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Alzheimer’s disease (AD) is a neurodegenerative disorder characterised by cognitive decline, amyloid-p (AB)
plaques, and neurofibrillary tangles. Af;_42 oligomers exert neurotoxic and pro-inflammatory effects. Astrocytes
maintain brain homeostasis, and their dysfunction contributes to AD progression. This study investigates the
impact of AP;_42 oligomers on primary human astrocytes from healthy individuals and AD patients. Our findings
show that astrocytes from both groups internalise Ap;_42 oligomers. In healthy astrocytes, internalisation en-
hances proteasome activity, whereas in AD astrocytes, it reduces it. Ap;_42 oligomers induce calcium dysho-
meostasis and mitochondrial membrane potential alterations in both groups. Interestingly, oligomers induce
apoptosis in a subset of healthy astrocytes, while surviving ones become reactive and hyperproliferative,
releasing neuroinflammatory and neurotrophic molecules. Conversely, Ap;_42 drives AD astrocytes into senes-
cence, characterised by increased p-galactosidase activity, p14RF expression, senescence-associated secretory
phenotype (SASP), and heterochromatin foci. Importantly, conditioned media from Ap;_4o-treated AD astrocytes,
but not from healthy ones, cause death of differentiated SH-SY5Y neuron-like cells, suggesting that senescent
astrocytes contribute to neurotoxicity. These findings reveal differential astrocytic responses to Af;_42 oligomers,
emphasising the importance of astrocyte senescence in AD pathogenesis. This research offers insight into cellular
mechanisms underlying AD and may support the development of innovative therapeutic strategies for neuro-
degenerative diseases.

Glossary

APy_42 (Amyloid beta 1-42) A 42-amino acid peptide derived from the
amyloid precursor protein (APP) via proteolytic cleavage,
prone to aggregation and implicated in the pathogenesis of
Alzheimer’s disease.

Senescence associated p-galactosidase (SA-p-Gal) activity A biomarker
used to detect cellular senescence through pH-dependent
enzymatic activity observable by blue staining.

Clathrin-dependent endocytosis A cellular process for internalizing
substances through clathrin-coated vesicles, often involved in
the uptake of extracellular aggregates like Ap.

* Corresponding author.

Conditioned Medium (CM) Culture medium collected from treated and
control cells containing secreted factors, used to assess
paracrine effects on other cell types.

GFAP (Glial Fibrillary Acidic Protein) An astrocytes intermediate

filament protein commonly used as a marker of astrocyte

activation and reactive gliosis.

A nuclear protein expressed during active phases of the cell

cycle, used as a marker of cellular proliferation.

MacroH2A.1 A histone variant associated with senescence-associated
heterochromatin foci (SAHF), a hallmark of cellular
senescence.

MMPs (Matrix Metalloproteinases) A family of zinc-dependent

Ki-67
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endopeptidases involved in extracellular matrix remodeling;
often upregulated in neuroinflammation.

Neuroblastoma SH-SY5Y cells A human-derived neuronal cell line used
as an in vitro model for neuronal function and differentiation.

Proteasome A multi-protein complex responsible for degrading
misfolded or damaged proteins via the ubiquitin-proteasome
system.

Quantibody Array A multiplexed sandwich ELISA-based assay used for
the quantitative detection of multiple cytokines or growth
factors in a single sample.

Reactive astrocytes Astrocytes that have undergone morphological and
functional changes in response to injury or disease, often
characterised by increased GFAP expression.

SASP (Senescence-Associated Secretory Phenotype) A pro-
inflammatory and tissue-remodeling secretory profile
developed by senescent cells, which can influence the
surrounding microenvironment.

Senescence-associated heterochromatin foci (SAHF) Regions of
condensed chromatin formed in senescent cells, marked by
histone modifications such as macroH2A.1.

TIMP-1 (Tissue Inhibitor of Metalloproteinases-1) An endogenous
inhibitor of metalloproteinases, involved in regulating ECM
degradation and inflammation.

1. Introduction

Aging is a natural and universal feature of most living organisms
that, in humans, has already become a medical and social priority due to
the prevalence of elderly subjects in the population caused by increased
life expectancy (Ostan et al., 2008). Unfortunately, the extensive mod-
ifications that accompany the aging process contribute to an increased
risk of developing age-related diseases (ARDs), such as cardiovascular
pathologies, cancer, and neurodegenerative disorders (Franceschi et al.,
2018). Alzheimer’s disease (AD) is the primary cause of dementia in
aged people and poses an important challenge for current and future
healthcare systems. Interestingly, women have a greater risk of devel-
oping dementia during their lifetime and also tend to have a worse
prognosis and experience faster rates of cognitive decline than men
(Alzheimer Association, 2020; Barnes et al., 2005; Koran et al., 2017;
Ostan et al., 2016; Rabin et al., 2019). AD is characterised by brain at-
rophy, loss of neurons and synapses, neuroinflammation and the accu-
mulation of two definitive pathological lesions: neurofibrillary tangles,
composed of hyperphosphorylated Tau, and senile plaques, formed by
the amyloid-f (Ap) peptide (Barragan Martinez et al., 2019). Although
significant progress has been made in understanding the molecular
pathogenic events of AD in recent years, its underlying causes remain
largely unknown, and no definitive curative treatments are currently
available (Sheppard and Coleman, 2020). The dominant model of AD
pathogenesis is the AP hypothesis, which proposes that the critical
feature of AD is the presence of senile plaques in the brain, mainly
formed by the misfolded and assembled Af, produced along the amy-
loidogenic pathway (Selkoe and Hardy, 2016). Amyloid plaques are
extracellular deposits of Ap, abundant in the cortex of AD patients. The
sequential cleavage of the amyloid precursor protein (APP) by p- and
y-secretase produces a small fragment, which is more hydrophobic and
consequently prone to fibrillation (Pannuzzo, 2022). The aggregation
process of AB can produce different types of oligomers, protofibrils, and
fibrils. Several studies demonstrated that the A neurotoxic effects could
be attributed to the soluble and diffuse oligomeric forms sufficient to
induce neuronal cell death (Bigi et al., 2023; Chiti and Dobson, 2017;
Kayed et al., 2003). However, although neuronal death has a significant
correlation with AD onset and progression, other brain cell types may
contribute to the development and prognosis of the disease. Among
brain cells, astrocytes are the major glial cells, responsible for the
complex and essential functions of the Central Nervous System (CNS),
supporting the blood-brain barrier (BBB) and preserving the
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extracellular ion balance (Csipo et al., 2020; Han et al., 2020). Addi-
tionally, they are crucial in regulating neuron survival, metabolism and
synaptic plasticity. They also facilitate the uptake and recycling of
neurotransmitters, supporting the hypothesis that they could be
involved in the pathogenesis and development of AD (Acosta et al.,
2017; Farhy-Tselnicker and Allen, 2018; Palmer and Ousman, 2018). In
response to injury or stress and depending on the context, astrocytes
may undergo cellular senescence or enter reactive states collectively
referred to as gliosis (Lazic et al., 2022).

Cellular senescence is one of several interconnected biological pro-
cesses involved in aging and the development of ARDs (Franceschi and
Campisi, 2014; He and Sharpless, 2017; Lopez-Otin et al., 2022; Rodier
and Campisi, 2011). It is defined as a permanent state of cell cycle arrest,
characterised by altered gene expression, increased secretion of
pro-inflammatory factors (senescence-associated secretory phenotype,
SASP), resistance to apoptosis, and changes in cellular morphology
(Cevenini et al., 2013; Gonzalez-Gualda et al., 2021). Astrocytes are
particularly susceptible to senescence, which can be triggered by stim-
uli, such as replicative exhaustion, oxidative stress, DNA damage, or
proteostatic alterations (Matias et al., 2022; Shafqat et al., 2023; Turn-
quist et al., 2016). Senescent astrocytes exhibit canonical markers such
as upregulation of p16™K4%  p142RF  and  p21, increased
senescence-associated f-galactosidase (SA-p-Gal) activity, loss of
lamin-B1, mitochondrial dysfunction and elevated ROS production,
along with the SASP (Cohen and Torres, 2019; Han et al., 2020; Lye
et al., 2019; Shafqat et al., 2023). These changes impair critical astro-
cytic functions, including glutamate uptake, neurotrophic support, and
BBB regulation, thereby promoting excitotoxicity, neuroinflammation
and neuronal dysfunction in aging and AD (Han et al., 2020; Shafqat
et al., 2023; Tuzer and Torres, 2022). Recent evidence also suggests that
accumulation of senescent astrocytes in AD-relevant brain regions may
play a role in disease progression, making astrocyte senescence a
promising therapeutic target for interventions aimed at SASP modula-
tion or senolytic clearance (Bussian et al., 2018; Hudson et al., 2025).

Astrogliosis, on the other hand, is characterised by morphological
changes, hyperproliferation, upregulation of intermediate filament
proteins (such as GFAP and vimentin), transcriptional reprogramming,
and secretion of inflammatory molecules (Pekny et al., 2014). Reactive
astrocytes are commonly observed around Ap plaques and are strongly
associated with neuroinflammation (Habib et al., 2020). However,
growing evidence suggests that astrogliosis is a highly heterogeneous
and context-dependent process (Anderson et al., 2013). Importantly,
reactive astrocytes can also exert beneficial functions, such as promoting
synaptic support, maintaining blood-brain barrier integrity, modulating
inflammation, and facilitating tissue repair (Escartin et al., 2021; Pekny
and Pekna, 2014; Sofroniew, 2015). In this study, we investigated how
oligomers formed by the 42-residue form of Ap peptide (AB;_42) affect
human primary astrocytes derived from both healthy individuals and AD
patients. Our goal was to explore any differences in their responses to
treatment and clarify the pathogenetic mechanisms underlying the dis-
ease. We specifically examined the internalisation of AB;_42 oligomers,
their impact on proteasomal activity and calcium homeostasis, and their
effects on key cellular processes, such as apoptosis, senescence, and
astrocyte reactivity. Additionally, we evaluated the effects of condi-
tioned medium from treated healthy and AD astrocytes on differentiated
neuroblastoma cells to assess their neurotoxicity.

