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ABSTRACT

Mitochondrial dysfunction is a well-established hallmark of Alzheimer’s disease (AD), particularly in the context
of amyloid-beta (Ap) accumulation. Here, we explored the progression of mitochondrial impairment associated
with cerebral amyloidosis in human and rodent systems expressing AD-relevant APP mutations. We investigated
mitochondrial function, dynamics, and degradation in human neural progenitor cells differentiated for two and
six weeks, carrying the APP (Swedish/London) mutations. These analyses were complemented by studies in 3-
and 9-month-old McGill-R-Thy1-APP transgenic (Tg) rats expressing the APP (Swedish/Indiana) mutations. We
observed a consistent accumulation of pathogenic Ap species associated with mitochondrial damage. In vitro,
early indicators of oxidative stress and initial alterations in mitochondrial network dynamics were evident,
including increased mitochondrial reactive oxygen species and elevated total DRP1 levels. Later, after 6 weeks of
differentiation, significant mitochondrial dysfunction emerged, including reduced membrane potential,
increased mitochondrial network fragmentation, and decreased GSH/GSSG ratio. Mitophagy was also disrupted,
as evidenced by reduced localization of TOMM20 to the lysosomes, suggesting impaired mitochondrial clear-
ance. Similarly, hippocampal mitochondria fraction of 9-month-old Tg rats showed elevated fission markers,
nitrosative stress, and mitochondrial p62 accumulation, which were absent in 3-month-old Tg animals. Hence,
we identified both early and late molecular alterations in mitochondrial homeostasis revealing accumulation of
mitochondrial stress, altered dynamics, and mitophagy failure in response to sustained Ap release. Our results
underscore mitochondrial vulnerability during early amyloidosis, identifying it as a potential therapeutic target
at initial disease stages. It also reinforces the utility of in vitro models for studying cerebral amyloid pathologies.

1. Introduction

is pathologically defined by synaptic loss and the accumulation of
extracellular amyloid-p (Ap) plaques and intracellular neurofibrillary

Alzheimer’s disease (AD) is a progressive neurodegenerative disor- tau tangles (Safiri et al., 2024). Mitochondrial dysfunction has been
der that presents clinically with memory loss and cognitive decline and described among the various factors contributing to AD neuropathology
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(Hauptmann et al., 2009; W. Wang et al., 2020). Mitochondria support
ATP synthesis, regulation of reactive oxygen species (ROS), lipid meta-
bolism, and calcium homeostasis, and the brain’s high energy demand
underscores its dependence on efficient mitochondrial function (Song
et al., 2024).

Familial Alzheimer’s disease (FAD) is caused by autosomal-dominant
mutations in the APP, PSEN1, or PSEN2 genes. These mutations increase
production of the toxic AB42 isoform, raising the Ap42/Ap40 ratio and
triggering early-onset pathology (Zhang et al., 2023). Evidence suggests
that A, in its soluble, oligomeric, and deposited forms, can directly
contribute to mitochondrial damage (Caspersen et al., 2005; Wang et al.,
2008). It has been shown that Af accumulation reduces mitochondrial
mass in both 6-month-old APP/PSEN1 transgenic mice and SH-SY5Y
neuroblastoma cells. This effect was reversed by the PDE7 inhibitor
S14, which restored biogenesis and limited excessive mitophagy
(Bartolome et al., 2018). Evidence supports a mechanistic link between
Ap and mitochondrial damage: Af can be imported into mitochondria
via the translocase of the outer membrane (TOM) complex and localize
to mitochondrial cristae (Hansson Petersen et al., 2008). In addition,
accumulation of full-length APP at the mitochondrial import machinery
(TOM40/TIM23) in human AD brains has been linked to impaired
import of cytochrome c oxidase subunits, reduced complex IV activity,
and increased hydrogen peroxide levels (Devi et al., 2006). Together,
these studies suggest that AP interacts directly with mitochondrial
structures, triggering a cascade of functional impairments that have
been consistently observed in AD patients as well as in animal and cell
models of AD.

Findings from patient brain samples, transgenic animal models, and
in vitro systems support that AD involves impairment in oxidative
phosphorylation, redox homeostasis, and mitochondrial structural
integrity (Wang et al., 2025). These changes increase susceptibility to
oxidative damage and contribute to synaptic dysfunction through
impaired neuronal energy metabolism (Pszczotowska et al., 2024).
Oxidative and nitrosative stress are therefore central to AD pathogen-
esis, arising from an imbalance between antioxidant defense and the
production of reactive oxygen and nitrogen species (ROS/RNS)
(Butterfield and Boyd-Kimball, 2020; Wang et al., 2014). In neurons
from AD brain tissue, Hirai et al. demonstrated elevated levels of
oxidative stress markers, including 8-hydroxyguanosine and 3-nitrotyr-
osine, which co-localized with mitochondrial abnormalities, such as
altered morphology, abnormal mitochondrial DNA distribution, and
reduced mitochondrial number (Hirai et al., 2001). Consistent with
early mitochondrial vulnerability, CRND8 mice exhibit mitochondrial
fragmentation and abnormal distribution as early as at three months of
age, before substantial plaque deposition. These alterations were
accompanied by disrupted cristae structure and reduced bioenergetic
capacity (Wang et al., 2017). Other studies also show that Af} deposition
and soluble oligomers promote mitochondrial oxidative stress,
increasing neuronal mitochondrial ROS. In  12-month-old
McGill-R-Thy1-APP transgenic (Tg) rats, elevated levels of 3-nitrotyro-
sine (3-NT), a marker of nitrosative stress, have been associated with
altered mitochondrial Complex I assembly and enhanced nitro-oxidative
damage (Novack et al., 2025). Altogether, these findings indicate that
oxidative and nitrosative stress are not only markers of mitochondrial
dysfunction but also early contributors to AD progression
(Calvo-Rodriguez et al., 2024).

In addition to impaired cellular respiration, mitochondrial dysfunc-
tion can lead to distorted mitochondrial networks. These networks are
maintained by the balance between fission and fusion and are essential
for maintaining cellular health. In AD, excessive mitochondrial fission
and impaired fusion lead to fragmented mitochondrial networks,
reduced ATP production, and neuronal death (Flannery and Trushina,
2019; Kandimalla and Reddy, 2016). Consistent with this, studies in
12-month-old McGill-R-Thy1-APP transgenic (Tg) rats show that cere-
bral Ap accumulation alters the fission—fusion balance (Novack et al.,
2025). Increased fission of mitochondrial networks is a marker of
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cellular distress, as non-functional mitochondria are split from the
continuous networks and degraded via mitophagy. Furthermore, Ap and
hyperphosphorylated tau further exacerbate mitochondrial dysfunction
in AD by interfering with mitochondrial transport and quality control
pathways (Manczak et al., 2011).

The selective autophagic removal of damaged mitochondria plays
also a vital role in maintaining mitochondrial homeostasis. Emerging
evidence indicates that mitophagy is dysregulated in AD brains,
contributing to the progressive accumulation of dysfunctional mito-
chondria and neurodegeneration (Mary et al., 2023). iPSC-derived
neural stem cells carrying the PS1 M146L mutation exhibit impaired
mitophagy and mitochondrial dysfunction, and pharmacological in-
duction of autophagy with bexarotene restores autophagic flux and al-
leviates mitochondrial anomalies (Martin-Maestro et al., 2019). In
another study by this group, fibroblasts and iPSC-derived neurons from
familial AD patients with the PS1 A246E mutation displayed mitophagy
failure due to impaired autophagic degradation linked to lysosomal
dysfunction, resulting in the accumulation of Parkin-tagged damaged
mitochondria, consistent with a block in mitochondrial clearance
downstream of Parkin recruitment (Martin-Maestro et al., 2017). In line
with the importance of this pathway, Parkin overexpression has been
reported to partially rescue mitophagy and reduce Ap-associated mito-
chondrial stress in AD-relevant settings (H. Wang et al., 2020).

