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ABSTRACT

Age is a primary risk factor for chronic conditions, including age-related macular degeneration (AMD). Impairments in auto-
phagy processes are implicated in AMD progression, but the extent of autophagy’s contribution and its therapeutic potential
remain ambiguous. This study investigated age-associated transcriptomic changes in autophagy pathways in the retinal pigment
epithelium (RPE) and evaluated the protective effects of topical trehalose, an autophagy-enhancing small molecule, against light-
induced outer retinal degeneration in mice. Transcriptomic analysis of human RPE/choroid and mouse RPE revealed consistent
downregulation of autophagy pathways with age, alongside variable changes as AMD severity progressed. Given the age- and
AMD-associated perturbation of autophagy pathways, we examined trehalose treatment in vitro, which enhanced autophagic
flux and restored mitochondrial respiratory function in primary murine RPE cells exposed to oxidative stress. In vivo, topical
trehalose improved autophagy-lysosome activity in mouse RPE, as demonstrated by elevated LC3B turnover and SQSTM1/p62
degradation. Furthermore, trehalose eyedrops protected mice from light-induced damage to the RPE and photoreceptors, pre-
serving outer nuclear layer thickness, RPE morphology, and junctional F-actin organization. Taken together, the data support
that age-related decline and severe dysregulation in autophagy contributed to AMD progression. By restoring autophagic flux,
topical trehalose demonstrates therapeutic potential to address early autophagy-related pathological changes in AMD.
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provided the original work is properly cited.
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1 | Introduction

Age-related macular degeneration (AMD) is a progressive mul-
tifactorial neurodegenerative disease that affects particularly
the retina’s macular region, leading to severe central vision
loss. Although AMD pathogenesis is driven by a complex inter-
play of aging, environmental factors, genetic susceptibility, and
lifestyle choices, aging remains the most significant risk factor
at the population level (Fleckenstein et al. 2024). The retinal
pigment epithelium (RPE), central for maintaining the visual
cycle and photoreceptor health and outer retinal homeostasis,
is particularly susceptible to aging not least because of the con-
stant exposure to high levels of oxidative stress. The RPE shows
the highest number of differentially expressed genes (DEGs) in
the retina associated with aging, and its degeneration is a hall-
mark of AMD (Wang et al. 2020). Early AMD results in the
deposition of oxidized lipoproteinaceous drusen beneath the
RPE and may progress to late forms, including advanced dry
AMD (geographic atrophy, GA) or, in 10%-15% of cases, wet
AMD (neovascular). Current treatments for dry AMD primar-
ily focus on anti-complement therapies, which target only the
late stage of the disease (GA) and offer limited functional ben-
efits (Csaky et al. 2024). Treatments are awaited to address the
underlying degenerative progress that leads to atrophy and pro-
gressive visual loss. Ideally, to effectively prevent disease pro-
gression, therapeutic interventions at earlier stages are required
(Herndndez-Zimbroén et al. 2018).

Proteomic analysis reveals that the protein profile of drusen
closely resembles that of the RPE, indicating that degenerating
RPE is a primary source of drusen components, likely through
exosome-mediated release (Crabb 2014; Wang et al. 2009). This
suggests a disruption in the RPE's clearance pathways, such as
autophagy, a catabolic process required by RPE because of its
high metabolic rate. During autophagic flux, dysfunctional or-
ganelles and cytotoxic macromolecular aggregates are degraded
through the formation of autophagosomes and the consequent
fusion with lysosomes (autolysosomes) (Menzies et al. 2017).
Under conditions of nutrient deprivation or energy stress, the
autophagic cascade is triggered by the inhibition of the mamma-
lian target of rapamycin (mTOR) and activation of 5’-adenosine
monophosphate-activated protein kinase (AMPK), respectively.

Impaired autophagy has been linked to various age-related
conditions, including neurodegeneration, type 2 diabetes, and
cancer (Menzies et al. 2017). Conversely, enhanced autophagy
may serve as a defense mechanism against cellular damage in
certain disease contexts by increasing the turnover of abnormal
or excessive cellular components. In AMD, transcriptomic anal-
yses of RPE cells from the macular region reveal a significant
upregulation of genes involved in autophagy initiation (Orozco
et al. 2023; Ramirez-Pardo et al. 2023), suggesting an adaptive
response of remaining RPE cells to counteract the stressors
driving RPE dysfunction. Paradoxically, despite this transcrip-
tomic upregulation, AMD progression is characterized by a
functionally reduced autophagy flux (Kaarniranta et al. 2023).
Dysfunctional autophagy is associated with increased transcy-
tosis and exocytosis, heightened susceptibility to mitochondrial
oxidative stress, elevated mitochondrial damage, disrupted pro-
teostasis, inflammasome activation, and drusen formation (Liu
et al. 2016; Ramirez-Pardo et al. 2023). Although autophagy

dysfunction has been described in AMD, more fidelity is re-
quired to document changes in autophagy and its related tran-
scriptomic pathways with aging and during disease progression.
It is also essential to determine whether these changes are con-
sistent or variable across different stages of AMD, highlight-
ing the appropriate timing of therapies targeting autophagy
pathways.

Autophagy is considered a promising therapeutic target due
to its amenability to chemical modulation. Small molecules
(MW <900Da) with compact size (~1 nm) can efficiently pene-
trate cells and access intracellular targets via passive or carrier-
mediated transport (Ramsay et al. 2023). One such molecule
is trehalose (MW =342.3Da) which is a naturally abundant,
nonreducing disaccharide of D-glucose. Although trehalose is
not endogenously produced in mammals and is hydrophilic, it
penetrates mammalian cell membranes via fluid-phase endocy-
tosis at millimolar concentrations (Zhang et al. 2017). Trehalose
has shown autophagy-dependent therapeutic effects against
mitochondrial dysfunction, inflammation, cardiac disease, and
neurodegeneration (Korolenko et al. 2021; Sciarretta et al. 2018).
Mechanistically, trehalose enhances autophagy through multi-
ple pathways, including activating AMPK signaling, incorporat-
ing into autophagosomes, and stimulating lysosomal activity (Xu
et al. 2019). Widely used in 3% w/v (87.7mM) ophthalmic formu-
lations, trehalose effectively treats dry eye disease by reducing
conjunctival inflammation, restoring osmotic balance, and pro-
tecting epithelial cells (Cagini et al. 2021). Its low-toxicity profile
supports topical administration at concentrations as high as 30%
(Laihia and Kaarniranta 2020), highlighting its potential for
high-dose or long-term applications. Alongside ongoing clinical
trials, preclinical studies on small molecule-based topical ther-
apies have demonstrated significant advantages as non-invasive
treatment options for retinal pathologies (Rodrigues et al. 2018).

Here, we explored age-related transcriptomic changes in human
and murine RPE and/or choroidal samples, as well as AMD
stage-specific alterations, focusing on autophagy and its asso-
ciated pathways. We conducted an interspecies comparison to
give provenance to examine the effects of trehalose on autoph-
agy flux, mitochondrial oxidative stress, and respiratory capac-
ity in primary murine RPE cells. Additionally, we evaluated the
therapeutic efficacy of topical trehalose in protecting against
RPE and photoreceptor damage in light-induced outer retinal
degeneration in mice.

2 | Results

2.1 | Autophagy, Mitophagy and Lysosome
Pathways Are Predominantly Downregulated in
Human RPE/Choroid With Age

To identify potential mechanisms contributing to the onset
of AMD, we extracted transcriptomic data of non-AMD indi-
viduals from a recent study to analyze age-associated changes
in human RPE/choroid samples (Orozco et al. 2023). Due to
the lack of young donor eyes in the dataset, Orozco et al. con-
ducted a linear analysis of macular RPE/choroid samples from
36 normal control donors aged 50 to 94years, with a mean
age of 70.5+13.6years and a mixed-gender cohort (Orozco
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et al. 2023). The original study identified 789 downregulated
and 725 upregulated genes correlated with increasing age
(Data S1 and Figure S2a,b), without further stratification.
We noted that age-associated DEGs had a much narrower
[log2FCl range (0.01-0.08) compared to dry AMD (dAMD)
stage-associated DEGs (0.06-0.71), both derived from sim-
ilar linear analysis with padj <0.05. This is consistent with
evidence that gene expression changes during aging, though
often modest, remain biologically important, in contrast to the
more pronounced shift observed in development or disease
states (Kumar et al. 2013; Vifiuela et al. 2018). Leveraging this
dataset, we performed pathway analyses to explore transcrip-
tomic alterations associated with aging. Donor information,
including sample size, gender, age, and post-mortem time,
is available in Data S1. Detailed sample metadata can be ac-
cessed through the Zenodo repository via the original publica-
tion (Orozco et al. 2023).

As shown in Figure 1a, the top Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways associated with age-related down-
regulated DEGs were linked to cellular transport and signaling
(endocytosis, Rapl signaling, MAPK signaling, apelin signal-
ing, and axon guidance), cellular degradation and recycling
(proteolysis, lysosome, and mitophagy), metabolic pathways
(fatty acid metabolism, N-glycan biosynthesis, and sphingolipid
signaling), and cellular stress and protein synthesis (chemical
carcinogenesis—reactive oxygen species (ROS) and ribosome).
In contrast (Figure 1b), upregulated genes were significantly
enriched in structure and adhesion pathways (cytoskeleton and
tight junction), protein and lipid metabolism (protein digestion
and absorption, lysine degradation, and glycerophospholipid
metabolism), signaling pathways (Notch, Hedgehog, and mTOR
signaling), and disease-associated pathways (dilated cardio-
myopathy and alcoholic liver disease). These results indicate a
mixed regulation of cellular signaling and metabolic pathways
and patterns of downregulation in mitophagy and lysosome
pathways.