2. Materials and methods
2.1. Reagents

Lyophilised Amyloid p-Protein (1—42) (AB1_42) (#4014447; Bachem
AG, Switzerland) was dissolved in 1,1,1,3,3,3-Hexafluoro-2-propanol
(HFIP) (Sigma-Aldrich, St. Louis, MO, USA) to obtain monomers at a
concentration of 1 mM and stored at —20°C until use. Dynasore hydrate
(#D7693; Sigma-Aldrich, St. Louis, MO, USA) was dissolved in dimethyl
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sulfoxide (DMSO) (#D8418; Sigma-Aldrich, St. Louis, MO, USA) to a
stock concentration of 10 mg/mL and stored at —20°C until use.
Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP)
(#C€2920; Sigma-Aldrich, St. Louis, MO, USA) was dissolved in DMSO to
a concentration of 12 mM and stored at —20°C until use. The retinoic
acid (RA) (#R2625; Sigma-Aldrich, St. Louis, MO, USA) was dissolved in
DMSO to a stock concentration of 100 mM and stored at —20°C until use.
RA was added to the cell culture medium at the final selected concen-
tration. 5-Bromo-4 Chloro-3-Indolyl B-D-*Galactop B4252 was pur-
chased from Sigma-Aldrich.

2.2. Cell lines and culture conditions

Authenticated human primary astrocytes (#36058-01 Celprogen
Inc., Torrance, CA, USA) were obateined from six healthy donors (4
females, lot #1514431, #1514413, #1514423, #1514438 and 2 males,
lot #1514449, #1514420, with a mean age of 49 + 4.9 years, age range:
33-65 years) and five AD patients (2 females, lot #20274, #20262, and
3 males, lot #20255, #20256, #20260, with a mean age 83 + 5.6 years,
age range: 73-88 years). Cells were grown in complete Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10 % heat-
inactivated fetal bovine serum (FBS), 100 U/mL penicillin, 100 pg/mL
streptomycin, 0.25 pug/mL amphotericin B, and 2 mM L-glutamine, and
maintained at 37°C in a 5 % CO, humidified incubator. We used cells
with a population doubling level < 30 to avoid replicative senescence.

Authenticated neuroblastoma SH-SY5Y cells (ATCC, Manassas, VA,
USA) were cultured in complete neuroblastoma medium (DMEM HIGH/
F-12 Ham 1:1, supplemented with 10 % of heat-inactivated FBS, 100 U/
mL Penicillin, 100 pg/mL Streptomycin, 0.25 pg/mL Amphotericin B,
and 2 mM L-Glutamine) at 37°C in 5 % CO2 humidified incubator.
Before all experiments, SH-SY5Y were differentiated with retinoic acid
(RA) for one week (Kovalevich and Langford, 2013). Briefly, an
adequate number of SH-SY5Y cells (10.6 x 10° cells/cm2) were plated in
complete neuroblastoma medium, and after 24 h, the medium was
exchanged with the differentiation medium (DMEM HIGH/F-12 Ham
1:1, supplemented with 1 % of heat-inactivated FBS, 100 U/mL Peni-
cillin, 100 pg/mL Streptomycin, 0.25 pug/mL Amphotericin B, 2 mM
L-Glutamine plus 10 pM RA). The differentiation medium was replaced
every two days for a week. The acquisition of neuron-like phenotype was
confirmed by morphological changes and increased expression of the
neuronal marker p3-tubulin, as assessed by immunofluorescence.

2.3. Preparation of Af1_42 oligomers and astrocyte treatment

Amyloid f-Protein (1-42) (#4014447; Bachem, Bubendorf,
Switzerland) was prepared and oligomerised according to established
protocols commonly used in the literature, in which the oligomeric state
and purity of the preparation were validated by Western blotting and
atomic force microscopy (AFM) (Bhat et al., 2012; Stine et al., 2003).
Briefly, the lyophilised peptide was dissolved in 1,1,1,3,3,3,-hexafluor-
o-2-propanol (HFP) (#105228, Sigma-Aldrich, St. Louis, MO, USA) to
1 mM concentration to obtain monomers, aliquoted, and stocked at
—20°C until use. In order to generate oligomeric Af;_42, the solvent was
evaporated, and the peptide film was resuspended in dimethyl sulfoxide
(DMSO; D8418, Sigma-Aldrich, St. Louis, MO, USA) at 5 mM, sonicated
for 10 min in the ultrasonic bath sonicator (USC100T, Avantor®, VWR
International, Radnor, Pennsylvania, USA). The suspension was then
diluted in complete culture medium supplemented with 2 % (v/v) FBS to
a final concentration of 10 uM (monomer equivalents) and incubated at
4°C for 24 h. Before the experiments, an adequate number of human
primary astrocytes (5.3 x10° cells/cm?) were plated for 24 h in com-
plete culture medium. Subsequently, the complete medium was
removed, and cells were treated with AB;_45 oligomers, prepared as
previously described, for different times.
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2.4. Confocal microscopy analysis for the internalisation of Af1_42
oligomers

Human primary astrocytes were plated on sterile coverslips in 12-
well plates and treated with AB;_45 oligomers for 1, 24, 48, 72 and
120 h. In another set of experiments, astrocytes were pre-treated with
dynamin inhibitor I, dynasore 80 uM, for 30 min at 37°C. Then, cells
were treated with Af;_45 oligomers with or without dynasore for 48 h at
37°C, replenishing dynasore every 24 h. After each time point, cells were
washed with PBS and labelled with Alexa Fluor 633-conjugated wheat
germ agglutinin (W21404, Thermo Fisher Scientific) (5.0 pg/mL) for
15 min at 37 °C. Afterwards, samples were fixed with 4 % (v/v) para-
formaldehyde, permeabilised with 0.1 % Triton X-100 for 5 min,
quenched with sodium borohydride, and washed. To detect the presence
of oligomers, slides were incubated at RT for three hours with PBS-1 %
FBS-diluted primary antibody (mouse monoclonal 6E10 anti-Af anti-
bodies, BioLegend, CA, USA). Subsequently, slides were washed three
times and incubated for 1 h at 37°C with Alexa Fluor 488-conjugated
anti-mouse secondary antibody (Life Technologies, CA, USA). Fluores-
cence emission was detected upon sequential excitation at 488 nm and
633 nm by the TCS SP8 scanning confocal microscopy system (Leica
Microsystems, Mannheim, Germany) equipped with an argon laser
source. A series of 1.0-um-thick optical sections (1024 x 1024 pixels)
was taken through the cell depth for each sample using a Leica Plan Apo
x 63 oil immersion objective. Apical, median and basal sections were
projected as a single composite image by superimposition. ImageJ
software (rsb.info.nih.gov) was used for immunofluorescence analysis.
AP green fluorescence was measured inside the cells in the basal and
median planes to quantify internalisation, while fluorescence in the
apical plane was considered extracellular.

In a set of experiments, collected images were de-convolved with
Huygens Professional software (Scientific Volume Imaging B.V., Hil-
versum, The Netherlands; version 18.04) and analysed with Leica
Application Suite X (LAS-X) software (Leica) to generate 3D re-
constructions, as reported previously (Bigi et al., 2020).

2.5. Proteasome activity

The proteasomal activity was assessed by using a Proteasome Ac-
tivity Assay kit (ab107921, Abcam) following the manufacturer’s pro-
tocol. After 48 and 120 h of AB;_4, oligomers treatment, astrocytes were
lysed in ice-cold PBS containing 0.5 % NP-40 and the supernatant was
collected. Protein concentration was determined using the Pierce™ BCA
Protein assay kit (#23225 ThermoFisher Scientific, Waltham, MA, USA),
and 10 pg of protein from each sample was added to a 96-well fluores-
cent compatible plate with or without a proteasome inhibitor (provided
with the kit). The plate was incubated at 37°C for 20 min, protected from
light and then read with excitation of 350 nm and emission of 440 nm
every 5 min for 60 min using a SYNERGY H1 microplate reader. The
standard curve was generated using different concentrations of a 7-
amino-4-methylcoumarin-(AMC)-tagged peptide that releases highly
fluorescent AMC when exposed to proteolytic activity. The change in
relative fluorescence units (RFUs) between the 50 and 20-minute points
was plotted on the standard curve to determine AMC levels in the sample
wells generated specifically by the proteolytic activity. The proteasome
activity rate was determined by dividing the amount of fluorescent AMC
by the difference between the two time points, multiplied by the volume
of sample added into each reaction well (pmol AMC/minxpl).

2.6. Intracellular calcium evaluation

Intracellular calcium levels were evaluated by confocal microscopy
and cytofluorimetric analyses. For confocal imaging, human primary
astrocytes were plated in 12-well plates, treated with Ap;_42 oligomers
for different time points, and loaded with 5 pM Fluo-4 AM (#F14201
ThermoFisher Scientific, Waltham, MA, USA) for 30 min at 37°C. Cells
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were then washed and maintained in PBS for live imaging. Fluorescence
was acquired using the Leica SP8 TCS confocal microscopy equipped
with a 488 nm excitation laser. For cytofluorimetric analysis, treated
cells were labelled with the probe Fluo-4 AM 5 uM diluted in medium
with or without Ca®t (Gibco, #21068028, ThermoFisher Scientific,
Waltham, MA, USA) for 30 min at 37°C in the dark. Cells were then
detached with trypsin with or without EDTA, washed twice in PBS, and
resuspended in fresh medium before FACS analysis. After excitation at
488 nm, the analysis was carried out via BD FACS CANTO II and BD
FACSDIVA software. Subsequently, raw data were evaluated using
FlowJo software (Becton, Dickinson (BD) and & Company, Franklin
Lakes, NJ, USA). Fluorescence intensities were expressed as the per-
centage relative to untreated cells.

