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Age-related Macular Degeneration (AMD), the leading cause of blindness worldwide, is a multifactorial disease
with mitochondrial dysfunction recognized as an early pathogenic event. In our preclinical studies, we
demonstrated that a single Cerium-Oxide Nanoparticles (CeO2-NPs) intravitreal injection in a light-induced
degeneration model, was able to counteract the retinal degeneration. Our aim was to investigate whether
neuroprotection activity could be correlated with mitochondrial morpho-functional preservation. Bulk tran-
scriptomic profiling of whole retinal tissue revealed that light-induced retinal injury was associated with sup-
pression of mitochondrial-related gene networks, including components of the electron transport chain and
regulators of mitochondrial dynamics, whereas CeO,-NPs treatment restored the expression of antioxidant and
mitochondrial biogenesis-related genes. Ultrastructural analysis by electron microscopy showed preservation of
Retinal Pigmented Epithelial mitochondria's morphology and by high-resolution crystallographic analysis
confirmed the intracellular localization of CeO2-NPs in proximity to mitochondria. Furthermore, Western blot
analysis demonstrated that CeO,-NPs maintained mitophagy markers at basal levels, preventing excessive acti-
vation of mitochondrial quality-control pathways. Together, these findings support mitochondrial preservation
as a key mechanism underlying nanoceria-mediated retinal neuroprotection and highlight CeO-NPs as prom-
ising candidates for maintaining retinal homeostasis in AMD.

Introduction

Age Related Macular Degeneration (AMD) represents one of the
leading causes of irreversible vision loss worldwide, accounting for
approximately 30% of global blindness.! Epidemiological projections
estimate that by 2040 more than 5.44 million individuals will be
affected by AMD, highlighting the growing socio-economic burden
associated with this pathology.' Despite major advances in under-
standing retinal degeneration, the molecular mechanisms driving AMD
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onset and progression remain only partially understood.

The retina is a highly specialized neural tissue responsible for con-
verting light stimuli into electrical signals that are transmitted to the
brain via the optic nerve.” Photoreceptors, located in the outer retinal
layers, are among the most metabolically active neurons in the central
nervous system and require substantial amounts of ATP to sustain
phototransduction and ionic homeostasis.® This extreme metabolic de-
mand makes retinal cells particularly vulnerable to oxidative stress
resulting from an imbalance between reactive oxygen species (ROS)
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production and antioxidant defences.*® Mitochondria play a central role
in maintaining retinal homeostasis by providing the energy necessary
for photoreceptor function while simultaneously regulating cellular
redox balance.

Mitochondria are highly dynamic organelles that continuously un-
dergo fusion and fission processes to maintain structural integrity and
metabolic efficiency. Together with mitophagy, these processes form the
mitochondrial quality-control system® that preserves mitochondrial
function and limits ROS accumulation.>’ Disruption of these mecha-
nisms leads to impaired oxidative phosphorylation, excessive ROS
generation and progressive mitochondrial dysfunction. In the retina, this
cascade ultimately compromises retinal pigment epithelium (RPE) and
photoreceptor survival, contributing to the structural and functional
degeneration characteristic of AMD.® Indeed, increasing evidence in-
dicates that mitochondrial dysfunction represents one of the earliest
pathogenic events during AMD development, particularly in the RPE
where high oxygen consumption and metabolic activity render cells
especially susceptible to oxidative damage.” !

Given the central role of oxidative stress in retinal degeneration,
antioxidant-based therapeutic strategies have gained increasing interest.
In this context, nanotechnology has emerged as a promising avenue for
developing innovative treatments for neurodegenerative diseases.
Cerium Oxide Nanoparticles (CeO2-NPs), also known as nanoceria, have
attracted considerable attention due to their unique redox properties
and catalytic antioxidant activity.'? Their ability to cycle between Ce3*
and Ce** oxidation states allow them to scavenge reactive oxygen spe-
cies and modulate oxidative stress in biological systems.'>!* Several
studies have demonstrated that CeO2-NPs exert immunomodulatory and
anti-inflammatory effects, contributing to the reduction of oxidative
damage while maintaining a favourable safety profile in ocular tissues.'®

In retinal degeneration models, our previous studies have demon-
strated that intravitreal administration of CeO5-NPs exerts robust neu-
roprotective effects. Cerium-Oxide Nanoparticles treatment was shown
to preserve retinal function, maintain photoreceptor and RPE
morphology, reduce lipofuscin accumulation and microglial activation,
and attenuate neuroinflammatory responses in light-induced retinal
degeneration models.'>'*1° '8 Furthermore, fluorescence-labelled
CeOy-NPs were found to accumulate within the cytoplasm of RPE
cells, suggesting their ability to reach intracellular compartments
involved in oxidative stress regulation.'*'® These findings collectively
establish nanoceria as a promising neuroprotective strategy for retinal
degenerative diseases.

Despite the growing body of evidence supporting the retinal pro-
tective effects of CeO,-NPs, the cellular and subcellular mechanisms
underlying this protection remain partially understood. In particular,
the potential involvement of mitochondrial preservation and mito-
chondrial quality-control pathways has not yet been fully clarified.
Considering the fundamental role of mitochondrial integrity in retinal
survival, understanding whether CeOy-NPs-mediated neuroprotection
involves direct modulation of mitochondrial structure and function
represents a crucial step toward elucidating the mechanisms underlying
their therapeutic potential.

Recent studies have highlighted the pivotal role of mitochondrial
dysfunction in retinal degenerative diseases, particularly in photore-
ceptors and RPE cells, which rely heavily on oxidative phosphorylation
to sustain their high energy demands. Particularly, photoreceptors rely
heavily on oxidative phosphorylation to sustain their high energy de-
mands. However, within the metabolic ecosystem of the outer retina, the
RPE preferentially utilizes aerobic glycolysis, as characterized by the
pioneering studies of Hurley, Philp, and colleagues.'® 2! This specialized
metabolic coupling allows the RPE to conserve glucose for the overlying
neuroretina while utilizing alternative substrates, such as lactate, for its
own metabolic maintenance.