Membership analysis further revealed that the autophagy
pathway displayed predominant downregulation with age
(p=0.00059), alongside a significant albeit minor upregulation
(p=0.02) (Figure 1c). Similarly, pronounced age-related down-
regulation was confirmed in mitophagy (p=3.2e-5) and the
Lysosome pathway (p=1.2e—5), while a minor upregulation in
the lysosome pathway was also noted (p=0.048).

To further elucidate the extent of transcriptomic dysregulation
in autophagy-lysosome pathways with age, we analyzed the
lists of downregulated and upregulated genes in conjunction
with a previously identified autophagy-lysosome gene set (Bordi
et al. 2021). This gene set covers a broader range of 604 genes
and more diverse categories based on their roles within these
pathways, compared to the KEGG terms autophagy (hsa04140)
and lysosome (hsa04142), which only include 169 and 132 genes,
respectively. Consistent with the pathway analysis, we found a
greater number of downregulated genes across most autophagy
pathway categories, except for docking and fusion (Figure 1d).
Bidirectionally regulated genes predominantly aligned with
mTOR and upstream components, autophagy core machinery,
and lysosome pathways, suggesting a complex interplay of tran-
scriptional responses aimed at mitigating age-associated cellular

stress as well as potential impairments in autophagic and lyso-
somal functions (Figure 1d). A full list of DEGs overlapped with
the broader autophagy-lysosome pathway categories is provided
in Data S2.

2.2 | Autophagy and Mitophagy Pathways Are
Predominantly Downregulated in Mouse RPE With
Age, Resembling Human Data

We next evaluated whether transcriptomic changes in autoph-
agy and related pathways in aging mouse eye tissue reflect those
observed in humans, focusing specifically on the RPE due to its
high autophagic demands and susceptibility to aging (Intartaglia
et al. 2022). Male mice were used to minimize sex-dependent
variations in autophagy (Bjornson et al. 2024). RNA-seq anal-
ysis was performed on murine RPE cells isolated from 5- and
22-month-old mice, equivalent to human ages of 20-30 and
70-80years, respectively (Graff et al. 2021). The experiments
were conducted in two batches with a total of 6 eyes per group.
The sample information is provided in Data S3. After batch
correction, normalization, and exclusion of low read counts
(basemean <20), the gene dataset (Data S3) underwent qual-
ity control using iDEP.96, confirming comparable distribution
of transformed expression values across samples (Figure Sla).
Minimal variation within each age group and clear separation
between the two age groups were confirmed by principal com-
ponent analysis (PCA) (Figure S1b). Raw and processed gene
counts are listed in Data S3.

DESeq2 analysis identified 1412 downregulated and 1694 up-
regulated DEGs (padj <0.05, llog2FC| >0.25) in aged RPE com-
pared to young controls (Figure 2a and Data S3). Enrichment
analysis using the PaGenBase dataset via Metascape showed
that both downregulated and upregulated DEGs were predom-
inantly associated with the RPE (Figure 2b). The upregulated
genes were also strongly associated with tissues specific to eye,
retina, or brain. This finding validated the purity of the RPE
samples, supporting the western blot analysis showing RPE65-
positive and rhodopsin-negative fractions as we reported else-
where (Scott et al. 2021).

As shown in Figure 3a, the top KEGG-enriched terms for down-
regulated DEGs in aged mouse RPE include pathways related
to cellular signaling and regulation (Rapl signaling, apelin
signaling, PPAR signaling, focal adhesion, and gap junction),
metabolism and biosynthesis (fatty acid metabolism, regula-
tion of lipolysis in adipocytes, and tyrosine metabolism), cellu-
lar processes and degradation (mitophagy, peroxisome, protein
processing in endoplasmic reticulum, axon guidance, and sal-
monella infection), and disease-related pathways (chemical car-
cinogenesis—ROS, pathway in cancer, and fluid shear stress and
atherosclerosis). Upregulated DEGs are enriched in pathways
involving the nervous system and synaptic function (synaptic
vesicle cycle, GABAergic synapse, phototransduction, nicotine
addiction, and axon guidance), cellular signaling and commu-
nication (calcium signaling, chemokine signaling, MAPK sig-
naling, cell adhesion molecules, and ECM-receptor interaction),
immune responses (natural killer cell-mediated cytotoxicity,
primary immunodeficiency, and Fc gamma R-mediated phago-
cytosis), and metabolic and immune-related disease pathways
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FIGURE1 |

downregulated (a) and upregulated (b) genes identified through a linear analysis of RNA-seq data from macular RPE/choroid samples of 36 normal
controls aged 50-94years (mean 70.5+13.6, mixed gender) (Orozco et al. 2023). Pathway enrichment analysis was conducted using the Metascape
platform with default setting: p cutoff=0.01, minimum overlap =3, and minimum enrichment=1.5. (c) Membership analysis conducted through
Metascape for upregulated (left) and downregulated (right) genes enriched in specific KEGG pathway terms, including Autophagy (hsa04140),
Mitophagy (hsa04137), and lysosome (hsa04142). The outer circle represents the percentage and number of total genes associated with the pathway,
while the inner circle shows the percentage and number of input genes mapping to the pathway. The P-value above the pie chart indicates the statis-
tical significance of the gene set membership to the pathway term. (d) Number of downregulated (blue) and upregulated (red) genes in each category

based on a broader autophagy-lysosome gene list (Bordi et al. 2021).

Predominant downregulation of autophagy-lysosomal pathways in aged human RPE/choroid. (a, b) Top enriched KEGG pathways of
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FIGURE 2 | Volcano plot and PaGenBase enrichment of DEGs in aged mouse RPE. RPE cells isolated from eyes of 5- and 22-month-old male
C57BL/6J mice (n=6 eyes per group) were subjected to RNA-seq analysis. (a) The volcano plot displays significantly downregulated (blue) and upreg-
ulated (red) DEGs, with the number of DEGs indicated. Statistical thresholds were set at padj <0.05 and I1og2FCl| > 0.25. Genes without significant
changes are presented in gray. (b) PaGenBase enrichment analysis, performed via Metascape, illustrates cell and tissue specificity of downregulated

and upregulated DEGs. The entire genome was used as the enrichment background. Terms with p cutoff =0.01, minimum overlap = 3, and minimum

enrichment =1.5 were identified and grouped into clusters based on membership similarities.

(dilated cardiomyopathy, Type II diabetes mellitus, and rheuma-
toid arthritis).

Between mouse RPE and human RPE/choroid, the mitophagy
pathway was one of the consistently downregulated pathways
with age in both species. Other overlapping downregulated
pathways include chemical carcinogenesis—ROS, Rapl

signaling, fatty acid metabolism, apelin signaling, and salmo-
nella infection (Figures 1a and 3a), while overlapping upreg-
ulated pathways include dilated cardiomyopathy (Figures 1b
and 3b). However, certain pathways showed opposite trends
between species. For example, MAPK signaling was downreg-
ulated in aged human RPE/choroid (Figure 1a) but upregu-
lated in aged mouse RPE (Figure 3b). Additionally, the axon
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FIGURE 3 | Predominant downregulation of autophagy-lysosomal pathways in aged mouse RPE. (a, b) Top enriched KEGG pathways of down-
regulated (a) and upregulated (b) DEGs identified through RNA-seq analysis of RPE cells isolated from 5- and 22-month-old male C57BL/6J mice
(n=6 per group). Pathway enrichment analysis was conducted using the Metascape platform with default setting: p cutoff=0.01, minimum over-
lap=3, and minimum enrichment=1.5. (c) Membership analysis conducted through Metascape for upregulated (left) and downregulated (right)
genes enriched in specific KEGG pathway terms, including Autophagy (mmu04140), Mitophagy (mmu04137), and lysosome (mmu04142). The outer
circle represents the percentage and number of total genes associated with the pathway, while the inner circle shows the percentage and number of

input genes mapping to the pathway. The p-value above the pie chart indicates the statistical significance of the gene set membership to the pathway

term. (d) Number of downregulated (blue) and upregulated (red) genes in each category based on a broader autophagy-lysosome gene list (Bordi

et al. 2021).

guidance pathway showed downregulation in aged human
samples (Figure 1a), whereas it exhibited bidirectional regu-
lation in mice (Figure 3a,b).

Comparable to the human RPE/choroid data (Figure 1c), the
membership analysis of mouse RPE showed a significant down-
regulation in autophagy (p = 5.3e—8) and mitophagy (p =1.5e-5)
pathways (Figure 3c). The lysosome pathway in mice exhibited
mixed regulation (upregulation: p=0.037; downregulation:
p=0.048).

The connection between dysregulated genes and autoph-
agy pathways was next cross-referenced with the broader
autophagy-lysosome gene list (Bordi et al. 2021). Similarly to
human data (Figure 1d), DEGs associated with autophagy-
lysosome were overwhelmingly downregulated across all
categories (Figure 3d), while the majority of bidirectionally
regulated DEGs were involved in mTOR signaling, autophagy
core, and lysosome pathways (Figure 3d and Data S4). This
cross-species similarity underscores the significant dysreg-
ulation of these key autophagy-related pathways, which are
linked to RPE aging.

