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ARTICLE INFO ABSTRACT

Keywords: The amyloid cascade hypothesis is widely accepted as an explanation for the neuropathological changes in
Akt P.a.thW.ay ) Alzheimer's disease (AD). However, the role of amyloid-beta (AB) as the sole cause of these changes is being
Cognitive impairment questioned. Using the 5XFAD mouse model of AD, we investigated various factors contributing to neuropa-

Insulin resistance thology, including genetic load (heterozygous (HTZ) versus homozygous (HZ) condition), behavioural pheno-

hi
Niizzcb?;:us type, neuropathology markers, metabolic physiology, and gut microbiota composition at early (5 months of age)
Neuroinflammation and late (12 months of age) stages of disease onset, and considering both sexes. At 5 months of age, both HTZ and

HZ mice exhibited hippocampal alterations associated with AP accumulation, leading to increased neuro-
inflammation and disrupted PI3K-Akt pathway. However, only HZ mice showed cognitive impairment in the Y-
maze and Morris water maze tests, worsening with age. Dysregulation of both insulin and insulin secretion-
regulating GIP peptide were observed at 5 months of age, disappearing later. Circulating levels of metabolic-
regulating hormones, such as Ghrelin and resisting helped to differentiates HTZ mice from HZ mice. Differ-
ences between HTZ and HZ mice were also observed in gut microbiota composition, disrupted intestinal barrier
proteins, and increased proinflammatory products in the intestine. These findings suggest that cognitive
impairment in 5XFAD mice may not solely result from Ap aggregation. Other factors, including altered PI3K-Akt
signalling, disrupted insulin-linked metabolic pathways, and changes in gut microbiota, contribute to disease
progression. Targeting Ap deposition alone may not suffice. Understanding AD pathogenesis and its multiple
contributing factors is vital for effective therapies.

Abbreviations: Ap, amyloid-p; AD, Alzheimer's disease; APP, amyloid precursor protein; BBB, blood-brain barrier; CA, cornu ammonis; DG, dentate gyrus; EPM,
elevated plus maze; FAD, familial Alzheimer's disease; GFAP, anti-glial fibrillary acidic protein; GIP, gastric inhibitory polypeptide; GLP-1, glucagon-like peptide-1;
HTZ, heterozygous; HZ, homozygous; LPS, lipopolysaccharides; MWM, Morris water maze; OF, open field; OTUs, operational taxonomic units; Q, quadrant; PAI-1,
plasminogen activator inhibitor-1; PBS, phosphate-buffered saline; PCA, principal component analysis; PFA, paraformaldehyde; PSEN1, presenilin-1; PSEN2, pre-
senilin-2; PI3K, phosphoinositide 3 kinase; RT, room temperature; SAB, spontaneous alternation behaviour; SacPT, saccharin preference test; SEM, standard error of
the mean; SPT, sucrose preference test; YMT, Y-maze test..
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1. Introduction

Numerous hypotheses have been proposed to explain the neuro-
pathological origin of Alzheimer's disease (AD). However, these hy-
potheses face increasing challenges as they fail to fully elucidate the
etiopathogenesis of this debilitating disease. The widely accepted “am-
yloid cascade hypothesis” suggests that the accumulation of insoluble
amyloid-p (AB) peptides, leading to the formation of senile plaques in the
central nervous system (CNS), is a key factor (Bartholomew et al., 2002;
Hardy and Selkoe, 2002). Additionally, hyperphosphorylation of tau
protein and the subsequent deposition of neurofibrillary tangles are
implicated. Mutations in genes involved in the processing of amyloid
precursor protein (APP) such as presenilin-1 (PSEN1) and — 2 (PSEN2),
can generate abnormal Ap, particularly the longer amino acid variants
(i.e. AP 42) (Bekris et al., 2010; Hsiao et al., 1996; Tanzi and Bertram,
2005). These abnormal Af variants result in both toxicity and Ap
deposition (Levy-Lahad et al., 1995; Rogaev et al., 1995; Sherrington
et al., 1995). These mutations are predominantly observed in inherited
cases of early-onset familial AD, which account for a small percentage of
all cases (J. Liu and Li, 2019). However, it is essential to acknowledge
that these hypotheses should not be regarded as definitive explanations.
The neuropathological origin of AD remains an open question, and other
factors such as astrocyte dysfunction and neuroinflammation (Bronzuoli
et al., 2019), insulin resistance (Ott et al., 1999), and alterations in the
gut-brain microbiota axis (Bairamian et al., 2022) are being increasingly
recognized. Continued research is necessary to unravel the complex
mechanisms underlying AD and provide a comprehensive understand-
ing of its origins.