Alterations in mitochondrial architecture or bioenergetic function
can initiate a cascade of oxidative stress, impaired metabolism and ul-
timately neuronal degeneration. Therefore, investigating mitochondrial
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preservation as a potential mechanism of Cerium-Oxide Nanoparticles-
mediated neuroprotection may provide a novel insight linking the
antioxidant activity of CeO,-NPs to retinal protection in AMD.**%*

Specifically, we investigated the intracellular localization of CeOs-
NPs within retinal tissue, the morpho-functional alterations occurring in
mitochondria during retinal degeneration and whether CeOy-NPs pre-
serve mitochondrial integrity and mitophagy-related signalling.

Materials and methods
Ethical approval and animal handling

All experiments were conducted in accordance with the ARVO
statement for the use of animals in ophthalmic and vision research,
authorization number 763/2020-PR by the Italian Ministry of Health
and in accordance with European Community Council guidelines
(Directive 2014/26/EU). Animals were born and raised in dim cyclic
light conditions (12 h light/12 h dark) at constant temperature and
relative humidity, provided drinking water and a complete pellet diet
(Mucedola, Settimo Milanese, Italy) ad libitum, with an ambient light
level of approximately 5 1x. The study was conducted on Albino Sprague-
Dawley (SD) rats divided in the following groups:

1) Control animals (CTRL) (n = 12);

2) SD rats + LD+ 7 days of recovery (LD) (n = 12);

3) SD rats + CeO5-NPs injection + LD+ 7 days of recovery (NPs + LD)
(n=12).

All efforts were made to minimize suffering and reduce the number
of animals in accordance with the 3Rs principle.

Light exposure

The SD rats were placed in plexiglass cages individually, dark-
adapted overnight and the day after they were exposed to high in-
tensity light at 1000 1x for 24 h from 9 a.m..?! Immediately after the light
damage (LD), the rats returned to dim cyclic conditions.

Intravitreal injection of CeO2 nanoparticles

The Cerium-Oxide Nanoparticles (CeO2-NPs) are inorganic nano-
materials characterized by a fluorite crystalline structure and mixed
Ce3t/Ce*t valence states, conferring catalytic antioxidant activity
through regenerative ROS scavenging. CeO; nanoparticles at 2-10 nm
were synthesized, as previously described.'? The intravitreal injection of
2 pL of CeO2-NPs [1 mM] in 0.9% NaCl in both eyes, as reported by
Fiorani'* and Tisi,'® were performed 3 days before the LD under
anaesthesia. After the surgery session, part of the animals was exposed to
high continuous light (24 h, 1000 1x). At the end of the experimental
timeline the SD rats were euthanised with inhalation of CO».

Transcriptomic profiling and mitochondrial gene analysis

Total RNA was extracted from rat retinal tissues using a TRIzol-based
protocol, followed by purification with silica membrane columns (Qia-
gen RNeasy Mini Kit), as previously reported.23 RNA integrity was
confirmed using an Agilent Bioanalyzer 2100, and only samples with
RNA Integrity Number (RIN) > 8.0 were used for sequencing. Library
preparation was performed using the NEBNext Ultra II RNA Library Prep
Kit, and sequencing was carried out on the Illumina NovaSeq 6000
platform to a depth of approximately 30 million paired-end reads per
sample. Reads were trimmed and quality-checked using FastQC and
Trimmomatic and aligned to the Rattus norvegicus Ensembl reference
genome (release Rnor_6.0) using STAR aligner. Gene-level counts were
obtained using feature Counts and normalized as Transcripts Per Million
(TPM) and Reads Per Kilobase of transcript per Million mapped reads
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(RPKM). Differential expression analysis was performed using DESeq2
as the primary pipeline for all results reported in Fig. 1 and Table S2.
Raw gene-level count matrices generated by featureCounts were im-
ported into R and analysed with DESeq2”° to normalize counts, estimate
dispersion, and test for differential expression between LD vs CTRL, NPs
+ LD vs CTRL, and NPs + LD vs LD. To specifically assess the potential
effect of the intravitreal injection procedure, additional vehicle-control
differential expression analyses were performed for Vehicle +LD vs
CTRL and Vehicle +LD vs LD. The corresponding volcano plots are re-
ported in Supplementary Fig. S2, while complete DEG outputs and GO
enrichment results are provided in Supplementary Tables S5 and S6,
respectively. The analysis included n = 6 independent biological repli-
cates per group. Differential expression was assessed using the Wald test,
and p-values were adjusted for multiple testing using the
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Benjamini-Hochberg false discovery rate (FDR) procedure. Genes were
considered significantly differentially expressed when they showed an
absolute log; fold change >1 and an adjusted p-value (FDR) < 0.05. An
independent edgeR?° analysis was performed as a sensitivity analysis to
verify the robustness of the main DEG patterns, but the figures and tables
reported in the manuscript are based on the DESeq2 output. TPM values
were used only for visualization purposes, whereas differential expres-
sion statistics were calculated from raw count data.”’ Mitochondrial-
associated genes were selected using a predefined Gene Ontology
(GO)-based annotation strategy. Briefly, genes were classified as
mitochondrial-associated if they were annotated to at least one GO
Biological Process or Cellular Component term related to mitochondrial
structure or function. These included, but were not limited to, mito-
chondrion and mitochondrial sub-compartment terms, mitochondrial
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Fig. 1. Transcriptional modulation of mitochondrial genes across experimental groups. (A) Volcano plot for LD vs CTRL. (B) Volcano plot for NPs + LD vs LD. (C)
Volcano plot for NPs + LD vs CTRL. Differential expression statistics shown in the volcano plots are based on DESeq2 analysis of raw gene counts; edgeR was used as
an independent confirmatory pipeline, and TPM-normalized values were used for heatmap visualization. Significance is defined as |logoFC| > 1 and FDR (Benja-
mini-Hochberg) < 0.05; significantly up-regulated genes are shown as filled markers to the right, significantly down-regulated to the left, and non-significant
transcripts in faint grey. PINK1 and PRKN are highlighted with high-contrast markers and labels for immediate visibility. (D) Heatmap of row-scaled log,-expres-
sion (Z-scores) for mitochondrial-associated genes significant in at least one comparison, clustered by Euclidean distance. Mitochondrial-associated genes were
selected using predefined GO Biological Process and Cellular Component annotations related to mitochondrial structure and function. Complete gene-level differ-
ential expression outputs, mitochondrial GO annotations, and GO enrichment results are provided in Supplementary Tables S2-S4. Group abbreviations: CTRL;