While mitochondrial dysfunction is a well-established consequence
of Ap accumulation in AD, most experimental models either examine
late-stage pathology, where amyloid deposition and neuronal loss are
already evident, or acute Af exposure in immature cultures, often
through exogenous peptide treatment. In our previous work, we
demonstrated that treatment of progenitor neural cells exposed to
exogenous Ap42 for 48 h led to internalization of the peptide and was
sufficient to induce mitochondrial impairment, evidenced by an increase
in ROS and low mitochondrial membrane potential (Motamed et al.,
2025). However, this does not fully model the chronic toxicity of Ap
characteristic of AD. To investigate the impact of sustained Af produc-
tion on mitochondrial health, we compared two amyloidosis models
expressing pathogenically similar APP mutations: an in vitro system
using neural progenitor cells (ReN-APP) carrying the Swedish and
London mutations (K670N/M671L (Swedish) and V7171 (London)), and
an in vivo rat model expressing the Swedish and Indiana mutations
(K670M/N671L (Swedish) and V717F (Indiana)). Previous findings
showed extracellular Ap deposits in ReN-APP cells from 6 weeks of
differentiation (Choi et al., 2014) and in transgenic rats aged 6 months
and older (Leon et al., 2010).

This study aimed to characterize progressive mitochondrial
dysfunction caused by Ap at different stages. We endeavoured to model
early stages of AD, before extracellular Af deposits become evident, and
later disease stages where Ap deposition can already be observed. To this
end, we assessed mitochondrial function and morphology at 2 and 6
weeks of differentiation (in vitro human model), and 3 and 9 months of
age (in vivo rat model).

Our data reveal a temporal evolution of mitochondrial involvement
in the pathology, with minor effects detected at early time points.
Subsequently, in later stages of amyloidosis, significant mitochondrial
impairment becomes evident, including elevated mitochondrial super-
oxide levels, reduced membrane potential, and disrupted network
morphology. Specifically, mitophagy was markedly impaired at 6 weeks
in ReN-APP cells. Also, hippocampi of 9-month-old Tg rats showed
increased nitrosative stress and elevated DRP1 expression, indicating
excessive mitochondrial fission. These findings are in agreement with
previous results using the same Tg rat stain and showing impaired
mitochondrial respiration in the hippocampus (Martino Adami et al.,
2019, 2017) and altered levels of mitochondrial super complexes
(Novack et al., 2025). In addition, our results also show alterations in the
mitochondrial degradation pathway, supporting the notion of progres-
sive mitochondrial dysfunction in response to sustained Af exposure
(Bordi et al., 2016; Hein et al., 2025).
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2. Materials and methods

2.1. Generation of neurons and astrocytes from ReN-P neural progenitor
cells

The ReN cell VM human neural progenitor cell line (ReN-P) Milli-
pore, #SCC008) was cultured on Matrigel® Basement Membrane Ma-
trix, phenol red-free (Corning, #356237), in T25 flasks. Cells were
seeded at a density of 1 x 10 cells/cm? and maintained in proliferation
medium composed of DMEM/F12 (Gibco, #11320074), supplemented
with 2 ug/mL heparin sodium salt (StemCell Technologies, #07980),
2% B27 (Invitrogen, #17504-044), 20 ng/mL epidermal growth factor
(EGF) (Millipore, #GF144), 20 ng/mL Basic fibroblast growth factor
(bFGF) (Millipore, #GF003), and 1 % penicillin/streptomycin/ampho-
tericin B (Abcam, #ab287912). Cells were incubated at 37°C with 5%
CO: and passaged every 3-4 days upon reaching confluency. To drive
ReN-P cells toward both neuronal/glial differentiation, cells were
cultured in differentiation medium, consisting of the proliferation me-
dium without EGF and bFGF, with medium changes every 2-3 days.

2.2. Generation of ReN-APP cell lines via lentiviral infection of ReN-P
cells

The lentiviral transduction protocol was adapted and modified based
on Choi et al. (2015) and Motamed et al. (2025). Briefly, a two-round
transduction strategy was required to achieve stable GFP expression in
ReN-APP cells. Lentiviral particles carrying the pcLV-CMV-MSC poly-
cistronic expression vectors were obtained from SIRION Biotech (Ger-
many). Two constructs were used: one expressing GFP alone (infectious
titer: 5.8 x 10° TU/mL), and the other expressing GFP along with
full-length APP harbouring FAD mutations K670N/M671L (Swedish)
and V7171 (London) (infectious titer: 1.75 x 10° TU/mL). ReN-P cells
were seeded at a density of 450,000 cells per well in 6-well plates coated
with Matrigel®. One day after seeding, cells were pre-treated with
LentiBOOST transduction enhancer (SIRION Biotech, Germany) for
30 min before transduction. Cells were then transduced with either the
GFP-only vector (ReN-GFP) or the APP-expressing vector (ReN-APP) at a
multiplicity of infection (MOI) of 20, followed by spinoculation (90 min
at 800 x g). On day three, the transduction medium was removed, and
cells were washed three times to stop infection. GFP expression was
confirmed on day four by fluorescence microscopy, although the initial
transduction efficiency was low. At passage 2 (day 15), cells were
re-seeded and re-infected using the same MOI (20), without LentiBOOST
but including spinoculation (90 min at 800 x g). The infection was
terminated the next day by washing the cells three times. GFP expression
was robustly detected at this stage. Cells were subsequently expanded
and cryopreserved in ReN Cell Freezing Medium (Millipore, #SCMO007).

2.3. FACS enrichment

ReN-P, ReN-GFP, and ReN-APP cell lines were dissociated using
Accutase (Millipore, #SCR005). The resulting cell pellets were resus-
pended in PBS supplemented with 2 % KnockOut™ Serum Replacement
(Gibco, #10828010) and 2% B27 (Gibco, #17504-044) at a concen-
tration 8 x 10° cells/mL. Cells were then filtered through 30 pm Celltrics
strainers (Partec, #04-004-2326) prior to fluorescence-activated cell
sorting (FACS) using a BD FACSAria™ system to enrich for GFP
expression. Sorted populations were classified based on GFP intensity
into low- and high-expressing groups. Cells were subsequently cultured
in proliferation medium, and cryopreserved stocks were generated using
ReN cell freezing medium (Millipore, #SCMO007).

2.4. Establishment of a thin-layer ReN-APP Cell culture model

To assess mitochondrial function, thin-layer Matrigel® cultures of
ReN-P and ReN-APP cells were established as previously described (Choi
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et al.,, 2014). Briefly, cold, growth factor-reduced, phenol red-free
Matrigel® Basement Membrane Matrix (Millipore, #356231) was
mixed with the cell suspension on ice at a 1:2 ratio, then further diluted
to a final 1:10 ratio in medium. A total volume of 300 uL of the Matri-
gel—cell mixture was added to each well of Nunc™ Lab-Tek™ II 8-well
chambered glass slides (Thermo Scientific, #154534), with a final
seeding density of 3 x 10° cells per well. Cultures were differentiated
and maintained for either 2 or 6 weeks, with medium changes every 3
days.

2.5. RT PCR

Total RNA was extracted from ReN-P cells, ReN-APP and ReN-GFP
cells using the TRIzol™ reagent extraction protocol. Complementary
DNA (cDNA) was synthesized from 1 pg of total RNA using M-MLV
reverse transcriptase (Promega, #M1705) and oligo(dT) primers (Qia-
gen, #79237). Endpoint PCR was performed using gene-specific primers
listed in Table 1. The PCR cycling conditions were as follows: initial
denaturation at 95 °C for 2 min, followed by 35 cycles of 95 °C for 30,
58 °C for 30s, and 72 °C for 30 s. A final extension step was carried out at
72 °C for 2 min

2.6. Mitochondrial membrane potential measurement

ReN-P and ReN-APP cell lines differentiated for 2 or 6 weeks were
washed three times with PBS. To assess mitochondrial membrane po-
tential, cells were incubated with 15 nM tetramethylrhodamine ethyl
ester perchlorate (TMRE; Abcam, #ab113852) in culture medium, along
with Hoechst 33258 (Thermo Fisher Scientific, #H3569) for nuclear
staining. After a one-hour incubation at 37 °C, cells were washed with
fresh medium and imaged using confocal microscopy. Cells treated with
15 uM Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP)
(Abcam, #ab120081) for 1 h were used as a positive control for mem-
brane depolarization. TMRE signal intensity reflects mitochondrial ac-
tivity. Therefore, total mitochondrial activity per cell was assessed using
ImageJ software (version 2.54 f, NIH, USA) by measuring the integrated
density (mean intensity times area of the signal) of each image and
normalized by nuclear count.

