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ABSTRACT: Alzheimer’s disease (AD) is the most prevalent neurodegenerative disorder, characterized by
amyloid beta (AB) plaques, neuroinflammation and cognitive impairment. Metabolic disturbances, particularly
brain insulin resistance, are increasingly recognized as central features of AD pathophysiology. Astrocytes,
essential for brain energy metabolism, exhibit a loss of homeostatic functions in AD, possibly promoting
neurodegeneration. Even though the main astrocytic glucose transporters are non-insulin dependent, insulin
may regulate astroglial glucose metabolism. Our objective was to evaluate insulin signaling and astrocyte
metabolism in the PDAPP-J20 transgenic mouse model of familial AD and in mouse primary astrocyte cultures
exposed to Ap. Adult PDAPP-J20 mice showed hyperinsulinemia, hippocampal insulin resistance and astrocytic
proinflammatory activation. The reactive glial phenotype was accompanied by decreased insulin receptor levels
in this chronic setting. Exposure of primary astrocytes to Ap induced proinflammatory activation, oxidative
stress and loss of glutamate transporter EAAT2, crucial for neuroprotection. Even though Ap-exposed
astrocytes showed increased insulin receptor levels in this acute setting, insulin-induced phosphorylation of the
receptor was hampered. Amyloid-treated astrocytes also showed increased glucose uptake, lactate release and
glycogen storage. Insulin treatment was associated with a recovery of mitochondrial membrane potential and
increased amyloid uptake, highlighting a pro-homeostatic role for the hormone. Our results highlight the
interplay between insulin signaling and astrocyte metabolism at different experimental and temporal settings of
amyloid pathology. Understanding these mechanisms may help to design therapeutic strategies aimed at
restoring metabolic balance and mitigating neurodegeneration.
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INTRODUCTION

Alzheimer’s disease (AD) is the main cause of dementia
and a highly prevalent pathology in elderly groups [1]. Its
main hallmarks are amyloid beta (AP) plaques and
neurofibrillary tangles which trigger brain inflammation,
neurodegeneration and cognitive impairment. Many of its
pathological characteristics are shared with the
physiological aging process, showing deficits in multiple
basic cellular processes and neurological functions.
Among the main impaired functions in AD and aging is
brain metabolic homeostasis [2—4]. In this sense, brain
insulin resistance has been proposed as a link between
aging, diabetes and AD, considering that these conditions
show variable degrees of insulin resistance, increased
reliance on glycolysis for meeting neuronal energy needs
and elevated extracellular lactate, among other changes
[5, 6].

Brain insulin resistance [7], mitochondrial
dysfunction [8] and bioenergetic alterations [9] are usual
findings in AD patients and in experimental models.
Interestingly, one of the brain regions early affected in the
context of AD is the hippocampus, a structure that
displays a high concentration of insulin receptors and
participates, along with the hypothalamus, in the
regulation of central and peripheral glucose levels [10,
11]. However, there is no consensus regarding the
dynamics and characteristics of the brain metabolic
changes that occur in AD. While hypometabolism has
predominated in the descriptions of AD progression, in
recent years more attention has been directed to the
pathophysiological role of brain hypermetabolism [12,
13].

In this context, astrocytes play a key role, showing an
enrichment in these metabolic pathways compared with
other neural cells [14]. Astrocytes are vital for the
provision of energy substrates for neurons, participating
in glucose uptake from blood vessels, glycolysis,
glycogen buildup and lactate secretion [15]. While
neurons have the highest energy requirements in the brain
and are able to uptake glucose, astrocytes uptake glucose
at a much higher rate, supporting the hypothesis of the
‘lactate shuttle’ for maintaining brain energy homeostasis
[16]. In AD, astrocytes adopt diverse but usually
concurrent  phenotypes, showing proinflammatory
reactivity and homeostatic dysfunction [17]. Given their
key role in brain energy metabolism and neuroprotection,
the loss of astrocytic homeostatic functions could be a
central event in the course of AD [18].

In AD, there are deficits in astrocytic glycolysis, an
event that could interfere with lactate shuttling [2]. Also,
key astroglial metabolites such as pyruvate, 2-
oxoglutarate and glutamine, as well as pathways such as
glycolysis, the TCA cycle and glutamate metabolism,

were found to be disturbed in the transcriptional analysis
of brains from AD patients [19]. Classically, the brain was
considered an insulin-insensitive tissue as most glucose
transporters in the brain are not directly regulated by
insulin. Now, there is evidence that insulin has multiple
roles in the brain as a neurotrophic factor, affecting
memory and behavior, modulating neurovascular
coupling and as a metabolic regulator, both centrally and
peripherally [20]. However, there is scarce information
regarding the role of insulin in the regulation of astrocyte
metabolic functions that could be relevant for AD
pathophysiology. Recent studies have highlighted that
impaired insulin signaling in the brain disrupts astrocyte
metabolic functions, including glucose uptake and
mitochondrial activity, thereby exacerbating neuro-
degenerative processes in AD models [21]. Moreover,
insulin resistance in astrocytes impairs their ability to
support neuronal metabolism and synaptic function,
contributing to cognitive decline [22].

This background led us to analyze the metabolic
changes that occur in in vivo and in vitro models of AD-
like amyloid pathology, focusing on insulin signaling and
regulation of astrocyte responses. In the PDAPP-J20
transgenic mouse model of familial AD, we found a
metabolic  disturbance associated with cognitive
impairment and hippocampal insulin resistance along
with astrocyte proinflammatory reactivity. Additionally,
we found subtle sex-dependent alterations in hippocampal
insulin signaling. Upon in vitro AP exposure, primary
astrocytes showed proinflammatory activation and a
complex metabolic phenotype related to cell energetics
and insulin signaling. Understanding the metabolic
response of astrocytes in the context of AD pathogenesis
could help design therapeutic interventions centered in
rescuing brain homeostasis.

MATERIALS AND METHODS
Animals

Adult male and female PDAPP-J20 transgenic mice (Tg;
full designation Tg(PDGFB-APPSwInd)20Lms) along
with their non-transgenic (NTg) littermates were bred at
the Institute of Biology and Experimental Medicine
Animal Facility (IBYME-CONICET; NIH Assurance
Certificate # A5072-01). These mice were maintained on
a C57BL/6J genetic background through heterozygous
crosses, with housing conditions controlled for
temperature (22°C), humidity (50%), and light cycles (12
h/12 h). Mice were fed ad libitum with standard mouse
chow from GEPSA Feeds, Argentina (http://gepsafeeds.
com/animales-de-bioterio/). Diet composition: Proteins:
25.5%; Carbohydrates: 28.8%; Fat: 3.6%; Fiber: 5.5%;
Calcium (min-max): 1.15-1.25%; Phosphorus (min-max):
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0.85-0.95%; Total minerals: 10%; Energy value: 2,500
Kcal/kg (metabolizable energy). The breeding stock for
these mice was generously provided by Dr. Verdnica
Galvan from the University of Oklahoma Health Sciences
Center. These transgenic mice carry the human amyloid
precursor protein (APP) gene with Swedish (KM670/
67INL) and Indiana (V717F) mutations, which are
associated with familial AD [23]. Transgenic mice were
genotyped through PCR with specific human APP
primers. Non-transgenic mice were used as controls. All
experimental procedures adhered to the NIH Guidelines
for the Care and Use of Laboratory Animals and received
approval from the IACUC of the Institute of Biology and
Experimental Medicine (protocol #23/2023). Blood
glucose data were collected under isoflurane-free
conditions to avoid anesthesia-induced hyperglycemia
confounding results. To optimize animal welfare, cohort
sizes were minimized through power calculations (see
statistics section). Every effort was made to minimize
animal suffering and discomfort. Weight and 6 h-fasting
glycemia were measured using a glucometer (One Touch
Ultra, Johnson & Johnson, Argentina). Euthanasia at 8
months followed a two-phase protocol. An intraperitoneal
injection of ketamine (80 mg/kg; Holliday-Scott) and
xylazine (10 mg/kg; Bayer) was used to achieve surgical-
plane anesthesia, ensuring absence of paw withdrawal
reflex. Then, decapitation during deep anesthesia was
performed for immediate trunk blood collection,
minimizing postmortem metabolic changes in insulin
measurements (radioimmunoassay).