2.3 | Transcriptomic Changes in Aging Human
RPE/Choroid and Mouse RPE Exhibit Considerable
Overlap, Particularly in Downregulated Pathways

Using Metascape (Zhou et al. 2019), we conducted a multiple
gene list analysis to compare the correlation and diversity of
transcriptomic signatures of aging between humans and mice.
As shown in Figure S2a,b, 108 genes were downregulated in
both human RPE/choroid (out of 789 total downregulated genes)
and mouse RPE (out of 1438) with age. Meanwhile, 65 genes were
upregulated in both humans (out of 725) and mice (out of 1760).
A complete list of overlapping genes is provided in Data S5.

KEGG pathway enrichment analysis revealed that the overlap-
ping downregulated genes between the two species were signifi-
cantly associated with pathways including fatty acid metabolism
and degradation, mitophagy and autophagy, endocytosis, axon
guidance, hippo signaling, cellular responses to Salmonella, and
various cancer-related pathways (Figure S2c). In contrast, fewer
overlapping pathways were identified in the upregulated genes,
which were primarily related to cytoskeleton, protein digestion,
and dilated cardiomyopathy (Figure S2d).

Membership analysis unveiled that several key transcriptomic
pathways associated with aging were shared between humans

and mice (Figure S3). Pathways linked to RPE melanogenesis
(Figure S3a,b), cellular stress response (Figure S3c,d), and mi-
tochondrial respiratory function (Aerobic respiration and respi-
ratory electron transport pathway, Figure S3e,f) were similarly
downregulated in both species, whereas bidirectional regula-
tions were observed in immune system pathways (Figure S3g,h).
The findings that age-associated regulatory patterns of critical
pathways are common to human and mouse samples reinforce
the value of mouse models for studying aging-related changes
in the RPE.

2.4 | Autophagy and Lysosome Pathways Show
Stage-Specific Transcriptomic Changes in Human
RPE/Choroid During AMD Progression

We have identified a predominant downregulation of genes in-
volved in autophagy-related pathways in aged human RPE/cho-
roid, which contrasts with the upregulated autophagy pathways
observed in AMD samples of mixed severity stages (Orozco
et al. 2023; Ramirez-Pardo et al. 2023). Recognizing AMD as a
chronic and progressive disease that likely exhibits stage-specific
molecular signatures, we next conducted membership analyses
for autophagy (has04140) and lysosome (has04142) pathways
to investigate stage-specific alterations in autophagic processes
associated with early AMD and throughout the progression of
the disease. These analyses utilized the same transcriptomic
dataset as above (Orozco et al. 2023), which is uniquely suited to
our study for stage-specific analysis due to the relatively robust
sample size, providing sufficient representation of each AMD
severity stage. Comparisons were made for each stage of dAMD,
including early (eAMD, n=16), intermediate iAMD, n=38), as
well as geographic atrophy (GA, n=10), and neovascular AMD
(nAMD, n=18), against normal controls (n =36). Additionally, a
linear analysis was conducted to assess transcriptomic changes
associated with dAMD progression from eAMD to GA. The
stage-specific and progression-correlated DEGs are listed in
Data S1. The AMD donor information, including disease stage,
sample size, gender, age, post-mortem time, is also provided
in Data S1. The sample metadata can be accessed through
the Zenodo repository via the original publication (Orozco
et al. 2023).

Compared to normal controls, the autophagy pathway showed
no significant changes in eAMD (Figure S4a). However, it
was notably upregulated in iAMD (p=9.1e—5), suggesting an
adaptive cellular response to mitigate increasing stress. In ad-
vanced stages, mixed regulation was observed, with evidence
of both upregulation (GA: p=0.0018; nAMD: p=7.2e—5) and
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downregulation (GA: p=0.0051; nAMD: p=0.011), indicating
a significant perturbation of autophagic activity (Figure S4a).
This is not surprising, as these late AMD stages are charac-
terized by extensive cell death in the RPE and excessive cellu-
lar stress imposed within the remaining, compromised cells.
Similarly, a linear analysis of dAMD progression from eAMD
to GA revealed concurrent upregulation (p=1.9e—6) and down-
regulation (p =0.0031) of the autophagy pathway (Figure S4b).

Consistent with the autophagy pathway, the mitophagy path-
way showed no changes in eAMD compared to normal controls
(Figure S4c). However, it was upregulated in iAMD (p=0.0097)
and GA (p=0.0066), while exhibiting bidirectional dysregu-
lation in nAMD (Upregulation: p=0.0026; Downregulation:
p=0.0061). Linear analysis of dAMD progression revealed a
significant upregulation of the mitophagy pathway (p=7.3e-5,
Figure S4d).

Stage-specific analysis of the lysosome pathway unveiled mixed
regulation in eAMD (upregulation: p=0.0019; downregulation:
p=0.03) and nAMD (upregulation: p=0.0024; downregula-
tion: p=0.027). In contrast, iIAMD and GA exhibited predom-
inant upregulation of the lysosomal pathway (p=5.5e—18 and
p=0.00019, respectively) (Figure S4e). The lysosome pathway
showed predominant upregulation during the progression of
dAMD (p=3.1e—8, Figure S4f).

To corroborate these changes in autophagy and lysosome
pathways, we analyzed the immune system pathway (R-
HAS-168256), which demonstrated consistent and significant
dysregulation across all stages of dAMD and nAMD, with a pre-
dominant trend toward upregulation (Figure S4g,h). Similarly,
the MAPK signaling pathway (has04010) exhibited an overall
upregulation across stages of AMD (Figure S4i,j).

These findings highlight dynamic, stage-specific transcriptomic
alterations that occur during the onset and progression of AMD,
emphasizing the complexity of molecular changes underlying
disease development.

2.5 | Trehalose Stimulates Autophagy Flux

and Mitigates Hydrogen Peroxide-Induced
Oxidative Stress and Mitochondrial Dysfunction in
Mouse RPE Cells

The analysis thus far has demonstrated AMD stage-dependent
variations in transcriptomic pathways related to autophagy and
mitophagy, with a trend toward upregulation in the intermedi-
ate and late stages. Given the context of cellular damage and cell
loss in AMD at these stages (Collin et al. 2023), these changes
likely represent compensatory responses by remaining cells to
increased cellular stress and waste accumulation. In contrast,
autophagy and mitophagy pathways exhibited minimal changes
in early AMD compared to non-AMD controls, though they
were still influenced by age-related downregulation. These find-
ings suggest a potential window for preventive intervention to
mitigate severe degeneration in later stages. This rationale led
us to investigate whether enhancing autophagy activity through
trehalose pre-treatment could prevent oxidative stress-induced
RPE and outer retinal degeneration in murine models.

To start, we examined the effects of autophagy enhancement
via trehalose in vitro, based on reported effective doses of tre-
halose (1 to 100mM) in various cell types, including human
primary or iPSC-derived RPE cells (Fisher et al. 2022). The tox-
icity of the treatment in primary murine RPE cells was assessed
through a lactate dehydrogenase (LDH) assay and mito stress
test. Our results demonstrated that trehalose concentrations up
to 12.5mM did not compromise cell membrane integrity or mi-
tochondrial oxygen consumption rate (OCR) in the tested cells
(Figure S5a-c), and trehalose at 12.5mM was therefore adopted
for modulating autophagy in primary RPE cells.

To assess autophagy flux, we used tandem-tagged dual fluoro-
phore probes, GFP (green) and RFP (red), to track the matu-
ration of autophagosomes and the formation of autolysosomes
following the fusion to lysosomes. In untreated cells (Figure 4a,
top), the RFP-GFP- microtubule-associated protein 1 light chain
3 beta (LC3B) tandem tracker unveiled autophagosomes as colo-
calized RFP and GFP (GFP + RFP+; yellow). An increased num-
ber of GFP +RFP- (green) vacuoles indicates either enhanced
autophagosome formation due to upstream autophagy activation
or autophagosome accumulation resulting from impaired lyso-
somal fusion, depending on the state of downstream autophagy
flux. As autophagosomes fuse with lysosomes, the acid-sensitive
GFP diminishes, distinguishing autolysosomes (GFP-RFP+;
red). Further validation was achieved by colocalizing RFP with
Lysotracker (magenta). In cells with inhibited autophagy, such
as those treated with chloroquine (CQ) (Figure 4a, middle),
which blocks autophagosome-lysosome fusion and slows lyso-
somal acidification, autophagy flux was obstructed, resulting in
autophagosome accumulation and a much more prominent GFP
signal than RFP.

In contrast, treatment with trehalose in RPE cells led to an
increase in the RFP signal colocalized with Lysotracker, in-
dicating augmented autophagy flux (Figure 4a, bottom). As
shown in Figure 4b, no difference was observed in the number
of GFP+RFP- vacuoles, indicating efficient autophagosome-
lysosome fusion. Trehalose significantly increased the number
of autolysosome (GFP-RFP+) vacuoles, as well as the RFP:GFP
ratio (Figure 4b), confirming a substantial enhancement of au-
tophagy flux.