2.7. MTT assay

Cell viability was determined by 3-(4,5-dimetiltiazol-2-il)-2,5-dife-
niltetrazolio (MTT) assay. In brief, human primary astrocytes and SH-
SY5Y cells were seeded at an initial density of 2 x 10% and 6 x 10°
cells/well, respectively, into 96-well plates and subjected to treatments
described above. After 48 and 72 h of treatment for astrocytes and 24 h
for SH-SY5Y cells, 80 pL of MTT solution (5 mg/mL) was added to each
well and incubated for 4 h. Then, the supernatant was discarded, and
200 pL of HCl-Isopropanol solution was added to solubilise the formazan
precipitates. The absorbance at 595 nm was read using a microplate
reader. Cell viability was calculated as the ratio between untreated and
treated cells’ absorbance x 100 %.

2.8. Apoptosis evaluation by cytofluorimetric analysis

Cell death was evaluated using Annexin V Binding Buffer 10X
(#556454), BV421 Annexin V (#563973), and 7AAD (#559925; all
from Becton, Dickinson and & Company, Franklin Lakes, NJ, USA), after
48 and 72 h of treatment. Briefly, detached cells were incubated in FACS
tubes with a working solution (Binding Buffer 1X, BV421 Annexin V, and
7-AAD) for 15 min at room temperature in the dark. Subsequently, cells
were analysed with FACS CANTO II, and BD FACSDIVA software and
data were evaluated using FlowJo Software (Becton, Dickinson and &
Company, Franklin Lakes, NJ, USA). Cells that resulted positive only for
Annexin V staining were considered early apoptotic, cells positive for
both Annexin V and 7-AAD were considered in late apoptosis state and
cells positive only for 7-AAD staining were considered necrotic. The cells
negative for each staining were considered alive.

2.9. Measurement of Caspase 3-7 activity

Caspase 3-7 activity was evaluated using Caspase-Glo® 3/7 kit
(#G8090, Promega, Madison, WI, USA), following the manufacturer’s
instructions. The assay provides a luminogenic caspase-3/7 substrate
containing the tetrapeptide sequence DEVD in a reagent optimised for
detecting caspase activity. The Caspase-Glo® 3/7 Reagent contains a
proprietary thermostable luciferase (Ultra-Glo™ Recombinant Lucif-
erase), which is formulated to generate a stable "glow-type" luminescent
signal and improves performance across a wide range of assay condi-
tions. Human primary astrocytes were seeded into 96-well plates, as
described in the previous section and treated with AB;_42 oligomers for
48 and 72 h. After treatment, the reagent was added to each well for 3 h
at RT. The luminescent intensity was detected by SYNERGY H1 micro-
plate reader. The luminescence intensities were expressed as the per-
centage of that measured in control cells.

2.10. Determination of mitochondrial membrane potential (A¥m)
The mitochondrial membrane potential (A¥m) was determined

using the lipophilic probe 5,5,6,6-tertachloro-1,1',3,3-tetraethylbenzi-
midazol-carbocyanine iodide (JC-1, #420200, Sigma-Aldrich, St. Louis,
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MO, USA). The dye selectively accumulates in mitochondria, where its
fluorescence emission changes based on A¥m. JC-1 aggregates and
emits red fluorescence (590 nm) in the presence of high mitochondrial
membrane potential, while at low membrane potential, it remains in
monomeric form, emitting green fluorescence (530 nm). The red-to-
green fluorescence intensity ratio indicates mitochondrial health, with
a higher ratio reflecting intact A¥Ym and a lower ratio indicating depo-
larisation (Cossarizza et al., 1993; Salvioli et al., 1997). In this set of
experiments, human primary astrocytes were plated on u-Slide 8 Well
high chamber (#80.826, Ibidi GmbH, Martinsried, Germany) (5.5 x 10°
cells/cm?) and treated with Ap;_4z as previously described. After 48, 72,
and 120 h of treatment, cells were washed and incubated for 15 min at
37°C with JC-1 (5 pg/mL) and Hoechst (#33342, ThermoFisher Scien-
tific, Waltham, MA, USA), diluted 1:1000, for nuclear staining in com-
plete culture medium supplemented with 2 % FBS. Thereafter, the cells
were washed twice, and the experiment was started. For positive con-
trol, carbonyl cyanide p-trifluoro-methoxyphenylhydrazone (FCCP)
50 uM was added to culture medium to uncouple mitochondria after
JC-1 labelling. Dual-channel images were obtained on the TCS SP8
scanning confocal microscopy system described above after double
excitation at 488 and 514 nm. ImageJ software (National Institutes of
Health, Bethesda, MA, USA) was used for red and green fluorescence
analysis. The red-to-green fluorescence intensity ratio was used to
monitor changes in A¥m.

2.11. Senescence-associated f-galactosidase staining

Staining for SA-B-Gal was performed as described previously (Dimri
et al., 1995). Human primary astrocytes were plated at 5.3 x 10°
cells/em? and assessed for SA-p-Gal activity after five days of APi_s2
treatment. At least 300 cells per group were counted. Positive (blue) cells
were expressed as a percentage of the total cell number.

2.12. Western blotting

The whole-cell lysate was obtained using Laemmli buffer, while the
nuclear-cytoplasmic fractions were obtained using NE-PER™ Nuclear
and Cytoplasmic Extraction Reagents (ThermoFisher Scientific, Wal-
tham, MA, USA), following the manufacturer’s instructions. Protein
concentration was determined using the BCA Protein assay kit (Ther-
moFisher Scientific, Waltham, MA, USA). 50 pg of protein per sample
were subjected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and blotted to a nitrocellulose membrane (Amer-
sham Protran, GE Healthcare Life Science) by electroblotting. After
blocking with bovine serum albumin (BSA) 5 %, the membrane was
incubated with primary antibody against p14°RF (#74560, Cell
Signaling Technology) and o-tubulin (sc-32293, Santa Cruz Biotech-
nology) at 4°C overnight. Washed membranes were incubated with
IRDye800CW-conjugated or IRDye680-conjugated secondary antibody
(LI-COR Biosciences, Lincoln, NE, USA) for one hour at room tempera-
ture. Antibody-coated bands were visualised by Odyssey Infrared Im-
aging System Densitometry (LI-COR Biosciences, Lincoln, NE, USA).

2.13. Immunostaining

Astrocytes were plated on sterile coverslips placed in 12-well plates,
and the treatment was performed as described above. At the end of the
experiments, cells were fixed in paraformaldehyde 4 % for 10 min at
room temperature, permeabilised with 0.2 % Triton X-100 for 5 min,
quenched with sodium borohydride, washed, and blocked for one hour
with 1 % BSA 10 % horse serum at room temperature. Slides were
incubated overnight at 4°C with primary antibodies in BSA 1 % (Histone
Macro H2A.1, ABE215, Merck Millipore; yH2AX, #9718, Cell Signaling
Technology; GFAP, #ab68428, Abcam; Vimentin, #5741, Cell Signaling
Technology; Ki-67, #9129, Cell Signaling Technology). Slides were
washed three times and incubated at room temperature for 40 min with
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Alexa Fluor 488- or 633-conjugated secondary antibodies (goat anti-
rabbit and goat anti-mouse, respectively, IgG (H+L) Cross-Adsorbed
Secondary Antibody, ThermoFisher Scientific, Waltham, MA, USA).
Nuclear DNA was stained with ProLong™ Gold Antifade Mountant with
DAPI (ThermoFisher Scientific, Waltham, MA, USA). In another set of
experiments, differentiated and undifferentiated SH-SY5Y were plated
on sterile coverslips placed in 12-well plates and maintained for 24 h.
Then, immunofluorescence was performed as described above, using 3
Tubulin (sc-80005, Santa Cruz Biotechnology) as the primary antibody.
Slides were then visualised using the TCS SP8 scanning confocal mi-
croscopy system, Leica SP8 Confocal Microscope described above.
ImageJ software (National Institutes of Health, Bethesda, MA, USA) was
used for immunofluorescence analysis.

2.14. Quantibody array

Quantibody array was performed after 120 h of Ap;_4o treatment on
human primary astrocytes with Quantibody Human Neuro Discovery
Array 1 (RayBiotech, Norcross, GA, USA) following the manufacturer’s
instructions. The detected molecules are listed in Table 1. RayBiotech
performed data extraction with microarray analysis software, and the
data obtained was analysed using the Q-Analyzer software. To perform
score analysis, molecule concentrations (pg/mL) were first normalised
to their respective untreated control samples for each experimental
group. Normalised values were then logz-transformed to obtain fold
changes relative to control. For each sample, cumulative scores were
calculated by summing the log-transformed values of single molecules
grouped into three functional categories: pro-inflammatory (IL-6, IL-8,
IL-1a, TNFa, IFNy, GM-CSF, MCP-1, Eotaxin, Eotaxin-2, MMP-2, and
MMP-3), anti-inflammatory (IL-10, IL-4, and TGFf1), and neurotrophic
factors (BDNF, GDNF, B-NGF, CNTF, and EGF). This approach allowed a
quantitative comparison of the overall molecular response within each
category between HS and AD astrocytes following AB1-42 treatment.