control, LD; light-damage, and NPs + LD; Nanoparticles and light-damage.
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membrane and respiratory-chain terms, oxidative phosphorylation,
cellular respiration, mitochondrial organization, mitochondrial trans-
port, mitochondrial fission/fusion, mitophagy, and mitochondrial anti-
oxidant response. The GO terms used for classification, together with the
corresponding GO identifiers and gene assignments, are reported in
Supplementary Table S2.

For each pairwise comparison, the full differential expression output
was retained, including gene identifier, gene symbol, base mean
expression, log, fold change, nominal p-value, adjusted p-value/FDR,
and significance status. Complete DEG results are provided in Supple-
mentary Table S3. Mitochondrial-associated DEGs were then obtained
by intersecting the complete DEG lists with the predefined
mitochondrial-associated GO gene set. Genes were considered signifi-
cantly differentially expressed when they met the criteria |logy fold
change| > 1 and FDR < 0.05.

Mitochondrial-associated genes were selected using a predefined
Gene Ontology (GO)-based annotation strategy. Genes were classified as
mitochondrial-associated when they were annotated to GO terms related
to mitochondrial structure or function, including mitochondrial locali-
zation and sub compartments, mitochondrial membrane, respiratory-
chain activity, oxidative phosphorylation, cellular respiration, mito-
chondrial organization, mitochondrial transport, mitochondrial fission/
fusion, mitophagy, and mitochondrial antioxidant response.

GO enrichment analysis was performed for each pairwise compari-
son shown in Fig. 1: LD vs CTRL, NPs + LD vs CTRL, and NPs + LD vs LD.
Biological Process, Cellular Component and Molecular Function
enrichment outputs were retained. For each enriched term, the output
included GO identifier, term description, ontology category, number of
detected genes, detected gene names, number of differentially expressed
genes, differentially expressed gene names, nominal p-value, FDR-
adjusted p-value and Bonferroni-adjusted p-value. Full GO enrichment
results are reported in Supplementary Table S4. Visualization of results
was conducted in Python using Matplotlib and Seaborn for volcano plots
and heatmaps.

Tissue preparation for transmission electron microscopy (TEM), high
resolution TEM (HRTEM) and scanning TEM (STEM)

Eye samples were collected and quickly washed in phosphate-
buffered saline (PBS) 0.1 M. To ensure absolute consistency during
sample preparation, the orientation of each eye globe was carefully
marked during enucleation to reliably distinguish the dorsal and ventral
hemispheres were fixed with 2,5% glutaraldehyde for at minimum 48 h
at 4 °C. Following the fixation, the eye cup was dissected under a ste-
reomicroscope using a millimeter-scale grid base to guarantee geometric
reproducibility. Retinal fragments were systematically collected from
identical coordinates in the fundus: specifically, a dorsal piece centered
within the high-susceptibility trigger zone well-known as “hot spot”*¢ 30
and a corresponding ventral piece sampled at the exact same distance
from the optic nerve head. Only these standardized regions were pro-
cessed for resin embedding, ultramicrotomy, and subsequent ultra-
structural analysis. Subsequently, the eye globes were dissected by
removing the cornea, lens, vitreous hence the remaining posterior eye
globes including retina, RPE, choroid and sclera Retinal samples were
then postfixed in 1% osmium tetroxide in dH3O for 1 h and washed 3
times with PBS. Retinal pieces were then dehydrated in a graded ethanol
series (30%, 50%, 70%, 90%, 95% and 100%). For the embedding in
EPON resin, samples were incubated first in propylene oxide 2 times for
20 min, then in propylene oxide: EPON (1:1) overnight, EPON resin for
1 h at room temperature and finally EPON for 48 h at 60 °C. Ultra-
micron slicing was operated using a Leica ULTRACUT R ultramicro-
tome with a 1.2 mm x1mm retinal pieces. 250 nm slices were cut with a
glass knife and stained with toluidine blue to visualize retinal layers in
the selected area. Once the area was selected, 70 nm sections were cut
using a diamond knife. Imaging was performed with TEM Philips mi-
croscope (Philips, Japan) operating at 100 kV accelerating voltage,
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HRTEM and STEM with the same microscope operating at 300 kV
accelerating voltage.

Tissue preparation for scanning electron microscopy (SEM)

The retinal morphology structures were analysed using a field
emission scanning electron microscope (FE-SEM, Zeiss Leo 1530) at an
accelerating voltage of 2.5 kV. The eye samples were collected and fixed
with 2,5% glutaraldehyde for at minimum 48 h at 4 °C. Retinal samples
were then postfixed in 1% osmium tetroxide in dH2O for 1 h (dark place
in stirring) and washed 2 times with PBS for 15 min. Retinal pieces were
then dehydrated in a graded ethyl alcohol series (30%, 50%, 70%, 95%
and 100%). Subsequently the retinal samples were incubated with a
50:50 mixture of hexamethyldisilane (HDMS) and ethyl alcohol for 30
min followed by HDMS 100% overnight. To provide the necessary
conductivity, the retinal samples were coated with a thin chromium
layer by sputter coating prior to SEM acquisition.