Behavioral testing

Open-field test. An open-field exploration test was
performed to evaluate exploratory behavior. The
apparatus consisted of a wooden platform measuring 55 x
55 cm, coated with white melamine, and enclosed by 25-
cm-high walls. Each animal was placed individually in the
center of the arena, and exploratory behavior was
recorded for 5 minutes using video recordings. A central
region, digitally defined as a 15 x 15 cm area, was
established for analysis. The total distance traveled and
the distance traversed within the central region were
assessed using EthoWatcher software [24] and AnyMaze
(Stoelting Co.).

Barnes Maze. The Barnes Maze was used to assess
the learning ability and long-term spatial memory. The
maze consisted of a brightly lit, circular platform (85 cm
in diameter) with 20 equidistant holes located in the
periphery of the arena, one of which served as the target
escape leading to a dark box. The walls of the behavior
room featured large spatial clues: a red door, a black table,
a metallic sink and a large blue box. Mice underwent four
trials per day over four consecutive days (acquisition

phase), with each trial ending when the animal entered the
dark box. On day five, 24 h after the last training session,
a probe trial was conducted without the escape box and
the latency to the target hole was recorded.

Tissue processing and immunohistochemistry

Following euthanasia, one brain hemisphere was
dissected and fixed overnight in 4% paraformaldehyde.
Subsequently, it was coronally sectioned into 60 pm slices
using a vibrating microtome (PELCO -easiSlicer, Ted
Pella, USA). Sections containing the hippocampus were
stored in a cryoprotectant solution (PBS:ethylene
glycol:glycerine, 2:1:1) at -20°C until further processing.
For immunohistochemical and immunofluorescence
analyses, six serial brain sections per mouse were
selected. A free-floating technique was employed to
detect glial fibrillary acidic protein (GFAP) and S100B
using rabbit polyclonal antibodies (GFAP, 1:300, G-9269
or S100B, 1:500, ABN59) and a mouse monoclonal
antibody (GFAP, 1:300, G-3893, Sigma, USA). First,
sections were thoroughly rinsed with PBS to eliminate the
cryoprotectant solution. Then, nonspecific antigenic sites
were blocked with goat normal serum. Sections were
incubated overnight with the primary antibodies.
Subsequently,  sections  were incubated  with
corresponding secondary fluorescent antibodies (Alexa
488/555 anti-rabbit and anti-mouse, 1:1000, Invitrogen,
USA). Specificity of the immunostaining was determined
in controls processed without the primary antibody
(secondary antibody-only controls). For the representative
images in the figures, we selected those that better showed
the immunostaining pattern of interest and that displayed
a similar zone of the hippocampus in both groups.

S100B and GFAP immunoreactive area.

The S100B label was quantified for each GFAP+
astrocyte. For this, 5-6 astrocytes per hilus were randomly
selected using the nuclear label with DAPI as a reference.
After selecting each astrocyte, thresholds were
established for GFAP and S100B and the % area of each
GFAP-positive astrocyte occupied by S100B was
determined for each cell. Six brain sections per animal
were evaluated, obtaining an average of 30 cells.

IR puncta quantification and GFAP immunoreactive
area

Confocal images of coronal hippocampal sections
(stratum radiatum) immunolabeled with anti-GFAP and
IR antibodies were acquired at 60X magnification. Image
processing was performed in FIJI using the Olympus
Viewer plugin. Individual cells were manually selected,
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and a square region of interest (ROI) was defined for each.
Background was subtracted using the “Rolling Ball”
function, and images from each channel were averaged to
generate Z-stacks.

The GFAP+ immunoreactive area of astrocytes was
determined by applying a threshold to each ROIL
Additionally, merging the GFAP and IR Z-stacks allowed
quantification of IR+ puncta colocalizing with GFAP. For
each animal, at least four serial coronal sections were
analyzed, with 2-3 confocal images per section and a
minimum of 20 GFAP+ cells evaluated (3 animals per
group). Results were expressed as the average cell
immunoreactive area per image for GFAP and as the
average number of IR+ puncta in a cell per image within
the GFAP-positive area.

Cell culture

Primary cell cultures were obtained from postnatal day 1—
2 C57BL/6 mice. After decapitation, brains were
extracted, and the meninges, brainstem, and cerebellum
were removed under a stereomicroscope. The cerebral
hemispheres, immersed in DMEM/F12 (D0547, Sigma-
Aldrich), were dissected with a scalpel and further
homogenized using a serological pipette. Following a
brief ice incubation, the supernatant was collected,
centrifuged, and the resulting pellet—comprising cells
from two hemispheres—was resuspended in 1 mL of
medium and seeded into T75 flasks pretreated with poly-
L-lysine (P4707, Sigma). Cultures maintained in
DMEM/F12 supplemented with 10% fetal bovine serum
(FBS; #FRA, Internegocios, Argentina) reached
confluency after 7-10 days. Microglia were eliminated by
vigorous shaking for 48 hours and subsequent 24-hour
incubation with 5-fluorouracil (F6627, Sigma) to prevent
their proliferation. Finally, after an additional 24 hours in
DMEM/F12 with 10% FBS and penicillin-streptomycin
(P0O781, Sigma), astrocytes were detached with 0.125%
trypsin (T4799, Sigma) for plating.

Amyloid preparation/exposure protocol

Primary astrocytes were exposed to fibrillar amyloid Pi-42
(#20574, Cayman Chemicals) as an in vitro model of AD.
To generate the fibrillar state, beta amyloid was partially
diluted in distilled water and incubated under sterile
conditions at 37°C for 72 hours, a commonly used
method to promote fibrillization while minimizing
confounding factors related to solvents or buffer
components [25, 26]. Once the fibrillar solution was
obtained, the appropriate dilutions (0.5 pM or 0.05 uM)
were prepared in DMEM/F12 according to the treatment
requirements.

Insulin treatment

To stimulate cells with insulin, a stock solution diluted in
sterile saline was prepared and adjusted to the required
concentrations in DMEM/F12 or glucose-free RPMI,
depending on the experiment. For insulin signaling
assays, cells were treated with 1uM insulin in
DMEM/F12 supplemented with 10% FBS for 2 h. For
glucose uptake and lactate release assays, insulin was
added to the wells to achieve a final concentration of 1 uM
for 1 hour. Finally, in the MitoTracker Red assay, cells
were co-incubated with 1 uM insulin and 0.5 uM ABi.42
for 24 h.

Immunocytochemistry

Cells attached to coverslips were fixated with methanol,
permeabilized with 0.5% triton X-100 in PBS and
unspecific binding sites were blocked with 1% BSA in
PBS. Cells were incubated with primary antibodies for
GFAP, S100B, NF«kB (rabbit polyclonal, 1:1000, sc-372,
SCBT, USA), GLTI/EAAT2, GLUT1 (rabbit polyclonal,
1:500, ab652, Abcam), IR (rabbit polyclonal, 1:500,
ab137747, Abcam) and AP (4G8 mouse monoclonal,
1:1000, MABI1561, Chemicon, USA), and then with
Alexa Fluor- (488/596; Invitrogen, Thermo Fisher, USA)
labeled secondary antibodies. Nuclei were visualized with
DAPI (D9542, Sigma, USA) and coverslips were
mounted on glass slides with PVA-DABCO (Sigma,
USA). For NFkB immunostaining, a positive control for
nuclear translocation was performed by incubating with
lipopolysaccharide (LPS; Sigma) at 100 ng/mL. For the
representative images in the figures, we selected those that
showed comparable fields between groups regarding cell
size, number and density.

2-NBDG and fluorometer/Incucyte Imaging

Fluorometer. Primary astrocytes were seeded at 15,000
cells per well in 96-well plates and cultured to confluency
(approximately 3 days). Cells were then stimulated with
0.5 uM fibrillar AP, in DMEM/F12 supplemented with
10% FBS for 1 hour. The medium was subsequently
replaced with glucose-free RPMI (Sigma) containing
0.5uM AB1-42, 1 uM insulin, and 100 uM 2-NBDG
(N13195; Invitrogen), and the cells were incubated at
37 °C in the dark for 1 hour. After incubation, the medium
was removed, wells were briefly washed with PBS, and
100 pL. of DMSO was added per well. Cells were lysed by
performing three cycles of pipetting, and the lysate was
transferred to a black 96-well plate. Fluorescence was
measured in each well using an Advanced multimode
microplate reader (Spark).
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Incucyte Imaging. A total of 35,000 cells per well
were seeded in 24-well plates and allowed to reach
confluence over approximately three days. The cells were
then treated with 0.5 pM fibrillar ABi42 in DMEM/F12
supplemented with 10% FBS for 24 hours. In addition to
fibrillar ABi.42, a group of cells were treated with BMS-
536924 (14666, Cayman Chem.) at a concentration of 1
UM or NVP-ADW742 (18390, Cayman Chem.) at 5 pM.
Both compounds were incubated simultaneously for 24
hours in the presence of ABi.42 0.5 uM, using DMEM/F12
medium supplemented with 10% FBS. Following
stimulation, the medium was removed and replaced with
glucose-free RPMI (R1383, Sigma), to which 1 puM
insulin, and 100 uM 2-NBDG were added. The samples
were then incubated at 37°C in darkness for 1 hour.
Subsequently, the medium was removed, and Earle’s
buffer was added. Immediately after, the plates were
placed in the Incucyte Live-Cell Analysis System
(Sartorius), an automated imaging and analysis platform
designed to continuously monitor and quantify cellular
dynamics in real time. The Incucyte system captured high-
resolution fluorescence images.