The hippocampus is a severely affected region in individuals with
Alzheimer's disease (AD). Post-mortem studies have consistently
revealed the deposition of amyloid plaques in the hippocampal forma-
tion, particularly in regions such as the cornu ammonis 1 (CA1), sub-
iculum, and entorhinal cortex (Braak and Braak, 1991; Furcila et al.,
2018). However, not only the presence of Ap deposits but also the pro-
gression of neurofibrillary tangles could predict declines in cognitive
function and memory loss in AD subjects (Serrano-Pozo et al., 2011). Itis
well-established that the hippocampal formation is involved in memory
processes (Bird et al., 2008), and is particularly vulnerable to damage
caused by abnormal inflammatory responses and oxidative stress. The
PI3K (phosphoinositide 3 kinases)/Akt pathway, which coordinates
neuronal responses in the brain, has been shown to have significant
implications for AD-related events (Long et al., 2021; O'Neill, 2013).
Central insulin resistance, a common feature associated with premature
aging, is observed in the early stages of neurological diseases like AD
(Milstein and Ferris, 2021). Dysfunctional insulin signalling mediated by
the PI3K-Akt pathway is considered a risk factor for AD development
(Gabbouj et al., 2019). This pathway is involved in critical biological
processes, including cell proliferation, growth, migration, and survival
(Xu et al., 2020), and multiple studies suggest that Af oligomers inhibit
the PI3K-Akt pathway, leading to neuronal death and dementia (Razani
etal., 2021; Yu and Koh, 2017). Activation of the PI3K-Akt pathway can
also be induced by lipopolysaccharides (LPS), which are released by
bacteria primarily located in the gut (Liao et al., 2022; Sanchez-Alegria
et al., 2018). LPS can cross both the intestinal barrier and blood-brain
barrier (BBB), activating immune pathways in the brain and triggering
neuroinflammation through the activation of reactive microglia and
astrocytes(Banks, 2008; Braniste et al., 2014; Logsdon et al., 2018). In
fact, the composition of the gut microbiota has gained significant in-
terest as it can influence physiological function and behaviour, including
its potential role in the development of AD (Bairamian et al., 2022;
Cryan and Dinan, 2012; Kowalski and Mulak, 2019).

The 5xFAD mouse model is widely used as a preclinical model of AD
that co-overexpresses human APP and human PSEN1 genes, leading to
accelerated formation of amyloid plaque (Oakley et al., 2006). Cognitive
impairments, particularly in hippocampus-dependent memory, have
been observed in 5xFAD mice (Cho et al., 2014; Girard et al., 2014;
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Kimura and Ohno, 2009; Oakley et al., 2006); however, limited research
has investigated the influence of genetic load on histology, physiology,
and gut microbiota composition to gain a better understanding of AD
development. One study reported that 5xFAD mice bred to homozy-
gosity displayed age-dependent motor phenotypes and deficits in spatial
reference memory at 2 and 5 months (Richard et al., 2015). Considering
the potential interaction between genetic factors and the environment in
accelerating AD progression, it is crucial to explore the role of AD-
associated genes in understanding non-genetic influences on the dis-
ease's development. For instance, a recent study demonstrated the
impact of alcohol consumption on cognitive impairment and amyloid
deposition in 3-TG transgenic mice (Ledesma et al., 2021). To investi-
gate whether impaired cognition in AD is solely attributable to the
amyloid beta (Af) load in the brain or if other factors contribute to
disease progression, we conducted an analysis using heterozygous (HTZ)
and homozygous (HZ) transgenic 5xFAD mice at two different age
groups representing early and late disease onset. By studying these mice,
we aimed to determine if the combination of other factors, in addition to
AB load, exacerbates cognitive decline and disease progression.