Tissue preparation for mitochondrial imaging

After the tissue preparation for TEM as previously described in the
dedicated paragraph, part of the slices was stained by contrast for 9 min
with UranyLess followed by 6 min of incubation with lead citrate as an
enhancer for heavy metal staining in electron microscopy. After several
washes in Milli-Q water the images were acquired by the TEM
microscope.

Mitochondrial morphometric analyses

Quantification analysis related to the longitudinal mitochondrial
morphometric parameters were performed using the National Institutes
of Health (NIH) ImageJ, an open-source image processing software
developed to analyse multidimensional scientific microscopy images. A
minimum of 70 mitochondria, for each experimental condition, were
selected and the total area and perimeter were measured, according to
the procedure described by Lam.>!

Protein extraction

Briefly, eyes were enucleated, and the anterior part (cornea, lens and
vitreous) was removed. The remaining tissue (eye cup) was used for
protein extractions, as previously repor'[ed.32 Total proteins were
extracted using a Dounce Homogenizer and a lysis buffer (50 mM Tris-
HCI pH 7.5, 1% Triton X-100, 0.1% SDS, EDTA 5 Mm, supplemented
with Halt Protease and Phosphatase Inhibitor Cocktail, Thermo Fisher
Scientific, Waltham, MA, USA and QS dH50), and left on ice for 30 min.
After centrifugation (15,000 rpm for 15 min), the supernatant was
collected and stored at —80 °C. Total protein concentration was
measured through the Bradford Assay (Bio-Rad Laboratories, Milan,
Italy) the total proteins were quantified, according to the manufacturer's
instructions.

Western blot

40 pg of proteins were run on a Bolt 4-12% Bis-Tris Plus (Thermo
Fisher Scientific, MA, USA) at 200 V for 20 min. The proteins were then
transferred to the PVDF membrane (Thermo Fisher Scientific, MA, USA)
through an iBlot 2 Dry Blotting System (Invitrogen, Waltham, MA, USA,
IB21001). Nonspecific bindings were blocked with 5% non-fat dry milk
(Bio-Rad Laboratories, Milan, Italy) in TBST at RT for 1 h; after several
washes with TBST the membranes were incubated with the primary
antibodies at 4 °C overnight. The following day, the membranes were
incubated for 1 h at RT with the secondary antibodies. All the primary
and secondary antibodies, as well as their concentrations, are reported
in Table S1 in the supplementary section. The membranes were incu-
bated in SuperSignal West Pico Plus (Thermo Fisher Scientific Inc.
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Waltham, MA, USA) chemiluminescent substrate and the bands were
detected using a ChemiDoc XRSplus imaging system (Bio-Rad Labora-
tories, Milan, Italy). The optical densities of blot bands were evaluated
by ImageLab software (Bio-Rad Laboratories, Milan, Italy) analysis and
normalized versus Glyceraldehyde-3-Phosphate  Dehydrogenase
(GAPDH), used as housekeeping.

Statistical analysis

All statistical tests were performed using SigmaPlot 14.0 Systat
software (Palo Alto, CA, USA). The standard errors of all means (SE)
were calculated. The first type error was set at 5%. Statistical signifi-
cance was tested using one-way ANOVA followed by Tukey, Dunn's
Methods or Bonferroni post hoc comparison. Different symbols were
used (* or #) for the p-value, one symbol <0.05, two symbols = p-val-
ue<0.01, three symbols = p-value<0.001, four symbols = p-
value<0.0001.

Results
Transcriptomic insights into mitochondrial dysfunction and rescue

Bulk transcriptomic profiling of whole retinal tissue revealed a pro-
nounced alteration of several genes, as previously reported,?® including
genes associated with mitochondrial function in retinas exposed to light-
induced damage. For Fig. 1, mitochondrial-associated genes were
defined using predefined GO annotations related to mitochondrial
structure and function. The complete GO-based mitochondrial gene
classification is reported in Supplementary Table S2, complete gene-
level differential expression outputs are provided in Supplementary
Table S3, and GO Biological Process, Cellular Component and Molecular
Function enrichment results are reported in Supplementary Table S4.
GO enrichment analysis identified multiple significantly enriched Bio-
logical Process, Cellular Component and Molecular Function terms in LD
vs CTRL and NPs + LD vs CTRL comparisons after FDR correction. In
contrast, the direct NPs + LD vs LD comparison showed only a limited
number of significant Biological Process terms and no significant
Cellular Component or Molecular Function terms after FDR correction.
These enrichment results therefore support a broad tissue-level response
to light damage and treatment, while the mitochondrial interpretation is
based on the predefined mitochondrial-associated gene signature inte-
grated with ultrastructural and biochemical evidence. In the first com-
parison, LD vs CTRL as reported in Fig. 1A, volcano plots showed a
significant downregulation of mitochondrial genes, including electron
transport chain components (Ndufs2, Cox6a2, Atp5j) and regulators of
membrane potential and dynamics (Tomm20, Opal). In parallel, we
observed upregulation of pro-apoptotic mediators including Bax, Aifm1,
and Casp9, suggesting activation of the intrinsic cell death pathways.
Several genes annotated to mitophagy and mitochondrial quality-
control pathways, including Pink1, Park2, Clpp and Lonpl, showed
reduced expression in LD retinas. Because these data derive from whole
retinal tissue, this reduction should be interpreted as a tissue-level
mitochondrial-associated signature that may reflect both transcrip-
tional modulation and changes in retinal cellular composition after
photoreceptor loss. Examining the NPs + LD vs LD (Fig. 1B) a partial
transcriptional rescue was evident, with significant up-regulation of
antioxidant defences (Sod2, Prdx3, Gpx4) along with regulators of
mitochondrial fusion and cristae architecture (Mfn2, Opal). The ca-
nonical mitophagy sensors PINKI and PRKN were further down-
regulated relative to LD, implying that mitophagic signalling subsides
once mitochondrial integrity is reestablished, as shown in Fig. 1 A-C.
These results suggest that pretreatment with CeO2-NPs not only prevents
further damage but may also actively stimulate protective transcrip-
tional programs. The NPs + LD vs CTRL comparison, as shown in Fig. 1C,
indicates that stress-response transcripts remain mildly elevated,
mitochondrial-related transcripts approached near-normal expression
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levels, particularly those related to oxidative phosphorylation and
reactive oxygen species detoxification. The heatmap (Fig. 1D), based on
row-wise Z-scores of logy-transformed expression values for
mitochondrial-associated genes significantly modulated in at least one
comparison, shows separation between CTRL and LD, with NPs + LD
displaying an intermediate profile. The mitochondrial-related genes list
is reported in Table S2. Together, these transcriptomic data support the
presence of a retinal tissue-level mitochondrial-associated signature
altered by light damage and partially normalized in NPs + LD retinas, as
previously reported'®'*1° in addition to further findings presented in
this study.