Using an in vitro model of acute oxidative stress induced by hy-
drogen peroxide (H,0,), we found that enhancing autophagy
flux in RPE cells with trehalose effectively attenuated H,O,-
induced cytoplasmic production of mitochondrial superoxide
(MitoSOX, Figure 4c). Moreover, the OCR of the stressed cells,
with or without the presence of trehalose, was measured before
and after the addition of an ATP synthase inhibitor oligomycin
and an electron transport chain uncoupler FCCP. While basal
respiration (BR) of the mitochondria remained unchanged,
H,0, markedly reduced the maximal respiration (MR), which
was significantly restored by trehalose (Figure 4d).

2.6 | Topical Trehalose Enhances RPE Autophagic
Activity in Mice

As trehalose enhanced autophagy flux and protected against
mitochondrial oxidative stress in mouse primary RPE cells,
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we evaluated its effect in vivo via topical application. In our
study, twice-daily administration of trehalose eyedrops at 3%
(87.7mM) or 9% (263.1 mM) concentrations (10uL in PBS) over
2weeks showed no significant side effects on the ocular surface
or retina in treated mice (Figure S6). To maximize trehalose
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accessibility to the posterior segment of the eye, the higher dose
was selected for subsequent experiments.

Raman spectroscopy detected trehalose in posterior ocular tis-
sues following seven topical doses in a blinded analysis. PBS
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FIGURE 4 | Trehalose effects in inducing autophagy flux and protecting mitochondrial activity against oxidative stress in primary murine RPE
cells. (a) Confocal images of untreated RPE cells (top), and RPE cells treated with chloroquine (CQ, 50 uM, middle) or trehalose (12.5mM, bottom)
showing LC3B tandem tracker-stained autophagosome (LC3B-GFP, Green) and autolysosome (LC3B-RFP, Red), Lysotracker-stained lysosome (Blue)
and Hoescht-stained nuclei (Cyan). (b) Quantification of autophagosomes (GFP + RFP- vacuoles), autolysosomes (GFP-RFP+ vacuoles), and autoph-
agy flux (RFP:GFP ratio, bottom) in trehalose-treated RPE cells (n=9), compared to control cells (n =14). (c) Confocal images of MitoSox staining
(red) in untreated RPE cells (top left), and RPE cells treated with trehalose (12.5mM, top right), H,0, (60 uM, bottom left), or a combination of both
(bottom right). Hoescht staining in blue. (d) Oxygen consumption rate (OCR) profile (top) and basal respiration (BR) and maximal respiration (MR)
parameters (bottom) of RPE cells treated with trehalose, H,O,, or their combination, compared to untreated cells (n=3). Comparison by Mann
Whitney test for GFP + RFP- (nonnormal data), Welch's tests for GFP-RFP+ and RFP:GFP (normal data with unequal variances) (b), or two-way

ANOVA with Bonferroni tests for OCR parameter analysis (d). *p <0.05; **p <0.01; ns, nonsignificant.

was used as the solvent to mimic the natural tear film, main-
tain physiological osmolarity and pH, and increase biocompat-
ibility. Trehalose-specific spectral signatures were identified
by comparing naive tissues (negative controls) with tissues
spiked with 1mM trehalose (positive controls) (Figure S7a,b)
as well as pure trehalose in water. Seven characteristic peaks
in the fingerprint region, including 1002cm™ (phenylalanine),
1030cm™! (C-H bending, v(CC) skeletal), 1321 cm™! (amide IIT
(a-helix)), 1322cm™ (CH,-CH, twisting), 1323cm™" (CH defor-
mation), 1464cm™ (Fermi interaction 8(CH,) and y(CH,)), and
1555cm™! (amide IT), were present in positive controls and pure
trehalose but absent in negative controls. For the analysis of ex-
perimental samples (Figure S7c,d), heatmaps were generated
based on the four most dominant peaks: 1321, 1322, 1323 and
1555cm™!. As shown in Figure S7e, all four trehalose-treated
RPE/choroidal samples tested positive for these peaks, while
PBS samples showed at least one negative peak. Notably, two
PBS-treated RPE/choroid samples (#5 and 6) exhibited partial
positivity (#5: 3 peaks; #6: 1 peak), suggesting a degree of spec-
tral overlap between PBS and trehalose (Baker et al. 2014). In
the retina (Figure S7d), three of four trehalose-treated samples
showed positivity in all four peaks, whereas one (#11) had no
detectable trehalose, suggesting limited penetration. These find-
ings indicate that topical trehalose in PBS successfully reaches
posterior ocular tissues, with potentially greater penetration ef-
ficiency in the RPE/choroid than in the retina. This aligns with
evidence that hydrophilic drugs like trehalose primarily diffuse
laterally through conjunctival and scleral routes toward the RPE
(Hughes et al. 2005).

Autophagy flux after 2weeks of treatment was determined
by immunofluorescence co-staining of retinal sections with
the autophagosome marker LC3B and the lysosome marker
lysosomal-associated membrane protein 1 (LAMP1). Compared
to the PBS-treated control, increased LC3B immunopositivity
(red) was detected in the inner segment (IS) and RPE layers of
the trehalose-treated eyes, along with a pronounced increase
in LAMP1 signal (blue) in the RPE (Figure 5a). Colocalization
of LC3B and LAMP1 signals (purple) in the RPE further con-
firmed enhanced autolysosome formation. Additionally, seques-
tosome-1 (SQSTM1)/p62 (from hereon p62), an intracellular
waste cargo protein and marker of autophagic degradation that
decreases with increased autophagy activity, was reduced in
trehalose-treated eyes compared to PBS controls (Figure 5b).
Quantitative analysis of mean fluorescence intensity (MFI)
demonstrated significant increases in LC3B and LAMPI1
(Figure 5¢) and a decrease in p62 immunopositivity (Figure 5¢)

in the RPE of trehalose-treated eyes compared to PBS-treated
controls.

2.7 | Topical Trehalose Suppresses RPE
and Photoreceptor Loss in a Light-Induced Retinal
Degeneration Model

Having confirmed that topical trehalose enhances autophagic
activity in murine RPE, we proceeded to evaluate its protective
potential in a subacute stress model of light-induced retinal de-
generation (LIRD). Experimental models of light-induced reti-
nal damage are characterized by oxidative stress, inflammation,
and autophagic alterations in the outer retina and RPE (Chen
et al. 2013; Ding et al. 2017; Liu et al. 2024). These models have
been widely used as a suitable pre-clinical approach to inter-
rogate pathways operative in dry AMD and assess potential
therapeutic interventions (Carozza et al. 2024). Consistent with
previous reports, we confirmed autophagic alterations in the
LIRD mice (Figure S8), evidenced by significantly increased
immunostaining for LC3B and p62 in RPE 1 week after intense
light exposure, indicating impaired cellular clearance. However,
LAMPI1 remained unchanged, suggesting selective dysregula-
tion of autophagy activities.

Seven mice were pre-treated with topical trehalose (9% in
10uL PBS), while an equal number was treated with PBS
alone, administered twice daily for 7days before light expo-
sure. The left eye of each mouse underwent fluorescein (FL)-
assisted light injury in a blinded manner, with the right eye
serving as the control. Seven days post-light induction, PBS-
treated eyes exhibited extensive retinal damage (Figure 6a)
and over 60% thinning of the outer nuclear layer (ONL,
p<0.0001, Figure 6b). In contrast, trehalose pre-treatment
significantly alleviated the damage, reducing ONL loss by 53%
(p<0.001, Figure 6b). Importantly, although trehalose treat-
ment elevated basal autophagy flux in mouse eyes (Figure 5),
no discernible differences were observed in fundus or optical
coherence tomography (OCT) examination or ONL thickness
in unchallenged eyes (Figure 6).

To assess RPE morphology and integrity, RPE flatmounts of
five randomly selected mice per group in the same experi-
mental setup were stained with Phalloidin to visualize F-actin
junctions (Xiong et al. 2019). Images were captured from four
representative areas 0.4 mm away from the optic nerve head
(ONH)oneach flatmount. Asshownin Figure 6¢,light-induced
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FIGURE 5 | Modulation of markers of autophagy activity in murine RPE with topical trehalose application. (a) Representative confocal images
of LC3B (red) and LAMP1 (blue) staining in retinal sections. Merge channel shows nuclei in gray, and colocalization between LC3B and LAMP1 in
magenta at the RPE layer. Boxed areas indicate part of the RPE region of interest. (b) Representative confocal images of p62 (green) staining in retinal
sections. Merge channel shows nuclei in gray. Scale bar =50 um. (c) Quantification for the mean fluorescence intensity (MFI) of LC3B, LAMP1 and
p62 signals in 3 different fields at the RPE region from each section (PBS: N=6; Tre: N=5). Comparison by Student's t-tests for LC3B, LAMP1 and
p62 (all normal data with equal variances) (c). *p <0.05; **p <0.01.

injury caused evident damage to the RPE, illustrated by en- Using a scoring protocol for RPE toxicity (Xiong et al. 2019),
larged cells, disrupted hexagonal morphology, and disarray PBS-treated LIRD eyes showed a significant increase in tox-
of the F-actin structure. Topical trehalose pre-treatment pre- icity grade, which was attenuated by trehalose pre-treatment
served RPE morphology and F-actin organization (Figure 6c). (Figure 6d).
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FIGURE 6 | Protective effects of topical trehalose pre-treatment in a murine model of light-induced outer retinal degeneration. (a) Representative

fundus (top) and OCT (bottom) images comparing PBS-treated (top row) and trehalose-treated (bottom row) eyes, captured 7days post-light chal-
lenge. The green line demarks the scan line for corresponding OCT images. One-time light exposure (right column) was applied to the left eyes af-
ter 7days of pre-treatment with either PBS or trehalose, followed by continued application for an additional 7days before tissue harvest. Right eyes
without light challenge served as undamaged controls (left column). (b) Quantification of averaged outer nuclear layer (ONL) thickness across the
four groups (n=7) was performed in a blinded manner. (c) Representative confocal images of RPE flatmounts displaying F-Actin junction staining
(magenta) and nuclei (cyan). Scale bar =50 um. (d) Scoring of RPE toxicity using an established protocol in a blinded manner (n = 5). Comparisons by

two-way ANOVA with Holm-Sidék tests (b, d). *p <0.05; ***p <0.001; ****p < 0.0001.