Lactate measurement

Primary astrocytes were seeded at 15,000 cells per well in
96-well plates and cultured to confluency (approximately
3 days). After treatment, two protocols were used for
medium collection: one protocol involved washing the
cells and incubating with serum-free DMEM/F12 for 2
hours, while the other involved incubating with Earle’s
buffer for 1 hour. In both cases, conditioned media were
collected. Lactate release was quantified using the Roche
colorimetric lactate assay (11822837, Roche, Germany),
which relies on the enzymatic oxidation of lactate to
pyruvate by lactate oxidase, generating H.O. as a
byproduct. Initially, 90 pL of reagent 1 was added to each
well followed by 10 puL of sample, and after a 5-minute
incubation at 37 °C, absorbance was measured at 492 nm.
Subsequently, 18 uL of reagent 2 was added, and
following a 15-minute incubation at 37 °C, the final
absorbance at 492 nm was recorded to determine lactate
concentration.

Glycogen measurement

After treatments, cells were fixed with cold methanol for
5 minutes, washed twice with 70% ethanol, and incubated
with periodic acid (Biopack, Argentina) for 30 minutes to
oxidize secondary alcohol groups in glucose rings and
generate free aldehydes. Following three additional
washes with 70% ethanol, cells were incubated for 1 hour
with Schiff reagent (basic fuchsin decolorized with sulfur
dioxide; Biopack, Argentina), which reacts with the

aldehydes to produce a characteristic purple-pink
coloration. Finally, cells were washed with PBS, stained
with DAPI, and coverslips were mounted using PVA-
DABCO mounting medium.

MitoSOX, MitoTracker,
probes staining

BODIPY and MitoSpy

MitoSOX Red (M36007, Invitrogen), a cationic
derivative of dihydroethidium (DHE), was used to detect
mitochondrial-derived superoxide anion. In the presence
of this radical, DHE 1is oxidized to form 2-
hydroxymitoethidium (excitation: 510nm; emission:
580 nm). Cells were incubated with 5 uM MitoSOX Red
in PBS for 15 minutes at 37 °C, fixed with 4% PFA for 15
minutes, washed with PBS, stained with DAPI, and
coverslips were mounted with PVA-DABCO.

MitoTracker Red CMXROS (M7512, Invitrogen)
was used to stain mitochondria based on their membrane
potential, allowing evaluation of mitochondrial
morphology and functionality. BODIPY 493/503 (D3922,
Invitrogen) was employed to stain neutral lipids for
identification and quantification of cytoplasmic lipid
droplets. MitoTracker Red was used in a concentration of
500 nM and BODIPY 493/503 10 uM in DMEM/F12
without serum. Cells were incubated with these solutions
for 30 minutes at 37 °C, fixed with 4% PFA, washed with
PBS, stained with DAPI, and coverslips were mounted
with PVA-DABCO.

MitoSpy Green (424805, Biolegend) was used for
specific mitochondrial staining, providing accurate
visualization of total mitochondrial content independent
of membrane potential. Cells were incubated with 250 nM
MitoSpy Green in DMEM/F12 without serum for 30
minutes at 37 °C and then fixed with 4% PFA.

Etomoxir treatment

To evaluate the effect of etomoxir (a B-oxidation
inhibitor; E1905, Sigma-Aldrich) on lipid droplets and
mitochondrial membrane potential in primary astrocyte
cultures, cells were treated with etomoxir at a
concentration of 10 uM. The treatment was applied 30
minutes before exposure to APi4 at 0.5 pM and
maintained simultaneously for 2 or 24 hours. At the end
of the stimulation protocol, cells were incubated with
MitoTracker Red to label mitochondria and BODIPY
493/503 Green to detect lipid droplets, as described in the
corresponding section.

Quantification of immunofluorescence images

Individual cell areas from spatially calibrated images were
outlined and measured before applying a threshold to
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measure immunopositive areas for each fluorophore. The
analysis of co-localization between S100B and GFAP
markers was done using the JACoP plug-in [27] and
expressed as the percentage or GFAP+ areas that were
also positive for S100B. Nuclear translocation of NF«xB
was evaluated by a qualitative score done on at least 30
cells per culture well. We assigned a 0 value for cells with
evident higher fluorescence in the cytoplasm than in the
nucleus, a 1 value for cells with equal cytoplasmic/
nucleus staining and 2 for cells with evident higher
nucleus than cytoplasmic staining. The resulting score
was averaged for all cells in each sample. Higher values
indicated higher nuclear translocation. Quantification of
AP immunofluorescence was done using Imagel
software.

Immunoblot

Primary astrocyte cultures were seeded in 6-well plates at
approximately 250,000 cells per well and grown to
confluence (5—7 days) prior to experimental treatments.
Cells were incubated with ABi-42 (0.5 uM) in DMEM/F12
supplemented with 10% FBS for 2 or 24 hours. In separate
experiments, 1 uM insulin was applied either for 2 hours
following AP removal or during the final 2 hours of AP
incubation. After treatment, cells were rapidly washed
with PBS and harvested using a lysis buffer and a scraper.
Protein concentrations were determined using the
Bradford assay, and samples were normalized and stored
at —20°C until further use. For Western blot analysis,
30 pg of protein per lane was resolved by SDS-PAGE and
transferred to membranes, which were probed with
antibodies against phosphorylated IR (pIR Y1361, 1:500;
ab60946, Abcam), phosphorylated Akt (pAkt S473,
1:500; #9271, Cell Signaling), total IR (1:500, ab137747,
Abcam), total Akt (1:500; #9272, Cell Signaling), and
actin (1:200, sc-47778, Santa Cruz).

Statistical analysis

The acquisition and analysis of experimental data were
performed under blind conditions regarding group
information. Statistical analyses involved unpaired one-
or two-tailed Student’s t-test, one-way or two-way
ANOVA with Sidak’s, Tukey’s or Dunnett’s post hoc
tests as detailed for each experiment in the Results section
and were performed with Prism 9.0 (GraphPad Software
Inc.). Normality of the data was checked using the
Shapiro-Wilk test. In experiments where the n was too
small to determine normality, non-parametric tests were
used as detailed in each figure legend (Mann Whitney or
Kruskal Wallis tests). Data are expressed as mean = SEM.
The sample size was determined using StatMate 2.0
(GraphPad Software Inc.), drawing on data from previous

studies. The calculation aimed to achieve a statistical
significance of 5% (o = 0.05) with a statistical power of
80% to detect differences of at least 10% between groups.
This approach ensured that the study had sufficient power
to identify meaningful effects while minimizing the
number of animals used. The reported p values were
adjusted for multiple comparisons (in Sidak’s, Tukey’s
and Dunnett’s tests). The number and type of replicates
for each experiment is detailed in the corresponding figure
legends.

RESULTS

PDAPP-J20 transgenic mice showed high insulinemia,
anxiety-like behavior and cognitive impairment

Firstly, metabolic and behavioral parameters were
analyzed in male and female 8-month-old PDAPP-J20
transgenic mice, a familial AD model (Fig.1A). At 8
months of age this model exhibits cognitive impairment,
hippocampal extracellular amyloid plaques and increased
glial reactivity [28]. While the current study focuses on
astrocyte-specific mechanisms, we and others have
previously characterized neuronal populations and
synaptic alterations in this transgenic model [28-30]. In
order to characterize a general metabolic profile of control
and PDAPP-J20 transgenic mice, we analyzed fasting
glycemia and insulinemia. Transgenic (Tg) and control
(NTg) mice showed similar glycemia (Fig.1B-C),
regardless of the sex analyzed. The analysis of
insulinemia by radioimmunoassay showed a genotype
effect with higher levels in Tg mice (Two-way ANOVA,
genotype effect p<0.05, sex effect p=0.339, no differences
between groups with the Sidak’s post hoc test; Fig.1D).
Considering this result, we evaluated the pancreatic
expression of inflammatory markers to detect potential
damage due to insulin overproduction. The expression of
interleukin-1p (IL-1B) and cyclooxygenase-2 (COX-2)
was similar between Tg and control mice (Supplementary
Fig.1A-B). Also, NTg and Tg mice showed similar body
weight at the end of the protocol (Supplementary Fig. 2).