2.7. Mitochondrial ROS measurement

After 2 or 6 weeks of differentiation, ReN cell lines were washed with
PBS and incubated with 5 pM MitoSOX™ Red mitochondrial superoxide
indicator (Thermo Fisher Scientific, #M36008) prepared in PBS con-
taining Mg?* and Ca** for 30 min at 37 °C. Nuclei were counterstained
with Hoechst 33258 (Thermo Fisher Scientific, #H3569). After incu-
bation, cells were washed with PBS (Mg**/Ca?*) and imaged live using
confocal microscopy. As a positive control, ReN cells were treated with
Hz0: for 1h to induce oxidative stress. Image analysis was performed
using CellProfiler software (Ver.4.2.1), and total MitoSOX™ fluores-
cence intensity was quantified and normalized to the number of nuclei
per field.

2.8. Immunofluorescence staining

Differentiated ReN cells were fixed with 4 % formaldehyde overnight
and were permeabilized and blocked as described in Choi et al. (2014).
They were then incubated overnight at 4°C with primary antibodies,
described in Table 2. Following primary incubation, the samples were
washed three times with TBST containing 0.1 % Tween-20 and then
incubated for five hours at room temperature with secondary antibodies
diluted as described in Table 2. DAPI (Sigma-Aldrich, #D9542) was used
to stain the nuclei. Images were acquired using an Olympus Fluoview
FV3000 Confocal Microscope. Live-cell imaging was performed using a
40 x objective, whereas fixed immunostaining images were acquired
using a 60 x objective. For each condition and time point, N=3-5
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Table 1
Primer sequences used for RT-qPCR.
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Gene Name Sequence (5-3) WT?-Product length [bp] MUT"-Product length [bp]
APP APP_SL FOR1 CTCCTTCCCGTGAATGGAGAG 380 380
APP_SL_REV2 CCACACCATGATGAATGGATGTG
APP London APP_SL_FOR1 See above 357
APP_SL_ REV3 CTTCAGCATCACCAAGGTGATCAT
APP Swedish APP_SL_FOR1 See above 217
APP_SL_REV1 CATGTCGGAATTCTGCATCCAGA

@ WT: Wild type
b MUT: Mutant

Table 2
Antibodies used for Immunofluorescence staining.

Protein of Primary antibody Secondary antibody
interest
B II Tubulin  Mouse monoclonal (Sigma, Goat anti-Mouse IgG Alexa Fluor
(Tuj-1) #T8578) /1:500 647 (Thermo Fisher Scientific, A-
21235)/1:400
S1008 Rabbit monoclonal Antibody Goat anti-Rabbit IgG Alexafluor
(Abcam, #ab52642)/1:100 546(Sigma, Taufkirchen,
Germany, A-11071)/1:400
TOMM20 Rabbit monoclonal Antibody Goat anti-Rabbit IgG Alexafluor
(Thermo Fisher Scientific, 546(Sigma, Taufkirchen,
MAS5-34964) /1:250 Germany, A-11071)/1:1000
DRP1 Rabbit monoclonal Antibody Goat anti-Rabbit IgG Alexafluor
(Abcam, #ab184247)/ 1:250 546(Sigma, Taufkirchen,
Germany, A-11071)/1:1000
PINK1 Rabbit polyclonal Antibody Goat anti-Rabbit IgG Alexafluor
(Novusbio, #BC100-494)/ 546(Sigma, Taufkirchen,
1:150 Germany, A-11071)/1:1000
LAMP2 Mouse monoclonal Antibody Goat anti-Mouse IgG2b Alexa

Fluor™ 647 (Thermo Fisher
Scientific, A-21242)/1:400

(Thermo Fisher Scientific,
MA1-205)/1:100

non-overlapping fields were imaged per replicate using identical
acquisition settings. Fields of view were selected in a consistent, unbi-
ased manner across the coverslip, avoiding edges and visually compro-
mised regions. Images were analyzed using ImageJ (Schneider et al.,
2012), Mitosegnet, and CellProfiller software (Ver.4.2.1). Mitochondrial
number was quantified based on TOMM20-positive staining using the
published deep-learning pipeline MitoSegNet (Fischer et al., 2020). The
TOMM20 channel was segmented to enable precise identification of
individual mitochondria. These segmented images were then used to
quantify mitochondrial numbers and assess morphometric features,
including branch length. Finally, mitochondrial counts were normalized
to cell number, determined by DAPI-positive nuclei.

2.9. Glutathione (GSH) measurement in mitochondria

Intracellular glutathione levels serve as a key biomarker of oxidative
stress, a condition that can ultimately lead to mitochondrial damage and
cell death. To quantify reduced glutathione (GSH) and oxidized gluta-
thione (GSSG), the GSH-Glo™ Glutathione Assay Kit (Promega,
#V6911, USA) was utilized. This luminescence-based assay detects GSH
by leveraging a chemical reaction in which a luciferin derivative is
converted into luciferin in the presence of glutathione.

To determine total glutathione levels (GSH + GSSG), a reducing
agent such as Tris-(2-Carboxyethyl) phosphine, Hydrochloride (TCEP)
was included to convert GSSG into its GSH, allowing comprehensive
analysis of the glutathione redox state. Luminescence was measured
using a microplate luminometer (FlexStation 3 microplate reader, Mo-
lecular Devices), and values were compared to a GSH standard curve for
quantification.
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2.10. Quantification of Ap42 and Ap40 using a multiplex assay

AB40 and AP42 levels were quantified using the MSD V-PLEX Ap
Peptide Panel (6E10) Multiplex Assay (Meso Scale Discovery;
#K15200E-2). Supernatants were collected from ReN-P and ReN-APP
cell cultures after 2 and 6 weeks of differentiation, as well as from in
vivo rat hippocampal homogenate samples at 3 and 9 months. All sam-
ples were diluted 1:2 in Diluent 35 before analysis. The assay was per-
formed according to the manufacturer’s instructions. Briefly, non-
specific binding sites were blocked with Diluent 35 for 1h. Following
this, SULFO-TAG-conjugated anti-Af (6E10) detection antibody, diluted
samples, and calibrators were added to the 96-well assay plate and
incubated for 2 h at room temperature. After incubation, the plate was
washed, read buffer was added, and signal detection was carried out
using the MESO QuickPlex SQ 120 instrument (Meso Scale Discovery).
According to the Certificate of Analysis for the assay lot used, the lower
limit of detection (LLOD) was 9.97 pg/mL for AB40 and 0.368 pg/mL for
Ap42. Values from hippocampal homogenates were normalized to pro-
tein concentration using the Bradford assay, whereas in vitro values were
normalized to the number of nuclei.

2.11. Animals and ethical implications

The McGill-R-Thy1-APP transgenic (Tg) rats express the human
APP751 transgene with the Swedish and Indiana mutations (Leon et al.,
2010). Animals were provided by the Royal Institution for the
Advancement of Learning (McGill University-Canada), and an in-house
colony was established at the Leloir Institute Foundation (Buenos Aires,
Argentina) by cross-breeding Tg with wild-type (WT) Wistar rats. The
experimental protocol followed ARRIVE and OLAW-NIH guidelines and
was approved by the local Institutional Animal Care & Use Committee
(FIL-IACUC N°. 100). Experiments were performed on isolated brains of
male rats aged 3-month-old (body weight: 300-340 g) or 9-month-old
(body weight: 400-470 g).

Animals were housed in groups of 2-3 in transparent polypropylene
cages of standard dimensions (height, 18 cm; width, 33 cm; length,
59 cm; Tecniplast model no. 1354) with ad libitum access to water and
standard rat chow (Cooperacion, Gilardoni, Buenos Aires, Argentina)
under a 12-h light/12-h dark cycle (lights on at 8 a.m.) and controlled
temperature and humidity (21°C £ 2°C, 50 % =+ 10 %).

Two cohorts, consisting of a total of 8 WT and 8 TG rats, were used
for the in vivo experiments. Total and mitochondrial fractions were ob-
tained from hippocampal homogenates for further studies. A first cohort
(WT = 4; Tg = 4 of 3-month-old animals) was used for the determination
of nitrotyrosine-containing proteins, DRP-1 (mitochondrial fission in-
dicator), PINK-1 (a mitophagy marker), p62 (characteristic of early
autophagosome formation), and LC3B (a central protein in autophagy)
levels. Similar analyses were performed with a second cohort (WT = 4;
Tg = 4 of 9-month-old rats). The hippocampal total fraction of both
cohorts was used for soluble Ap measurement.