3 | Discussion

Here, we demonstrate a significant decline in autophagy path-
ways associated with RPE aging in both humans and mice,
accompanied by further disruption and severe dysregulation
across AMD severity stages. Furthermore, we present evidence
showing the protective effects of topical trehalose in mitigat-
ing oxidative damage and light-induced degeneration in mouse
RPE. This study provides important insights into the intercon-
nected roles of aging and autophagy disruption in RPE dysfunc-
tion, supporting the potential of trehalose to enhance autophagy

and restore age-related decline, thus potentially attenuating
AMD progression.

Aging is a major risk factor for RPE dysfunction, driven by the
tissue's high metabolic demands throughout the lifespan (Wang
et al. 2020). Although a direct comparison of age-associated
transcriptomic changes between human RPE/choroid and
mouse RPE is not fully analogous, our analyses reveal signif-
icant overlaps in downregulated pathways crucial for RPE
function. These include autophagy/mitophagy, melanogene-
sis, stress response, mitochondrial respiration, and fatty acid

12 of 16

Aging Cell, 2025

85U8017 SUOWILLOD 8A1I8.1D) 3ot (dde au3 Aq peuenob a8 Se il O ‘8sN JO S8|nJ o} Akeud 1 8UljUQ AB|IA UO (SUOTHPUOD-PUE-SWBI L0 A3 1M A eiq U1 |Uo//:Sdny) SUOIPUOD pue sWs | 841 88S *[5202/50/90] Uo Akeiqiautjuo A8|1M ‘seoinses Aridi TON uopuoebe|oD AiseAluN Ad T80 [Ie/TTTT OT/I0p/L0o A 1M ARIq Ul |uo//Sciy WOl papeo|umod ‘0 ‘92.6vLT



metabolism (Figures 1, 3, S2, and S3). Our findings corrobo-
rate previous studies reporting age-related reductions in mel-
anin granules, autophagic activity, and metabolic capacity in
response to oxidative stress and lipid metabolism in the RPE
(Intartaglia et al. 2022; Sarna et al. 2003). Specifically, we iden-
tify a predominant downregulation of autophagy pathways with
age, supporting an age-associated decline in cellular clearance
mechanisms (Crabb 2014; Wang et al. 2009). This decline leads
to the accumulation of damaged organelles and macromolecule
aggregates, which impair RPE function and reduce resilience to
cellular stress.

In contrast, the upregulated pathways showed fewer overlaps
between human and mouse samples, likely reflecting, at least
in part, differences in species-specific compensatory mech-
anisms or stress response pathways activated during aging
(Tyshkovskiy et al. 2023). For instance, the upregulation of the
dilated cardiomyopathy pathway in both species supports a
shared molecular link between aging RPE and cardiovascular
conditions (Chang et al. 2021). Furthermore, significant in-
terspecies differences were also evident, such as the opposing
trends in the MAPK signaling pathway, which was downreg-
ulated in human samples but upregulated in mouse samples
with age. The variations underline the need for caution when
translating certain findings from mouse models to human bi-
ology for accurate modeling.

While AMD is closely linked to aging, our study uncovers
previously unrecognized distinctions in autophagy-lysosome
transcriptomic changes in the RPE/choroid between aging
and AMD. Although aging is predominately associated with a
downregulation in autophagy and lysosome pathways, AMD
exhibits stage-specific regulation (Figure S4). In eAMD, there
were nonsignificant changes in autophagy-related transcripts
and significant bidirectional regulation in lysosome-related
transcripts, suggesting a partial but insufficient compensa-
tory response that may be undermined by age-related decline.
As eAMD progresses to iAMD, the disease is characterized by
pronounced upregulation of both autophagy and lysosome path-
ways, which we predict as an enhanced compensatory response
by surviving cells to increased cellular stress and waste accu-
mulation. However, in advanced AMD stages (GA and nAMD),
the dysregulation of autophagy and lysosome pathways became
more pronounced and bidirectional in general likely due to a loss
of control mechanisms and excessive decline in late-stage de-
generative cells, further exacerbating tissue damage. The data
highlights the critical importance of considering timing and
dosing for treatments targeting autophagy in relation to AMD
progression to maximize benefits and minimize potential side
effects (Ambati and Fowler 2012; Liu et al. 2023). This notion is
supported by evidence from Alzheimer's disease (AD) models,
where early autophagy induction conferred therapeutic benefits,
whereas late treatment was less effective in offering protection
in the experimental setting (Majumder et al. 2011).

The relevance of this study is the demonstration of autophagy
dysregulation as a critical factor in both aging and AMD pro-
gression, potentially contributing to the chronic processes un-
derlying disease onset and exacerbation. Trehalose, known for
its safety, efficient tissue penetration, and compatibility with
non-invasive delivery, is a promising candidate for managing

chronic disorders (Menzies et al. 2017). Long-term oral trehalose
(2% in drinking water for 8 months) has shown significant ef-
ficacy in reducing retinal degeneration and maintaining visual
function in mice with lysosomal hydrolase deficiencies (Lotfi
et al. 2018). However, translating oral trehalose benefits to hu-
mans is challenging due to enzymatic breakdown by trehalase
in the gastrointestinal tract, reducing drug bioavailability and
efficacy (Chen and Gibney 2023).

While topical delivery to the eye's posterior segment also poses
challenges due to anatomical barriers, preclinical studies sug-
gest that retinal delivery of small molecules is achievable
(Rodrigues et al. 2018). Drug penetration to posterior tissues oc-
curs via two major routes: the corneal and conjunctival/scleral
routes. However, much of the applied drug is eliminated into
the systemic circulation (Rodrigues et al. 2018), with less than
3% reaching the aqueous humor and even smaller amounts ac-
cessing the posterior segment. For hydrophilic drugs including
trehalose, lateral diffusion through conjunctival and sclera, fol-
lowed by penetration through Bruch's membrane and RPE, is
a plausible pathway for posterior delivery (Hughes et al. 2005).
These insights highlight the need to optimize topical therapies
for retinal diseases.

Several limitations of this study exist. First, caution is needed
when making interspecies comparisons. RPE cells from young
(5months) and aged (22months) mice were analyzed, equiva-
lent to human ages of 20-30 and 70-80years, respectively, but
human samples (aged 50-94years) lacked young individuals,
potentially leaving certain aspects of the comparison inaccurate.
Second, mouse tissues consisted of pure RPE cells, while human
data included RPE/choroid, introducing a confounding factor as
choroidal endothelium is also susceptible to autophagy-related
oxidative damage. This difference may contribute to interspe-
cies transcriptomic variations. Third, only male mice were used
in this study to minimize potential sex-dependent variations in
aging-related transcriptomic changes. However, this limits the
study's applicability, given the reported sex-based differences in
AMD prevalence and the potential influence of sex hormones
on disease pathology. Fourth, while trehalose's therapeutic ef-
fects were demonstrated in mice, the extent to which enhanced
autophagy protected against oxidative insults remains unclear.
Constrained by the scope of the study, the impact of trehalose
on other critical retinal pathology mechanisms, such as dys-
regulated inflammation and oxidized lipid deposition, was not
investigated. Understanding the complex network of protective
effects is critical for elucidating the full therapeutic potential
of trehalose in mitigating cellular stress and degenerative pro-
cesses in early AMD.

4 | Conclusions

This study reveals that the age-associated transcriptomic down-
regulation of autophagy pathways may predispose the RPE to a
loss of homeostasis and function. The relevance lies in the link
of such dysregulation to AMD progression, potentially contrib-
uting to disease onset and development. Trehalose demonstrates
significant potential to enhance autophagy flux and confer pro-
tection against subacute stress in a light-induced retinal degen-
eration model. Our findings support the therapeutic potential of
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targeting autophagy to protect against RPE damage and attenuate
AMD progression. Future studies on trehalose's protective ef-
fects in AMD should prioritize (1) the use of aging and chronic
models and inclusion of both male and female animals to better
align with human disease pathology; (2) larger animal models to
validate translational potential; and (3) sustained-release formu-
lations or advanced drug delivery techniques to enhance drug re-
tention, durability, and penetration to the RPE and outer retina.

5 | Materials and Methods
5.1 | Human Transcriptomic Data Mining

Human RNA-seq datasets (Orozco et al. 2023) were used for
RPE/choroidal analysis. The study included mixed-gender sub-
groups of 36 normal controls (mean age 70.5+13.6years), 16
eAMD (80.1+10.0), 8 iAMD (85.1+6.4), 10 GA (86.8 +5.8), and
18 nAMD (80.7 £11.4). DEGs significantly correlated with age,
or with dAMD progression from eAMD to GA identified via
linear analysis, and stage-specific DEGs for AMD compared to
normal controls were extracted from the original study.

