. INTRODUCTION

Age-related macular degeneration (AMD) is a retinal disorder predominantly affecting
the macula, the central region of the retina, and is a leading cause of vision impairment among the
elderly in developed countries 3. AMD manifests primarily in two forms: dry (atrophic) and wet
(neovascular or exudative) 4. Currently, geographic atrophy (GA) of advanced dry AMD has no
established treatment and has relied on nutritional supplements 5. The strategy of complement
cascade inhibition has been proposed as a novel approach for the treatment of GA, yet its clinical
efficacy requires further validation 6 While therapeutic approaches for choroidal
neovascularization (CNV) of advanced wet AMD predominantly encompass anti-vascular
endothelial growth factor (anti-VEGF) treatments ’. Although current anti-VEGF strategy for wet
AMD show promise in ameliorating the disease condition, the efficacy remains suboptimal and
long-term observation unveils the progression to subretinal fibrosis and deterioration of visual
acuity L. Therefore, there exists a significant unmet need in the treatment of macular degeneration,
necessitating the exploration of novel mechanisms of action.

The pathogenesis of AMD is complex, characterized by the intricate interaction of
genetic predispositions, environmental factors, and metabolic dysregulation 812, Aging is most
important risk factors and recent studies highlight the significance of senescence, where DNA
damage and metabolic anomalies impair cellular functions, in the development of AMD 315,
Cellular senescence plays a critical role in various diseases, with the Senescence-associated
Secretory Phenotype (SASP) comprising inflammatory mediators, extracellular matrix
components, proteolytic enzymes, and growth factors secreted by senescent cells *>2°, Also in the
AMD, the cellular senescence exacerbates the pathological changes, driving the retinal
degeneration and the disruption of tissue homeostasis, through pro-inflammatory SASP secreted
by the senescent cells in the retina and choroid 223,

Given the contribution of cellular senescence to the progression of AMD, therapeutic
strategies targeting cellular senescence have been explored. Current strategies can be divided into
two main categories: senolytics, which focus on selectively eliminating senescent cells, and
senomorphics, aiming to modulate the senescent phenotype without necessarily killing the cells 24,
Additionally, interventions to restore cell homeostasis represent another crucial approach, focusing

on rejuvenating the cellular environment to prevent or delay senescence-related pathologies 2527



Metabolic dysregulation in photoreceptor or RPE cells is associated with blinding
diseases such as Leber congenital amaurosis type 9, Leber hereditary optic neuropathy and Age-
Related Macular Degeneration 26, NAD+ is the central hydride-transferring cofactor in metabolism
and a substrate for NAD+-consuming enzymes 2°3!, Maintaining NAD+ levels are critical to
retinal health. Retinal NAD+ levels decrease with age in mice ¥, decline with age-related disease
conditions >4, diminished in several models of retinal degeneration 3%3° and are low in post
mortem RPE from AMD patients 28, Diminished activities of nicotinamide mononucleotide
adenylyltransferase-1 or nicotinamide phosphoribosyl transferase, enzymes required for NAD+
biosynthesis, cause retinal dystrophy in humans and retinal degeneration in mice 313236
Conversely, treatment with NAD+ biosynthetic precursors nicotinamide or nicotinamide
mononucleotide, protects against retinal degeneration in mice and rats 233,

NAD+ is a coenzyme found in all living cells. It serves both as a critical coenzyme for
enzymes that fuel reduction-oxidation reactions and as a co-substrate for other enzymes such as
the sirtuins and poly(adenosine diphosphate-ribose) polymerases. Cellular NAD+ concentrations
change during aging, and modulation of NAD+ usage or production can prolong both health span
and life span ¥7.

NAD+ is intracellular molecule functioning in maintaining cellular health and mitigating
senescence 2. A decline in NAD+ levels, characteristic of cellular senescence and prevalent in
various age-related pathologies, is linked not only to a deficiency in NAD+ salvage pathways in
aging and senescent cells %8 but also to increased consumption by enzymes such as CD38 and
PARP1. CD38 and PARPL1, particularly expressed in activated macrophages, and the heightened
activity of these NAD+-consuming enzymes, especially during aging as DNA damage accumulates,
further contribute to the depletion of NAD+ in these cells 253741, This reduction correlates with
decreased energy production efficiency, impaired DNA repair, disrupted redox homeostasis, and
amplified inflammatory responses 4245, Enhancement of NAD+ levels, for instance through
supplementation with precursors like NMN and NR, is suggested as a potential intervention to
augment cellular and tissue functions, potentially decelerating the senescence process 264652,

In this study, within the broader context of therapeutic effects of NAD+ precursor
supplements on age-related diseases, we explored the therapeutic effects of NAD+ precursor

supplementation in an in vivo model of dry and wet AMD.



Il. MATERIALS AND METHODS

1. Animal

Adult C57BL/6 J mice, aged 8- 10 weeks and weighing between 18— 20 grams, were utilized for
this study. The C57BL/6 J mice were housed under a controlled 12:12- hour light/dark cycle
throughout the study. Mice were maintained in accordance with the Association for Research in
Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision
Research. All animal experiments were approved by the Institutional Animal Care and Use
Committee (IACUC) of the Yonsei University College of Medicine (IACUC number: 2022—
0279). All methods were conducted following the relevant guidelines and regulations, and the

study is reported adhering to the ARRIVE guidelines.
2. NAD+ supplementation

Nicotinamide mononucleotide (NMN) (Oriental Yeast Co., Ltd., Japan) and nicotinamide
riboside (NR) (ChromaDex, Inc., USA) powders were used in this study for NAD+ supplement.
Both NMN and NR were dissolved in phosphate- buffered saline (PBS) to achieve a
concentration of 200 mg/ml and subsequently filtered. Mice received intraperitoneal (IP)
injections at a dose of 500 mg/kg NMN or NR. The administration of these injections began
three days before the establishment of the disease models and continued daily until the final
assessment. NMN and NR were stored as powders, with each injection solution freshly prepared

and used within one week.

3. Sodium lodate induced GA in the mouse model of AMD

We utilized sodium iodate (S4007; Sigma St. Louis, MO) powder, which was dissolved in
phosphate- buffered saline (PBS) to achieve a concentration of 1 mg/ml. The solution was
administered to the mice via tail vein injection at concentrations of 15, 20, and 25 mg/kg,
respective to their body weight. Control group mice received an equivalent volume of PBS

through the same method of administration.