2.15. SH-SY5Y differentiation and treatment with conditioned media
from astrocytes

Human primary astrocytes were treated with Af; 42 oligomers,
prepared as described above, for 120 h. At the end of treatment, the
medium was removed, and the cells were washed and incubated for 24 h
with fresh complete medium. The astrocyte-conditioned medium (CM)
was collected, centrifuged and frozen at —80°C. Before all experiments,
SH-SY5Y were differentiated with retinoic acid (RA) for seven days as
described in paragraph 2.2. Subsequently, differentiated SH-SY5Y were
treated with CM for 24 h, and viability and cell death were evaluated.

2.16. Statistical analysis

Statistical analysis was performed using GraphPad Prism 6.0
(GraphPad Software Inc., La Jolla, CA, USA). Data are expressed as the
mean =+ standard deviation (SD) of at least three independent experi-
ments. P values were calculated using Student’s t-test or one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc test. Sta-
tistical significance was set at p < 0.05. To generate composite indices of
cellular senescence and astrogliosis, z-scores were calculated for each
marker across all treated samples and then averaged using the formula
z = (x — p) / o where x is the individual value, p is the mean, and o is the
standard deviation of the variable across all treated samples. These

Table 1

Cytokines detected by Quantibody array.
IL-6 IL-8 IL-1a BDNF GDNF
IFNy TNFa MMP-2 MMP-3 GM-CSF
MCP-1 Eotaxin Eotaxin—2 B-NGF EGF
CTNF TGFp1 TIMP-1 IL-10 IL-4
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composite indices were used as dependent variables in multiple linear
regression analyses (OriginPro 2024, OriginLab Corporation, North-
ampton, MA, USA). Regressions included only treated samples to isolate
the effects of age (continuous, in years) and condition (categorical: 0 =
healthy, 1 = AD), with degrees of freedom calculated as df
=n — k — 1 = 8. For each predictor, unstandardised coefficients (),
standard errors (SE), t-values, and p-values were reported. 95 % confi-
dence intervals were manually computed as p + 2.306-SE. Model fit was
assessed via R? and adjusted R?, and overall significance was tested using
ANOVA (F-statistic and p-value). Significance was set at p < 0.05.

3. Results

3.1. Internalisation of Af1_42 oligomers in astrocytes and their effect on
proteasome activity

To gain deeper insights into the role of astrocytes in AD pathogen-
esis, we used astrocytes from healthy subjects (HS) and AD patients (AD)
to assess their response to stress induced by Ap;_4o oligomers. We
initially evaluated the ability of Af;_42 oligomers (10 pM monomer
equivalent) to interact and be taken up in the astrocyte cytosol after 1,
24, 48, 72, and 120 h of treatment. The plasma membranes (red) and
oligomers (green) were counterstained and subsequently acquired at the
apical, median and basal planes parallel to the coverslip using confocal
scanning microscopy to evaluate Afj 42 oligomers internalisation
(Fig. la). APj_42 species entered both HS and AD astrocytes, as
confirmed by the z-stack analysis used to perform the 3D reconstruction
of the analysed cells, resulting in a pronounced green fluorescent signal
within both cell types, as indicated by yellow arrows (Fig. 1b). Notably,
an extracellular accumulation of Af; 45 oligomers was evident in HS
astrocytes, as indicated by blue arrows (Fig. 1b). The semi-quantitative
analysis of the oligomer-derived fluorescence signal confirmed a sig-
nificant intracellular increase in both astrocytes from HS and AD at all
time points compared to untreated cells, which we refer to as control
(100 %; Fig. 1c). Notably, sex-specific differences were observed in the
internalisation of AB;_4o oligomers by astrocytes (Fig. 1d). Specifically,
astrocytes from female AD (F-AD) displayed significantly higher olig-
omer internalisation than those from male AD (M-AD). This difference
was particularly pronounced at 72 h, where F-AD astrocytes also showed
significantly higher internalisation than astrocytes from female HS (F-
HS). Given the exploratory nature of sex-related analysis and the limited
sample size for each sex subgroup, we report sex-based comparisons
only when statistically supported. This approach was adopted to avoid
overinterpretation of potentially spurious trends in underpowered sub-
group analysis.

We then investigated one of the potential mechanisms through which
astrocytes might internalise oligomers. To this aim, we inhibited the
endocytotic process by pharmacological treatment with dynasore,
dynamin inhibitor I, which evoked a significant inhibitory effect on
oligomer entry, diminishing it by ~ 50 % (Fig. 2). The partial inhibition
of the uptake suggests that, in addition to endocytosis, other mecha-
nisms contribute to oligomer internalisation, allowing them to accu-
mulate in the cytoplasm (Fig. 2a-b). Interestingly, when stratifying the
samples by sex, dynasore reduced oligomer uptake more effectively in
female astrocytes, both F-AD and F-HS, compared to male astrocytes
(Fig. 2¢). However, even after dynasore treatment, female astrocytes still
had significantly more internalised Ap;_42 compared to male astrocytes.
This suggests that, although dynasore does reduce uptake, female as-
trocytes may naturally take in more oligomers overall—even when
endocytosis is blocked. So, the lower apparent effectiveness of dynasore
in females may not mean they are less responsive to the drug. Instead, it
could reflect their naturally higher baseline uptake. In this case, the
percentage of reduction might be similar between sexes, but because
females start from a higher level, the total amount of internalised olig-
omers remains higher in females.

We then examined the intracellular fate of internalised oligomers,
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Fig. 1. Ap;_4 oligomers uptake in human primary astrocytes from healthy subjects and AD patients. (a) Representative confocal scanning microscope images at 48 h
of treatment showing the basal, median and apical sections of control and treated astrocytes. Scale bars: 20 um. (b) 3D reconstruction of the z-stack analysis at 48 h of
treatment. Blue and yellow arrows indicate extracellular and intracellular oligomers, respectively. Scale bars: 10 ym. (c) Semi-quantitative analysis of the Af;_4o-
derived fluorescence expressed as the percentage of endogenous Af;_4» fluorescence in astrocytes from healthy subjects and AD patients treated for 1, 24, 48, 72, and
120 h with AB;_4, oligomers. Data are expressed as the mean + SD of two independent experiments. (d) The graph illustrates the percentage of endogenous Af;_42
fluorescence in treated astrocytes from healthy subjects and AD patients, stratified by sex. Data are expressed as the mean + SD of two independent experiments.
Statistical significance is indicated as follows: * p < 0.05 and ** p < 0.001 vs control (set to 100 %); # p < 0.05 and ## p < 0.001 for comparisons between treated
cells; ns: not significant. Abbreviations: CTR: control (untreated cells); HS: astrocytes from healthy subjects; AD: astrocytes from Alzheimer’s patients; F-HS: as-
trocytes from female healthy subjects; M-HS: astrocytes from male healthy subjects; F-AD: astrocytes from female Alzheimer’s patients; M-AD: astrocytes from male

Alzheimer’s patients.

specifically focusing on the mechanisms facilitating their degradation.
Given the involvement of the 20S proteasome in the degradation of
misfolded proteins, we assessed the proteasome activity after 48 and
120 h of treatment. Proteasome activity was significantly increased in
treated astrocytes from HS at both times compared to controls, whereas
AD astrocytes exhibited reduced activity (Fig. 3a). The representative
RFU curve displayed at 48 h (Fig. 3b) further supports these findings. It
shows that in treated HS astrocytes, proteasomal activity remains
consistently higher than that of the control throughout the 60-minute
time course, indicating a sustained increase in proteasomal function.
In contrast, AD astrocytes exhibit lower RFU values during the assess-
ment, with the treated group maintaining significantly lower activity
than controls.

3.2. Ap1_42 oligomers induce calcium dyshomeostasis, apoptosis, and
mitochondrial depolarisation

Some studies have demonstrated that Ap oligomers, aberrantly
interacting with astrocytes, are capable of inducing calcium dysho-
meostasis within these cells, primarily through the release from intra-
cellular stores. Thus, given the observed uptake of oligomers by our

cells, we initially investigated the alterations in intracellular Ca®* levels,
using confocal microscopy to monitor time-dependent changes. Based
on these preliminary results, no variations were observed at 1, 24, and
120 h of treatment compared to untreated cells (Supplementary
Figure 1). In contrast, the two time points showing prominent results (48
and 72 h) were further analysed by flow cytometry, which confirmed a
significant increase in intracellular calcium levels in both HS and AD
treated astrocytes (Fig. 4a-b). To further investigate whether the
changes in calcium concentrations were due to influx from the extra-
cellular space or release from intracellular stores, astrocytes were
incubated during the test in a calcium-free medium. At 48 and 72 h of
treatment, the results indicated that the increase in intracellular calcium
was primarily due to the release from intracellular reservoirs rather than
influx from the extracellular space in both AD and HS astrocytes, as no
significant differences were detected between the samples (Fig. 4c-d).
Since elevated intracellular calcium levels can trigger cell death, we
assessed cell viability by MTT assay. Our results demonstrated a sig-
nificant decrease in viability only in HS astrocytes, with values of 58
+ 11 %, 70 = 5 %, and 96 + 0.1 % after 48, 72, and 120 h of treatment,
respectively.