2.12. Isolation of rat tissue and subcellular fractionation

Animals were anesthetized with an intraperitoneal injection of
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ketamine (50 mg/kg) and xylazine (10 mg/kg), perfused intracardially
with 0.9 % NaCl/200 U/L heparin, and the brains were quickly removed
based on (Leal et al., 2006). For biochemical techniques, hippocampal
homogenates were prepared in buffer MSTE w/BSA 1% (230 mM
Mannitol/70 mM Sucrose/10 mM Tris-HCl/1 mM EDTA, pH 7.4) and
stored at —80°C until processing (Jha et al., 2016) for the total fraction.
Subcellular fractions enriched in mitochondria were obtained from
hippocampal homogenates by differential centrifugation following
standard procedures (Cadenas and Boveris, 1980). Protein concentra-
tion was determined using the Pierce MicroBCA Protein Assay Kit
(Thermo Scientific, Cat no. A65453).

2.13. Protein detection by immunoblotting

Protein extracts from total or mitochondrial fractions were separated
using SDS-PAGE electrophoresis followed by immunodetection via
Western-blot using standard laboratory techniques. Briefly, total and
mitochondrial fractions were resuspended in 10 pl MSTE buffer plus 5 pl
of sample buffer 4X (0.5M Tris-HCl pH 6.8; 1 M Dithiothreitol (DTT);
8% (w/v) Sodium dodecyl sulphate (SDS); 4.3 M glycerol; 6 mM bro-
mophenol blue) followed by a heating-denaturation procedure for
10 min at 100°C. Samples were resolved on 7.5 % Tris-Tricine mini-gels.
Proteins were transferred to a PVDF membrane; membranes were
incubated with blocking buffer (PBS/5 % skimmed milk) for 1 h at room
temperature, followed by three washing steps (10 min each) with PBS/
0.1 % Tween 20, before incubations with the primary specific antibodies
(overnight at 4°C, Table 3). The next day, the membranes were washed 3
times in PBS/0.1 % Tween, before incubation with the secondary spe-
cific antibodies for 1 h at RT (Table 3).

After protein transfer, membranes were incubated with primary
antibodies as follows: membranes with mitochondrial or total fractions
(one of each) were sequentially incubated with DRP-1, PINK-1, 3-NT,
and finally with the appropriate loading control (TOMM20 for mito-
chondrial fractions, a-Tubulin for total fractions) with stripping (5 min
in stripping buffer NaOH 0.1 M) performed between each incubation.
Similarly, another set of membranes containing mitochondrial or total
fractions were sequentially incubated with p62, LC3, and likewise pro-
bed with the corresponding loading controls (TOMM20 or a-Tubulin)
with stripping performed between each incubation.

Peroxidase-conjugated secondary antibodies and enhanced chem-
iluminescence detection system (Amersham ECL Prime Western blotting
Detection Reagent, catalogue N° RPN2232) were employed to detect
immunoreactivity using Amersham ImageQuant™ 800 biomolecular
imager (Cytiva). Quantification of the optical density of the bands of
interest was calculated following previous reports(LI-COR, 2018) using
Image J software (NIH, USA). Briefly, the normalized band intensity
value was calculated by dividing the band intensity of the protein of
interest by the band intensity of the corresponding loading control. The
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ratios were normalized to the band intensity values of the WT samples.

2.14. Immunohistochemistry

Brain tissues were divided into left and right hemispheres. Hippo-
campus was isolated from left hemisphere and retained for biochemical
studies. The right hemisphere was fixed in 4 % paraformaldehyde in
0.1 M phosphate buffer (PB), pH 7.4 overnight at 4°C, and finally
transferred to a solution of 30 % sucrose in 0.1 M PB for 5 days, or until
sectioned for immunohistochemistry into 40 pm coronal sections with a
freezing sledge microtome (SM 2000R, Leica) at —20°C. The sections
were blocked by incubating them in normal donkey serum (Sigma, cat
no. D9663) 0.1 % in phosphate buffered saline (PBS)-Triton X (0. 05 %)
for 1h at RT, the sections were incubated overnight in a humidity
chamber at 4°C with mouse monoclonal anti Ap (McSA1, Medimabs,
catalog N° MM-0015P) at a final dilution of 1:1000 in blocking solution.
The next day, sections were washed three times in PBS-Triton X 0.05 %,
incubated for 1 h in secondary antibody (Biotin-SP- AffiniPure™ Donkey
Anti-Mouse IgG (H+L), Jackson Immuno Research catalogue N°
715-065-151), in PBS at a 1:200 dilution. After the incubation, samples
were washed three times in PBS-Tween 0.05 % and incubated for 1 h at
RT in VECTASTAIN Elite ABC Kit (catalogue N° PK-6100). After three
washes in PBS, the reaction was detected by DAB Substrate Kit (Vector
catalogue N° SK-4100) for 2 min and then stopped with double-distilled
water. Finally, the sections were dehydrated in ascending graded alco-
hols, cleared in xylol and finally mounted in synthetic Canada balsam.

2.15. Statistical analysis

Data were analyzed and visualized using GraphPad Prism version
9.3.1 (GraphPad Software). For comparisons between two groups, un-
paired Student’s t-tests were used. If data did not meet assumptions of
normality or equal variance, Welch’s correction or the Mann-Whitney U
test was applied as appropriate. For multiple group comparisons, one-
way ANOVA was used when assumptions were met; otherwise, the
Kruskal-Wallis test was used. p < 0.05 was considered significant: (ns)
p > 0.05; *p <0.05; **p <0.01; ***p <0.001.

3. Results
3.1. ReN-APP cells exhibit functional differentiation and secrete Af

To establish a human cellular model for APP-associated pathology,
we developed two transgenic ReN cell VM lines: one stably expressing
mutant human APP along with GFP (ReN-APP), and a control line
expressing only GFP (ReN-GFP) (Fig. 1A). After FACS sorting the
transduced cell populations, we proceeded with the GFP-low expressing
ReN-APP population, which represented the majority of the transduced

Table 3
Antibodies used for Inmunoblotting.
Protein of Primary antibody Secondary antibody
interest
«-Tubulin Mouse monoclonal (Developmental Studies Hybridome Bank, # 12G10) /1:2000 Goat anti-Mouse (Jackson, #115-035-146)/
1:10000
3-nitrotyrosine Rabbit anti-3NO2Tyr (polyclonal antibody kindly provided by Rafael Radi from the UdeLaR-Montevideo, Goat anti-Rabbit (Jackson, #111-035-144)/
Uruguay)/ 1:1000 1:10000
TOMM20 Rabbit monoclonal Antibody (Santa Cruz Biotechnology, # SC-114115) /1:1000 Goat anti-Rabbit (Jackson, #111-035-144)/
1:10000
DRP1 Rabbit monoclonal Antibody (Abcam, #ab184248)/ 1:1000 Goat anti-Rabbit (Jackson, #111-035-144)/
1:10000
PINK1 Rabbit polyclonal Antibody (Novusbio, #BC100-494)/1:150 Goat anti-Rabbit (Jackson, #111-035-144)/
1:10000
p62 Rabbit (Cell Signaling, #51145)/1:1000 Goat anti-Rabbit (Jackson, #111-035-144)/
1:10000
LC3B Rabbit (Cell Signaling, #3868S)/1:1000 Goat anti-Rabbit (Jackson, #111-035-144)/
1:10000
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Fig. 1. ReN-APP cells exhibit functional differentiation and Ap Secretion A. Scheme illustrating polycistronic lentiviral constructs used for transduction: one
carrying only GFP as a control (ReN-GFP), and another carrying APP with Swedish and London mutations (APP-SL), referred to as ReN-APP. Constructs include IRES
(internal ribosome entry sites) and are driven by a CMV (cytomegalovirus) promoter. B FACS analysis used to sort cells based on GFP expression, confirming
successful transfection. % values indicate number of GFP-positive cells in each gated population (high and low). C RT-PCR analysis of gene expression levels in
transfected cells. WT = wild-type D Quantification of an Ap42/40 ratio in the supernatant of 2 and 6 weeks. E, J Inmunofluorescence staining of differentiated cells
at 2 and 6 weeks using BIII Tubulin (Tujl, neuronal marker in yellow) (E), S100p (astrocyte marker, red) (J), and DAPI (nuclear stain, blue) to assess cellular
differentiation over time. F, H Quantification of Tujl staining in 2- and 6-week ReN-P and ReN-APP cultures. Data are expressed as Tuj-1-positive area (% of total
image area), N > 3. G, I Quantification of cell density based on DAPI-positive nuclei counts per field in 2- and 6-week cultures. Data are shown as scatter plots with
mean + SD. Normality was assessed using the Shapiro-Wilk test. For comparisons between two groups, normally distributed data with homogenous variances were
analyzed using unpaired t-tests; when normality or equal variance assumptions were not met, Mann-Whitney tests were used. ns, not significant, *p < 0.05;

**p < 0.01; ***p < 0.001, ****p < 0.0001.

cells (Fig. 1B). Stable integration and expression of the transgenes were
confirmed by RT-PCR, showing the presence of both APP mutations
(London and Swedish) in the ReN-APP cells, but not in the parental
control cells (ReN-P) nor the ReN-GFP control line (Fig. 1C). Removal of
growth factors from the cell culture medium for one week promoted the
differentiation of transduced cells into a mixed population containing
neuronal cells and astrocytes (Fig. 1E, J).