4. Alu-RNA expressed Lenti-virus induced GA in the mouse model
of AMD

A lentivirus expressing EGFP and Alu RNA was injected subretinally in mice at a concentration



of 8x10"7 particles in 1 pl, following the method outlined in our previously published study.
Briefly, the lentivirus was diluted in phosphate- buffered saline (PBS) to a final concentration of
8x10"10 particles/ml. A volume of 1 pl of the virus was loaded into a microliter syringe
equipped with a 34G needle and slowly injected into the subretinal space of the mice, ensuring
no bleeding occurred during the injection and gently withdrawing the needle afterwards. Mice
that did not exhibit significant vitreous hemorrhage or inflammatory reactions in the eyes post-

procedure were selected for subsequent analysis.

5. Mouse model of laser-induced CNV and Subretinal Fibrosis

The Choroidal Neovascularization (CNV) mouse model was created using laser
photocoagulation, similar to the method described in our previous publication 4. Briefly, mice
were anesthetized and their pupils were dilated. Once full dilation of the pupils was achieved, a
532 nm wavelength laser was employed with settings of 100 um spot size, 150 mW power, and
100 ms exposure time. Three or four laser burns were positioned around the optic disc. Only
burns that resulted in bubble formation without hemorrhage were included in the analysis. CNV-
related assessments were conducted one-week post- model creation, and fibrosis- related

analyses were performed four weeks after model establishment 6.

6. Mouse tissue preparation

For the preparation of tissues for RNA extraction, mice were euthanized using carbon dioxide
inhalation following approved ethical guidelines. Subsequently, the eyeballs were enucleated and
rinsed with cold phosphate- buffered saline (PBS). While immersed in cold PBS, the
surrounding muscles, conjunctival tissue, and anterior segment parts, including the cornea, iris,
and lens, were meticulously excised. The neural retina and RPE/choroid complex were then
carefully isolated for subsequent RNA extraction.

For whole-mount tissue preparation, mice were euthanized as previously described, and their
eyeballs were then enucleated and rinsed with phosphate- buffered saline (PBS). The tissues
were then fixed in 1% paraformaldehyde (PFA) in PBS for one hour. Following fixation, the
muscular and conjunctival tissues, cornea, iris, and lens were carefully removed from the
eyeballs in PBS. The neural retina was separated and removed, leaving the RPE/choroid
complex, which was then radially sectioned into eight segments centered around the optic disc,

resembling a leaf pattern. These sectioned tissues were placed in microtubes containing PBS for



further analysis.

For cryosection preparation, mouse eye tissues were rinsed with phosphate- buffered saline (PBS)
after enucleation. Surrounding muscles, conjunctiva, cornea, iris, and lens were then removed in
PBS. Tissues were fixed for 30 minutes in a solution of 4% paraformaldehyde (PFA) and 5%
sucrose in PBS, followed by sequential immersion in 10% and 20% sucrose solutions for
approximately one hour each. Subsequently, tissues were placed in 30% sucrose in PBS
overnight. The next day, tissues were embedded in OCT compound, set for one hour, and rapidly

frozen in liquid nitrogen for storage at -80°C or immediate cryosectioning.

7. Cellular NAD+ measurement

NAD+ concentrations were determined using the NAD/NADH Assay Kit (ab65348, Abcam,
Cambridge, UK). Tissues from the mouse neural retina and RPE/choroid complex, as well as
iPSC- derived RPE cells, were homogenized in the Kit's extraction buffer and then centrifuged at
10,000 g for 5 minutes at 4°C. The supernatants obtained were filtered using a 10 kDa Spin
Column (ab93349, Abcam, Cambridge, UK). Total NADt levels were measured directly from
the filtered supernatant. For the specific quantification of NAD+ levels, the supernatants were
treated at 60°C for 30 minutes to decompose any NAD+. The NAD+ concentration was then
determined by subtracting the amount of decomposed NADH from the total NADt in the
supernatant.

8. RNA isolation and real-time PCR

To extract RNA from the prepared tissues, we employed the RNA extraction kit (R1013, ZYMO
RESEARCH, CA, USA). The tissues were initially homogenized using the lysis buffer provided
in the kit. This process was followed by a series of centrifugation steps to separate cellular debris.
The supernatant containing RNA was then treated according to the protocol of the R1013 Kit,
which included an alcohol-based solution for RNA binding to the silica membrane of the spin
columns included in the kit. After extensive washing steps to remove any impurities, the RNA
was eluted in RNase-free water. Immediately following the RNA extraction, we commenced
cDNA synthesis using the cDNA synthesis kit (SD2191, Takara, CA, USA), ensuring a
streamlined transition from RNA extraction to cDNA preparation for downstream molecular
analyses.

Following the synthesis of cDNA from the extracted, we proceeded with real-time quantitative



PCR (gPCR) analysis. The cDNA was used as a template for gPCR, which was performed using
a real-time PCR kit (43-676-59, Fisher Scientific, MA, USA). Each reaction mixture included
specific primers targeting our genes of interest, a SYBR Green PCR master mix from the kit, and
an appropriate amount of template cDNA. The reactions were carried out in a real-time PCR
system, starting with an initial denaturation step, followed by 40 cycles of denaturation,
annealing, and extension. The specific temperatures and times for each step were set according
to the kit's protocol. The relative expression levels of the target genes were determined by
comparing their cycle threshold (Ct) values to those of a reference gene, using the 2*-AACt
method for quantification.

Real-time qPCR was conducted using primers for: COL1 (FP:5’-
ACGCCATCAAGGTCTACTGC- 3’, RP:5’- ACTCGAACGGGAATCCATCG- 3%, IL- la
(FP:5’ -GTTCTGCCATTGACCATCTC- 3’, RP:5’- CTCAGCCGTCTCTTCTTCAG- 3°), IL-
1B (FP:5’- TCCTTGTGCAAGTGTCTGAA- 3’, RP:5’- CTCTTGTTGATGTGCTGCTG- 3°),
IL- 6 (FP:5’- ACGGCCTTCCCTACTTCACA- 3’, RP:5’- CATTTCCACGATTTCCCAGA- 3°),
Mmp3 (FP:5’- TTGATGGGCCTGGAACAGTC- 3’, RP:5’- AGTCCTGAGAGATTTGCGCC-
3%), Mmp13 (FP:5’- GGAGCCCTGATGTTTCCCAT- 3, RP:5’-
GTCTTCATCGCCTGGACCATA- 3’), Cxcll (FP:5’- CTGGGATTCACCTCAAGAACATC-
3’, RP:5’- CAGGGTCAAGGCAAGCCTC- 3”), Ccl2 (FP:5’- CATCCACGTGTTGGCTCA- 3,
RP:5’- GATCATCTTGCTGGTGAATGAGT- 3%), PDGF- BB (FP:5’-
TGTTCCAGATCTCGCGGAAC- 3°, RP:5’- GCGGCCACACCAGGAAG- 3°), TGF- B (FP:5’-
TTGCTTGAGCTCCACAGAGA- 3°, RP:5’- TGGTTGTAGAGGGCAAGGAC- 3°), FGF- 2
(FP:5’- CCGCGTGGATGGCGT- 3’, RP:5’- CCTCTCTCTTCTGCTTGGAGTTG- 3°), VEGF
(FP:5’- AGCAGAAGTCCCATGAAGTG- 3, RP:5’- CATGGTGATGTTGCTCTCTG- 3°).