In contrast, in AD astrocytes, we observed a reduction in viability of
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Fig. 3. Effects of Ap;_42 oligomers on proteasome activity. (a) The graph illustrates proteasome 20S activity after 48 and 120 h of treatment (relative to control, set to
1; dotted line) of astrocytes from 5 AD patients and 6 HS. (b) Relative fluorescent units of the proteasome activity assay were performed 48 h after the treatment.
Statistical significance is indicated as follows: * p < 0.05 and ** p < 0.001 vs control (set to 1); # p < 0.05 and ## p < 0.001 for comparisons between treated cells;
ns: not significant. Abbreviations: CTR: control (untreated cells); HS: astrocytes from healthy subjects; AD: astrocytes from Alzheimer’s patients.
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Fig. 4. Effect of AB;_4» oligomers on calcium homeostasis, viability and apoptosis. Cytofluorimetric analysis of calcium levels in astrocytes from HS and AD patients
after (a) 48 and (b) 72 h of treatment, assessed using Fluo-4 AM labelling. Graphs show calcium levels, expressed as median fluorescence intensity relative to control
(set to 1; dotted line). Data are shown as box-and-whisker plots, with the box representing the interquartile range (IQR), the horizontal line indicating the median,
and the whiskers extending to the minimum and maximum values. The mean is marked with a ‘+ * symbol. Results were obtained from at least three independent
experiments. (c, d) To determine whether the increase in calcium originated from intracellular release or extracellular influx, Fluo-4 AM was incubated in media with
or without calcium. Graphs show calcium levels in astrocytes from HS and AD patients after (c) 48 and (d) 72 h of treatment, expressed as median fluorescence
intensity relative to control (set to 1; dotted line). Data are shown as box-and-whisker plots, as reported in 4a and 4b. The mean is marked with a ‘+ * symbol. Results
were obtained from two independent experiments. (e) Graphs represent cell viability, performed by MTT assay, after 48, 72 and 120 h of treatment. Data are
expressed relative to the control, set at 100 % (dotted line). (f-g) Graphs show the percentage of cells undergoing apoptosis/necrosis, assessed by Annexin V/7AAD
cytofluorimetric assay after 48, 72, and 120 h of treatment. (f) Represents the percentage of cells in the early phase of apoptosis, while (g) shows the percentage of
cells in late apoptosis/necrosis. (h) Caspase 3-7 activity was evaluated using Caspase-Glo® 3/7 kit after 48 and 72 h of treatment. Data are expressed relative to
control activity (set to 1; dotted line). Data are presented as mean + SD of three independent experiments. Statistical significance is indicated as follows: * p < 0.05
and ** p < 0.001 vs control; # p < 0.05 and ## p < 0.001 for comparisons between treated cells; ns: not significant. Abbreviations: CTR: control (untreated cells);
I;IS: astrocytes from healthy subjects; AD: astrocytes from AD patients.

approximately 5 % at all time points, which was not statistically sig- analysis. As shown in Fig. 4f, a significant increase in early apoptotic
nificant (Fig. 4e). To assess whether cell death occurred via the cells was observed in treated HS astrocytes at both 48 h (23 + 5.3 %)
apoptotic process, we performed Annexin V/7AAD cytofluorimetric and 72 h (22.7 + 4.9 %) compared to untreated controls (7.8 + 1.7 %
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Fig. 5. Effect of AB;_4» oligomers on mitochondrial membrane potential. (a) Representative confocal images of JC-1 fluorescence. Mitochondrial membrane potential
was measured by JC-1, an indicator of mitochondrial function, in astrocytes from HS and AD patients treated with AB; 4 oligomers for 48, 72, and 120 h. Red
fluorescence represents the mitochondrial aggregate JC-1, and green fluorescence indicates the monomeric JC-1. A decrease in the red (~590 nm)/green (~529 nm)
fluorescence intensity ratio indicates depolarisation of the mitochondrial membrane. We used an acute treatment with FCCP, a depolarising agent, as a positive
control. Scale bars: 20 um. Representative fields were selected to visualise JC-1 staining and do not reflect differences in cell number across conditions. (b-c-d) Graphs
represent the ratio of aggregated and monomeric JC-1 (red/green), indicating changes in mitochondrial membrane potential after (b) 48, (c) 72, and (d) 120 h of
treatment. Data are shown as box-and-whisker plots, with the box representing IQR, the horizontal line indicating the median, and the whiskers extending to the
minimum and maximum values. The mean is marked with a ‘+ * symbol. Each data point represents astrocytes derived from an individual patient (6 HS and 5 AD).
Statistical significance is indicated as follows: * p < 0.05 and ** p < 0.001 vs control; # p < 0.05 and ## p < 0.001 for comparisons between treated cells; ns: not
significant. Abbreviations: CTR: control (untreated cells); HS: astrocytes from healthy subjects; AD: astrocytes from AD patients.
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and 6.8 + 5.4 %, respectively). Notably, the percentage of early
apoptotic cells in treated HS astrocytes was significantly higher than in
treated AD astrocytes, which did not show any significant change
compared to their respective controls at either time point. This suggests
a resistance to the induction of early apoptosis in AD astrocytes. At
120 h, neither HS nor AD treated astrocytes displayed significant dif-
ferences in early apoptosis compared to untreated controls.

Fig. 4g illustrates the results for late apoptosis/necrosis. In treated
HS astrocytes, the percentage of late apoptotic/necrotic cells signifi-
cantly increased at 48 h (10.3 + 3.1 %) and 72h (9.5 + 1.3 %)
compared to controls (3.5 + 1.0 % and 3.6 + 0.8 %, respectively).
Treated AD astrocytes showed only a slight but significant increase in
late apoptotic/necrotic cells at both 48 h (8.9 + 2.5 % vs. 4.8 + 1.9 %)
and 72 h (7.6 £+ 0.5 % vs. 3.8 + 0.7 %) when compared to untreated AD
cells, although values remained lower than those observed in treated HS
astrocytes. At 120 h, the levels of late apoptotic/necrotic cells in both HS
and AD treated astrocytes returned to baseline, becoming comparable to
untreated controls. These findings were further corroborated by caspase-
3/7 activity assays, which revealed a significant increase in caspase
activation in treated HS astrocytes compared to both their controls (1.5-
fold and 1.6-fold at 48 and 72 h, respectively) and treated AD astrocytes.
In contrast, caspase-3/7 activation remained unchanged in treated AD
astrocytes (1.01 and 1.02-fold at 48 and 72 h, respectively), indicating a
negligible apoptotic response in these cells (Fig. 4h).

Considering the increased release of intracellular calcium and
apoptosis rates in treated HS astrocytes, we assessed mitochondrial
membrane potential using the JC-1 assay after 48, 72, and 120 h of
treatment. Significant mitochondrial depolarisation was observed in
astrocytes from both HS and AD at 48 and 72 h (Fig. 5a-d). However, the
depolarisation was significantly more pronounced in HS astrocytes
compared to AD astrocytes. Conversely, no changes were noted at 120 h.

3.3. Api_42 oligomers induce cellular senescence in AD astrocytes

Considering the absence of apoptosis in treated AD astrocytes and the
observed alterations in calcium homeostasis, which influence cellular
fate, we investigated whether Ap;_45 oligomers could trigger cellular
senescence. We evaluated multiple senescence markers following 120 h
of treatment with AB;_42 oligomers to assess senescence induction. As
illustrated in Fig. 6a-b, only AD astrocytes exhibited a significantly
higher percentage of SA-B-Gal positive cells (24 + 6 %) compared to the
control (9 + 2 %). In contrast, treated HS astrocytes did not show a
significant presence of SA-p-Gal positive cells compared to the control
(7 £ 3% vs 4 + 2 %). Consequently, we observed a significant increase
in SA-p-Gal positive cells in treated AD compared to treated HS. Notably,
sex-stratified analysis (Fig. 6¢) revealed a significantly higher percent-
age of SA-B-Gal positive cells in F-AD (30 + 2 %) compared to M-AD
astrocytes (19 + 2 %), suggesting a potential sex-dependent suscepti-
bility to senescence induction. To further characterise the senescent
phenotype, we analysed the expression of p14*FF by western blot
(Fig. 6d; Supplementary Figure 2). The results showed a significant up-
regulation of p14”%F in treated AD astrocytes compared to control (1.6
+ 0.24) and treated HS astrocytes (1.02 & 0.15), in which pl4ARF level
remained unchanged (Fig. 6e). In particular, the expression of p14*RF
was higher in F-AD than in M-AD astrocytes (Fig. 6f). In parallel, we
assessed the presence of YH2AX nuclear foci, a marker of DNA damage,
and macroH2A.1 foci, which form the senescence-associated hetero-
chromatin foci (SAHF), using confocal microscopy (Fig. 6g-n). Treated
AD astrocytes exhibited a significant increase in the percentage of cells
positive for both YH2AX and macroH2A.1 foci (27 + 4 % and 19 + 4 %,
respectively) compared to control (13 %=+2 and 9 + 4 %, respectively)
and treated HS astrocytes (15 + 2 % and 9 + 3 %, respectively) (Fig. 6h,
m). Consistent with the previous findings, a sex difference was observed
exclusively in AD astrocytes, with F-AD exhibiting a significantly higher
number of yH2AX and macroH2A.1 foci positive cells compared to M-AD
(Fig. 6i,n).
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These findings seem to indicate that AB; 4o oligomers exclusively
induce cellular senescence in astrocytes from AD patients. To further
support these findings, multiple linear regression analyses were per-
formed to evaluate the contributions of donor age and pathological
condition on senescence markers. The results, summarised in Supple-
mentary Figure 3, indicate that senescence-associated parameters were
more associated with the pathological condition than with donor age,
which showed no significant effect. However, the small sample size can
limit the strength and generalizability of the conclusions.