At one week, ReN-P and transduced cells acquired expected rounded
cell bodies and notable neurite outgrowths shown by brightfield and live
GFP images (Supplementary Fig. 1A). Cultures maintained for 2 weeks
showed extensive interconnected networks, consistent with more
differentiated cells. Differentiation was confirmed by immunofluores-
cence staining, which revealed expression of the neuronal marker f III
Tubulin- (Tujl) (Fig. 1E) and the astrocytic marker S1008 (Fig. 1J). The
6-week timepoint was selected as a final endpoint due to the emergence
of phenotype-specific features such as neuronal loss and large astrocytic
soma size in the ReN-APP line (Fig. 1E, J). Quantification of Tujl
staining confirmed these observations. At 2 weeks, the percentage of
Tujl-positive area did not differ between ReN-P and ReN-APP cultures,
whereas at 6 weeks, ReN-APP cultures displayed a significant reduction
in Tujl-positive area compared with ReN-P (Fig. 1F, H). Likewise, DAPI-
positive nuclei count per field was comparable between the two groups
at 2 weeks but was significantly reduced in 6-week ReN-APP cultures
(Fig. 1G, I), indicating decreased cell density at the later time point.

To evaluate disease-relevant features of the model, soluble Ap42 and
Ap40 levels were quantified in the supernatants of 2- and 6-week-old
cells cultured in a thin Matrigel® layer. ReN-APP cells showed a sig-
nificant increase in AB42 secretion, approximately ~3-fold at 2 weeks
and ~2.4-fold at 6 weeks, compared to ReN-P controls (Supplementary
Fig. 1B). In contrast, AB40 levels were significantly elevated only at 2
weeks (~2.3-fold) and remained unchanged at 6 weeks (Supplementary
Fig. 1C). This measurement resulted in an elevated Ap42/Ap40 ratio in
ReN-APP cultures compared to controls, with a similar increase of
approximately 1.4-fold at 2 weeks and 1.3-fold at 6 weeks, indicative of
an amyloidogenic profile. (Fig. 1.D). At this later time point, we also
observed a decrease in cell numbers.

Collectively, these findings demonstrate that the ReN-APP cell line
reliably expresses mutant APP Swedish/London, maintains its capacity
for neural and astrocytic differentiation, and recapitulates key patho-
logical features, including altered A processing. The 2-week differen-
tiation period served as an early time point, at which only minimal
morphological changes were observed, whereas the 6-week differenti-
ation period reflected a later stage with more pronounced alterations in
neuronal and astrocytic morphology, accompanied by cell loss.

3.2. Early oxidative imbalance and later loss of membrane potential
indicate progressive mitochondrial dysfunction

To assess overall mitochondrial functionality in ReN-APP cells dur-
ing AD pathology, mitochondrial membrane potential (MMP) was
measured using tetramethylrhodamine ethyl ester (TMRE) staining at 2
and 6 weeks of differentiation. A significant reduction in TMRE fluo-
rescence per cell was observed in ReN-APP cells after 6 weeks compared
to control ReN-P cells (Fig. 2C-D), while no significant difference was
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detected in 2-week-old ReN-APP cells (Fig. 2A-B), indicating that
mitochondrial functionality is still intact at early stages of AD pathology
and diminishes over time as the amount of Ap peptides increases. ReN
parental cells treated with FCCP, used as a positive control, showed
lower TMRE fluorescence compared with the other two groups at both 2
and 6 weeks (Supplementary Fig. 1D, D)

Mitochondrial ROS production typically precedes the loss of mito-
chondrial function. Therefore, we assessed mitochondrial superoxide
production in ReN-APP cells at 2 and 6 weeks of differentiation using
MitoSOX staining. Elevated MitoSOX fluorescence was detected in ReN-
APP cells at both time-points, relative to control cells (Fig. 2E-H). When
treated with H20: as a positive control, ReN parental cells showed higher
Mitosox signal compared to control group at 2 and 6 weeks
(Supplementary Fig.1E, E’). To evaluate redox status, we measured
levels of reduced glutathione (GSH) and oxidized glutathione (GSSG)
and calculated the ratio. The ratio of GSH/GSSG is often used as a
marker of oxidative stress, as it shows the remaining antioxidative ca-
pacity inside the cell. While no significant difference in GSH/GSSG ratio
was observed at 2 weeks (Fig. 2I), a significant decrease was detected in
ReN-APP cells at 6 weeks compared to controls (Fig. 2J), indicating
impaired redox balance at later stages of differentiation. Furthermore,
this hints that superoxide production is continuously elevated in ReN-
APP cells.

3.3. Disrupted mitochondrial dynamics in early and late-stage APP-
expressing cell lines

Prolonged oxidative stress has been shown to be further associated
with mitochondrial network fragmentation and loss of mitochondria. To
investigate mitochondrial dynamics, we performed immunostaining for
DRP1, a key mediator of mitochondrial fission. Quantitative analysis of
DRP1 signal revealed a significant increase in total DRP1 levels in ReN-
APP cells compared to ReN-P controls at both 2 and 6 weeks (Fig. 3A-C).
This elevation suggests an early and sustained shift towards enhanced
fission capacity in ReN-APP cells, potentially as an adaptive response to
accumulating mitochondrial stress.

To assess whether the increased DRP1 expression was indeed asso-
ciated with morphological changes in mitochondrial networks, we
stained cells with TOMM20 (a mitochondrial outer membrane marker)
and analysed the mitochondrial network architecture. At 6 weeks, ReN-
APP cells exhibited significantly reduced average mitochondrial branch
length, indicative of increased mitochondrial fragmentation. In contrast,
no differences in branch length were observed at the 2-week stage
(Fig. 3D-F). Consistent with this, quantification of mitochondrial num-
ber revealed a higher number of mitochondria in 6-week-old ReN-APP
cells compared to controls, whereas no difference was observed at 2
weeks. These findings collectively support the occurrence of enhanced
mitochondrial fission at the 6-week stage in ReN-APP cells (Fig. 3E- G).