9. Cryosection and hematoxylin and eosin staining

The OCT- embedded blocks were sectioned at a thickness of 7 um. These sections were then
stained with hematoxylin and eosin. All images were captured using a fluorescent upright
microscope (Olympus; BX43).
10. Immunofluorescence of retinal sections and RPE/choroid/sclera
complex

For immunofluorescence staining of eye tissue sections, cryosections were initially blocked in a



solution containing 2% normal donkey serum, 5% BSA, and 0.1% Triton X- 100 in PBS for one
hour. Subsequently, the sections were incubated with the primary antibody overnight at 4°C.
After rinsing, they were treated with the secondary antibody for one hour. The sections were
then mounted using DAPI-containing mounting media.

For whole- mount immunofluorescence staining, tissues in microtubes were first incubated with
1% Triton X- 100 for two hours. They were then incubated for an additional hour in a solution
containing 2% normal donkey serum, 5% BSA, and 0.1% Triton X- 100 in PBS. Subsequently,
the tissues underwent overnight incubation with the primary antibody and a subsequent one-
hour incubation with the secondary antibody. Finally, the tissues were flat-mounted on slides and
covered with DAPI-containing mounting media.

In this experiment, the primary antibodies used include ZO- 1 (61-7300, Invitrogen, MA, USA),
Isolectin B4(1121411, Invitrogen, MA, USA), Collagen type 1(ab34710, Abcam, Cambridge,
UK), P16INK4a (ab211542, Abcam, Cambridge, UK), P21 (sc- 6246, Santa Cruz
Biotechnology, CA, USA), P53 (sc-126, Santa Cruz Biotechnology, CA, USA), and y- H2AX
(ab2893, Abcam, Cambridge, UK) . Secondary antibodies utilized were Donkey anti-Rabbit 1gG
(H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488 (A-21206, Thermo
Fisher Scientific, MA, USA), Donkey anti-Mouse 1gG (H+L) Highly Cross-Adsorbed Secondary
Antibody, Alexa Fluor™ 488 (A-21202, Thermo Fisher Scientific, MA, USA), Donkey anti-
Rabbit 1gG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 594 (A-21207,
Thermo Fisher Scientific, MA, USA), and Donkey anti-Mouse 1gG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor™ 488 (A-21203, Thermo Fisher Scientific, MA,
USA).

All images were captured using a fluorescent upright microscope (Olympus; BX43).

11.SA-B-gal assay

After washing with cold PBS, the RPE/choroid/scleral complex tissues were immediately fixed
with the fixative solution provided in the SA- B- galactosidase (SA- B- gal) staining kit for 20
minutes at room temperature and then stained using the staining solution mix according to the
manufacturer's protocol (BioVision, #K320, CA, USA). Following overnight SA- - gal staining
at 37 °C, the RPE/choroid/scleral complex tissues were depigmented by immersion in 10%
H202 and incubated for 45 minutes on a 55 °C heat block. The tissues were then briefly rinsed

with PBS and flat- mounted on slides for observation under an optical microscope.



All images were captured using a fluorescent upright microscope (Olympus; BX43).

12. Mouse Retinal Angiography and OCT

Following anesthesia, pupils were dilated, and mice were positioned on the Phoenix Micron IV
(Phoenix MICRON, NY, USA) imaging platform. Fluorescein sodium was injected
intraperitoneally for angiography, and retinal images were captured using the imaging system.
Subsequently, OCT imaging was performed to acquire detailed cross-sectional scans of the
retina. After the imaging procedure, mice were monitored during recovery from anesthesia and

then returned to their habitat.

13. Electroretinography (ERG)

For the ERG procedure using the Celeris Electroretinography system (Diagnosys, MA, USA),
mice were anesthetized and their pupils dilated with 1% tropicamide. The corneal surface was
numbed using a topical anesthetic. During the procedure, the mice were placed on a heating pad.
In the setup, a reference electrode was placed in the mouth, a ground electrode at the tail, and
active electrodes on the cornea. The mice were dark-adapted overnight prior to the recordings.
Scotopic ERG recordings were conducted at light intensities of 0.003, 0.01, 0.1, 1, 3, and 10
cd.s/m2 Post-procedure, the mice were monitored until they recovered, and their eyes were
treated with antibiotic ointment. The ERG waveforms were then analyzed to measure the a-wave

and b-wave amplitudes at each light intensity.

14. Transcriptome analysis

Libraries for RNA-seq analysis were prepared according to the manufacturer's protocols with the
NEBNext Ultra RNA Library Prep Kit. In brief, poly(T) magnetic beads attach to the oligo poly
(A) to extract mMRNA from the total RNA. Later, chemically fragmented mRNA was primed with
random hexamer primers to synthesize the first-strand cDNA, from which the resulting
fragments were then synthesized into double-strand cDNA. The product underwent end repair,
A-tailing, and ligated to the sequencing adaptors. The library was selected with the AMPure XP
beads and amplified through PCR. The prepared libraries were sequenced on the Illumina HiSeq
2500 platform to generate 150 bp paired-end reads. The sequencing quality controlled with
FastQC is very high. Raw sequencing reads first went through the following pipeline:
Trimmomatic was used to remove the adapters and long reads with low-quality bases. Later, the

sequences were aligned to the reference genome by the STAR aligner. The expression levels of



the different genes were determined with feature counters. The DESeq2 package was used to
check statistically differential gene expression between the treatments, considering all those with
an FDR value up to 0.05. GO and KEGG pathway analyses were performed to provide a
functional annotation and classification of the DEGs through the DAVID functional annotation

tool.