2. Materials and methods
2.1. Animals and ethics statement

5xFAD mice co-express and co-inherit familial Alzheimer's disease
(FAD) mutant forms of human APP (the Swedish mutation: K670N,
M671L; the Florida mutation: 1716 V; the London mutation: V7171) and
PSI (M146L; L286V) transgenes under transcriptional control of the
neuron-specific mouse Thy-1 promotor (Tg6799 line) (Oakley et al.,
2006). 5xFAD lines (B6/SJL genetic background) were maintained by
crossing heterozygous transgenic mice with B6/SJL F1 breeders (The
Jackson Laboratory, Bar Harbor, ME, USA).

All experiments were performed in non-transgenic (no-tg), HTZ, and
HZ 5xFAD transgenic female and male mice. Two life stages of mice
were used: mature adult mice at 5 months of age (considered early
disease onset) and middle-aged mice at 12 months of age (considered
late disease onset). Mice of the same sex were housed in groups of 3-4 on
a 12 h light/dark cycle (lights on at 07:00 h), with water and food
provided ad libitum. Experiments were conducted between 09:00 and
15:00. Animals were housed in groups of 3—4 per cage, except during the
saccharin and sucrose consumption test, for which mice were housed
individually. In our study, we used a total of 14 animals per group
(males and females). The distribution was done in relation to the need to
conduct different types of analyses and evaluations on the same animals
to obtain a more comprehensive and thorough understanding of the
results. Half of the animals, specifically seven animals per group, were
specifically assigned for behavioural studies and immunohistochemical
techniques. The other half of the animals were used for biochemical
analyses. In this case, plasma was extracted from all animals, regardless
of their group assignment.

All experiments were performed in compliance with the ARRIVE
guidelines (Kilkenny et al., 2010) and in accordance with the European
Communities Council Directives 2010/63/EU, Regulation (EC) n°
86/609/ECC (24 November 1986) and Spanish National and Regional
Guidelines for Animal Experimentation (Real Decreto 53/2013). The
experimental protocols were approved by The Local Ethical Committee
for Animal Research of the University of Malaga (CTS-8221, July 2016).
Accordingly, every effort was made to minimize animal suffering and
reduce the number of animals used.

2.2. Quantitative genotyping

Genotyping was performed by PCR analysis of ear DNA to detect the
human APP gene. The primers were: common Forward:
ACCCCCATGTCAGAGTTCCT, wild-type Reverse: TATA-
CAACCTTGGGGGATGG, mutant Reverse: CGGGCCTCTTCGCTATTAC
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(Invitrogen) were used to amplify the Tg transgene (APPSwFlLon,
PSEN1*M146L*L286V) 6799Vas inserted on mouse chromosome 3 in
5xFAD transgenic mice. This assay can be used to distinguish between
hemizygotes and homozygotes. The JAX protocol #31769 (https
://www.jax.org/Protocol?stockNumber=006554 and protocollD =
31,769) was used. PCR was performed using a Thermocycler PCR in-
strument (Eppendorf) under standard conditions. The PCR products
were visualized on 2% agarose gel.

2.3. Behavioural assays

Mice were subjected to neurological screening, saccharin preference
test (SacPT), sucrose preference test (SPT), open field (OF), elevated plus
maze (EPM), Y-maze test (YMT), and Morris water maze (MWM). All
tests are detailed in Supplementary Material.