Pathway enrichment of DEGs was performed using Metascape
(Zhou et al. 2019). The Membership Search feature was used with
specific keywords to query KEGG or Rectome pathways to iden-
tify associations between DEGs and pathways of interest. Default
parameters were used for enrichment analysis: p cutoff =0.01,
minimum overlap =3, and minimum enrichment=1.5.

5.2 | Mice

C57BL/6J male mice were from Charles River Laboratories and
housed in the Animal Services Unit at the University of Bristol, in
accordance with the Home Office Regulations. Treatment of the an-
imals conformed to UK legislation and the Association of Research
in Vision and Ophthalmology statement. The experiments involv-
ing animals were conducted in accordance with the approved
University of Bristol institutional guidelines and all experimental
protocols under Home Office Project License PP9783504 were ap-
proved by the University of Bristol Ethical Review Group.

Mice for RNA-seq analysis were randomly selected and eutha-
nized at ages of 5 and 22 months via cervical dislocation. Primary
RPE cell cultures were established from 8- to 10-week-old mice.
For in vivo experiments assessing the effects of topical trehalose
on the LIRD model, mice entered the study at 9weeks of age and
were culled after 2weeks for tissue analysis. All tissue samples
were collected 3-4h after the onset of the light cycle (lights ON
between 7:00am and 7:00 pm) to minimize circadian influences.

5.3 | Mouse RPE Isolation and RNA-Seq Analysis

Murine RPE cells were isolated as described before (Liu
et al. 2024; Scott et al. 2021) and in the Supporting Information.

RNA of RPE was extracted using RNeasy Mini kit (Qiagen)
and processed in the Genomics Facility at University of Bristol
for ScreenTape assessment to ensure RNA integrity (RIN) >7.

Library preparation was conducted using Illumina Stranded
Total RNA Prep with Ribo Zero Plus (Illumina), followed by se-
quencing using the Illumina NextSeq 550 platform with 2 X 75bp
by paired-end reads at a depth of 16 million reads.

Galaxy software was used to assess the quality of reads via FastQC,
followed by read trimming via Trimmomatic. Reads were aligned
using HISAT?2 and quantified using FeatureCounts. Batch correc-
tion of the counts from two independent experiments was per-
formed using R Studio v2023.06.1 with ComBat-seq. Corrected
counts were normalized by DESeq2, and lowly expressed genes
(basemean < 20) were removed. Normalized data of the remaining
14,220 genes were processed using iDEP.96 for logarithmic trans-
formation, quality control, and DEG identification (Ge et al. 2018).
p values were adjusted using the Benjamini-Hochberg method.
DEGs were selected based on a padj <0.05 and llog2FC| > 0.25.

Cell and tissue specificity analysis, along with pathway enrich-
ment, was conducted using the Metascape platform with the
PaGenBase and KEGG databases, respectively. Membership
analyses were applied with specified KEGG or Rectome terms.

5.4 | Primary Murine RPE Cell Culture
and In Vitro Analyses

Isolated RPE cells were treated with trehalose, alone or in com-
bination with hydrogen peroxide, followed by analysis of cyto-
toxicity, autophagy flux, mitochondrial respiratory activity, and
oxidative stress (Supporting Information).

5.5 | Topical Trehalose Administration
and Measurement

Trehalose (Sigma-Aldrich, T9449) powder was dissolved in ster-
ile PBS to create final concentrations of 3% or 9% w/v (87.6 or
262.8 mM) for topical application. For safety assessment, 10 uL
of the trehalose solution was applied to one eye, with an equal
volume of PBS applied to the contralateral eye twice daily at 6-h
intervals for 7 or 14 days.

To detect trehalose in posterior ocular tissues, eyes received
7 doses of 9% trehalose or PBS over 4days. One hour after the
final dose, RPE/choroid and retina tissues were dissected, resus-
pended in 25uL of molecular biology-grade water, and heated
at 100°C for 15min, followed by centrifugation at 16,000x g for
10min at 4°C. Supernatants were stored at —80°C until Raman
spectroscopy analysis (Supporting Information).

In the LIRD model, 9% trehalose or PBS was applied to both
eyes twice daily for 7days prior to the light challenge. Trehalose
treatment was paused on the day of the light challenge and re-
sumed for an additional 7 days.

5.6 | Light-Induced Retinal Degeneration
and Assessment of Therapeutic Effects

RPE and outer retinal degeneration in mice was induced by FL-
assisted light-induced oxidative damage as described before (Liu
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et al. 2024). Preventive effects of topical trehalose on the light-
induced retinal damage were assessed by Micron IV-guided
fundoscopy and OCT. Immunohistochemistry and fluorescence
staining were used to analyze autophagy marker expression
and RPE morphology in retinal cryo-sections and RPE/choroid
wholemounts (Supporting Information).

5.7 | Statistics

Statistical methods for RNA-seq analysis were described else-
where. All other statistical analyses were conducted using
GraphPad Prism 9.0. For data analysis on experiments with one
variable, normality of samples was determined by the Shapiro-
Wilk test, and homoscedasticity across groups with normal
data was measured via the F-test. Comparison between two
groups with a single variable was performed using an unpaired
two-tailed Student's t-test for normal data with equal vari-
ances (Figures 5c and S8c), Welch's test for normal data with
unequal variances (Figures 4b and S8c), or the Mann-Whitney
test if at least one group has non-normal data (Figure 4b). For
experiments involving more than two groups and one variable,
comparisons were measured using one-way ANOVA followed
by Bonferroni post hoc multiple comparisons if all groups
are normal and equal (Figure S5a). In experiments involving
two independent variables, we used two-way ANOVA with
Bonferroni tests for in vitro experiments (Figures 4d and S5c),
while with Holm-Sidak tests for in vivo experiments to enhance
statistical power and minimize the need for additional animals
(Figure 6b,d). Differences between groups were considered sig-
nificant at p <0.05. Results are presented as means +standard
deviation (SD).

Author Contributions

K.C, N.R,, M.T.P,, K.O., J.W,, and J.L. conducted the experiments and
analyzed the data. G.S., Z.L., S.C., and J.L.B.P. analyzed the data. K.C.,
J.L., N.R., and M.T.P. drafted the manuscript and prepared the figures.
J.L., A.D.D., L.B.N,, K.C., P.G.O., and L.J.H. conceptualized the study
and designed the experiments. J.L. and A.D.D. secured funding, pro-
vided supervision, and revised the manuscript. All authors reviewed,
revised, and approved the final version of the manuscript.

Acknowledgments

The authors wish to acknowledge the assistance of the Wolfson
Bioimaging Facility at the University of Bristol.

Ethics Statement

All animal protocols were approved by the University of Bristol Ethical
Review Group.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

All data are available in the main text or the Supporting Information.
The murine datasets used for this study can be found in the Gene
Expression Omnibus (GEO) repository under the accession number
GSE284125.

References

Ambati, J., and B. J. Fowler. 2012. “Mechanisms of Age-Related Macular
Degeneration.” Neuron 75, no. 1: 26-39. https://doi.org/10.1016/j.neu-
ron.2012.06.018.

Baker, A. E., A. R. Mantz, and M. L. Chiu. 2014. “Raman Spectroscopy
Characterization of Antibody Phases in Serum.” MAbs 6, no. 6: 1509-
1517. https://doi.org/10.4161/19420862.2014.975100.

Bjornson, K. J., A. M. Vanderplow, A. I. Bhasker, and M. E. Cahill.
2024. “Increased Regional Activity of a Pro-Autophagy Pathway in
Schizophrenia as a Contributor to Sex Differences in the Disease
Pathology.” Cell Reports Medicine 5, no. 7: 101652. https://doi.org/10.
1016/j.xcrm.2024.101652.

Bordi, M., R. De Cegli, B. Testa, R. A. Nixon, A. Ballabio, and F. Cecconi.
2021. “A Gene Toolbox for Monitoring Autophagy Transcription.” Cell
Death & Disease 12, no. 11: 1044. https://doi.org/10.1038/s41419-021-
04121-9.

Cagini, C., G. Torroni, M. Mariniello, G. Di Lascio, G. Martone, and A.
Balestrazzi. 2021. “Trehalose/Sodium Hyaluronate Eye Drops in Post-
Cataract Ocular Surface Disorders.” International Ophthalmology 41,
no. 9: 3065-3071. https://doi.org/10.1007/s10792-021-01869-z.

Carozza, G., D. Zerti, A. Tisi, M. Ciancaglini, M. Maccarrone, and R.
Maccarone. 2024. “An Overview of Retinal Light Damage Models
for Preclinical Studies on Age-Related Macular Degeneration:
Identifying Molecular Hallmarks and Therapeutic Targets.” Reviews
in the Neurosciences 35, no. 3: 303-330. https://doi.org/10.1515/revne
uro-2023-0130.

Chang, C. C., C. H. Huang, Y. C. Chou, J. Y. Chang, and C. A. Sun. 2021.
“Association Between Age-Related Macular Degeneration and Risk of
Heart Failure: A Population-Based Nested Case-Control Study.” Journal
of the American Heart Association 10, no. 15: e020071. https://doi.org/
10.1161/JAHA.120.020071.