To evaluate the behavioral phenotype, mice were
tested in an open-field for 5 minutes to measure locomotor
activity and anxious-like behavior. Transgenic mice
showed similar locomotor activity to control mice in the
open-field arena (Supplementary Fig. 3), independently of
the sex analyzed. However, both male and female Tg mice
exhibited a lower percentage of the distance traveled and
time spent in the center of the arena than their respective
controls (NTg vs. Tg, males p<0.005, females p<0.01,
Student’s t test; Fig.1E-G and Supplementary Fig. 4), an
indicator of anxious-like behavior. Learning and memory
were evaluated in a Barnes maze using a 4-day, 4-trial/day
training scheme followed by a probe test trial 24 h later.
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No differences were found in the learning curve between

NTg and Tg mice, confirming that all animals were able

to learn the location of the target hole and thus validating

the subsequent memory test (Two-way RM ANOVA

males p=0.6451, females p=0.1099 for genotype effect;
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Figure 1. Transgenic mice showed hyperinsulinemia and cognitive deficits. (A) Experimental protocol. Metabolic and behavioral
parameters were evaluated in 8-month-old male and female PDAPP-J20 transgenic (Tg) and control (NTg) mice. (B-C) Glycemia in
male and female mice (mg/dL; n for males NTg=9, Tg=4; n for females NTg=5, Tg=6). (D) Insulinemia in male and female mice after
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a 6-hour fasting (Two-way ANOVA, genotype effect *p<0.05; ng/mL; n for males NTg=7; Tg=3; n for females NTg=4; Tg=2). (E)
Representative track plots from NTg and Tg mice in the open-field test (5 min). (F-G) Percent distance traveled in the center of the
open-field arena for male and female mice (Student’s ¢ test; ***p<0.005, **p<0.01; % distance; n for males NTg=9, Tg=9; n for females
NTg=5, Tg=6). (H-I) Latency to the target hole in the Barnes maze training trials by day (D) and trial (7) for male and female mice (180
s tracking; n for males NTg=12, Tg=8; n for females NTg=8, Tg=6). (J) Representative track plots in the Barnes maze in the probe trial
(day 5; 90 s tracking; n=6-8). (K-L) Latency to the target hole in the probe trial of the Barnes maze test for male and female mice
(Student’s ¢ test; **p<0.01, *p<0.05; n for males NTg=12; Tg=8; n for females NTg=8; Tg=6). Scale bars in E and J correspond to 20
cm. The n corresponds to mice per group. All the data are expressed as the means + SEMs.

Hippocampal insulin signaling was impaired in
PDAPP-J20 mice in a sex-dependent manner,
coinciding with higher astroglial reactivity and
decreased astroglial insulin receptor density

Even though insulinemia was increased in Tg mice (Fig.

1D-E), hepatic activation of Akt after an acute insulin

stimulus (5 IU i.p.; 10 min before euthanasia) was not

affected by the genotype (Supplementary Fig. 5),

suggesting integrity of the pathway at a peripheral level.

Phosphorylation of Akt is a downstream event to insulin
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receptor (IR) activation and constitutes a mechanism
through which insulin can exert its neuroprotective effects
[31]. However, Akt phosphorylation in the hippocampus
of male mice was lower in Tg than in matching controls
(NTg vs. Tg, p<0.05, Student’s t test; Fig. 2A; complete
blots for Figure 2 are presented in Supplementary Fig. 6),
suggesting a dampened central response to insulin that
could drive hyperinsulinemia. Female Tg mice showed a
similar  hippocampal pAkt/Akt ratio to their
corresponding controls (Supplementary Fig. 7A),
indicating a sex-specific disturbance.
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Figure 2. Transgenic mice showed impaired hippocampal insulin signaling and reactive astrocytes with decreased levels
of insulin receptor. (A) Immunoblots for pAkt/Akt in protein extracts from hippocampi of male control (NTg) and transgenic
(Tg) PDAPP-J20 mice (Mann Whitney test; *p<0.05; n for NTg=5, Tg=3. The ratio shown is relativized to the CTL group. (B)
Immunofluorescence for IR (red) and GFAP (green) in hippocampal sections of NTg and Tg mice (DAPI counterstain in blue).
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Scale bars=20 and 5 pm for large and inset panels, respectively. (C-D) Quantification of the number of IR+ puncta/GFAP+ area
in male (C) and female (D) mice (Student’s ¢ test; **p<0.01, ****p<0.001; n for males=14; n for females NTg=27, Tg=37; the
n corresponds to confocal fields/group from 3 mice per group). (E-F) Quantification of the GFAP+ area in the stratum radiatum
of male (G) and female (H) NTg and Tg mice (***p<0,005; n for males NTg=14, Tg=15; n for females NTg=26, Tg=36; the n
corresponds to confocal fields/group from 3 mice per group). (G) Immunofluorescence for S100B (red) and GFAP (green) in
the hippocampus (DAPI counterstain in blue). Scale bar=50 um. (H) Quantification of the percentage of S100B+ GFAP+ cells
to total GFAP+ cells (**p<0.01, n for NTg=9, Tg=18 confocal fields/group from 3 mice per group). All the data are expressed

as the means + SEMs.

To further understand this result, we sought to
analyze levels of IR in the hippocampus, as sustained
hyperinsulinemia can downregulate brain IR [32]. Using
immunoblotting for IR on female mice hippocampal
protein extracts, we found a tendency towards decreased
levels in Tg compared with controls (NTg vs. Tg,
p=0.0560, Student’s t test; Supplementary Fig. 7B),
partially supporting our precedent hypothesis. To analyze
whether astrocytes contributed to the IR reduction in the
hippocampus, we quantified IR+ puncta in GFAP+
astrocytes by immunofluorescence on brain sections (Fig.
2B). Hippocampal astrocytes in both male and female Tg
mice showed lower densities of IR puncta than astrocytes
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in control mice (NTg vs. Tg, males p<0.01, females
p<0.001, Student’s t test; Fig. 2C-D). Concomitantly,
astrocytes from Tg mice showed increased GFAP+ area
(NTg vs. Tg, p<0.005 for both sexes, Student’s t test; Fig.
2E-F) and higher levels of the S100B marker than controls
(NTg vs. Tg, females p<0.01, Student’s t test; Fig. 2G-H),
suggesting a pro-inflammatory activation accompanying
the changes in IR levels. The increased S100B/GFAP
ratio has been linked to reactive astrocyte phenotypes and
inflammation in AD models [33]. These results support
the idea of a metabolic change in the hippocampus of AD
mice with concurrent loss of insulin sensitivity and
increased astroglial reactivity.