15. Statistics

All group results are expressed as mean + standard error of the mean (S.E.M.). Mean
comparisons between groups were performed using the two-tailed Student’s t-test or one-way
ANOVA and Tukey post-hoc analyses for multiple groups. Statistical significance is denoted
with *(P < 0.05), **(P < 0.01), ***(P < 0.001) in the figures and figure legends. The statistical

analyses were conducted using Prism software (GraphPad Prism, San Diego, CA, USA).

I1l. RESULTS

1. Optimization of Animal Model Conditions for Geographic
Atrophy

Unlike the laser-induced CNV model commonly used for wet AMD, there have been no
single dominant in vivo animal model for advanced dry AMD, geographic atrophy. Consequently,
we aimed to use two distinct models: one induced by oxidative stress using sodium iodate and
another through Alu RNA treatment. Given the variability in conditions reported in prior literature
5556 we optimized the modeling conditions for further experiments.

The progression of dry AMD to geographic atrophy is naturally a chronic process;
however, most AMD models artificially accelerate this process by imposing acute stress. This
excessive stress can precipitate rapid cell death, which complicates the accurate evaluation of
therapeutic effectiveness. To overcome this limitation, we sought to optimize the geographic
atrophy model by modulating the dosage of the stress agent.

We determined the optimal concentration for disease modeling to be the dose at which
RPE enlargement is observed prior to extensive cell death, at a designated time after the treatment
of sodium iodate or Alu RNA. This approach facilitates a more refined evaluation of therapeutic

interventions, more closely mimicking the slow progression characteristic of the disease.



Sodium iodate (NalO3) was administered intravenously at three different doses in mice,
and alterations in the Retinal Pigment Epithelium (RPE) were analyzed 7 days after administration
(Figure 1A). At the low concentration of 15 mg/kg, no significant changes in the RPE were
observed, whereas extensive RPE cell death was noted at the high concentration of 25 mg/kg.
Consequently, a medium concentration of 20 mg/kg was determined to be optimal for modeling
geographic atrophy, as it led to RPE enlargement without significant cell death (Fig.1B and
Fig.1C).

Ambati group proposed that decreased DICER1 and increased Alu RNA lead to RPE
degeneration via immunologic mechanisms and are the main pathogenesis of geographic
atrophy.®®%0 Treatment of mouse retinas with transcribed Alu RNA mimicked the disease
phenotype of dry AMD and the expression of cellular senescence-associated markers was
induced.?

To visualize Alu RNA expression, we constructed a lentiviral vector co-expressing Alu
RNA and GFP and in a similar context to the sodium iodate model, we optimized the lentivirus
dose and analysis timing to achieve RPE enlargement without significant RPE cell death.

Prior to the delivery of Alu RNA, GFP expressing lentivirus was used to optimize the efficiency
and toxicity of lentivirus transduction. When administered at three different concentrations, the
transduction efficiency was significantly higher at 1.6*1078 viral copies (vc)/ul compared to
0.8*1078 vc/ul at 2 weeks post-injection (transduction efficiency: 62.99% + 1.669 vs. 79.54 +

2.241 %, p<0.001). However, at the higher concentration of 3.2*1078 vc/ul, no additional increase
in transduction efficiency was observed, and RPE enlargement indicating toxicity was detected
(Fig.2A and Fig.2B).

Based on these results, we conducted future subretinal injection experiments using a
concentration of 1.6*10”8 viral copies (vc)/ul.

Under a fixed viral concentration, we observed RPE morphology at 1, 2, and 4 weeks
post-subretinal injection of GFP-lentivirus and AIURNA/GFP-lentivirus. In the case of GFP, no
RPE degeneration was observed until 4 weeks, However, for AlURNA/GFP, a significant decrease
in RPE cell count and morphological enlargement and irregularity were observed at 2 weeks (RPE
cell count: 2673 + 125 vs. 1829 + 159, p=0.01) (Fig.2C and Fig.2D). Overall RPE cell death was
observed at 4 weeks, with no cells expressing GFP. We determined that the 2-week time point

post-Alu RNA transduction was appropriate for further analysis.
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Further examination of the degenerated RPE region revealed an expansion of the
affected area in the Alu group compared to the GFP control (Degeneration area: 1.089 + 0.126 %

vs. 23.55 + 2.527 %, p<0.001) (Fig. 2E and 2F).
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Figure 1. Phenotypic Characterization of RPE Cells in Mice Following NalO3 Treatment. a.



Mice received NalO3 intravenously through the tail vein, with evaluations performed 7 days post-t
reatment. b. Phenotypic analysis of RPE cells post Zo-1 staining on whole mounts of RPE/choroid
/sclera. Depicts overall retinal area with degenerative lesions (top row), RPE cell changes within le
sions (middle row), and DAPI-positive nuclear alterations in lesions (bottom row). Scale bars: 1 m
m (top row), 0.1 mm (middle and bottom rows). c. Proportion of atrophic areas relative to the total
retina, indicating significant increase at higher doses (Control vs Day 7 (20mg/kg) p=0.03; (25mg/
kg) p<0.001).
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cale bar = 0.1mm. b. Examination of transfection efficiency in two weeks post-transfection with le
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nti GFP, showing significantly higher at 1.6*10/8 viral copies (vc)/ul compared to 0.8*10"8 vc/ul

(transduction efficiency: 62.99% + 1.669 vs. 79.54 + 2.241 %, p<0.001). At the higher concentrati
on of 3.2*10"8 vc/ul, no additional increase in transduction efficiency was observed (transduction

efficiency: 79.54 + 2.241 % vs. 78.31 + 1.783 %, p=0.89), and RPE enlargement indicating toxicit
y was detected. ¢ and d. Temporal analysis of RPE changes over 1, 2 and 4 weeks post-transfectio
n with either lenti-GFP or lenti-Alu-GFP at a concentration of 1.6x10"8/1ul. The study tracks the p
rogression of cellular changes indicative of degeneration. Scale bar = 0.1mm. (2W

RPE cell count: 2673 + 125 vs. 1829 + 159, p=0.01) e. Detailed imaging reveals the overall RPE la
yer, with highlighted areas of GFP transfection showing degeneration of RPE cells within the regio
ns expressing Alu-GFP. Enlargement of RPE cells and nuclei, along with the loss of their hexagona
I shape post Alu-GFP transfection, underscores the cytotoxic impact. Scale bar = 0.1mm. f. Quantif
ication of degenerating RPE areas, using GFP expression as a reference, shows that Alu-GFP trans
fection leads to significantly larger areas of degeneration compared to GFP control. (Degeneration

area: 0.01 + 0.001 % vs. 0.23 + 0.025 %, p<0.001)

2. NAD+ level and expression of senescence marker in in vivo
AMD models

When NMN was systemically administered to B6 mice, the NAD+ levels in the
RPE/choroid/sclera complex significantly increased 142.3 + 7.036% (p<0.001) (Fig. 3A). The

NAD-+ levels in the RPE/choroid/sclera complex were significantly reduced in the NalO3-induced
dry AMD model and the laser-induced CNV model compared to wild-type C57BL/6J (B6) mice
(B6 vs. NalO3, p=0.005; B6 vs. CNV, p=0.02) (Fig. 3B).