Chen, A., and P. A. Gibney. 2023. “Dietary Trehalose as a Bioactive
Nutrient.” Nutrients 15, no. 6: 1393. https://doi.org/10.3390/nu15061393.

Chen, Y., O.Sawada, H. Kohno, et al. 2013. “Autophagy Protects the Retina
From Light-Induced Degeneration.” Journal of Biological Chemistry 288,
no. 11: 7506-7518. https://doi.org/10.1074/jbc.M112.439935.

Collin, J., M. S. R. Hasoon, D. Zerti, et al. 2023. “Single-Cell RNA
Sequencing Reveals Transcriptional Changes of Human Choroidal
and Retinal Pigment Epithelium Cells During Fetal Development, in
Healthy Adult and Intermediate Age-Related Macular Degeneration.”
Human Molecular Genetics 32, no. 10: 1698-1710. https://doi.org/10.
1093/hmg/ddad007.

Crabb, J. W. 2014. “The Proteomics of Drusen.” Cold Spring Harbor
Perspectives in Medicine 4, no. 7: a017194. https://doi.org/10.1101/cshpe
rspect.a017194.

Csaky, K. G., J. M. L. Miller, D. F. Martin, and M. W. Johnson. 2024.
“Drug Approval for the Treatment of Geographic Atrophy: How we Got
Here and Where we Need to Go.” American Journal of Ophthalmology
263:231-239. https://doi.org/10.1016/j.2j0.2024.02.021.

Ding, Y., B. Aredo, X. Zhong, C. X. Zhao, and R. L. Ufret-Vincenty. 2017.
“Increased Susceptibility to Fundus Camera-Delivered Light-Induced
Retinal Degeneration in Mice Deficient in Oxidative Stress Response
Proteins.” Experimental Eye Research 159: 58-68. https://doi.org/10.
1016/j.exer.2017.03.009.

Fisher, C. R., M. C. Ebeling, Z. Geng, et al. 2022. “Human iPSC- and
Primary-Retinal Pigment Epithelial Cells for Modeling Age-Related
Macular Degeneration.” Antioxidants (Basel) 11, no. 4: 605. https://doi.
0rg/10.3390/antiox11040605.

Fleckenstein, M., S. Schmitz-Valckenberg, and U. Chakravarthy. 2024.
“Age-Related Macular Degeneration: A Review.” Jama 331, no. 2: 147-
157. https://doi.org/10.1001/jama.2023.26074.

150f 16

85U8017 SUOWILLOD 8A1I8.1D) 3ot (dde au3 Aq peuenob a8 Se il O ‘8sN JO S8|nJ o} Akeud 1 8UljUQ AB|IA UO (SUOTHPUOD-PUE-SWBI L0 A3 1M A eiq U1 |Uo//:Sdny) SUOIPUOD pue sWs | 841 88S *[5202/50/90] Uo Akeiqiautjuo A8|1M ‘seoinses Aridi TON uopuoebe|oD AiseAluN Ad T80 [Ie/TTTT OT/I0p/L0o A 1M ARIq Ul |uo//Sciy WOl papeo|umod ‘0 ‘92.6vLT


https://doi.org/10.1016/j.neuron.2012.06.018
https://doi.org/10.1016/j.neuron.2012.06.018
https://doi.org/10.4161/19420862.2014.975100
https://doi.org/10.1016/j.xcrm.2024.101652
https://doi.org/10.1016/j.xcrm.2024.101652
https://doi.org/10.1038/s41419-021-04121-9
https://doi.org/10.1038/s41419-021-04121-9
https://doi.org/10.1007/s10792-021-01869-z
https://doi.org/10.1515/revneuro-2023-0130
https://doi.org/10.1515/revneuro-2023-0130
https://doi.org/10.1161/JAHA.120.020071
https://doi.org/10.1161/JAHA.120.020071
https://doi.org/10.3390/nu15061393
https://doi.org/10.1074/jbc.M112.439935
https://doi.org/10.1093/hmg/ddad007
https://doi.org/10.1093/hmg/ddad007
https://doi.org/10.1101/cshperspect.a017194
https://doi.org/10.1101/cshperspect.a017194
https://doi.org/10.1016/j.ajo.2024.02.021
https://doi.org/10.1016/j.exer.2017.03.009
https://doi.org/10.1016/j.exer.2017.03.009
https://doi.org/10.3390/antiox11040605
https://doi.org/10.3390/antiox11040605
https://doi.org/10.1001/jama.2023.26074

Ge, S. X., E. W. Son, and R. Yao. 2018. “iDEP: An Integrated Web
Application for Differential Expression and Pathway Analysis of RNA-
Seq Data.” BMC Bioinformatics 19, no. 1: 534. https://doi.org/10.1186/
$12859-018-2486-6.

Graff, B. I, S. J. Payne, and W. K. El-Bouri. 2021. “The Ageing Brain:
Investigating the Role of Age in Changes to the Human Cerebral
Microvasculature With an In Silico Model.” Frontiers in Aging
Neuroscience 13: 632521. https://doi.org/10.3389/fnagi.2021.632521.

Hernandez-Zimbrén, L. F., R. Zamora-Alvarado, L. De la Ochoa- Paz,
et al. 2018. “Age-Related Macular Degeneration: New Paradigms for
Treatment and Management of AMD.” Oxidative Medicine and Cellular
Longevity 2018: 8374647. https://doi.org/10.1155/2018/8374647.

Hughes, P. M., O. Olejnik, J. E. Chang-Lin, and C. G. Wilson. 2005.
“Topical and Systemic Drug Delivery to the Posterior Segments.”
Advanced Drug Delivery Reviews 57, no. 14: 2010-2032. https://doi.org/
10.1016/j.addr.2005.09.004.

Intartaglia, D., G. Giamundo, and I. Conte. 2022. “Autophagy in the Retinal
Pigment Epithelium: A New Vision and Future Challenges.” FEBS Journal
289, no. 22: 7199-7212. https://doi.org/10.1111/febs.16018.

Kaarniranta, K., J. Blasiak, P. Liton, M. Boulton, D. J. Klionsky, and
D. Sinha. 2023. “Autophagy in Age-Related Macular Degeneration.”
Autophagy 19, no. 2: 388-400. https://doi.org/10.1080/15548627.2022.
2069437.

Korolenko, T. A., N. I. Dubrovina, M. V. Ovsyukova, et al. 2021.
“Treatment With Autophagy Inducer Trehalose Alleviates Memory
and Behavioral Impairments and Neuroinflammatory Brain Processes
in db/db Mice.” Cells 10, no. 10: 2557. https://doi.org/10.3390/cells
10102557.

Kumar, A., J. R. Gibbs, A. Beilina, et al. 2013. “Age-Associated
Changes in Gene Expression in Human Brain and Isolated Neurons.”
Neurobiology of Aging 34, no. 4: 1199-1209. https://doi.org/10.1016/j.
neurobiolaging.2012.10.021.

Laihia, J., and K. Kaarniranta. 2020. “Trehalose for Ocular Surface
Health.” Biomolecules 10, no. 5: 809. https://doi.org/10.3390/biom1
00508009.

Liu, J., D. A. Copland, A. J. Clare, et al. 2024. “Replenishing Irak-M
Expression in Retinal Pigment Epithelium Attenuates Outer Retinal
Degeneration.” Science Translational Medicine 16, no. 750: eadi4125.
https://doi.org/10.1126/scitranslmed.adi4125.

Liu, J., D. A. Copland, S. Theodoropoulou, et al. 2016. “Impairing
Autophagy in Retinal Pigment Epithelium Leads to Inflammasome
Activation and Enhanced Macrophage-Mediated Angiogenesis.”
Scientific Reports 6: 20639. https://doi.org/10.1038/srep20639.

Liu, S., S. Yao, H. Yang, and Y. Wang. 2023. “Autophagy: Regulator of
Cell Death.” Cell Death & Disease 14, no. 10: 648. https://doi.org/10.
1038/s41419-023-06154-8.

Lotfi, P., D. Y. Tse, A. Di Ronza, et al. 2018. “Trehalose Reduces Retinal
Degeneration, Neuroinflammation and Storage Burden Caused by a
Lysosomal Hydrolase Deficiency.” Autophagy 14, no. 8: 1419-1434.
https://doi.org/10.1080/15548627.2018.1474313.

Majumder, S., A. Richardson, R. Strong, and S. Oddo. 2011. “Inducing
Autophagy by Rapamycin Before, but Not After, the Formation of
Plaques and Tangles Ameliorates Cognitive Deficits.” PLoS One 6, no. 9:
€25416. https://doi.org/10.1371/journal.pone.0025416.

Menzies, F. M., A. Fleming, A. Caricasole, et al. 2017. “Autophagy
and Neurodegeneration: Pathogenic Mechanisms and Therapeutic
Opportunities.” Neuron 93, no. 5: 1015-1034. https://doi.org/10.1016/].
neuron.2017.01.022.

Orozco, L. D., L. A. Owen, J. Hofmann, et al. 2023. “A Systems Biology
Approach Uncovers Novel Disease Mechanisms in Age-Related
Macular Degeneration.” Cell Genomics 3, no. 6: 100302. https://doi.org/
10.1016/j.xgen.2023.100302.