3.4. Impaired mitophagy in the late stage of ReN-APP cells

Following the detection of mitochondrial impairment and fragmen-
tation of the mitochondrial network in ReN-APP cells after 6 weeks of
differentiation, we next became interested in evaluating whether
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Fig. 2. Early oxidative imbalance and later loss of membrane potential indicate progressive mitochondrial dysfunction A, D. Live cell imaging of 2 and 6-
week-differentiated ReN-P and ReN-APP cells using TMRE (red) to assess mitochondrial membrane potential, and Hoechst (blue) for nuclear labelling. Scale bar: 50
pm. Images were acquired using a confocal laser microscope (Olympus FV3000). B, D. Mitochondrial activity was analyzed as an integrated density normalized to
nuclei using CellProfiler (v4.2.1). A’, C": Zoomed-in views of the boxed regions in A and C, showing TMRE signal (red) in the cells. Scale bar:10 pm. E, H 2- and 6-
week-old ReN-P and ReN-APP cells stained with MitoSOX™ Red to detect mitochondrial superoxide, and Hoechst (Blue) to label nuclei. Scale bar: 100 ym. F, H
MitoSOX™ total fluorescence intensity measured using CellProfiller (v4.2.1) for 2 and 6 weeks, respectively. Control values were set to 100 %. H,0,-treated cells were
included as a positive control. E’, G’: Zoomed-in views of the boxed regions in A and C, showing MitoSOX™ fluorescence as a readout of mitochondrial superoxide.
Scale bar: 10 pm. I, J Quantification of intracellular GSH/GSSG ratio in 2- and 6-week differentiated cells, with H202 used as a positive control. n = 3 independent
biological replicates with N > 5 images per group. Data are shown as scatter plots with mean + SD. Statistical significance was assessed using one-way ANOVA or
Kruskal-Wallis, chosen based on distributional assumptions. ns, not significant, *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001.

mitophagy is altered. To assess mitophagy initiation, we measured the response to mitochondrial dysfunction in ReN-APP cells.

expression level of PINK1, a key mitophagy initiator, in ReN-APP and Given the significant mitochondrial network fragmentation and
ReN-P cells. Data revealed that after 6 weeks, PINK1 levels were elevated mitophagy initiation observed in 6-week-old ReN-APP cells, we
significantly elevated in ReN-APP cells compared to controls, whereas next wanted to evaluate whether mitophagy progression was impaired.
no significant differences were observed at the 2-week time point Specifically, the delivery of mitochondria to lysosomes and the extent of
(Fig. 4A-C). This suggests an activation of the mitophagy pathway in mitochondrial degradation. Therefore, we performed co-staining of

54



Z. Motamed et al.

A.

2 WEEKS OLD
ReN-P

ReN-APP

ReN-P
..m ..U l.>
jor R ' ) s w/
A\l %
¢ LY

2 WEEKS OLD

ReN-APP

ReN-P

6 WEEKS OLD

6 WEEKS OLD

ReN-APP

ReN-P

Neurobiology of Aging 161 (2026) 47-63

*kx Kk

300

o

200

o wo
°
o000
o0

’E‘ .

s

00 o
00 o
=Y

100

°

‘:'?.g. .

o
e o000

Total intensity/Nuclei
(% of control)

0

T T T T
R R 3

R
N R & R
S ¥ & Lo
€ T

2 WEEKS OLD 6 WEEKS OLD

F- % %k %k k
ns
150~

]

2 o8

S _ " .
SRS X S 2
2 * R
S o ooko
23 8%
o 50

28

o

&

>

<

0 T T T T
2 R 2R
by & &
Q—"’Q&e qu_Qv\
2WEEKS OLD 6 WEEKS OLD

G. ns

300+ *

°

[
o
o
1
°
oo

-
(=3
o
1
o0
oo
o | ®
g
o
O
of .F{
oo
ol
o
°

Number of mitochondria / Cell
(% of control)

8
0 1 I 1 1
2 K 2 R
N & & R
eﬁqpe Q-"Qg,\‘

2 WEEKS OLD 6 WEEKS OLD

Fig. 3. Disrupted mitochondrial dynamics in early and late-stage APP-expressing cell lines A, B. Immunofluorescence staining of DRP1 (red) and DAPI (blue)
nuclei staining in ReN-P and ReN-APP cells at 2 and 6 weeks. Images were taken using a confocal laser microscope (Olympus FV3000). Scale bar: 50 pm. A/, B
Zoomed-in views of the boxed regions. Scale bar:10 pm. C. Quantification of total DRP1 fluorescence intensity normalized to the number of nuclei using CellProfiler.
D, E Immunofluorescence staining of TOMM20 (magenta) to assess the mitochondrial network at 2 and 6 weeks. Scale bar: 50 ym. D', E: Zoomed-in views of the
boxed regions. Scale bar: 5 pm, D" and E” show MitoSegNet-segmented images of the same regions and share the same scale (5 pm) F, G Quantification of average
mitochondrial branch length (F) and number of mitochondria per cell (G) using MitoSegNet. n = 3 biological replicates with N > 5 images per condition. Data are
shown as scatter plots with mean + SD. Normality was assessed using the Shapiro-Wilk test. For comparisons between two groups, normally distributed data with
homogenous variances were analyzed using unpaired t-tests; when normality or equal variance assumptions were not met, Mann-Whitney tests were used. ns, not

significant, *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001.

TOMM20 and LAMP2, a marker for lysosomes. Mitochondria-lysosome
colocalization was quantified by calculating the Manders M1 coefficient,
representing the fraction of TOMM20 signal overlapping with LAMP2.
After 6 weeks of differentiation, the Manders M1 value was significantly

reduced in ReN-APP cells compared to ReN-P controls, indicating
impaired mitochondrial delivery to lysosomes (Fig. 4F-G). In contrast,
no significant differences were observed at 2 weeks, where control cells
exhibited mild but detectable mitochondrial-lysosomal overlap
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Fig. 4. Impaired mitophagy in the late stage of ReN-APP cells A, B. Inmunofluorescence staining of 2 and 6 weeks ReN-P and ReN-APP cells, staining with PINK1
(red) and DAPI (blue) for nuclear staining. Scale bar: 40 pm. C Quantification of total PINK1 fluorescence intensity normalized to the number of nuclei for 2 and 6-
week time points. D, F Immunofluorescence staining of ReN-APP and ReN-P cells using LAMP2 (lysosomal marker, yellow) and TOMM20 (mitochondrial marker) to
assess colocalization of mitochondria and lysosome after 2 weeks (D) and 6 weeks (F) of differentiation. Scale bar: 30 pm. D’, F’ Zoomed-in on the boxed regions in D
and F, indicating PINK1/LAMP2 colocalization. Scale bar: 5 ym E, G Mander’s colocalization coefficient quantifying LAMP2-TOMM20 overlap at 2 weeks (E) and 6
weeks (G), indicating Mito lysosome formation over time. Data are shown as scatter plots with mean + SD. Normality was assessed using the Shapiro-Wilk test. For
comparisons between two groups, normally distributed data with homogenous variances were analyzed using unpaired t-tests; when normality or equal variance
assumptions were not met, Mann-Whitney tests were used. n = 3 biological replicates with N > 5 images per condition. ns, not significant, *p < 0.05; **p < 0.01;
*%p < 0.001, *xE*

56



Z. Motamed et al.

(Fig. 4D-E). These findings suggest that although mitophagy is initiated,
as shown by the upregulation of PINK1 in ReN-APP cells by 6 weeks,
mitochondrial targeting to the lysosome and therefore, degradation is
disrupted.

To corroborate the in vitro observations in a physiologically relevant
in vivo system, we employed Tg rats expressing human APP transgene
with the Swedish and Indiana mutations. To determine whether cerebral
Ap accumulation alters mitochondrial function, we first determined the
production and accumulation of Ap in soluble (monomers, oligomers,
and protofibrils) and insoluble (fibrils and plaques) forms using immu-
nohistochemistry. Immunostaining for Ap showed the presence of
intraneuronal Ap accumulation in the hippocampus of 3-month-old Tg
rats (Fig. 5A), while immunostaining in the hippocampus of 9-month-
old Tg rats showed the presence of extracellular A plaques in addi-
tion to intraneuronal AP accumulation (Fig. 5B). Moreover, human
soluble Af isoforms 38, 40, and 42 could be detected in hippocampal
homogenates of Tg animals of 3 and 9 months of age using a highly
sensitive multiplex MSD ELISA. Despite slightly higher levels in Af-
isoforms 40 and 42, no significant differences in their levels were
observed between the two time points (Supplementary Fig. 4A-B). We
assessed the level of protein nitrosylation as a marker of oxidati-
ve-nitrosative stress damage in total hippocampal fractions and mito-
chondrial proteins from 3- and 9-month-old rats. Quantitative analysis
of 3-NT band intensity, normalized to the appropriate loading control
(tubulin for total fraction, TOMM20 for mitochondrial fraction),
revealed a significant increase in 3-NT levels in both hippocampal total
fraction (Supplementary Fig. 2A-D) and mitochondrial fractions
(Fig. 5C-F) from Tg rats compared to WT rats at 9 months of age, while
no significant change was observed at 3 months. Moreover, quantitative
analysis of DRP1 revealed a significant increase in mitochondrial DRP1
levels in Tg rats compared to WT rats at 9 months of age (Fig. 5G-J). To
determine whether this increase reflected a generalized elevation in
total DRP1 levels (including cytoplasmic, inactive DRP1) rather than a
specific rise in mitochondrial DRP1 (active form), we analyzed the total
fraction at both ages. No significant differences in total DRP1 levels
between Tg and WT rats at either 3 or 9 months of age were observed
(Supplementary Fig. 2E-H).