Senescence-Associated B-Galactosidase (SA-B-GAL) staining, a representative marker
of cellular senescence, was performed in the RPE of 8-week-old wild-type B6 mice and the same
age of NalO3-induced dry AMD model and laser-induced CNV model, and significantly increased
SA-B-GAL staining was observed in both disease models. In the NalO3-induced dry AMD model,
the staining was primarily detected in the mid-peripheral area where RPE degeneration mainly
occurs and in the surrounding peripheral regions. In the CNV model, the staining was more intense

around the CNV lesion along with the overall staining (Fig. 3C).
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Figure 3. NAD+ Levels and Senescence in Retinal Models. a and b. Quantification of total NA
D+ levels in the RPE/choroid/sclera complex from six eyeballs across three mice under conditions
including: normal, NMN systemic injection, NalO3 treatment, and CNV model. Significant increa
ses in total NAD+ levels were observed in NMN-treated mice (p < 0.001), whereas NalO3 (20mg/
kg) led to decreased NAD+ levels (p = 0.005), and the CNV model showed reduced NAD+ levels
(p =0.02). c. SA-B-GAL staining in the RPE from normal, NalO3, and CNV models displayed pos

itive expression in senescence RPE cells. Scale bar=1mm.
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Figure 4. Impact of NMN and NR Treatment on NalO3-Induced Retinal Degeneration in Mi

ce. a. Mice received intraperitoneal injections of NMN or NR three days prior to NalO3 administra
tion (20mg/kg), with assessments conducted on Day 7 post-modeling. b. Phenotypic analysis via Z
0-1 staining on whole mounts from normal C57BL/6J mice, the 20mg/kg NalO3 model group, and

the NMN and NR treatment groups. The first row shows the atrophic areas as a proportion of the t

otal retina across groups. The second and third rows detail RPE cell changes and nuclear size varia
tions, respectively, with enlarged views for clarity. Scale bars: 1 mm (top row), 0.1 mm (middle an
d bottom rows). c. Quantification of degenerative lesion areas relative to the total retina, demonstra

ting significant reductions with NMN (0.5 + 0.12 %, p=0.005) and NR (0.65 + 0.13 %, p=0.009) t

reatments compared to the model group. d. Comparison of RPE cell counts reveals significant incr
eases with NMN (2296 + 40, p<0.001) and NR (0.65 + 0.13 %, p=0.009) treatments. e. SA-B-GA
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L staining indicates senescence in the degeneration area of the 20mg/kg group, akin to the normal

control, while the NMN treatment group exhibits no positive staining, suggesting reduced cellular

senescence. Scale bar = Imm. Co-expression of P21 and P16 in RPE cells within the 20mg/kg gro
up signifies heightened senescence, which is notably absent in the NMN treatment and normal gro
ups. Scale bar = 0.1mm. The 20mg/kg group shows positive expression of P53 and y-H2AX in RP
E cells, markers of cellular stress and senescence, unlike the NMN and normal groups which show
negative expression. Scale bar = 0.1mm.

3. NAD+ precursors ameliorate the disease phenotypes and the
associated senescence phenotypes in the dry AMD model.

In the Sodium lodate-induced dry AMD model, NAD+ precursors NMN and NR were
administered daily via intraperitoneal injection, starting three days prior to induction with Sodium
lodate and continuing until one week after the induction (Fig. 4A). Observations of the RPE
morphology through RPE whole mounting one week after induction revealed that Sodium lodate-
induced RPE degeneration, characterized by enlargement and irregularity, was normalized by both
NAD+ precurosrs (Fig. 4B). The area of degenerated RPE was significantly reduced in the NMN
and NR treated groups (y and z, respectively), showing no significant difference from normal mice.
(vs. Disease model; NMN, 0.5 + 0.12 %, p=0.005; NR, 0.65 + 0.13 %, p=0.009). Additionally, the

number of RPE cells in the disease model mice was significantly higher in the NMN and NR
treated groups (y and z, respectively) compared to the disease model (x), with no significant
difference from normal mice. (vs. Disease model; NMN, 2296 + 40, p<0.001; NR, 2159 + 56,

p<0.001) (Fig. 4C and Fig. 4D). The expression of cellular senescence markers, SA-B-GAL,
P21~CIP1, P16"INK4a, P53, and y-H2AX, which were elevated by Sodium lodate, were
dramatically normalized by NMN treatment (Fig. 4E).

In the retinal histology, attenuation and discontinuation of the RPE line were observed in
the Sodium lodate disease model and these pathologic features were ameliorated by NAD+
precursors. The thinning of the outer nuclear layer and total retinal thickness induced by Sodium
lodate was significantly increased by NMN and NR treatment (y and z, respectively), comparable

to the thickness observed in normal mice (ONL: vs. Disease model; NMN, 44.28 + 0.88 um,

p=0.03; NR, 42.96 + 2.26 um, p=0.04) (Total retina: vs. Disease model; NMN, 206.4 + 4.90 um,
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p=0.04; NR, 212.4 + 9.88 um, p=0.02) (Fig. 5B and 5C).

Functionally, the ERG waveform was markedly flattened by sodium iodate treatment.
The NMN treatment significantly increased the amplitude of the b-wave and a-wave at flash
intensities of -1 log cd.s/m2and above, although it did not fully restore normal function observed
in normal mice (Fig. 5D, Fig.5E and Fig. 5F).

Overall, NAD+ precursor treatment leads to structural improvement of the damaged
RPE and neural retina, as well as functional recovery of visual function in a sodium iodate induced
dry AMD model, which is accompanied by the amelioration of cellular senescence markers.