Ramirez-Pardo, I., B. Villarejo-Zori, J. I. Jiménez-Loygorri, et al. 2023.
“Ambral Haploinsufficiency in CD1 Mice Results in Metabolic Alterations
and Exacerbates Age-Associated Retinal Degeneration.” Autophagy 19, no.
3:784-804. https://doi.org/10.1080/15548627.2022.2103307.

Ramsay, E., T. Lajunen, M. Bhattacharya, et al. 2023. “Selective Drug
Delivery to the Retinal Cells: Biological Barriers and Avenues.” Journal
of Controlled Release 361: 1-19. https://doi.org/10.1016/j.jconrel.2023.
07.028.

Rodrigues, G. A., D. Lutz, J. Shen, et al. 2018. “Topical Drug Delivery
to the Posterior Segment of the Eye: Addressing the Challenge of
Preclinical to Clinical Translation.” Pharmaceutical Research 35, no.
12: 245. https://doi.org/10.1007/s11095-018-2519-x.

Sarna, T.,J. M. Burke, W. Korytowski, et al. 2003. “Loss of Melanin From
Human RPE With Aging: Possible Role of Melanin Photooxidation.”
Experimental Eye Research 76, no. 1: 89-98. https://doi.org/10.1016/
s0014-4835(02)00247-6.

Sciarretta, S., D. Yee, N. Nagarajan, et al. 2018. “Trehalose-Induced
Activation of Autophagy Improves Cardiac Remodeling After
Myocardial Infarction.” Journal of the American College of Cardiology
71, no. 18: 1999-2010. https://doi.org/10.1016/j.jacc.2018.02.066.

Scott, L. M., E. E. Vincent, N. Hudson, et al. 2021. “Interleukin-33
Regulates Metabolic Reprogramming of the Retinal Pigment Epithelium
in Response to Immune Stressors.” JCI Insight 6, no. 8: €129429. https://
doi.org/10.1172/jci.insight.129429.

Tyshkovskiy, A., S. Ma, A. V. Shindyapina, et al. 2023. “Distinct
Longevity Mechanisms Across and Within Species and Their
Association With Aging.” Cell 186, no. 13: 2929-2949. https://doi.org/
10.1016/j.cell.2023.05.002.

Viniuela, A., A. A. Brown, A. Buil, et al. 2018. “Age-Dependent Changes
in Mean and Variance of Gene Expression Across Tissues in a Twin
Cohort.” Human Molecular Genetics 27, no. 4: 732-741. https://doi.org/
10.1093/hmg/ddx424.

Wang, A. L., T. J. Lukas, M. Yuan, N. Du, M. O. Tso, and A. H.
Neufeld. 2009. “Autophagy and Exosomes in the Aged Retinal Pigment
Epithelium: Possible Relevance to Drusen Formation and Age-Related
Macular Degeneration.” PLoS One 4, no. 1: e4160. https://doi.org/10.
1371/journal.pone.0004160.

Wang, S., Y. Zheng, Q. Li, et al. 2020. “Deciphering Primate Retinal
Aging at Single-Cell Resolution.” Protein & Cell 12, no. 11: 889-898.
https://doi.org/10.1007/s13238-020-00791-x.

Xiong, W., D. M. Wu, Y. Xue, et al. 2019. “AAV Cis-Regulatory
Sequences Are Correlated With Ocular Toxicity.” Proceedings of the
National Academy of Sciences of the United States of America 116, no. 12:
5785-5794. https://doi.org/10.1073/pnas.1821000116.

Xu, C., X. Chen, W. B. Sheng, and P. Yang. 2019. “Trehalose Restores
Functional Autophagy Suppressed by High Glucose.” Reproductive
Toxicology 85: 51-58. https://doi.org/10.1016/j.reprotox.2019.02.005.

Zhang, M., H. Oldenhof, H. Sieme, and W. F. Wolkers. 2017. “Combining
Endocytic and Freezing-Induced Trehalose Uptake for Cryopreservation
of Mammalian Cells.” Biotechnology Progress 33, no. 1: 229-235. https://
doi.org/10.1002/btpr.2399.

Zhou, Y., B. Zhou, L. Pache, et al. 2019. “Metascape Provides a Biologist-
Oriented Resource for the Analysis of Systems-Level Datasets.” Nature
Communications 10, no. 1: 1523. https://doi.org/10.1038/s41467-019-
09234-6.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

16 of 16

Aging Cell, 2025

85U8017 SUOWILLOD 8A1I8.1D) 3ot (dde au3 Aq peuenob a8 Se il O ‘8sN JO S8|nJ o} Akeud 1 8UljUQ AB|IA UO (SUOTHPUOD-PUE-SWBI L0 A3 1M A eiq U1 |Uo//:Sdny) SUOIPUOD pue sWs | 841 88S *[5202/50/90] Uo Akeiqiautjuo A8|1M ‘seoinses Aridi TON uopuoebe|oD AiseAluN Ad T80 [Ie/TTTT OT/I0p/L0o A 1M ARIq Ul |uo//Sciy WOl papeo|umod ‘0 ‘92.6vLT


https://doi.org/10.1186/s12859-018-2486-6
https://doi.org/10.1186/s12859-018-2486-6
https://doi.org/10.3389/fnagi.2021.632521
https://doi.org/10.1155/2018/8374647
https://doi.org/10.1016/j.addr.2005.09.004
https://doi.org/10.1016/j.addr.2005.09.004
https://doi.org/10.1111/febs.16018
https://doi.org/10.1080/15548627.2022.2069437
https://doi.org/10.1080/15548627.2022.2069437
https://doi.org/10.3390/cells10102557
https://doi.org/10.3390/cells10102557
https://doi.org/10.1016/j.neurobiolaging.2012.10.021
https://doi.org/10.1016/j.neurobiolaging.2012.10.021
https://doi.org/10.3390/biom10050809
https://doi.org/10.3390/biom10050809
https://doi.org/10.1126/scitranslmed.adi4125
https://doi.org/10.1038/srep20639
https://doi.org/10.1038/s41419-023-06154-8
https://doi.org/10.1038/s41419-023-06154-8
https://doi.org/10.1080/15548627.2018.1474313
https://doi.org/10.1371/journal.pone.0025416
https://doi.org/10.1016/j.neuron.2017.01.022
https://doi.org/10.1016/j.neuron.2017.01.022
https://doi.org/10.1016/j.xgen.2023.100302
https://doi.org/10.1016/j.xgen.2023.100302
https://doi.org/10.1080/15548627.2022.2103307
https://doi.org/10.1016/j.jconrel.2023.07.028
https://doi.org/10.1016/j.jconrel.2023.07.028
https://doi.org/10.1007/s11095-018-2519-x
https://doi.org/10.1016/s0014-4835(02)00247-6
https://doi.org/10.1016/s0014-4835(02)00247-6
https://doi.org/10.1016/j.jacc.2018.02.066
https://doi.org/10.1172/jci.insight.129429
https://doi.org/10.1172/jci.insight.129429
https://doi.org/10.1016/j.cell.2023.05.002
https://doi.org/10.1016/j.cell.2023.05.002
https://doi.org/10.1093/hmg/ddx424
https://doi.org/10.1093/hmg/ddx424
https://doi.org/10.1371/journal.pone.0004160
https://doi.org/10.1371/journal.pone.0004160
https://doi.org/10.1007/s13238-020-00791-x
https://doi.org/10.1073/pnas.1821000116
https://doi.org/10.1016/j.reprotox.2019.02.005
https://doi.org/10.1002/btpr.2399
https://doi.org/10.1002/btpr.2399
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1038/s41467-019-09234-6

	Age-Associated Decline in Autophagy Pathways in the Retinal Pigment Epithelium and Protective Effects of Topical Trehalose in Light-Induced Outer Retinal Degeneration in Mice
	ABSTRACT
	1   |   Introduction
	2   |   Results
	2.1   |   Autophagy, Mitophagy and Lysosome Pathways Are Predominantly Downregulated in Human RPE/Choroid With Age
	2.2   |   Autophagy and Mitophagy Pathways Are Predominantly Downregulated in Mouse RPE With Age, Resembling Human Data
	2.3   |   Transcriptomic Changes in Aging Human RPE/Choroid and Mouse RPE Exhibit Considerable Overlap, Particularly in Downregulated Pathways
	2.4   |   Autophagy and Lysosome Pathways Show Stage-Specific Transcriptomic Changes in Human RPE/Choroid During AMD Progression
	2.5   |   Trehalose Stimulates Autophagy Flux and Mitigates Hydrogen Peroxide-Induced Oxidative Stress and Mitochondrial Dysfunction in Mouse RPE Cells
	2.6   |   Topical Trehalose Enhances RPE Autophagic Activity in Mice
	2.7   |   Topical Trehalose Suppresses RPE and Photoreceptor Loss in a Light-Induced Retinal Degeneration Model

	3   |   Discussion
	4   |   Conclusions
	5   |   Materials and Methods
	5.1   |   Human Transcriptomic Data Mining
	5.2   |   Mice
	5.3   |   Mouse RPE Isolation and RNA-Seq Analysis
	5.4   |   Primary Murine RPE Cell Culture and In Vitro Analyses
	5.5   |   Topical Trehalose Administration and Measurement
	5.6   |   Light-Induced Retinal Degeneration and Assessment of Therapeutic Effects
	5.7   |   Statistics

	Author Contributions
	Acknowledgments
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References