Vehicle-control transcriptomic analysis

To determine whether the intravitreal injection procedure contrib-
uted to the observed transcriptional effects, we performed additional
vehicle-control analyses. Volcano plots for Vehicle+ LD vs CTRL and
Vehicle+ LD vs LD are reported in Supplementary Fig. S2. As expected,
Vehicle+ LD vs CTRL retained a broad light-damage-associated tran-
scriptional response. In contrast, the direct Vehicle+ LD vs LD com-
parison did not show significant GO Biological Process, Cellular
Component or Molecular Function enrichment after FDR correction,
indicating that vehicle injection did not produce a broad pathway-level
transcriptomic signature relative to LD. Only a limited number of
mitochondrial-associated genes were significantly modulated in Vehi-
cle+ LD vs LD, supporting the interpretation that the mitochondrial-
associated transcriptomic profile observed in NPs + LD animals was
not simply attributable to the injection procedure. Complete vehicle-
control DEG and GO enrichment outputs are provided in Supplemen-
tary Tables S5 and S6.

Retinal morphology evaluated through SEM and TEM

Scanning electron microscopy

Previous studies showed the maintenance of retinal function and
morphology in a well-established AMD-like model of light-induced
retinal degeneration,® after a single intravitreal injection of CeOs-
NPps.!31416:17 Eurthermore, by labelling nanoceria particles with fluo-
rescein we demonstrated that after intravitreal injection they reached
the subretinal space and the retinal epithelial cells, the site where they
carry out their antioxidant activity.'®!%'° To corroborate this evidence,
in this study, we performed further experiments by analysing Scanning
Electron Microscopy and Transmission Electron Microscopy to:

a) identify the ultrastructural localization of nanoceria particles;
b) to detect by high magnification the retinal tissue morphology;
¢) to perform mitochondrial morphometric analysis.

The experiments were performed by comparing three experimental
groups (CTRL, LD and NPs -+ LD). All the representative images shown in
Fig. 2 and Fig. 3 refer to the dorsal retinal region, the specific area called
“hot spot”, that recapitulates the trigger zone (macula) of human
AMD.'16:29:30.33 gGEM images in Fig. 2 panel A, B and C show the outer
retina and RPE of control, LD and NPs + LD. Fig. 2B highlights that the
exposure to high light caused a significant loss of the retinal outer layer
and RPE architecture compared to control retina (Fig. 2A). In addition,
panel B also shows the rosettes, the infolding of the ONL, a typical
hallmark of retinal degeneration as previously described.'®**3°
Conversely in NPs + LD (Fig. 2C) samples all anatomical structures of
the photoreceptors, including outer segments, connecting cilia, inner
segments and outer nuclear layer are well preserved. Furthermore, the
RPE and its interaction with outer segments of photoreceptors are well
detectable in NPs + LD and CTRL retina (Fig. 2B; C and Fig. S2).

Transmission electron microscopy
Through the high magnification TEM images, as shown in Fig. 3, the
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NPs+LD

C

Fig. 2. SEM reveals preservation of photoreceptor and RPE structural organization in nanoceria-treated retinas. Representative images of retinal tissue with SEM, in
control retina (panel A), LD (panel B) and NPs + LD (panel C). Abbreviations: RPE; retinal pigmented epithelium; OS; outer segment; CC; connecting cilia; IS; inner
segment; ONL; outer nuclear layer; OPL; outer plexiform layer and INL; inner nuclear layer. Scale Bar: 1 pm (A), 3 pm (B) and 2 pm (C). Magnification 5000x (A;

B; O.

A __CTRL B LD

C NPs+LD

Fig. 3. Ultrastructural comparison of RPE and photoreceptor layers in control, light-damaged, and nanoceria-treated retinas. TEM representative images of outer
retina and RPE of control (A), LD (vacuoles, red asterisk) (B) and NPs + LD (C) samples. Abbreviations: RPE; retinal pigmented epithelium; cc; choriocapillaris; OS;
outer segment; CC; connecting cilium; IS; inner segment and ONL; outer nuclear layer. Scale Bar: 2 pm (A; B; C). Magnification 3400x (A; B) and 5800x (C).