Figure 3. Amyloid-treated astrocytes show increased
reactivity, oxidative stress and loss of glutamate
transporters. (A) Immunofluorescence for p65 NF«kB in
primary astrocytes exposed to 0.5 uM AP for 90 minutes.
Arrowheads indicate cells with high NFxB nuclear
translocation. (B) Activation score based on NF«B nuclear
translocation in primary astrocytes incubated in control media
(CTL), 0.05 uM AB, 0.5 uM AP or LPS as a positive control
(Kruskal-Wallis test; Holm-Sidak’s test; *p<0.05, **p<0.01; n
per group CTL=5, AB 0.05 uM=5, AB 0.5 uM=9, LPS=6;the n
corresponds to confocal fields per condition from at least 2 cell
culture technical replicates). (C) Quantification of mean cell
size under control conditions or incubated with amyloid for 24
h in differential interference contrast (DIC) images (Student’s ¢
test; ****p<0.001; n per condition=40). (D) Immuno-
fluorescence for S100B in primary astrocytes incubated with
0.5 uM A for 24 h. (E) Quantification of S100B optical density
(OD) in primary astrocytes (Student’s # test; ****p<0.001; n per
condition=40). (F) Immunofluorescence for glutamate
transporter EAAT?2 in control and Ap- exposed astrocytes. (G)
Quantification of EAAT2 optical density in control and AB-
exposed astrocytes (24 h incubation time; Student’s ¢ test;
**p<0.01; n per condition CTL=18, AB=17). (H) MitoSOX
staining in control and A- exposed primary astrocytes. (I)
Quantification of MitoSOX optical density primary astrocytes
(Student’s ¢ test; ***p<0.005; n per condition CTL=37,
AP=41). Scale bars=20 pum for all images. All cells were
counterstained with DAPI (blue). The n in C-I corresponds to
cells per condition from at least 2 cell culture technical
replicates. All the data are expressed as the means = SEMs.
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Astrocytes respond to amyloid beta in vitro with
proinflammatory activation, oxidative stress and loss
of glutamate transporters

To test whether mouse astrocytes in vitro adopted similar
activation phenotypes in response to amyloid B (AP) as
those seen in the in vivo model of AD-like amyloid
pathology, we used a primary culture protocol. Mouse
primary astrocytes were exposed to 0.05 or 0.5 pM AP
peptides in fibrillary form for 90 minutes to determine the
pro-inflammatory activation with p65 NFkB immuno-
staining (Fig. 3A-B). Amyloid B exposure was associated
with a higher NFkB nuclear translocation than control
astrocytes at the 0.5 pM concentration (CTL vs. 0.5 pM
AP, p<0.05, one-way ANOVA, Holm-Sidak’s test).
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Incubation with lipopolysaccharide (LPS) was used as a
positive control. Also, astrocytes exposed to 0.5 uM AP
for 24 h showed an increased cell size (p<0.001, Student’s
t test; Fig. 3C) and higher S100B optical density (p<0.001,
Student’s t test; Fig. 3D-E) than control cells.
Concomitantly, glutamate transporter EAAT2 was
decreased in AB- exposed astrocytes (p<0.001, Student’s
t-test; Fig. 3F-G) indicating a loss of homeostatic
functions. This phenotype was accompanied by increased
oxidative stress evidenced by higher MitoSOX optical
density in amyloid-treated astrocytes than in control cells.
(p<0.005, Student’s t test; Fig. 3H-I). These results
indicate that amyloid peptides induce an astrocyte profile
that comprises pro-inflammatory reactivity and
concurrent loss of pro-homeostatic characteristics.
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Figure 4. Astrocytes exposed to amyloid peptides showed higher levels and membrane localization of the insulin
receptor but presented deficits in insulin signaling. (A) Representative confocal images of primary mouse astrocytes
exposed to control medium (CTL) or fibrilized AP for 24 h, immunostained for insulin receptor (IR; green) and
counterstained with DAPI (blue). Arrowheads indicate IR concentrated in the edge of cells. Scale bar=20 um. (B-C)
Quantification of IR optical density in the whole cell (B) and in cell edges (C; two-tailed Student’s 7 test; **p<0.01,
**%*%p<0.001; n for IR OD=38 per condition; n for IR OD in cell edge CTL=16, AB=19; the n corresponds to confocal fields
per condition from at least 2 cell culture technical replicates). (D) Immunoblot for IR and actin in astrocytes after 24 h A
exposure (Mann Whitney test; *p<0.05; n=4 per group). (E) Immunoblot for pIR (phospho Y1361) and IR in astrocytes after
an insulin stimulus during the final 2 h of the protocol (Mann Whitney test; *p<0.05; n=3 per group). (F) Immunoblot for
pAkt (phospho S473) and Akt in astrocytes after an insulin stimulus during the final 2 h of the protocol (Mann Whitney test
p=0.111; n=4 per group). (G) Immunoblot for pAkt and Akt in astrocytes exposed to an insulin stimulus for 2 h after the
end of amyloid incubation (Mann Whitney test; *p<0.05; n=3 per group). Ratios shown in panels D-G are relativized to the
CTL group. The n in D-G corresponds to cell culture technical replicates per condition. All the data are expressed as the

means + SEMs.
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In vitro exposure to AP increases IR levels but impairs
insulin signaling in astrocytes

To further characterize the astrocytic phenotype induced
by amyloid peptides, we evaluated parameters related to
the insulin signaling pathway. Exposure of astrocytes to
0.5 uM AP for 24 h induced increased IR positive signal
(p<0.001, Student’s t test; Fig. 4A-B), higher localization
of the receptor in the edge of cells (p<0.01, Student’s t
test; Fig. 4C) and augmented IR levels by immunoblot
(p<0.05, Student’s t test; Fig. 4D; complete blots for
Figure 4 are presented in Supplementary Fig. 8) compared
with control astrocytes. Then, to test the functionality of
the insulin signaling pathway, we analyzed the
phosphorylation of IR (phospho Y136) and downstream
Akt (phospho S473) after an insulin stimulus during the
last 2 hours of amyloid incubation. This insulin scheme
was sufficient to stimulate downstream signaling inducing
the phosphorylation of Akt in control astrocytes
(Supplementary Fig. 9). Even though IR levels were
increased in amyloid treated cells, insulin-induced IR
phosphorylation was lower than in control cells (p<0.05,
Student’s t test; Fig. 4E), while Akt phosphorylation
remained unchanged (Fig. 4F). This could indicate
impaired astrocytic insulin signaling or interference with
binding of the hormone to its receptor. Accordingly, AP
colocalized with IR both at the edge of the cells and at the
soma (Supplementary Fig. 10). In this sense, if Ap was
removed by changing culture media before the insulin
stimulus, Akt phosphorylation was increased compared to
control astrocytes (p<0.05, Student’s t test; Fig. 4G),
possibly connected to amyloid unbinding from IR along
with increased IR levels.

In vitro exposure of astrocytes to Ap enhances glucose
uptake and lactate release. Role of insulin

Given the alterations found in the insulin pathway in Af3-
exposed astrocytes, we sought to evaluate astrocytic
glucose metabolism and its potential regulation by insulin.
Glucose uptake was evaluated using the fluorescent probe
2-NBDG and measuring the cellular signal by
fluorometry and Incucyte imaging. Astrocytes were
incubated with AP for 2 h or 24 h to compare the initial
and the sustained response to the amyloid insult,
respectively. At both amyloid exposure times we found an
increased 2-NBDG signal measured in a fluorometer (AP
2 hvs. CTL, p<0.05, one-way ANOVA, Sidak’s test; Fig.
5A) and in the Incucyte live-cell analysis system (AP 24
h vs. CTL, p<0.05, one-way ANOVA, Sidak’s test; Fig.
5B-C). Applying insulin during the last hour of AP
incubation reversed the increase in glucose uptake at both
exposure times (AP 2 h vs. AR 2 h + insulin p<0.05, AB
24 hvs. AP 24 h + insulin p<0.01). To test if insulin effect

was dependent on its action on insulin receptor (IR) or the
IGF1 receptor (IGF1R), we co-treated cells with BMS-
536924 (IR/IGFIR inhibitor) or NVP-ADW742 (IGF1R
inhibitor). We speculate that insulin effect was dependent
on IR functionality as it was prevented by the IR/IGFI1R
inhibitor (AP 24 h + insulin vs. Ap 24 h + insulin + BMS
p<0.001; Fig. 5C) but not by the IGF1R specific inhibitor
(Supplementary Fig. 11). Also, astrocytes incubated for
24 h with AP showed an increased presence of the glucose
transporter GLUTT in the edge of the cell profile (CTL vs.
AP 24 h, p<0.005, one-way ANOVA, Tukey’s test), an
effect that was reversed when insulin was added in the last
hour of the protocol (AP 24 h vs. AR 24 h + insulin,
p<0.001; Fig. 5D-E).

Then, we evaluated the effect of lactate release by a
colorimetric method in two different culture conditions,
under high-glucose (17.5 mM) DMEM/F12 media or
under low-glucose (5.5 mM; closer to physiological
glucose levels) Earle’s buffer. The aim of this protocol
was to evidence possible differences in the astrocytic
response to the nutrient excess or scarcity. Under the low
glucose/low nutrients condition, exposure to AP initially
stimulated lactate release (CTL vs. AP 2 h, p<0.05, one-
way ANOVA, Sidak’s test) but this effect was lost at the
24 h setting (Fig. 5F), suggesting a time-dependent
response to glucose/nutrients scarcity.