The effects of NAD+ precursors were also tested in another dry AMD model, the Alu-
induced model. Subretinal injections were performed under the previously optimized conditions,
and NAD+ precursor supplementation was systemically administered daily from 3 days prior to
injection until 2 weeks, with analysis performed at 2 weeks (Fig. 6A). As a result, NMN and NR

treatments significantly normalized the area of degenerated retina (Fig 6B and Fig6C) (vs. Alu,

26.8 = 3.961 %, NMN, 4.887 + 0.985 %, p<0.001; NR, 8.715 + 1.399 %, p<0.001) and RPE cell

count (Fig. 6D) (vs. Alu, 1829 + 159, NMN, 2498 + 130, p<0.001; NR, 2461 + 94, p<0.001).

OCT imaging confirmed the presence of degenerative area in the Alu group, while the NMN and

NR groups exhibited substantial improvements (Fig. 6B)
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Figure 5. Comparative Analysis of Retinal Structure and Function in Mouse Models Post-Tre
atment. a. High-resolution imaging and H&E staining showcase retinal morphology across groups.
The 20mg/kg NalO3 group exhibits RPE degeneration and reactive retinal changes. Conversely, ¢
ontrol, NMN, and NR treatment groups maintain normal RPE structure. Scale bars: 1 mm (overvie
w), 0.1 mm (detailed views). b. Analysis of retinal and outer nuclear layer (ONL) thickness demon
strates significant ONL thinning in the 20mg/kg group, with NMN and NR treatments showing not
able improvement towards normal thickness (C57BL/6J vs 20mg/kg p=0.01; 20mg/kg vs NMN p=
0.03; 20mg/kg vs NR p=0.04). c. Overall retinal thickness comparisons across groups reveal no sig
nificant differences, suggesting selective ONL vulnerability (C57BL/6J vs 20mg/kg p=0.25; 20mg/
kg vs NMN p=0.29; 20mg/kg vs NR p=0.21). d-e. Electrophysiological assessments via ERG unde
r dark adaptation conditions. B-wave amplitude comparisons indicate significant impairment in the
20mg/kg group, with NMN treatment partially restoring function (C57BL/6J vs 20mg/kg, p<0.00
1 at -1 to 1 intensity; 20mg/kg vs NMN, p<0.001 at 0.5/1 intensity). f. A-wave response analysis fu
rther supports functional deterioration in the 20mg/kg group, with NMN treatment showing efficac
y in functional recovery at higher intensities (C57BL/6J vs 20mg/kg, p<0.001 at -1 to 1 intensity; 2
0mg/kg vs NMN, p<0.001 at 0.5/1 intensity).

21



Day -3

Control (GFP)

Day 14

St RPE/Choroid/Sclera
N Whole mounting
4 A c'(,b 7, )
§ /e(\\ 7] 3 - m
//@\((\ 6’8\\ o L -
AN
N \
\Z \
analysis

Alu Alu (+NMN)  Alu (+NR)

Degeneration area in GFP(%)

Tkk
P E—|
r 1 k%%

L E— |
60 4000+ —
° ~ I I
£ ° °
E 30004 _2_
8 o
40 T T é .# g > :l?)
E 2000+ ° =
201 $ 3 b
|2I._J 1000 °°0°
:
0 ¥ T I%‘ i o2 i 0 : T T r
S
& ¥ & S v & &
S 4 * o & S
§ ¥ R R
<& &

22



Figure 6. Therapeutic Effects of NMN and NR on Alu RNA-Induced Dry Age-Related
Macular Degeneration. a. NAD+ precursor supplementation was systemically administered daily
from 3 days prior to injection until 2 weeks, with analysis performed at 2 weeks b. Wide-ranging
degeneration areas in the retinal pigment epithelium (RPE) are evident in the Alu-GFP group, with
noticeable improvement observed in the NMN and NR treatment groups compared to Alu-GFP.
Scale bar = 0.4mm. High-magnification images highlight the phenotypic improvements in RPE
cells in the NMN and NR treatment groups compared to the Alu group. Scale bar = 0.1mm.
Optical coherence tomography (OCT) and fundus imaging reveal neurosensory retina thinning of
the Alu group, with significant improvement observed in the NMN and NR treatment groups.

Scale bar = 0.1mm. c. Reduced degeneration areas are observed in the NMN and NR treatment

groups compared to the Alu group (vs. Alu, 0.268 + 0.04 %, Control (GFP),0.01 + 0.001 %,

p<0.001; NMN, 0.05 + 0.01 %, p<0.001; NR, 0.09 + 0.01 %, p<0.001). d. Increased RPE cell

numbers are noted in the NMN and NR treatment groups compared to the Alu group (vs. Alu,
Control (GFP), p=0.03; Alu+NMN p=0.006; Alu+NR p=0.03) (n=4-17).

4. Transcriptome Analysis of the Therapeutic Effects of NAD+ Sup
plementation

RNA sequencing analysis was performed to compare the gene expression profiles of
RPE cells from normal control (B6 mice), dry AMD model (induced by Sodium lodate, referred to
as Sl), and NMN-treated SI models. (Fig.7) We identified 999 genes significantly upregulated, and
183 genes downregulated in the SI group compared to the control, indicating a profound alteration
in gene expression due to the dry AMD model induction. Notably, NMN treatment resulted in
significant modulation of these expression changes.

NMN treatment notably reversed the expression of genes critical for visual system
development and photoreceptor cell function, such as Abca4, Rdh5, Straé, Mtor, Lrit3, Mfrp,
Gabrr2, Clcn2, Slc24al, Rpgripl, Pde6c, Rd3, Nxnll, Aanat, Nog, Pde8b, Nphp4, Gprl79, Vegfa,
Bmp7, and Sipall3. These genes are essential for maintaining RPE and photoreceptor health,
implicating NMN's role in preserving visual function in the context of AMD.

Functional enrichment analysis revealed that upregulated genes in the Sl vs. control

comparison were significantly enriched in pathways related to immune response, leukocyte
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migration, and cytokine signaling, which are indicative of the inflammatory response associated
with AMD. Conversely, NMN-treated samples showed a significant downregulation of these
pathways, suggesting a reduction in inflammatory responses.

Notably, genes involved in visual system development and response to light stimulus,
such as Per3, Cacnalc, Per2, and Asic2, were significantly downregulated in the dry AMD model
but showed normalized expression levels upon NMN treatment, highlighting NMN's potential to
maintain or restore visual function.