details of outer retina and RPE can be better appreciated. In the LD
group (Fig. 3B) the outer segments of photoreceptors are lost and just a
few PR rows in the ONL are still detectable. In addition, intracellular
vacuoles along with membranous debris, previously described by
Dong>° et al., are commonly seen in the RPE layer (Fig. 3B, red asterisk),
with the hypertrophied subretinal space® (Hayden et al., 2021)
(Fig. 3B). In control (Fig. 3A) and NPs + LD (Fig. 2C) groups, all cell
compartments are well detectable.>® *? In detail, the ultrastructure im-
ages related to the NPs + LD (Fig. 3C) clearly displayed the photore-
ceptors discs with the connecting cilia and the IS confirming their
functional activity as previously demonstrated.'*'*'® To comprehen-
sively map the spatial progression of the phototoxic lesion and define the
exact coordinates of our ultrastructural sampling, a full-length histo-
logical reconstruction was performed on a central retinal section passing
directly through the optic nerve head (Fig. S3). This central orientation
ensures the inclusion of the widest extension of both the dorsal and
ventral hemispheres. This low-magnification overview clearly de-
marcates the focal onset of the degeneration restricted to the highly

susceptible dorsal hemisphere, widely described in phototoxicity liter-
ature as the regional ‘hot spot’. Within this damaged area, the massive
loss of photoreceptor rows is accompanied by a severe architectural
collapse, characterized by the characteristic infolding of the outer nu-
clear layer into distinct circular structures, historically referred to as
‘rosettes’ in acute light-damage models (Fig. S3). To provide a direct
multi-scale correlation, Supplementary Fig. 3 also includes high-
resolution TEM and SEM images displaying ultrastructural collapse
and the preservation of standard tissue morphology within the ventral
hemisphere.

Localization of nanoceria particles in the retinal tissue

Transmission electron microscopy analysis was also performed to
evaluate the presence of CeO,-NPs within the retinal tissue. As shown in
Fig. 4A, TEM image, acquired at low magnification, revealed cellular
structures in which mitochondria (membrane-bound structures) are
recognizable, suggesting the integrity of the organelles. Within the
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Fig. 4. TEM and HRTEM analysis confirming the localization of CeO, nanoparticles in retinal tissue. (A) TEM image at low magnification showing retinal cells with
distinguishable mitochondria, recognizable by their characteristic double membrane. The blue box highlights a region of interest containing electron-dense black
spots. (B) Higher magnification TEM of the selected region reveals the presence of numerous electron-dense particles that can be ascribed to the intravitreal injection
of the CeO,-NPs. (C) STEM image of the same region; the bright contrast confirms the presence of high atomic number material, consistent with cerium. (D) High-
resolution TEM (HRTEM) image showing crystal lattice. Measured interplanar spacings are 0.31 nm (red), 0.27 nm (green), and 0.19 nm (blue), assigned to the (111),
(002), and (022) planes of fluorite-structured CeOs, respectively. (E) FFT of the HRTEM image showing concentric diffraction rings, indicating a polycrystalline
structure. (F) Indexed FFT pattern showing rings corresponding to the reflections of cubic CeO, structure. (G) Radial intensity profile derived from the FFT shown in

the panel E.

cytoplasmic region, black spots are evident in the highlighted blue
square that can be attributed to electron-dense particles. Higher
magnification (Fig. 4B) of the blue square revealed the presence of
discrete, electron-dense nanoparticles with an average diameter of
approximately 10 nm, which showed their accumulation within intra-
cellular vesicles, potentially endosomes or lysosomes. Furthermore,
Fig. 4C shows the image of the same region acquired by annular dark
field scanning transmission electron microscopy (ADF-STEM) technique,
where the bright contrast confirms the presence of high atomic number
Z. This high dependence on Z (with contrast approximately proportional
to Z2) makes ADF-STEM a useful way to easily identify small areas of an
element with a high Z in a matrix of material with a lower Z. Therefore,
considering that cerium has an atomic number Z = 58, which is rela-
tively high, especially compared to the most common biological ele-
ments present in the retinal tissue (C, H, O, N, P, S, with Z < 20),
providing strong evidence that the observed structures are indeed CeO-
based.

Fig. 4D shows high resolution TEM (HRTEM) image of the region
where the intensely bright nanoparticles are visible in Fig. 4C, showing
uniform biological tissue and the embedded nanoparticles with a good
overall crystallinity, with measured interplanar spacings of 0.31 nm

(red), 0.27 nm (green), and 0.19 nm (blue). These preliminary results
can be easily assigned to the cubic fluorite-type structure of CeOo, space
group Fm3m, in agreement with the standard values (JCPDS 34-394).

In addition to continuing the structural analysis, Fast Fourier trans-
form (FFT) was processed on the total region of the HRTEM (Fig. 4D),
obtaining a diffraction pattern of concentric rings, typical of poly-
crystalline materials (Fig. 4E), and, as reported in Fig. 4F from the
indexed coloured circles, we have determined the interplanar spacing
d from considering the inverse of the measured reciprocal lattice q from
the radial intensity profile reported in Fig. 4G. Considering the cubic
structure, the lattice parameter a from the individual planes (hkl) can be
calculated as follow:

a = dygVh? + k% + 2.

All the results are reported in Table 1.

The excellent agreement between the observed and calculated g-
values, together with the absence of additional peaks, unambiguously
confirms the cubic fluorite structure (Fm3m) of CeO4 with a mean lattice
parameter @ = 0.5413 + 0.0053 nm, and rules out significant contri-
butions from Ce30s, CeO or other impurity phases. The localization of
these CeO,-NPs near mitochondria suggests potential interactions with
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Table 1

Structural parameters of CeO, nanoparticles identified in retinal tissue by
FFT analysis of HRTEM images. Experimental reciprocal lattice values (q_FFT)
and interplanar spacings (d_FFT) are reported alongside reference data for cubic
fluorite CeO, (JCPDS No. 34-394). The lattice parameter a are calculated for
each plane.

(hkl) d (nm) _ 1 qrrFr A — L Lattice
JCPDS d (mm™Y) T e parameter a
34-394 (nm™Y) (nm) (nm)
JCPDS
34-394
(111) 0.312 3.20 3.18 0.314 0.5443
(200) 0.271 3.70 3.74 0.267 0.5342
(220) 0.191 5.23 5.19 0.193 0.5453
(311) 0.163 6.13 6.08 0.165 0.5457
(222) 0.156 6.40
(400) 0.135 7.39
(331) 0.124 8.05 8.11 0.123 0.5372

intracellular organelles, which may be relevant for understanding CeO»-
related bioactivity and oxidative stress modulation in retinal tissue.