3.4. SASP factor expression, neuroinflammatory profile, and reactive
astrogliosis in astrocytes following Af1_42 oligomers treatment

Afterwards, we analysed some of the principal SASP factors and
important brain molecules involved in neuroinflammation using a
Quantibody array. The heatmap representation of the detected mole-
cules in astrocytes from HS and AD revealed significant differences in
expression patterns (Fig. 7). In AD astrocytes, we observed a significant
upregulation of GDNF, CTNF, p-NGF, IL-10, IFN-y, Eotaxin, Eotaxin-2,
MCP-1, TNF-a, IL-1a, and IL-8, while BDNF expression was signifi-
cantly decreased. In contrast, in HS astrocytes, we detected a significant
increase in GDNF, CTNF, IL-10, Eotaxin, MCP-1, TNF-a, IL-1a, IL-8,
TIMP-1, TGF-p, and MMP-3, whereas Eotaxin-2 was significantly
reduced. When comparing HS and AD astrocytes, significant differences
were identified in BDNF, TNF-a, Eotaxin-2, IL-10, and GDNF expression,
highlighting distinct inflammatory and neurotrophic responses between
these conditions (Fig. 7a). Additionally, sex-based differences were
evident in some factor expressions. In AD astrocytes, GDNF and MCP-1
levels were significantly higher in females than in males, whereas GM-
CSF, IL-10, MMP-3, and MMP-2 were significantly lower in females
than in males. Similarly, in HS astrocytes, GDNF, IL-10, TGF-p, and
MMP-3 were significantly elevated in females compared to males, while
B-NGF and EGF levels were higher in males than in females (Fig. 7b).

To summarise these complex molecular profiles more effectively, we
calculated cumulative log2 scores for pro-inflammatory, anti-inflam-
matory, and neurotrophic factors in Ap1-s>-treated astrocytes (Table 2).
Astrocytes from AD showed a slightly stronger pro-inflammatory
response than HS and a modestly higher anti-inflammatory response.
Interestingly, neurotrophic factors were better preserved in HS astro-
cytes, while their expression was markedly reduced in the AD group,
suggesting a compromised neuroprotective capacity in the diseased
condition. These cumulative scores reflect the distinct inflammatory and
neurotrophic trajectories observed in the heatmap profiles.

Notably, since senescence was observed exclusively in AD astrocytes,
the elevated expression of these neuroinflammatory factors in treated
HS astrocytes was unexpected. We therefore investigated whether this
increase could be linked to a chronic Ap;_42 activated state of astrocytes,
which is often associated with morphological and functional changes,
including increased proliferation. First, we performed cell counts at 48,
72, and 120 h of treatment (Fig. 8a). The graph and the table show that
the number of treated HS astrocytes significantly decreased at 48
27 x10% vs 47 x10° cells in untreated control) and 72 h (41 %103 vs
65 x10° cells in untreated control). These results are aligned with pre-
vious findings showing increased apoptosis and cell death (Fig. 4e-h).
However, by 120 h, the number of treated HS astrocytes exceeded that
of the control (15 x10* ys 13 x10%), suggesting that the surviving cells
recovered and underwent compensatory hyperproliferation. Notably,
the number of HS astrocytes at 120 h was significantly higher than at 48
and 72 h (p < 0.001). The presence of hyperproliferative reactive as-
trocytes in HS was further supported by increased expression of GFAP
and Vimentin (Fig. 8b) and by a significant positive correlation between
GFAP fluorescence intensity and the number of Ki-67-positive cells, a
proliferation marker. Notably, treated HS astrocytes exhibited the
highest GFAP levels and a larger number of Ki-67-positive cells than
control and AD astrocytes, as shown in the correlation analysis (Fig. 8c).

In contrast, treated AD astrocytes exhibited a significant reduction in
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Fig. 6. Evaluation of senescence markers in astrocytes following Ap;_4o oligomers treatment. (a) Representative images of SA-p-Gal activity performed 120 h of
Apq_4o-treatment. Scale bars: 50 um. (b) The percentage of SA-B-Gal positive cells (blue ones) with respect to the total number of cells/well. (c) Percentage of SA-p-Gal
positive cells after Ap;_4, treatment in astrocytes from AD stratified by sex. (d) Immunoblot representative images of p14*®F after 120 h of treatment. (e) The graph
shows the quantification of p14RF expression in astrocytes from HS and AD. Panel (f) presents a separate analysis of AD astrocytes stratified by sex. Protein band
intensity was normalised to a-tubulin and expressed in relation to control (dotted line). (g) Representative confocal microscopy images of indirect immunofluo-
rescence of YH2A1 foci (green), after 120 h of AB;_4» treatment. DNA was counterstained with DAPI (blue). Scale bars: 20 pm. (h) Graph shows the percentage of
yH2A1 foci positive cells in astrocytes from HS and AD patients. (i) Percentage of YH2A1 foci positive cells after Ap;_45 treatment in astrocytes from AD stratified by
sex. (1) Representative confocal microscopy images of indirect immunofluorescence of macroH2A.1 foci (green) after 120 h of Af; 45 treatment. DNA was coun-
terstained with DAPI (blue). Scale bars: 20 pm. (m) Graph shows the percentage of macroH2A.1 foci positive cells in astrocytes from HS and AD patients. (n)
Percentage of macroH2A.1 foci positive cells after Af; 4o treatment in astrocytes from AD stratified by sex. Data are represented as the mean + SD of three inde-
pendent experiments. Statistical significance is indicated as follows: * p < 0.05 and ** p < 0.001 vs control; # p < 0.05 and ## p < 0.001 for comparisons between
treated cells; ns: not significant. Abbreviations: CTR: control (untreated cells); HS: astrocytes from healthy subjects; AD: astrocytes from AD patients; F-AD: astrocytes
f‘rom female AD patients; M-AD: astrocytes from male AD patients.

cell number at both 72 and 120 h (51 x10%vs 65 x10° cells in untreated disease onset and progression (Acosta et al., 2017; Sofroniew and
control and 11 x10*vs 14 x10* cells in untreated control, respectively). Vinters, 2010).

Moreover, the number of AD astrocytes at 72 and 120 h was significantly To our knowledge, this is one of the few studies investigating the
lower than at 48 h (p < 0.001) (Fig. 8a). Upon treatment, a subset of AD effect of Ap;_42 oligomers on human primary astrocytes from HS and AD
astrocytes probably entered a state of cellular senescence, thereby losing patients, aiming to understand whether they exhibit differential re-
their proliferative capacity. Multiple linear regression analyses, while sponses to Afj_4z-induced stress. While we acknowledge that the age
acknowledging the limitations mentioned above, further supported range differs between HS and AD donors, we performed statistical an-
these observations by showing that pathological condition was a alyses to evaluate the potential confounding role of age. These analyses
consistent and significant predictor of increased Vimentin expression, suggest that the main differences observed between HS and AD astro-
Ki-67 positivity, and the overall astrogliosis index. In contrast donor age cytes are more strongly associated with the pathological condition than
did not exert a significant effect (see Supplementary Figure 4). Inter- with donor age, which did not appear to exert a significant effect.
estingly, GFAP expression alone showed no significant association with We demonstrated that both HS and AD astrocytes can internalise
pathological condition or age, suggesting it may not fully reflect the APy_42 oligomers, with a higher uptake observed in F-AD astrocytes.
complex and stage-dependent nature of reactive astrogliosis, which Consistently, astrocytes have been shown to internalise AB;_42 aggre-
likely requires multiple markers for comprehensive assessment. gates, including oligomers, in different models (Dominguez-Prieto et al.,

2018; Griffin et al., 2020; Montoliu-Gaya et al., 2017; Mun et al., 2024;
Yslas et al., 2024). Notably, a previous study using adult astrocytes from
AD and non-demented patients reported a preferential internalisation of
Ap oligomers over fibrils, with no significant difference between the two
groups (Nielsen et al., 2010, 2009). However, the organelles and mo-
lecular pathways involved in the internalisation and subsequent
degradation of AP oligomers remain largely unclear. In our study, we
employed dynasore, a potent GTPase inhibitor that rapidly inhibits
dynamin activity, which prevents clathrin-dependent endocytosis, to
investigate the internalisation pathway further. Dynasore treatment
significantly reduces Af;_42 oligomer uptake in both astrocytes from HS
and AD patients. Accordingly, while the uptake of A oligomers by as-
trocytes is primarily believed to involve phagocytosis (Zhang et al.,
2014), as seen in microglia (Familian et al., 2007), different studies have
shown that oligomers can also be internalised via endocytosis, as indi-
cated by the temperature-dependent nature of the process
(Dominguez-Prieto et al., 2018; Nielsen et al., 2009). Furthermore,
Dominguez-Prieto et al. demonstrated that the involved endocytic
pathways exclude caveolae-mediated endocytosis, whereas the forma-
tion of clathrin-coated vesicles was essential for oligomer internalisation
in rat primary astrocytes (Dominguez-Prieto et al., 2018). In our ex-
periments, dynasore treatment did not completely abolish oligomer
internalisation, suggesting the involvement of alternative pathways,
such as clathrin- and dynamin-independent endocytosis (Jiang and
Chen, 2009). Moreover, although dynasore reduced Af; 45 oligomer
uptake in both male and female astrocytes, its apparent lower efficacy in
females likely reflects their intrinsically higher baseline uptake levels
rather than a diminished response to the drug. Even after dynasore
treatment, female astrocytes retained more internalised oligomers,
suggesting that the relative reduction with endocytosis inhibition was
comparable across sexes, but the absolute levels of internal oligomers
remained higher due to sex-specific differences in uptake capacity.
Although we observed sex-related differences, these findings should be
interpreted with caution due to the small sample size and the explor-
atory nature of the analysis. Sex-based differences are reported only
when statistically significant and should be considered descriptive
insight rather than conclusive. Future research with larger, sex-balanced

3.5. Effects of conditioned medium from treated HS and AD astrocytes on
differentiated neuroblastoma cells (SH-SY5Y)

After verifying the effects of AB;_42 oligomers on astrocytes from HS
and AD donors, we investigated whether their CM could influence the
viability of SH-SY5Y differentiated into neuron-like cells. Astrocytes
were treated with Af; 45 oligomers for 120 h, after which the culture
medium was replaced, and CM was collected after an additional 24 h
(Fig. 9a). Differentiated SH-SY5Y cells, whose differentiation was
confirmed by an increase in (3-tubulin fluorescence observed via
confocal microscopy (Fig. 9b), were exposed to the collected CM for
24 h, and cell viability was evaluated using the MTT assay. Our results
demonstrated that CM from treated AD astrocytes significantly reduced
SH-SY5Y viability (73 + 8 %) compared to CM from untreated AD as-
trocytes (100 %), whereas CM from treated HS astrocytes did not induce
any significant change in cell viability (Fig. 9¢). To further investigate
the impact of CM on differentiated SH-SY5Y survival, we performed flow
cytometry analysis to assess apoptotic and necrotic death after 24 h of
exposure to CM. As shown in Fig. 9d, CM from treated HS astrocytes did
not increase apoptosis compared to CM from control HS astrocytes. In
contrast, CM from treated AD astrocytes significantly increased the
percentage of apoptotic cells compared to both CM from untreated AD
astrocytes and CM from treated HS astrocytes. This finding indicates a
different effect of HS and AD astrocytes on neuronal cells.