Additionally, the effect was also lost under high
glucose/nutrients availability (DMEM/F12 medium with
17.5 mM glucose) as AP did not stimulate lactate release
neither at the 2 h nor at the 24 h incubation times (Fig.
5G), suggesting a context-dependent response, as well.
Interestingly, glycogen content was increased in
astrocytes incubated in a low glucose/low nutrients
medium (*p<0.05, one-way ANOVA, Sidak’s test; Fig.
5H-I) both at 2 h and 24 h amyloid incubation times. This
could suggest a paradoxical effect for amyloid enhancing
glycogen storage and, simultaneously, lactate release
under a low glucose/low nutrients context. Incubation
with amyloid in the high glucose/high nutrients medium
did not modify glycogen storages compared to control
cells (Fig. 5J), indicating, as seen for lactate secretion, a
lack of effect of amyloid under glucose/nutrient
abundance.

Amyloid beta (AP) alters mitochondrial morphology,
function, and metabolism in primary mouse
astrocytes. Role of insulin on amyloid internalization
and mitochondrial functionality

One of the crucial homeostatic functions of astrocytes is
the capacity to internalize A from the extracellular space.
Given that the phagocytic and catabolic capacity of
astrocytes depends on insulin signaling [34, 35], we
sought to evaluate if a short insulin treatment was able to
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regulate the intracellular amyloid content in primary
mouse astrocytes. Astrocytes incubated for 24 h with 0.05
uM AP were treated with insulin at 0.1 or 1 uM
concentrations during the last hour. We performed
immunofluorescence using the 4G8 antibody to detect AB
and found an effect of 1 pM insulin increasing
intracellular amyloid (A vs. AB + 1 uM insulin, p<0.05,
B
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one-way ANOVA, Sidak’s test; Fig. 6A-B), probably due
to increased internalization. A significant fraction of the
intracellular AP colocalized with LC3+ wvesicles

(Supplementary Fig. 12), indicating a role for autophagy
in astroglial amyloid metabolism as previously reported
[28].
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Figure 5. Amyloid increased astrocytic glucose uptake and GLUT1 membrane localization while insulin
reversed these effects. Lactate release stimulated by amyloid peptides was dependent on glucose availability.
(A) Fluorometer quantification of 2-NBDG uptake in primary astrocytes incubated for 2 h with 0.5 A and insulin for
the last hour (Relative fluorescence units=RFU; one-way ANOVA; Sidak’s test, *p<0.05; n=7 technical
replicates/group from primary culture preparations from 8 mouse pups). (B) Incucyte imaging of 2-NBDG uptake in
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primary astrocytes (scale bar=10 pm). C. Quantification of 2-NBDG uptake in astrocytes exposed to AP} for 24 h in
the presence or absence of insulin and/or the IR/IGFIR inhibitor BMS during the last hour (green calibrated
units=GCU*um?; one-way ANOVA; Sidak’s test, **p<0.01, ****p<0.001; n per condition CTL=12, Ap=14,
AB+ins=13, AB+ins+tBMS=10; the n corresponds to Incucyte fields from at least 2 cell culture technical replicates).
(D) Representative confocal images from GLUT]1 (red) immunofluorescence (DAPI counterstain in blue) in astrocytes
exposed to AP for 24 h in the presence or absence of insulin for the last hour. Pink dotted lines in the insets indicate
the edge of cells (scale bars=50 and 10 um for large field and inset, respectively). (E) Quantification of the GLUT1
cell edge OD / cell soma OD ratio (One-way ANOVA; Tukey’s test, ***p<0.005, ****p<0.001; n per group CTL=24,
AP=22, AB+ins=18; the n corresponds to confocal fields from at least 2 cell culture technical replicates ). (F) Lactate
release (absorbance) collected during 1 h after the incubation with AP for 2 h or 24 h in a 5.5 mM glucose Earle’s
buffer (low glucose/low nutrients; One-way ANOVA; Sidak’s test, *p<0.05; n=4 per group; the n corresponds to
technical replicates/group from primary culture preparations). (G) Lactate release (absorbance) collected during the
last 2 h of an incubation with Ap for2hor24 hina 17.5 uM glucose DMEM/F12 medium (n per group CTL=13, Ap
2h=12, AP 24h=6 technical replicates/group from primary culture preparations). Lactate levels were relativized to the
corresponding CTL group. (H) Confocal images for astrocytes stained with PAS to evaluate glycogen storage (DAPI
counterstain in blue) under control conditions or incubated with A for 24 h (scale bar=50 um). (I-J) Density of PAS+
puncta /pm?2 (relativized to the corresponding CTL group) in astrocytes exposed to AP for 2h or 24 hin a 5.5 mM
glucose Earle’s buffer (I) or 17.5 mM glucose DMEM/F12 (J; One-way ANOVA; Sidak’s test, *p<0.05; n=24-30
cells per group from at least 2 cell culture technical replicates). All the data are expressed as the means + SEMs.

In order to further characterize the homeostatic  associated with a decrease in the size and an increase in

function of astrocytes under amyloid incubation, we
evaluated parameters related to mitochondrial health.
First, we stained astrocytes with the MitoSpy probe to
assess the total mitochondrial mass (Fig. 6C). After a 24-
h A exposure, astroglial optical density of MitoSpy was
decreased (p<0.001, Student’s t test; Fig. 6D) while the
average size of mitochondria remained unchanged (Fig.
6E). To evaluate mitochondrial functionality, we stained
astrocytes with the MitoTracker Red probe, which signal
is proportional to the integrity of the mitochondrial

the number of MitoTracker+ mitochondria (CTL vs. AP
24 h, p<0.001, one-way ANOVA, Sidak’s test; Fig. 6G-
H), suggesting a lower and fragmented functional area. In
the same sense, MitoTracker optical density decreased in
amyloid-treated astrocytes indicating defective membrane
potential (CTL vs. AP 24 h, p<0.005, one-way ANOVA,
Sidak’s test Fig. 61). Even though insulin did not correct
the changes in size and number of MitoTracker+
mitochondria, it was able to restore MitoTracker staining
intensity (p<0.001), a proxy for the recovery of
mitochondrial membrane potential.

membrane potential (Fig. 6F). Amyloid B treatment was
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Figure 6. Amyloid treatment induced mitochondrial and metabolic disturbances in Ap-treated
astrocytes. Insulin increased amyloid uptake and recovered mitochondrial membrane potential. (A)
Representative confocal images of astrocytes incubated with 0.5 uM AP for 24 h and insulin at 0, 0.1 or 1 pM
concentrations for 1 h and immunostained with the 4G8 antibody for Ap (green). (B) Quantification of the
percentage of cell area occupied by the 4G8 immunostaining (One-way ANOVA, Sidak’s test, *p<0.05). Scale
bars=50 and 10 pum for large fields and insets, respectively. (C) Confocal images of MitoSpy-stained astrocytes
(green). Scale bars= 50 and 10 pm for large fields and insets, respectively. (D-E) Quantification of optical
density (D) and average size of mitochondria (E) in MitoSpy-stained astrocytes incubated with control (CTL)
media or 0.5 pM AP for 24 h (Student’s t test, ****p<(0.001). (F) Confocal images of astrocytes stained with
the MitoTracker probe (red). Scale bar=30 um. (G-I) Quantification of the average size (G), density of
mitochondria (H) and mean optical density (I) in MitoTracker-stained astrocytes incubated with control media,
24-h AP or 24-h AP and 1-h 1 pM insulin (One-way ANOVA, Sidak’s test, *p<0.05, ***p<0.005,
***%p<0.001; n=35 cells per condition). (J) Confocal images of astrocytes stained with MitoTracker (red) and
BODIPY 493/503 (green) probes. Scale bars= 50 and 20 pm for large fields and insets, respectively. (K)
Optical density of the BODIPY probe under control condition or A for 24 h with or without the CPT1 inhibitor
etomoxir (One-way ANOVA, Sidak’s test, ***p<0.005). (L) Optical density of the MitoTracker probe in
astrocytes incubated with AB for 24 h with or without etomoxir (Student’s ¢ test, *p<0.05; n=15 cells per

condition). All cells were counterstained with DAPI (blue).