Mitochondria preservation with NPs

Previously we detected the NPs in the RPE and between the photo-
receptors OS,'* our aim was to evaluate whether the nanoparticles
treatment could explain their antioxidant activity by interacting with
mitochondria and preserving their function. Importantly, there are
strong results in the literature, especially with human donors affected by
the AMD, that confirm how defects of RPE mitochondria are involved in
AMD pathology,”®***® including morphological changes and
dysfunction related to retinal diseases.”” Here, we investigated for the
first time whether mitochondrial ultrastructural morphology could be
preserved by the NPs. Firstly, we investigated the longitudinal mito-
chondria morphology located in the same area where we previously
detected the NPs (Fig. 4), by focusing on morphometric parameters,
such as area and perimeter (Fig. 5A, B), using a standardized approach
for analysing TEM images, as previously described.’! Mitochondrial
integrity was well preserved in the NPs injected animals, as reported in
Fig. 5, that showed significantly lower RPE mitochondrial area (panel A)
and perimeter (panel B) in both CTRL and NPs groups compared to the
LD group (Fig. 5 A, B). Representative TEM images of the analysed
longitudinal mitochondrial (red dotted lines) are reported in Fig. 5 and
in Supplementary Fig. 2 (red asterisks). The physiological shape of
mitochondria has been detected in the CTRL and NPs + LD groups (Fig. 5
C, E), with the typical mitochondrial cristae that form the inner mem-
brane*® and the bilayer membrane.*’ Instead, 7 days after the exposure
to high light were observed (Fig. 5 D) several compromised swollen
mitochondria, as it occurs during cell apoptosis,*"*°° with the mito-
chondrial membranes and cristae loss (Fig. 5 D, red asterisks) and partial
disintegration.*®°! Therefore, several round structures with slightly
heterogeneous electron density and numerous electron-lucent round
structures are visible throughout the cytoplasm (Fig. 5 C, D, E, red
arrow). These structures are consistent with electron-lucent vacuolar
structures consistent with RPE cellular architecture, early endosomal
vesicles (Fig. 5 red arrow), immature vacuoles, or large vacuole contains
many degenerated cellular organelles (Fig. 5 C, D, E, indicating with red
“V”) as commonly reported in RPE cells under metabolic or oxidative
adaptation.*®°% >

Furthermore, we investigated the process of mitophagy, a key
cellular process that selectively removes dysfunctional and aging mito-
chondria.”!%#4525550  Research has identified several molecular
mechanisms linked to mitophagy, which play a role in the onset of AMD.
One of the most investigated is the PTEN-induced putative kinase pro-
tein 1 (PINK1)/Parkin-mediated ubiquitination degradation pathway,
responsible for the control of mitochondrial structure and function. **°”
The PINK1-Parkin-derived pathway of mitophagy is generally activated
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by ROS°®°” while in physiological conditions, PINK1 and Parkin are
present at low levels in the mitochondrial outer membrane and cyto-
plasm, respectively.”®°® To assess the NPs effects on the mitophagy
machinery, we quantified both proteins from ubiquitin-mediated
mitophagy such as the phosphorylated forms of PINK1 (p-PINK1) and
Parkin (p-Parkin). We demonstrated the capability to the CeO2-NPs to
maintain both proteins at the basal level while the exposure to the light
caused a significant increase of their phosphorylation (Fig. 5 F, G, H), as
a consequence of the enhanced oxidative stress and the impairment of
the antioxidant defences.

Discussion

This study provides the first comprehensive molecular and ultra-
structural evidence that Cerium Oxide Nanoparticles (CeO2-NPs) exert
neuroprotection in retinal degeneration through direct mitochondrial
rescue mechanisms. Transcriptomic analysis revealed that mitochon-
drial dysfunction represents one of the earliest and most fundamental
pathogenic events. Light-induced retinal damage triggers a coordinated
collapse of mitochondrial gene networks, encompassing electron trans-
port chain components (Ndufs2, Cox6a2, Atp5j), membrane dynamics
regulators (Opal, Mfn2) and quality control machinery (Pink1, Park2).
This systematic downregulation, together with activation of the intrinsic
apoptotic pathways (Bax, Aifm1, Casp9), identifies early mitochondrial
dysfunction as a convergent mechanism underlying retinal degeneration
across AMD phenotypes.

The ultrastructural evidence provides compelling support for this
early mitochondrial involvement. TEM analysis demonstrated a com-
plete loss of outer retinal architecture in light-damaged samples, with
severely swollen mitochondria exhibiting disrupted cristae and
compromised membrane integrity. These morphological changes are
consistent with previous studies of retinal degeneration’"*®°! and
reflect the progression from mitochondrial dysfunction to structural
collapse described in AMD pathogenesis.®

Our detailed electron microscopy analysis provided the first
comprehensive ultrastructural validation of nanoceria-mediated retinal
protection, extending beyond the several protective effects reported in
our previous studies.'>'*!%2? While previous studies demon-
strated!®1%16:17:2259.60 yreservation of retinal function, reduction of
drusen formation, prevention of neovascularization and microglial
activation and downregulation of inflammatory factors, the TEM and
SEM analysis revealed a profound disruption of the outer retinal archi-
tecture in the dorsal region following light-induced dam-
age,!%1416,17.22.59.60 1y damaged retinas, photoreceptor outer segments
were largely absent and the interface between the retinal pigment
epithelium and photoreceptors appeared severely compromised. In
contrast, retinas treated with CeO2-NPs maintained a well-organized
tissue architecture, with clearly recognizable photoreceptor discs, con-
necting cilia, inner segments and an intact RPE layer. Importantly, this
preservation of retinal structure was accompanied by marked differ-
ences in mitochondrial morphology. Light damage induced pronounced
mitochondrial swelling, reflected by a significant increase in mito-
chondrial area and perimeter in the RPE. Such alterations are widely
recognized hallmarks of mitochondrial dysfunction and early apoptotic
processes. Notably, CeO2-NPs treatment effectively prevented these
structural abnormalities, maintaining mitochondrial dimensions com-
parable to those observed in control retinas. These quantitative
morphometric findings indicate that nanoceria preserves mitochondrial
structural integrity, preventing the swelling and cristae disorganization
typically associated with retinal degeneration. Together, these obser-
vations provide ultrastructural evidence supporting mitochondrial
preservation as a key component of the retinal neuroprotective action of
CeOZ-NPS.