4. Discussion

Aging is a progressive process that leads to the accumulation of
molecular and cellular damage and represents the leading risk factor for
ARDs, including AD, the most common form of dementia, which has a
higher prevalence in women (Franceschi et al., 2018; Ostan et al., 2008;
Qiu et al., 2009). The amyloid hypothesis proposes that Ap aggregation,
particularly in soluble oligomers, drives neurotoxicity and neuronal
death (Chiti and Dobson, 2017; Lane et al., 2018; Querol-Vilaseca et al.,
2019). Astrocytes, which play an essential role in brain homeostasis,
undergo morphological and functional changes in AD, contributing to
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was assessed using a Quantibody array. (a) The heatmap shows the effect of 120 h of AB;_4» treatment on the expression of secreted factors in astrocytes from 5 AD
patients and 6 HS. (b) The heatmap depicts the same data, stratified by sex. Data are presented as the log2 fold change relative to the untreated control of astrocytes
from 5 AD patients and 6 HS. Orange indicates upregulated expression, while blue represents downregulated expression relative to the untreated control. Statistical
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astrocytes from healthy subjects; AD: astrocytes from AD patients; F-HS: astrocytes from female healthy subjects; M-HS: astrocytes from male healthy subjects; F-AD:

astrocytes from female AD patients; M-AD: astrocytes from male AD patients.

cohorts will be necessary to assess their biological relevance.

Despite their capacity to internalise Ap oligomers, astrocytes may
find it challenging to degrade them efficiently, accumulating intracel-
lular aggregates (Rostami et al., 2021; Sollvander et al., 2018, 2016).
Given the central role of the proteasome in protein degradation
(Ben-Nissan and Sharon, 2014; Pickering and Davies, 2012), we exam-
ined its activity as a potential mechanism contributing to Af; 45 clear-
ance. Our data revealed a significant increase in proteasome activity in
HS astrocytes, whereas in AD astrocytes, it was significantly impaired.
These findings underscore a striking difference in response to Afj_42

13

treatment, suggesting a compromised proteasomal function in the AD
astrocytes. These results align with previous evidence showing protea-
some dysfunction in the AD brain (Keller et al., 2000). Tseng et al.
demonstrated that Af oligomers, but not monomers, inhibit proteasome
activity in vitro and in vivo in a mouse model, leading to Af and tau
accumulation (Tseng et al., 2008). Additionally, aggregated Ap has been
identified as a competitive substrate for the p5 chymotrypsin-like ac-
tivity of the human 20S proteasome, suggesting that Ap-induced pro-
teasomal impairment may result from competition between endogenous
substrates and accumulating toxic Af oligomers within AD cells (Zhao
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Table 2

Cumulative log2 scores of pro-inflammatory, anti-inflammatory, and neuro-
trophic factors in human astrocytes from HS and AD patients treated with AB; 42
oligomers. Scores represent the sum of log2 fold changes relative to untreated
controls for all molecules included in each functional category. Pro-
inflammatory molecules: IL-6, IL-8, IL-la, TNFa, IFNy, GM-CSF, MCP-1,
Eotaxin, Eotaxin-2, MMP-2, and MMP-3; Anti-inflammatory molecules: IL-10,
IL-4, and TGFp1; Neurotrophic factors: BDNF, GDNF, $-NGF, CNTF, and EGF.

Category HS Ap;_42 Score AD Ap;_42 Score
Pro-inflammatory molecules 3.8 4.5
Anti-inflammatory molecules 0.8 1.4
Neurotrophic factors 1.8 0.8

and Yang, 2010).

While these studies strongly support the notion of proteasome
impairment in AD, no previous evidence has reported an increase in
proteasome activity following Ap oligomers exposure, particularly in
healthy astrocytes. The observed enhancement of proteasome function
in treated HS astrocytes may suggest a more efficient proteostatic
response, potentially facilitated by stress-induced upregulation of pro-
teasomal components to address Af;_4o-related proteotoxicity. Never-
theless, the increase in proteasome activity observed in healthy
astrocytes did not correspond to a reduction in intracellular Af; 49,
which may suggest that additional degradation or clearance mecha-
nisms are necessary to eliminate Af;_4o efficiently. However, further
studies are needed to elucidate the molecular mechanisms involved in
this process.

We subsequently examined changes in functional parameters,
including calcium homeostasis, as dysregulated calcium levels are
fundamental to astrocytic responses and affect many cellular processes
(Alberdi et al., 2013; Kelly et al., 2023; Shrivastava et al., 2013). Our
work demonstrated that Ap;_42 oligomers treatment increased intracel-
lular free calcium levels in both HS and AD astrocytes. Interestingly, this
increase was primarily due to release from intracellular reservoirs.
Accordingly, several studies have shown that Ap oligomers, including
AP1-40 and AP;_42, induce intracellular calcium elevation in astrocytes
even at low concentrations (Narayan et al., 2014). This calcium dysre-
gulation is believed to result from the mobilisation of intracellular cal-
cium, particularly from the endoplasmic reticulum (ER), via IP3
receptor activation (Narayan et al., 2014; Demuro et al., 2005;
Kuchibhotla et al., 2009; Oseki et al.,, 2014). However, our in-
vestigations did not find an ER stress response (data not shown). One of
the cellular processes potentially triggered by calcium dyshomeostasis is
cell death. Interestingly, our findings demonstrate that apoptosis was
selectively induced in HS astrocytes, albeit both HS and AD astrocytes
exhibited a comparable increase in intracellular calcium levels after the
treatment. Although the percentage of astrocytes undergoing late
apoptosis/necrosis remained relatively low in both HS and AD groups
(<10 %), we observed a significantly higher proportion of early
apoptotic cells in HS astrocytes. This suggests an active apoptotic
response that may not have fully progressed within the time window
analysed. Nevertheless, we acknowledge that further time-resolved ex-
periments will be required to more precisely define the temporal dy-
namics of Ap1-42 induced apoptosis in astrocytes. This observation aligns
with previous studies reporting that the accumulation of neurotoxic Af
fragments leads to cytoplasmic calcium mobilisation, ultimately trig-
gering programmed cell death in astrocytes from in vivo models (Hong
et al., 2023; Narayan et al., 2014; Oseki et al., 2014). Strikingly, these
studies emphasise the ability of Af oligomers to promote apoptosis
predominantly in healthy cells, consistent with our findings. However,
the underlying mechanism rendering HS astrocytes more susceptible to
APy_42 oligomer-induced apoptosis remains unclear and warrants
further investigation. One possible explanation is that AD astrocytes,
having been chronically exposed to Ap in vivo, may have developed
adaptive mechanisms that modify their responses and increase their
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resistance to apoptosis. In this context, we observed a significant
decrease in mitochondrial membrane potential in treated astrocytes
after 48 and 72 h of exposure. Importantly, this depolarisation occurred
concurrently with increased intracellular calcium levels and may be
partly responsible for this. The effect was particularly pronounced in HS
astrocytes, where depolarisation was significantly greater than in AD
astrocytes. The more substantial depolarisation in HS astrocytes likely
triggered harmful effects that led to apoptosis, whereas in AD astrocytes,
the depolarisation was insufficient to induce cell death. However, we
found that AB;_42 oligomers induced senescence in a subset of treated
AD astrocytes but did not affect those from HS. This partially confirms
previous findings by Ungerleider et al., who reported Af; 42
oligomers-induced senescence in primary human astrocytes. However,
important differences in experimental design and donor characterisation
distinguish the two studies (Ungerleider et al., 2022). Notably, Unger-
leider et al. employed human primary astrocytes without differentiating
between healthy and diseased conditions, whereas our study used as-
trocytes from both cognitively healthy donors and AD patients, allowing
for the identification of disease-specific responses to Af.