As astrocytes also rely on the B oxidation of fatty
acids for energy production, we analyzed the lipid
storages after amyloid exposure. After 24 h of AP
exposure astrocytes showed a decrease in the size of lipid
droplets stained with the BODIPY 493/503 probe (CTL
vs. AP 24 h, p<0.05, one-way ANOVA, Sidak’s test; Fig.
6J-K). This effect was lost when the transport of fatty
acids to the mitochondria was inhibited with the carnitine
palmitoyltransferase 1 (CPT 1) inhibitor etomoxir,
suggesting that amyloid was associated with increased
usage of fatty acid. To test if the smaller size of lipid
droplets related to AP exposure was associated with
induced fatty acid oxidation, we analyzed the effect of
etomoxir on the mitochondrial membrane potential. After
24 h of AP exposure, MitoTracker optical density was
decreased in astrocytes co-treated with etomoxir (A vs.
AP + etomoxir, p<0.05, Student’s t test; Fig. 6L),
indicating that the maintenance of mitochondrial
membrane potential depended, at least partially, on fatty
acid B oxidation. As a control of potential etomoxir
toxicity on mitochondria, control cells were incubated
with the inhibitor, and no differences were found in the
MitoTracker optical density with that of vehicle-treated
cells (Supplementary Fig. 13).

DISCUSSION

In this report, we have demonstrated that experimental
amyloid pathology is accompanied by concurrent
metabolic and glial responses that could have a role in AD
pathophysiology.

Insulin resistance and Alzheimer’s disease
Although most of the metabolic changes found in AD

models are usually linked to a peripheral insulin-
resistance profile with hyperglycemia [36—40], they

diverge with the normoglycemic phenotype that we
describe. We show here that adult PDAPP-J20 transgenic
(Tg) mice modelling AD suffered a relatively minor
peripheral metabolic change. While hepatic Akt
phosphorylation after insulin stimulation was unaffected
in Tg mice, circulating insulin levels were increased
compared with control mice. In the context of
normoglycemia this metabolic phenotype could comprise
a subtle indicator of aberrant energy signaling and may be
a consequence of hippocampal insulin resistance [7, 41].
This model carries the human APP gene with familial AD
mutations that do not exert a direct role on systemic
metabolism, reinforcing a role for the hippocampal insulin
dysregulation. Even though pancreatic expression of
inflammatory markers was not increased in Tg mice, we
cannot discard future pancreatic damage due to insulin
overproduction and a direct effect of amyloid on B-cells
[42].

Brain insulin resistance is usually associated with
glucose hypometabolism and a subsequent impaired
energy supply for neurons [3, 43]. Reinforcing this
concept, genetic ablation of hippocampal IR is associated
with memory and neuroplasticity defects [44].
Accordingly, we found a hippocampal-dependent
memory impairment and an anxiety-like behavior in Tg
mice, confirming functional deficits in this AD model [28,
29, 45].

Several mechanisms can contribute to the reduced
response to insulin, including downregulation of insulin
receptors, impaired binding of insulin to its receptors,
and/or the abnormal activation of the insulin signaling
cascade [46]. Under conditions of chronic
hyperinsulinemia, brain insulin receptors are usually
downregulated, leading to central insulin resistance and
deficits in glucose availability [32]. We found decreased
levels of IR in the hippocampus of Tg mice in comparison
with control mice, both in the whole tissue and in
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astrocytes. Regarding insulin sensitivity, we identified a
sex-dependent response, i.e. a decrease in the
phosphorylation of hippocampal Akt upon insulin
stimulation in male Tg mice. Conversely, female Tg mice
showed normal Akt phosphorylation. As the pathology
may not progress equivalently in male and female AD
patients and animal models [47, 48], a more thorough
comparison of sex- and age-dependent changes should be
done in future research. Sex hormones, particularly
estrogens, may contribute to these differences, as estradiol
has been shown to modulate insulin signaling and exert
neuroprotective effects in models of neurodegeneration
and aging [49, 50].

In addition to the mechanisms discussed above, other
upstream regulators may also contribute to central insulin
resistance in AD. The suppressor of cytokine signaling 3
(SOCS3) -a known inhibitor of insulin signaling- has been
found upregulated in the brains of AD patients,
particularly in regions with high AP deposition [51]. This
increase suggests that SOCS3 could block insulin receptor
signaling in the AD brain. Similarly, the phosphatase
PTPIB, which dephosphorylates and inactivates the
insulin receptor, has been linked to defective insulin
signaling in neurons from AD models [52]. Preclinical
studies have shown that pharmacological inhibition of
PTPIB reduces microglial activation and improves
insulin signaling in the brain, supporting its potential
relevance in AD pathophysiology [53]. Together, these
findings suggest that SOCS3 and PTP1B may represent
promising therapeutic targets in AD.

Astroglial activation and insulin signaling

In our study, hippocampal astrocytes showed
morphological signs of reactivity like higher GFAP area
and increased levels of S100B. In parallel, mouse primary
astrocytes responded to AP exposure with increased
NFkB nuclear translocation and increased S100B
expression, indicating a proinflammatory activation
profile in these in vitro conditions. This was accompanied
by higher levels of reactive oxygen species evidenced by
the MitoSOX probe.

The proinflammatory astroglial activation not only
correlates with an increase in damage signals, but can also
affect the basic metabolic and energetic homeostatic
functions of the nervous system. Interestingly, astroglial
inflammatory activation was coupled to a loss of the
EAAT2 glutamate transporter, an event that could
increase neuronal vulnerability to glutamate toxicity [54].
Chronic loss of this transporter has been associated with
impaired insulin  signaling in the brain of
APPPSwe/PS1IAE9 mice along with decreased
phosphorylation of IR [55] as we describe here. Impaired
insulin signaling in astrocytes could exacerbate AD-like

pathology, leading to cognitive deficits, increased AP
burden, and neuroinflammation, as demonstrated in other
AD models [21]. In a vicious cycle-like manner, insulin
resistance in the context of AD can increase APP and AP
levels while amyloid peptides can directly bind to IR and
preclude insulin signaling [56, 57]. Also, De Felice et al.
have demonstrated that amyloid oligomers are able to
remove insulin receptors from the neuronal surface and
promote their internalization [58], underscoring the
interactions between AP and IR.

Regarding the potential effects of insulin on astroglial
proinflammatory activation, signaling through the
activation of the PI3K/Akt pathway can inhibit NF-xB
nuclear translocation by suppressing the IKK complex
[59]. However, under conditions of impaired insulin
signaling, such as metabolic stress or exposure to
proinflammatory stimuli like AP or cytokines, NF-kB
activation is enhanced, leading to increased astrocyte
reactivity [60]. This bidirectional crosstalk is central to the
interplay between metabolic and inflammatory signaling
in the CNS.

In mouse primary astrocytes we found increased
levels of IR after amyloid exposure. However,
phosphorylation of this receptor was dampened,
indicating impaired insulin signaling in response to
amyloid. Interestingly, if amyloid was removed before
insulin incubation the phosphorylation of Akt was
increased, suggesting a competitive effect of amyloid on
IR and an over response possibly due to the increased
levels of IR. This could represent an attempt to overcome
the defects in insulin signaling in the context of amyloid
acute exposure.

The upregulation of IR signaling seen in our in vitro
experiments possibly reflects an early, cell-autonomous
compensatory response to acute amyloid stress. In this
simplified system, astrocytes are isolated from other brain
cell types and thus do not experience the complex cellular
interactions and signaling present in vivo. Conversely, the
downregulation of IR observed in the PDAPP-J20 mice
after 8 months of amyloid pathology represents a chronic,
integrated response within the brain’s multicellular
environment, including neurons, microglia, and vascular
cells. This prolonged exposure likely triggers more
complex regulatory feedback mechanisms and
neuroinflammatory processes, resulting in diminished IR
expression and signaling.

Astroglial glucose metabolism in AD

Neuroinflammation and glial activation, as in AD, are
frequently accompanied by metabolic alterations.
Reactive astrocytes can display higher glucose
consumption and lactate release [61, 62] as described
here. Astrocytes incubated with AP showed increased
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glucose uptake, upregulated GLUT1 glucose transporter
and larger glycogen reserves, in line with the
inflammatory activation mentioned before. Also, A
stimulated lactate release at the 2 h incubation time under
low glucose/nutrients availability. However, this effect
was lost under high glucose/nutrient availability (17.5
mM) or at longer incubation times indicating a context-
and time-dependent metabolic response. These results
suggest that, initially, amyloid may act as a short-term
signal improving lactate availability and potentially
aiding neuronal survival, but at longer times, as in AD, or
under excess glucose and nutrients can lead to a metabolic
deficit as previously suggested [2, 63]. In the same sense,
in a recent publication Elsworthy et al. have shown that
iPSC-derived astrocytes from familial AD patients
display more marked metabolic deficits and gliosis than
control astrocytes acutely exposed to AP [64], confirming
a context- and time-dependent response.