3.5. The accumulation of Af impairs mitophagy flux

After detecting mitochondrial dysfunction in the hippocampus of 9-
month-old rats, we were interested in evaluating whether, similar to the
in vitro data, mitophagy was also altered in vivo. To assess the initiation
of mitophagy, we measured the expression level of PINK1 in the mito-
chondrial fraction of both ages. Quantitative analysis revealed a sig-
nificant increase in mitochondrial PINK1 levels in Tg rats compared to
WT rats at 9 months of age, while no significant differences were
observed at the 3-month time point (Fig. 6A-D). In contrast, the overall
expression of PINK1 was not elevated in the total fractions at both ages
(Supplementary Fig. 3A-D). This indicates that the increase in PINK1 is
specific to its mitochondria-bound form and elevated levels of
mitochondria-associated PINK1 are strongly suggestive of mitophagy
activation at this age. Further, we were interested in evaluating the
progression of mitophagy, specifically the transport of mitochondria to
lysosomes. Western blotting of p62 (an early marker of autophago-
somes) in total fractions showed a significant increase in p62 levels in
hippocampal samples from Tg rats compared to WT rats at 9 months of
age, while no significant differences were observed at the 3-month time
point (Supplementary Fig. 3E-H). To assess whether the increase in total
p62 correlates with an accumulation of p62 bound to dysfunctional
mitochondria, we analyzed the mitochondrial fraction at both ages. The
levels of the band corresponding to p62 were increased in mitochondrial
fractions from 9-month-old Tg rats compared to WT rats, but no differ-
ences were observed in 3-month-old samples (Fig. 7A-D). These results
suggest an accumulation of dysfunctional mitochondria and/or activa-
tion of the mitophagy pathway in response to mitochondrial dysfunction
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in aged Tg rats.

To further evaluate the progression of mitophagy, we performed
Western blotting followed by immunoblotting of the LC3-1I/LC3-I ratio
(a late marker of autophagosomes) in total fractions. A significant in-
crease in LC3-1I/LC3-I levels was observed in hippocampal samples from
Tg rats compared to WT rats at 9 months of age, while no significant
differences were observed at the 3-month time point (Fig. 7E-H). These
findings suggest that although mitophagy is initiated in hippocampal
samples at 9-month-old animals, mitochondrial degradation is impaired,
possibly due to deficient mitochondrial trafficking or defective lyso-
somal fusion. Our results support that the accumulation of Ap and
oxidative stress may impact mitochondrial degradation.

4. Discussion

In this study, we modelled amyloidosis using both an in vitro human
neural progenitor system (ReN cells) and an in vivo transgenic rat model
carrying FAD-relevant APP mutations. The ReN-APP cell line, generated
by stable expression of the Swedish and London APP variants (Choi
etal., 2014; Donato et al., 2007), displayed an elevated Ap42/40 ratio at
both 2 and 6 weeks, consistent with a key pathological hallmark of AD
(Doecke et al., 2020). The transgenic rat model, carrying the Swedish
and Indiana APP mutations, has been shown to develop intraneuronal
AP accumulation and amyloid plaques, thereby providing a comple-
mentary in vivo system to study disease progression.

Mitochondrial dysfunction induced by Ap is well documented. Mul-
tiple studies have demonstrated that Ap accumulation impairs mito-
chondrial function, oxidative balance, and dynamics (de la Cueva et al.,
2022; Wang et al., 2008). Novack and colleagues demonstrated that
supercomplexes containing complex I in the hippocampus are destabi-
lized in a rat model of cerebral amyloidosis, leading to impaired activity
and nitro-oxidative stress (Novack et al., 2025). In line with this body of
evidence, our previous findings showed that Ap treatment leads to
mitochondrial impairment in ReN cell (Motamed et al., 2025). Building
on this, in the present study we aimed to assess mitochondrial perfor-
mance, dynamics, and mitophagy at both early and late stages in envi-
ronments with sustained Ap release, using complementary in vitro and in
vivo models.

In the initial stages of AD, mitochondria exhibit subtle impairments
in energy metabolism, increased oxidative stress, and altered network
dynamics, which may occur while membrane potential is still preserved
(Picone et al., 2014; Wang et al., 2025, 2014). As the disease progresses,
these early changes advance to more severe defects, including loss of
mitochondrial membrane potential, increased permeability, and exces-
sive ROS production, reflecting bioenergetic failure that ultimately leads
to synaptic dysfunction and neuronal death (Hauptmann et al., 2009;
Xie et al., 2013). Therefore, this work focused on early and late mito-
chondrial status in the context of pathological Ap release.

We observed elevated mitochondrial ROS levels already in early
stages in 2-week-old ReN-APP cells, without a concomitant change in
the GSH/GSSG ratio. This supports our assumption that 2 weeks of
differentiation represents the early stages of Ap-mediated cellular
damage and suggests that, at this point, the antioxidant defense system
was still functional and able to balance the initial oxidative stress.
Notably, this early oxidative shift coincided with an elevated AB42/40
ratio, indicating the early onset of amyloid-related stress, and indicates
that in ReN-APP cells, Ap accumulation leads to an increased ROS pro-
duction. This is in line with the initial increased oxidative stress caused
by AP, which has been shown to generate ROS in the presence of the
transition metals copper and iron in vitro (Smith et al., 2007). Moreover,
2-week-old ReN-APP cells also showed significantly increased DRP1
levels, without a morphological correlate. DRP1 is a key protein that
regulates mitochondrial fission, whose expression and activity are
upregulated by ROS (Cid-Castro and Moran, 2021) and following
chemically-induced oxidative stress in neurons (Chen et al., 2021) thus,
it is considered an early marker of mitochondrial oxidative stress.
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Fig. 5. Progressive hippocampal Ap accumulation in vivo drives nitro-oxidative stress and alters mitochondrial fission dynamics A. Representative mi-
crophotographs of Wild type (WT, left panel) and Tg rat brains (right panel) showing intraneuronal accumulation of Ap (black arrows) detected in the 3-month-old Tg
rats. B Representative microphotograph showing intraneuronal accumulation of Ap (black arrows) and extracellular plaques (black arrowheads) detected in the 9-
month-old Tg rats. Hippocampus (Hip) shows intense McSA1 immunoreactivity in Tg (right panel) as compared to age-matched WT rats (left panel). Scale bar: 500
pm. C, D Representative Western blots of mitochondrial fractions from WT (n = 4) and Tg (n = 4) rats at 3 (C) and 9 months (D) hippocampi, using an anti-3-
nitrotyrosine (3-NT) antibody. TOMM20 was used as a loading control. E, F: Quantification of relative abundance of 3-NT protein levels in Tg compared to WT,
presented as fold change, at 3 months (E) and 9 months (F). G, H Representative Western blots of mitochondrial fractions from WT (n = 4) and Tg (n = 4) rats at 3
(G) and 9 months (H), probed with an anti-DRP1 antibody. TOMM20 was used as loading control (I, J). Bars show relative abundance of DRP1 protein levels in
mitochondrial fractions from Tg compared to WT rats, expressed as fold change, at 3 months (I) and 9 months (J). Statistical analysis was performed using the
parametric unpaired two-tailed t-test *p < 0.05. All data are presented as mean + SEM with individual data overlaid. Panels 5 C, 5 G, and 6A share the same
TOMM20 housekeeping/loading control, as they derive from the same membrane; the uncropped membrane is shown in Fig. S5A. In addition, Panels 5D, 5 H, and 6B
s‘hare the same TOMM20 housekeeping/loading control from the corresponding membrane, shown uncropped in Fig. S5B.
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Fig. 6. The accumulation of Ap triggers mitophagy in the later stage of the in vivo model A, B. Representative Western blots of hippocampal mitochondrial
fractions from WT (n = 4) and Tg (n = 4) rats at 3 months (A) and 9 months (B) using anti-PINK1 antibody, and TOMM20 as loading control. C, D Bars show relative
abundance of PINK1 protein levels from WT and Tg rats at 3 months (C) and 9 months (D), expressed as fold change compared to WT. Statistical analysis was
performed using the parametric unpaired two-tailed Welch’s t-test *p < 0.05. Data are shown as mean + SEM with individual data points overlaid.