Moreover, Ungerleider et al. assessed senescence after a relatively
short exposure (24 h of treatment followed by 72 h in fresh medium),
whereas in our experimental design, astrocytes were continuously
exposed to AP 45 oligomers for 5 days. This chronic exposure may
better mimic the persistent amyloid burden in the AD brain and revealed
distinct phenotypic outcomes, namely astrogliosis in healthy astrocytes
and senescence in AD astrocytes. Overall, our results confirm the ability
of APj_42 oligomers to trigger astrocyte senescence, as previously
observed by Ungerleider et al., but extend those findings by demon-
strating that this response is modulated by both the pathological back-
ground and the duration of exposure. In line with these observations,
Bhat et al. also reported that Af;_42 oligomers can induce senescence,
although in human fetal astrocytes and under different experimental
conditions (Bhat et al., 2012). Taken together, these studies support the
notion that AB;_4o oligomers are potent inducers of astrocyte senes-
cence, while our findings add novel insights into the disease-specific and
exposure-dependent aspects in adult human astrocytes. Nevertheless, to
assess whether the observed increase in senescence markers was influ-
enced by age rather than pathology, we performed multiple linear
regression analyses including age and disease condition as predictors.
The results showed that only the pathological condition was signifi-
cantly associated with the expression of SA-B-Gal, p14*FF, and SAHF,
whereas age did not show any significant effect. This was also confirmed
by a composite senescence index based on z-scores. The presence of
senescent astrocytes is well-documented in postmortem AD brains, sup-
porting the hypothesis that they contribute to neurodegeneration via
pro-inflammatory signalling and/or disruption of glutamate homeosta-
sis (Bhat et al., 2012; Gaikwad et al., 2018; Han et al., 2020; Limbad
etal., 2020; Turnquist et al., 2016; Tuzer and Torres, 2022). Notably, we
found a higher prevalence of senescent astrocytes in F-AD than in M-AD,
as confirmed by multiple senescence markers studied. This aligns with
evidence of sex differences in astrocyte morphology, gene expression,
and function (Amateur and McCarthy, 2002; Arias et al., 2009; Beyer
et al.,, 1990; Chowen et al., 1995) and suggests that female astrocytes
may have distinct responses to pathological insults (Astiz et al., 2014;
Chistyakov et al., 2018; Liu et al, 2007; Loram et al.,, 2012;
Santos-Galindo et al., 2011). While most studies on sex differences rely
on animal models, our findings provide novel insights using primary
human astrocytes. Indeed, although constrained by a small sample size,
our results suggest that sex-related differences in astrocyte senescence
may contribute to the differential risk and progression of AD in men and
women. These preliminary observations underscore the critical impor-
tance of recognising sex as a biological variable in future research aimed
at elucidating the cellular mechanisms in AD pathology.

We then analysed SASP factors involved in neuroinflammation,
including cytokines, metalloproteases and neurotrophic factors. Sur-
prisingly, despite senescence being exclusive to AD astrocytes, SASP
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Fig. 8. AP;_45 oligomers induced astrogliosis in HS astrocytes. (a) The trypan blue exclusion assay was performed at three time points during treatment. The graph on
the left shows cell proliferation in the different experimental groups over time, expressed as the number of viable cells per well. Data are presented as mean + SD of
three independent experiments. The table on the right summarises the statistical comparisons between groups, indicating the corresponding p-values (* p < 0.05 and
** p < 0.001). (b) Representative confocal microscopy images (left) of indirect immunofluorescence of Vimentin (green) and GFAP (red) after 120 h of AB; 42
treatment. DNA was counterstained with DAPI (blue). Scale bars: 20 um. On the right, the graph shows the mean fluorescence intensity of the two proteins expressed
in relation to control (set as 1; dotted line). (c) Representative confocal microscopy images (left) of indirect immunofluorescence of Ki-67 (green) and GFAP (red)
after 120 h of AB;_4, oligomers treatment. DNA was counterstained with DAPI (blue). Scale bars: 20 um. On the right, the graph shows the linear regression analysis
of the mean fluorescence intensity of GFAP with the percentage of Ki-67 positive cells. Pearson correlation coefficient (R) and p-value are shown. Data are repre-
sented as the mean + SD of three independent experiments. Statistical significance is indicated as follows: * p < 0.05 and ** p < 0.001 vs control; # p < 0.05 and ##
p < 0.001 for comparisons between treated cells. Abbreviations: CTR: control (untreated cells); HS: astrocytes from healthy subjects; AD: astrocytes from Alz-
}leimer’s patients.

expression did not differ drastically between AD and HS. The most sig- These findings indicate that CM from AD astrocytes may contain toxic,
nificant differences were observed in BDNF, a crucial neurotrophin undetected molecules that contribute to neuronal cell death, reinforcing
involved in neuron survival, which was significantly increased in HS the notion that cellular changes in senescent AD astrocytes can release
astrocytes and decreased in AD. Moreover, Eotaxin-2, a member of the harmful factors impacting surrounding neural cells. Our observations
Eotaxin family—known to be elevated in the plasma of AD patients and support previous findings that senescent astrocytes drive neuro-
potentially involved in neurodegeneration (Huber et al., 2018)—was inflammation and neuronal death (Bhat et al., 2012; Bitto et al., 2010;
significantly reduced in HS but increased in AD. Additionally, TNF-o was Guerrero et al., 2021; Kawano et al., 2017; Limbad et al., 2020; Pertusa
upregulated in both HS and AD astrocytes, with a more pronounced et al., 2007), with SASP factors contributing to neurodegeneration
increase in AD. These changes in individual molecules are also reflected (Chinta et al., 2015; Han et al., 2024; Maciel-Baron et al., 2018; Zhang
in the cumulative log> scores calculated for pro-inflammatory, anti-in- et al., 2022). Although the percentage of senescent cells induced by
flammatory, and neurotrophic factors. Notably, astrocytes from AD AB142 in our model was relatively modest—particularly when
patients exhibited a slightly higher pro-inflammatory score than those compared to classical stress-induced premature senescence—the cells
from HS, indicating a more sustained or intensified inflammatory state. nonetheless exhibited a functionally relevant phenotype. Notably, this
Interestingly, the anti-inflammatory score was also modestly elevated in modest increase in SA-B-Gal positivity and other senescence markers
AD, which may represent a compensatory but insufficient regulatory was sufficient to trigger a pronounced neurotoxic response in recipient
mechanism to reduce inflammation. In contrast, neurotrophic factor SH-SY5Y cells. Together, these findings suggest that even a limited
scores were markedly higher in HS astrocytes, suggesting that healthy number of senescent astrocytes may exert significant detrimental effects
cells maintain better neuroprotective signalling. These data suggest that in the AD context, not only through direct toxicity but also via paracrine
both HS and AD astrocytes mount an inflammatory response after 120 h signalling and SASP-mediated propagation. Thus, the modest senes-
of Api1-42 treatment. However, the balance between inflammatory and cence observed in vitro may still reflect a biologically relevant phe-
neurotrophic pathways differs substantially. AD astrocytes seem to nomenon, with potential implications for neuroinflammation and tissue
experience a more persistent pro-inflammatory milieu coupled with homeostasis in AD. Further studies in co-culture or in vivo models will be
impaired neurotrophic support. This situation may contribute to the essential to assess these indirect effects fully. Interestingly, despite
neurodegenerative environment characteristic of AD. The imbalance comparable SASP levels in AD and HS astrocytes, only AD CM induced
between inflammation and neuroprotection could increase neuronal neurotoxicity, suggesting that unidentified factors beyond the studied
vulnerability and accelerate disease progression. Moreover, it is SASP components may drive neuronal damage. This highlights the need
important to note that astrocytes, also following AP oligomers treat- for further investigations into the toxic secretome of senescent AD as-
ment, can also transition into a reactive state, which can be trocytes. Such research could improve our understanding of the disease
pro-inflammatory and detrimental to neurons (Liddelow and Barres, progression and help identify potential therapeutic intervention targets.
2017; Mun et al., 2024; Ortiz-sanz et al., 2022; Osborn et al., 2016; In conclusion, our study demonstrates that Af; 42 oligomers elicit
Wyssenbach et al., 2016). It is well known that reactive and senescent distinct responses in human HS and AD astrocytes, including differential
astrocytes share common inflammatory features (Lopez-Teros et al., alterations in proteasomal activity, despite similar levels of oligomer
2024; Simmnacher et al., 2020). Our data suggest that HS astrocytes internalisation. Importantly, while intracellular calcium increase was
surviving Ap;_4p-induced toxicity undergo hyperproliferation and adopt comparable between the two groups, a subset of HS astrocytes under-
a reactive phenotype, as indicated by increased GFAP and Vimentin went apoptosis. In contrast, the surviving cells developed a reactive,
expression and by the release of pro-inflammatory factors. Pearson hyperproliferative state, producing neuroinflammatory factors, likely as
regression analysis supports this finding, showing a positive correlation a compensatory mechanism to counteract damage and the loss of as-
between Ki-67 and GFAP in HS astrocytes, which confirms that prolif- trocytes. Conversely, AD astrocytes, having likely been previously
erating cells exhibit reactive characteristics. In contrast, AD astrocytes exposed to oligomers in vivo, exhibited resistance to apoptosis but lost
fail to mount a reactive response but undergo senescence, possibly due the ability to become reactive, thereby failing to compensate for dam-
to chronic Ap exposure in vivo, leading to a higher damage threshold or age. Instead, these cells entered a senescent state, producing neuro-
impaired reactivity in vitro. Consistently, multiple linear regression an- inflammatory factors at levels comparable to HS reactive astrocytes.
alyses confirmed that the pathological condition, rather than donor age, However, their conditioned medium was uniquely capable of inducing
was the main factor influencing the divergent astrocytic responses differentiated neuroblastoma cell death. Therefore, although our study
observed. Although these analyses were performed on a relatively small has been conducted in a limited number of cases due to the reduced
sample size (n = 11), which limits statistical power and generalizability, availability of human astrocytes, our findings highlight the importance
the consistent association of the pathological condition with both of further investigating these models to gain deeper insights into the
senescence and astrogliosis markers—independent of age—supports the differences between healthy and AD-affected astrocytes. This approach
presence of a disease-specific cellular phenotype. These results should may provide critical insights into disease-specific mechanisms and
therefore be considered preliminary and interpreted with appropriate inform the development of novel therapeutic strategies.
caution.

Finally, we found that CM from senescent AD astrocytes effectively CRediT authorship contribution statement
induced apoptosis in neuroblastoma cells differentiated to a neuron-like
phenotype. In contrast, CM from HS astrocytes did not exhibit this effect. Alessandra Bigi: Writing — review & editing, Methodology,
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