These results underscore the potential of NMN to counteract the deleterious effects of
dry AMD on RPE cells by modulating gene expression associated with aging, inflammation, and
visual system function. Our data provide compelling evidence that NMN treatment may represent
a viable therapeutic strategy to mitigate RPE cell senescence, thereby preserving visual function in
the context of AMD.
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Figure 7. Overview of NMN Treatment Effects on Gene Expression. a. plots display the differe
ntial gene expression analysis for SI (sodium lodate induced AMD) vs. Control and NMN vs. Cont
rol. The x-axis shows log2 fold change (Log2FC), and the y-axis shows -log10 of the adjusted p-v
alue (adj.P.Val). Significant genes are colored, with upregulated in red and downregulated in blue.
b. PCA plot shows the variance in gene expression profiles. Each point represents a sample, colore
d by group: Control (green), NMN (blue), and Sl (red). PC1 and PC2 capture 48.03% and 22.01%
of the variance, respectively. ¢. Heatmap displays scaled expression levels of differentially express
ed genes across SI, NMN, and Control groups. Upregulated and downregulated genes are highlight
ed. d. Heatmap of downregulated genes involved in visual system development, such as Per3, Cac
nalc, and Vegfa. The y-axis lists the genes, and the x-axis represents samples from Control, NMN,
and Sl groups, with color intensity indicating expression levels. e. Bar chart of top enriched GO ter
ms for upregulated and downregulated genes in the Sl vs. Control comparison. The x-axis shows g
ene count, and the y-axis lists GO terms related to immune response and visual perception. Adjuste

d p-values indicate significance.

5. NAD+ precursors significantly reduce laser-induced choroidal
neovascularization

Localized senescent RPE cells were identified in NalO3-induced retinal degeneration
and laser-induced subretinal fibrosis mouse models 2. In this study, we also identified senescent
RPE cells surrounding the laser-induced CNV region (Fig 3C). Building on this discovery, we
investigated the therapeutic effect of NAD+ precursors in mouse models of laser-induced CNV.
NMN and NR were administered daily for three days prior to and seven days following the
modeling of laser-induced choroidal neovascularization (CNV) (Fig.8A). As a positive control,
intravitreal Aflibercept injection, which is currently the most widely used clinically, was used.
The NMN and NR groups showed a significant reduction in CNV size compared to the control
group, with values comparable to those in the Aflibercept group [vs. control, 17822 pm2 NMN,
8303 um2 p<0.001; NR, 9138 pm2 p<0.001] [vs. Aflibercept, 8977 pm2 NMN, 8303 um=2
p>0.99; NR, 8684 pm2 p>0.99] (Fig.8B and Fig 8C). Induction of CNV at 3-4 sites around the
optic nerve resulted in extensive SA-B-GAL staining across the retina and more intense staining
around the CNV areas. NMN treatment significantly reduced overall retinal SA-B-GAL staining
and decreased the intense staining around the CNV sites (Fig. 9A and Fig. 9B). The area of

26



cellular senescence markers expression, P21*CIP1, P16~ INK4a, P53, and y-H2AX, which were
induced by laser induced CNV, were significantly reduced by NMN treatment (Fig.9C and
Fig.9D).
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Figure 8. Evaluation of NMN and NR Treatment on Laser-Induced Choroidal Neovasculariz
ation (CNV). a. Treatment administered via intraperitoneal (IP) injection three days prior to CNV
model creation. CNV lesions analyzed on Day 7 post-modeling. b. Isolectin B4 staining performed
on RPE/choroid/sclera whole mounts. The top row displays the overall retina with CNV lesions (s
cale bar = 0.5mm), while the bottom row provides a high-magnification view of the CNV lesions
(scale bar = 0.1mm). c. Comparison of CNV lesion sizes reveals smaller lesions in the Aflibercept
(IVT), NMN, and NR treatment groups compared to the PBS-treated control (n=11-16; PBS vs Afl
ibercept (IVT) p<0.001; PBS vs NMN p<0.001; PBS vs NR p<0.001).
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Figure 9. Senescence Phenotype Analysis in a Choroidal Neovascularization (CNV) Model

and the Impact of NMN Treatment. a. SA-B-gal analysis reveals positive expression in RPE

cells within the laser lesion area treated with PBS, with reduced positivity following NMN

treatment. Top: scale bar = 0.5mm, bottom: scale bar = 0.25mm. b. Quantitative analysis of SA-B-

gal-positive areas in the CNV lesion vicinity. Decreased positivity rates in both areas after NMN

treatment compared to the control group show statistical significance (PBS vs NMN, p<0.001 for

CNV region). c. Expression of P53 and y-H2AX identified in RPE cells around the CNV lesion

treated with PBS, with reduced positivity rates in NMN-treated areas. scale bar = 0.1mm. d. P21

and P16 staining indicate enlarged RPE cells positive around the CNV lesion treated with PBS,

with decreased positivity rates following NMN treatment. scale bar = 0.1mm.
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6. NAD+ precursor reduces the expression of neovascular and
SASP factors

Quantitative PCR was performed to assess the expression of neovascular and SASP
factors in retinal tissue of the CNV model and the NMN-treated CNV model. As expected, the
expression of factors associated with CNV formation, such as Vegf, Pdgf-bb, and Coll, was
significantly elevated in the CNV group. Interestingly, NMN supplementation significantly
reduced the expression of these factors. Additionally, NMN treatment led to a reduction in the
expression of SASP factors involved in inflammation and tissue remodeling, such as I1-6, 1l-1a,
Mmp3, and Mmp13, than in the CNV tissue. However, no significant difference was observed in

the expression of Il-1b. (Fig. 10)
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Figure 10. Real-Time PCR expression profiles of SASP-associated angiogenic and inflammatory
biomarkers. VEGF is upregulated in CNV and reduced by NMN treatment (***p < 0.001, **p 0.0
03). COL1 shows increased levels in CNV, decreased with NMN (**p = 0.005, *p = 0.04). PDGF-
BB is elevated in CNV and lessened by NMN (**p = 0.0026, *p = 0.0246). IL-6 expression is
no significant change in CNV and decreased in NMN treated groups (p = 0.71, *p = 0.02). IL-1a. e
xpression is no significant change in CNV and decreased in NMN treated groups (p = 0.86, *p = 0.
02). Mmp3 expression is no significant change in CNV and decreased in NMN treated groups (p =
0.40, *p = 0.01). Mmp13 is upregulated in CNV, mitigated by NMN (***p < 0.04, *p < 0.003). IL