On the other hand, and even though lactate is
considered a main fuel for neurons, excess lactate release
by astrocytes could be detrimental. Regional brain lactate
levels, as a proxy of neuronal activity, have been shown
to be associated with local amyloid levels [65] suggesting
that increased glycolysis in the context of AD can
potentiate amyloid pathogenic effects. Longitudinal
studies of autosomal AD patients suggest that astrogliosis
and increased glucose metabolism are early events that
precede in many years the onset of overt amyloid
pathology and cognitive impairment [66, 67]. As the
disease progresses, astrogliosis diminishes and glucose
metabolism declines [68], suggesting a concurrent
response and a significant and biphasic patho-
physiological role for astrocytes.

Effects of insulin on astroglial glucose metabolism

Astrocytic insulin signaling is crucial for mitochondrial
function and cognitive processes such as working
memory [69]. However, insulin action on the regulation
of astroglial glucose uptake is not clear as both insulin-
sensitive and insulin-insensitive glucose transporters
coexist in these cells. Insulin exposure reversed the
increase in astrocyte glucose uptake after AP incubation,
and this effect was dependent on IR functionality. These
results are coherent with evidence showing that IR and
IGF1R reductions affect glucose uptake by astrocytes
both in vivo [70, 71] and in vitro [69]. In line with this, we
found increased GLUT1 levels in amyloid-treated
astrocytes and a reversion by insulin. However, there is no
consensus regarding this regulation. Using a nanosensor-
based approach, Muhic et al. did not find effects of insulin
or IGF1 on glucose transport in rat astrocytes in vitro [72].
Even though the most abundant astrocytic glucose
transporters GLUT1 and GLUT3 are not sensitive to

insulin in terms of glucose transport, mechanisms
involving the subcellular re-localization of these
transporters could be a part of insulin and IGF1 actions
and play arole in AD [73]. Moreover, IR reductions at the
vascular level could affect brain glucose uptake in AD as
shown by Leclerc et al. both in human postmortem
samples and in 3XTGAD mice [74]. In our in vitro model
we found upregulated astroglial IR in response to amyloid
exposure, in line with increased glucose uptake and lactate
release. However, in the in vivo model, more
representative of a chronic scenario, transgenic mice
astrocytes showed lowered IR levels. Along with the
impaired insulin signaling found in vivo, loss of astrocytic
IR exacerbates the pathological phenotype in 5SXTGAD
mice [21], indicating the existence of a vicious cycle that
aggravates the disease.

Insulin action on astroglial amyloid content and
energy metabolism

Insulin treatment was associated with an increased
amyloid content in mouse primary astrocytes. The
regulation that insulin signaling exerts on phagocytosis
and catabolism, as has been reported in primary astrocytes
[34, 35], could underlie this effect. Amyloid exposure
disrupted astroglial mitochondrial membrane potential,
highlighting a shift in metabolic dynamics and
mitochondrial functionality in response to A, consistent
with recent insights into metabolic adaptation [75].
However, these dynamics may differ between human and
mouse brains. Human astrocytes exposed to APi42 show
initial mitochondrial fusion followed by excessive fission
and a shift to peroxisomal oxidation of fatty acids [76],
probably affecting brain energetic homeostasis. Glucose
metabolism is slower and respiration is better coupled in
the human cortex compared with the mouse cortex,
probably indicating a more efficient mitochondrial
function [77]. Even though insulin did not reverse
decreased size and increased numbers of mitochondria in
amyloid-treated astrocytes, it was able to restore
membrane potential. Interestingly after amyloid exposure,
astroglial mitochondria showed enhanced fatty acid f-
oxidation, as suggested by the decrease in LDs density
and the observation of a decreased membrane potential
when the transfer of fatty acids was prevented through
inhibition of CPT1. There is evidence that astrocytes with
impaired insulin signaling have increased fatty acid (-
oxidation associated with an upregulation of CPT1c [70]
and with more oxygen consumption [78], as a probably
inefficient mechanism to meet neuronal energy needs. A
quantitative analysis of CPT1 and related key enzymes
would strengthen our results regarding this amyloid-
associated metabolic shift.
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Our observation that AP reduces lipid storage in
serum-starved astrocytes likely reflects the short duration
of exposure in our assay, capturing early metabolic
responses. In contrast, studies reporting AB-induced LDs
accumulation often involve longer exposure times or
chronic conditions, during which LDs progressively
accumulate near mitochondria as a protective or
pathological response. Moreover, nutrient availability and
metabolic phase critically influence LDs dynamics [79].
Under serum starvation, cells may mobilize lipid stores
differently, and acute A exposure might initially promote
lipid consumption before later inducing LD formation as
part of a stress adaptation process [80].

Our results from the in vitro model showing a rescue
of membrane potential and increased amyloid uptake with
insulin treatment should be correlated with in vivo
evidence for the neuroprotective effects of insulin. In
3xTg-AD mice, Chen et al. have shown that 7-day
intranasal insulin restored brain insulin signaling,
increased synaptic proteins, reduced AP40 levels, and
suppressed microglial activation [81]. In
APPswe/PS1dE9 mice, a 6-week insulin treatment
improved cognition, enhanced brain insulin signaling,
reduced amyloid pathology and promoted hippocampal
neurogenesis [82]. While preclinical evidence supports
insulin's benefits for mitochondrial/neuronal health,
large-scale clinical trials lack consistent
cognitive/functional improvements. Ongoing studies
focused on combination therapies and delivery
optimization should be done to confirm insulin
therapeutic potential in AD.

Limitations of this study

The main limitation of this study and of those studying
age-associated diseases like AD is the narrow time
window that encompass mouse models and cell cultures.
Ideally, multiple time points should be evaluated in
further studies to better characterize the dynamic nature
of the brain and astroglial metabolic changes that develop
during AD progression. Also, the effects found with the
pharmacological agonists and inhibitors of the pathways
studied here should be complemented with genetic tools
to confirm mechanistic hypotheses. Regarding the mouse
model of AD that we used here it is important to note that
it does not reflect the tau pathology that occurs in AD, at
least at this time frame. However, our primary objective
was to investigate the effects of amyloid pathology
specifically and we believe that the PDAPP-J20 model is
well-suited for this purpose, as it recapitulates amyloid
accumulation and related synaptic and cognitive deficits.
Future studies may indeed benefit from including tau
pathology models to explore additional facets of AD-
associated insulin resistance.

Concerning the in vitro model, our results show the
response of mouse astrocytes and may not accurately
demonstrate the behavior of human astrocytes. In
addition, amyloid pathology in vitro was modelized using
fibrilized amyloid peptides in a preparation that also
contains a small fraction of peptides in soluble form.
Amyloid preparation protocols can influence fibril
morphology and aggregation state, potentially affecting
biological activity and experimental outcomes [83].
Regarding concentration, we selected doses within ranges
reported in the literature to balance the physiological
relevance and the detectability of cellular responses [84],
acknowledging that supraphysiological concentrations
may induce non-specific effects [85]. A more complex
protocol should be done in future research to analyze the
differential effect of amyloid peptides in varying states of
aggregation. In this study we have assessed mitochondrial
dysfunction via the evaluation of the membrane potential
and morphological parameters. Even though changes in
mitochondrial membrane potential correlate with
impaired ATP production and respiratory chain
dysfunction in AD models [76], more comprehensive
assays such as ATP quantification and real-time
metabolic analysis would significantly strengthen our
findings.
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Figure 7. Working model. Experimental amyloid pathology
induces concurrent metabolic and inflammatory astroglial
responses, potentially influencing AD pathophysiology.
Amyloid pathology can trigger both a metabolic phenotype,
characterized by impaired insulin signaling, and an
inflammatory phenotype, marked by oxidative stress and NFxB
translocation in astrocytes. These phenotypes can interact,
leading to a loss of neuroprotective functions,
neurodegeneration, and ultimately, cognitive impairment.
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Conclusion

Our findings highlight the interplay between glial
metabolism, insulin signaling, and AP pathology in
experimental AD progression (Fig. 7; working model).
The shift in the astroglial metabolic profile could act as a
link between the amyloid pathology and the loss of
neuronal support that leads to neurodegeneration.
Impaired brain insulin signaling may play a central role in
the progression of the disease and the modulation of this
pathway could represent a potential therapeutic avenue.
However, as shown and discussed, the metabolic settings
along the different stages of AD are variable and this
variability could define the effectiveness of insulin-
oriented treatments.
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