In vivo results obtained with 3-month-old APP Tg rats, considered a membrane potential. Impaired mitochondrial function is often followed
model of early cerebral amyloidosis, failed to show oxidative stress as by disruptions in mitochondrial dynamics (Li et al., 2025). As differen-
determined by the cellular levels of protein-resident-nitrotyrosine (3- tiation progressed to 6 weeks and oxidative stress became more prom-
NT), despite the observed increase in Ap peptides and in the Af 42/40 inent, DRP1 levels remained elevated in ReN-APP cells and led to
ratio. The results obtained at early time points (2 weeks and 3 months mitochondrial fragmentation, detected as a reduction of branch length
for in vitro and in vivo, respectively) suggest that the initial step in Af- and an increase in mitochondrial number. The findings are further
mediated cellular damage is a subclinical increase of ROS, only detect- supported by the in vivo data showing oxidative protein damage (high
able in vitro as the antioxidant response mechanisms are still intact and 3-NT levels) and elevated DRP1 levels in isolated mitochondria at
probably prevent the covalent modification of proteins, such as the 9-month-old APP Tg rats. These findings are consistent with published
formation of 3-NT. This observation is consistent with previous findings results in the same animal model, showing that the stress markers
in the McGill-APP Tg rat model, where intracellular Ap accumulation in protein-bound-hydroxynonenal (HNE) and protein-resident
5-month-old animals triggered early oxidative stress, DNA damage, and -nitrotyrosine (3-NT) were increased in APP Tg brains (Wilson et al.,
maladaptive expression of synaptic plasticity, related genes in hippo- 2018). Proteomic analysis of the hippocampus of 12-month-old Tg rats
campal neurons, occurring months before the onset of extracellular Ap revealed alterations in pathways related to energy metabolism and
plaque deposition and independently of overt cell death (Foret et al., decreased ATP production as well as alterations in the degree of lipid
2024). In contrast, at later timepoints, the antioxidative defense mech- peroxidation, and changes in the oxidized/reduced glutathione ratio,
anisms seem to be overruled and mitochondrial protein modifications indicating oxidative stress(Do Carmo et al., 2018). They are also sup-
become evident both in vitro and in vivo. ported by publications describing DRP-1 phosphorylation and mito-

In ReN-APP cell cultures maintained for 6 weeks, sustained ROS chondrial fission in an AD-like rat model (Cho et al., 2012) as well as by
production appeared to overwhelm the cellular antioxidant defense findings in the brains of AD patients showing a critical role for DRP1 in
system, as indicated by a significant decline in the GSH/GSSG ratio. This promoting mitochondrial fragmentation and contributing to synaptic
redox shift may reflect reduced buffering capacity and increased the damage (Manczak et al., 2011). Moreover, published data have shown
damage elicited by oxidative stress, resulting in lower mitochondrial mitochondrial defects in AD models, increased mitochondrial
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Fig. 7. The Ap accumulation impairs p62-LC3-mediated sequestration of mitochondria in vivo A, B. Representative Western blots of hippocampal mito-
chondrial fractions from WT (n = 4) and Tg (n = 4) rats at 3 months (A) and 9 months (B), probed with an anti-p62 antibody. TOMM20 was used as a loading control.
C, D Bars show relative abundance of p62 protein levels from WT and Tg rats at 3 months (C) and 9 months (D), expressed as fold change compared to WT. E, F
Western blot analysis of LC3 isoforms in total fractions from wild-type (WT) and APP transgenic (Tg) mice at 3 months (E) and 9 months (F) hippocampi. G, H
Quantification of LC3-II/LC3-I ratios is shown for 3 months (G) and 9 months (H). While no significant change was observed at 3 months, a significant increase in
LC3-1I/LC3-I ratio was detected in Tg mice at 9 months, indicating an accumulation of autophagosomes or impaired autophagic flux at later stages. Statistical analysis
was performed using either parametric (unpaired two-tailed Welch’s t-test) or non-parametric (Mann-Whitney U test). Data are shown as mean + SEM with in-
dividual data points overlaid. ns, not significant, *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001.
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fragmentation, and shorter branch length (Chen et al., 2022) and that in
HT-22 mouse hippocampal neuronal cells, exposure to Ap causes mito-
chondrial fragmentation and an increase in mitochondrial number,
revealed by high-resolution STED microscopy (Golovynska et al., 2025).

Damaged mitochondria are physiologically removed by mitophagy.
However, AD is also characterized by an early pathological feature of
impaired mitophagy that leads to the accumulation of damaged mito-
chondria (Chakravorty et al., 2019; Xie et al., 2020). To understand the
mitophagy in our systems, we investigated the expression of PINK1, a
key cellular sensor of damaged mitochondria, recruiting them for
mitophagy. As expected, due to the detected increase in the number of
damaged mitochondria, PINK1 levels were elevated at the late (but not
the early) time points in vitro and in vivo. This indicates that mitophagy is
activated in response to mitochondrial damage subsequent to Af accu-
mulation. This is in concordance with findings from Roca-Agujetas et al
(2021)., who investigated Ap-induced mitophagy in SH-SY5Y neuro-
blastoma cells and primary  neurons derived from
SREBF2-overexpressing mice, showing that Af exposure stimulates
PINK1 and the formation of LC3B-positive mitophagosomes
(Roca-Agujetas et al., 2021). While previous work, reviewed by Gou-
darzi et al.,, has established that Af can disrupt Parkin-mediated
mitophagy (Goudarzi et al., 2021), our study extends these findings by
mapping how chronic, endogenous Ap production drives a
stage-dependent sequence of redox imbalance, mitochondrial network
remodeling, and impaired mitophagy flux in genetically defined APP
models, both in human ReN-APP cultures and in APP transgenic rats.
However, higher expression of PINK1 does not guarantee increased
mitophagy. Our data indicate that despite elevated PINK1 levels, the
mitophagic flux is impaired. Specifically, low colocalization of the
mitochondrial marker TOMM20 with the lysosomal marker LAMP2 in
ReN-APP cells, and retention of p62 in the mitochondrial fraction in Tg
rat brains, suggests inefficient mitolysosome formation and thus mito-
phagic clearance. These data are consistent with a reduced
co-localization and have a clinical correlate, as similar results were re-
ported by Fang et al.(2019), showing reduced co-localization of
TOMM20 with LAMP2 in postmortem human hippocampal tissue of an
AD patient, indicating impaired mitophagy clearance (Fang et al.,
2019).

Taken together, our data suggest that sustained AB secretion
(detectable as an early increase in the AB42/40 ratio) drives progressive
redox imbalance, mitochondrial damage, impaired mitophagy, and
cellular loss that can be detected in vitro and in vivo and that correlates
with pathological findings in AD patients. Mitochondrial damage seems
to be a key event, as dysfunctional mitochondria accumulate, resulting
in neuronal loss, consistent with features of neurodegeneration (Bayer,
2010; Wasilewski et al., 2022). This finding supports Han et al.(2017),
who demonstrated that extracellular Ap42 treatment of primary mouse
cortical neurons led to increased mitochondrial fission (via upregulation
of DRP1), decreased mitochondrial fusion proteins (Mfn1, Mfn2, OPA1),
loss of mitochondrial membrane potential, elevated ROS, and activation
of mitophagy (indicated by PINK1 and LC3B expression) that collec-
tively contribute to neuronal apoptosis (Han et al., 2017).

By combining human progenitor cells and a transgenic rat model,
this study provides complementary insights into the progression of
mitochondrial dysfunction in the context of progressive Ap accumula-
tion typical of AD. Although the precise causal links in AD cannot yet be
fully established due to its complexity, our stage-based models identify
both early and late molecular alterations in mitochondrial homeostasis.
These alterations may serve as a basis for preclinical investigations and
open the possibility of therapeutic targeting at initial disease stages.
Despite these strengths, several limitations should be noted. This study
was designed to compare early and late stages of Ap-driven pathology in
complementary human and rat models. While this approach reveals a
clear stage-dependent phenotype, additional intermediate time points
would further refine the temporal sequence of redox imbalance, mito-
chondrial remodeling, and mitophagy disruption. In addition, in vitro
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analyses were performed in a mixed neuro-glial culture without cell-
type- or compartment-specific separation; future work will quantify
mitochondrial morphology and mitophagy separately in neurons versus
astrocytes and within soma versus neuritic processes.
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