-1P remains unchanged (ns).
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7. NAD+ precursors significantly reduce subsequent subretinal
fibrosis

gPCR analysis demonstrated marked reduction in key fibrotic factors, such as Coll and
Pdgf-bb, in the NMN-treated group. Given that these factors are critical mediators of retinal
fibrosis, their reduction suggests a potential mechanism through which NMN mitigates fibrotic
processes, the biggest challenge of current treatment for wet AMD. During the treatment of wet
AMD, subretinal fibrosis can occur despite repeated anti-VEGF injections, and this fibrosis is
considered one of the primary causes of long-term vision loss. To assess the impact of NAD+
precursors on the fibrosis, we specifically analyzed the area of subretinal fibrosis at the fourth
week post-laser induction, a time point previously established for evaluating the progression of
the fibrosis in the CNV model. The formation of subretinal fibrosis at the fourth week post-laser
induction as a mimic of subretinal scarring has been previously reported'?. We found that at the
fourth week post-laser induction, the subretinal scars marked by immunostaining for Collagen
type 1 were significantly reduced in the NMN and NR treatment groups compared to the PBS
group (vs. Control, 14394 pm2; NMN, 6520 um=2, p<0.001; NR, 9890 pm2, p=0.01)(Fig.11A
and Fig 11B). The subretinal fibrosis between the neural retina and RPE shows hyper-reflectivity
on OCT and significantly reduced in the NMN treated group. Also, the immunohistochemistry
shows a significant reduction of collagen type 1 positive subretinal scar in a representative cross

section image (Fig.11C).
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Figure 11. Comparison of Fibrosis Area in Laser-Induced CNV Model. a. On Day 28 post-lase
r induction, lesions treated with NMN and NR exhibited a significant reduction in Col-1 positive fi
brosis area compared to the PBS group. Scale bar = 0.1mm. b. Statistical analysis demonstrates tha
t the fibrosis area in lesions treated with NMN and NR was decreased compared to the PBS treatm
ent group (n=23-44; NMN vs PBS p<0.001; NR vs PBS p=0.01). c. OCT imaging reveals high flu

orescence reflection areas in the retinal pigment epithelium (RPE) and outer segment (OS) layers o
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f the PBS group, while the RPE and OS layers appear more regular in the NMN group. Cross-secti
onal Col-1 staining indicates that the Col-1 positive fibrosis beneath the neurosensory retina in the

PBS-treated group was significantly larger than that in the NMN-treated group. Scale bar = 0.1mm.

V. DISCUSSION

In this study, we elucidated the therapeutic potential of NAD+ supplementation across
three established AMD mouse models, underscoring its capability to mitigate hallmark
pathological features of both dry and wet AMD. Notably, our findings reveal that NAD+
supplementation can attenuate RPE degeneration and improve retinal function by modulating
senescence-associated phenotypes. This is particularly relevant given the multifactorial nature of
AMD, where cellular senescence and chronic inflammation play critical roles in disease
progression.

Existing studies have demonstrated the therapeutic effects of NAD+ supplementation in
mouse models of retinal degeneration.3*% In this paper, we further confirmed the specific
senescence phenotype of RPE cells in three mouse AMD models, including markers such as SA-
beta-gal, P21, p16, p53, H2ax, and SASP. Interestingly, in the AMD models, not only the lesion
areas showed enhanced SA-beta-gal, but the surrounding RPE cells also exhibited. This indicates
that not only the RPE cells in the degenerative regions but also the adjacent RPE cells accumulate
and express senescence phenotypes, which is consistent with the progressive nature of AMD®.

In the AMD models, measurements of NAD+ levels in RPE cells extracted from the
lesion areas showed a significant decrease compared to normal RPE, consistent with the reduced
NAD+ levels observed in human AMD. This provides supportive evidence for NAD+
supplementation as a beneficial treatment. The results also indicate that this treatment can improve
senescence phenotypes and effectively enhance retinal structure and function in several mouse
models.

In the RNA-seq analysis of NalO3-induced mouse models, although there was no
specific analysis of cellular senescence, the analysis of factors related to metabolism, immunity,
and oxidative stress showed that NAD+ supplementation effectively improved the expression of

these factors. It is well known that these factors are critical in senescent cells?*, indirectly

35



indicating that NAD+ therapy can improve RPE senescence phenotypes in NalO3-induced mouse
models.

Previously, Ambati et al. used 10% Neuroporter to transfect Alu RNA into subretinal
RPE cells. To facilitate subsequent quantification of the degeneration area, we transfected a
lentivirus expressing both Alu RNA and eGFP into subretinal RPE cells of mice. GFP expression
clearly marks the regions transfected by the lentivirus, and when Alu is simultaneously expressed,
the RPE cells exhibit degenerative changes.

Although this study does not further empirically demonstrate the relationship between
NAD+ supplementation and SASP, numerous reports already suggest such an association*’. When
treated with NAD+ supplementation, effectively reducing macrophage activity and aggregation,
thus diminishing immune responses in the disease microenvironment®. Additionally, NAD+ has
been shown to improve mitochondrial function, reducing stress responses, and enhancing cellular
robustness, leading to improvements®. Further research is warranted to elucidate the precise
molecular mechanisms by which NAD+ supplementation exerts its effects, including its
interaction with specific pathways involved in AMD progression.

For the effective translation of these preclinical successes into clinical practice, it is
imperative to delineate the specific biological processes and molecular pathways through which
NAD+ modulates retinal cell senescence and the SASP, thereby illuminating its role in mitigating
AMD pathology. Future investigations should focus on elucidating the precise molecular
mechanisms by which NAD+ influences cellular aging processes and SASP components in AMD,
potentially identifying biomarkers for NAD+ efficacy and AMD progression. NAD+
supplementation holds unique potential to augment current AMD therapies, offering a
comprehensive approach that not only targets specific pathological processes but also enhances
overall cellular health and resilience, particularly in the metabolically demanding retinal

environment.
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V. CONCLUSION

In conclusion, our study underscores the potential of NAD+ supplementation not just as
a therapeutic strategy for AMD, but as a paradigm shift towards addressing the underlying
cellular aging processes. This approach harbors significant implications for future AMD research

and offers a novel pathway to enhance patient outcomes in this challenging disease landscape.
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