Accordingly, molecular analysis further confirmed activation of
mitochondrial quality-control pathways. Light damage significantly
increased phosphorylation of PINK1 and PARKIN, reflecting activation
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Fig. 5. Nanoceria protects RPE mitochondrial ultrastructure and restores mitophagy signalling. (A-B) Quantification of longitudinal mitochondrial area (A) and
perimeter (B) in all experimental groups. Data are shown as mean + SE. Statistical analysis: one-way ANOVA followed by Dunn's method. ***p < 0.001 vs CTRL;
###p < 0.001 vs LD. (C-E) Representative TEM images of the apical-central region of the RPE cytoplasm in CTRL (C), LD (D) and NPs + LD (E) groups. Red dotted
lines indicate mitochondria measured along their longitudinal axis. Red arrows highlight electron-lucent vacuolar structures consistent with RPE cellular archi-
tecture, early endosomal vesicles or immature vacuoles. V: vacuole; red asterisk: damaged mitochondria. (F-G) Densitometric analysis of phospho-PINK1/PINK1 (F)
and phospho-Parkin/Parkin (G) ratios in retinas from the three groups (a: CTRL; b: LD; c: NPs + LD). Statistical analysis: one-way ANOVA followed by Tukey's test.
*p < 0.05 vs LD; **p < 0.01 vs LD (n = 6). (H) Representative Western blots bands for phospho-PINK1, PINK1, phospho-Parkin, Parkin and GAPDH. Scale bar: 500
nm (C-E).
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of stress-induced mitophagy signalling, whereas CeO2-NPs treatment
restored phospho-PINK1 and phospho-PARKIN levels comparable to the
control group. These findings indicate that nanoceria prevents PINK1/
PARKIN pathway up-regulation, which is well-known to be associated
with mitochondrial depolarization and apoptotic cascade.’>°°® Our
previous study further supports a disruption of mitochondrial quality-
control mechanisms following LD exposure with increased LC3B-II
levels while preventing efficient p62 turnover, a pattern indicative of
impaired autophagic flux.'® In contrast, CeO,-NPs restored LC3B-II and
p62 expression to values comparable to controls, reflecting normaliza-
tion of autophagosome processing.'® When considered together with the
PINK1 and PARKIN phosphorylation profiles, these results demon-
strated that nanoceria not only preserves mitochondrial structure but
also maintains mitophagy competence and broader autophagic homeo-
stasis under oxidative stress.

High-resolution transmission electron microscopy (HRTEM) com-
bined with crystallographic analysis provided definitive ultrastructural
evidence for the presence of CeO, nanoparticles within retinal cells. The
measured lattice parameter (a = 0.5413 + 0.0053 nm) and interplanar
spacings closely matched the theoretical values characteristic of the
cubic fluorite structure of Cerium Oxide,'? confirming the structural
identity of the nanoparticles after intravitreal administration and
cellular internalization. These findings demonstrate that CeOy-NPs
retain their crystallographic integrity following biological uptake.
Importantly, HRTEM imaging revealed the intracellular localization of
electron-dense nanoparticles within vesicular compartments near
mitochondria, and in several instances directly associated with mito-
chondrial membranes. This spatial distribution provides direct ultra-
structural evidence that nanoceria reach subcellular regions critically
involved in oxidative stress regulation and mitochondrial homeostasis.
The observed intracellular localization is consistent with previous
fluorescence microscopy studies reporting nanoceria accumulation
within RPE cells,'*'® and extends these observations by providing a
nanoscale intracellular of distribution. Notably, the proximity of CeO5-
NPs to mitochondria supports the hypothesis that nanoceria may
directly contribute to mitochondrial protection by modulating the local
redox environment and preserving mitochondrial structural integrity
during retinal degeneration. Alternatively, because nanoceria particles
act as potent scavengers of ROS, they could blunt the upstream oxidative
signalling required to stabilize PINK1 on the outer mitochondrial
membrane, thereby impairing the mitophagy surveillance mechanism.
However, if nanoceria were simply inhibiting mitophagy irrespective of
organelle health, dysfunctional and destroyed mitochondria would
accumulate within the cytoplasm due to a blockade in the clearance
pathway. On the contrary, our ultrastructural TEM analysis shows no
accumulation of degenerated or disrupted mitochondrial profiles in the
NPs + LD group, confirming that the baseline levels of PINK1 and Parkin
reflect true organelle preservation rather than a compromised surveil-
lance mechanism.

Conclusion

This study establishes mitochondrial rescue as the primary mecha-
nism underlying nanoceria-mediated retinal neuroprotection. The
convergent evidence from transcriptomic, ultrastructural and
biochemical analyses provides a robust foundation for clinical trans-
lation of CeO2-NPs in retinal degenerative diseases. The targeted pres-
ervation of mitochondrial function represents a particularly strategic
therapeutic approach, given that mitochondria serve as the primary
energy source for the metabolically demanding retinal cells, including
photoreceptors and RPE. These cells exhibit among the highest energy
requirements in the body, making them critically dependent on optimal
mitochondrial performance for survival and function. By preventing
early mitochondrial dysfunction, the upstream driver that initiates the
cascade toward cellular degeneration, nanoceria-based intervention
addresses the fundamental bioenergetic failure that underlies AMD
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progression across all phenotypes. More broadly, our findings support
mitochondrial preservation as a viable therapeutic strategy for neuro-
degenerative conditions, with nanoceria representing a promising plat-
form for targeted organellar therapy that could prevent disease
progression rather than merely treating advanced symptoms.
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