2.4. Tissue and histological procedures

All the mice were sacrificed at 5 and 12 months of age. Animals were
anaesthetized with 50 mg/kg pentobarbital and blood was drawn
directly from the right atrium. Mice were transcranial perfused with 0.1
M phosphate-buffered saline (PBS). Faeces were then collected from the
colon and immediately frozen at —80 °C for microbiota analysis. Brain
samples were quickly removed and bisected down the midline; one
hemibrain was used for histological and immunohistochemical proced-
ures, and the other hemibrain was kept on dry ice and stored at —80 °C
for biochemical analysis.

2.4.1. Immunohistochemistry

The hemibrains were fixed in 0.1 M PBS containing 4% para-
formaldehyde (PFA) for 48 h and cryopreserved in 30% sucrose in 0.1 M
PBS solution for 5 days at 4 °C. Cerebral hemispheres were cut 50 pm
thick in the coronal plane on a microtome, and sections were performed
as previously described (Castilla-Ortega et al., 2011; Medina-Vera et al.,
2020; Rosell-Valle et al., 2021 Medina-Vera et al., 2020). Serial sections
were blocked with 5% donkey serum and 0.5% Triton X-100 in 0.1 M
PBS for 45 min at room temperature (RT). To analyse amyloid-f plaques,
rabbit anti-Af (1:500, Abcam), rabbit anti-amyloid p1_40 (AB4o; 1:500,
Thermo Fisher), and rabbit anti-Af; 42 (Af42; 1:500, Thermo Fisher)
were used. For the neuroinflammatory analysis, rabbit anti-glial fibril-
lary acidic protein (GFAP; 1:1000; Dako Cytomation Glostrup,
Denmark) and rabbit anti-Ibal (1:500, Abcam) were used. Primary an-
tibodies were incubated overnight at RT. After rinsing, the sections were
incubated with biotinylated goat anti-rabbit secondary antibody (1:800,
GE Healthcare) for 2 h at RT. All the antibodies were diluted in PBS,
0.5% Triton X-100, and 2.5% donkey serum. The peroxidase-conjugated
extra-avidin method and diaminobenzidine as the chromogen were used
to visualize the reaction product.

The numbers of labelled Ap plaques were manually counted in the
hippocampus (CA1, CA3, and dentate gyrus (DG)). For the quantifica-
tion of GFAP and Ibal staining, we employed densitometry analysis
using ImageJ software (Analyse > Set Measurements: Area and Inte-
grated Density; Analyse > Measure). Images were acquired using a DP70
digital camera (Olympus Iberia, S.A.U.) connected to an Olympus BX41
microscope. The ImageJ software was used for immunostaining quan-
tification (Schneider et al., 2012). The images were binarized to 16-bit
black and a fixed intensity threshold was applied for each immuno-
staining. Eight mice per group and three sections per mouse were used at
three different hippocampal levels.

2.4.2. Western blot analysis

Frozen hemibrain samples (17 mg per sample) were dissected and
homogenized in 1 mL of cold RIPA lysis buffer (50 mM Tris-HCl pH 7.4,
150 mM NaCl, 0.5% NaDOC, 1 mM EDTA, 1% Triton, 0.1% SDS, 1 mM
Na3V04, 1 mM NaF) supplemented with a protease cocktail (Hoffmann-
La Roche). The suspension was incubated for 2 h at 4 °C, followed by
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centrifugation at 12,000 rpm for 15 min at 4 °C. The supernatant was
transferred to a new clean centrifuge tube and the Bradford colorimetric
method was used to determine the total protein concentration. Protein
extracts were diluted 1:1 in loading buffer (DTT 2x) and heated for 5
min at 99 °C before being subjected to electrophoresis.

Protein expression, including IRS1, PI3K p85, Akt, GSK-38, mTOR,
and Tau, was analysed by western blotting. Tissue protein (10-15 pg)
was subjected to electrophoresis on 4-12% Criterion XT Precast Bis-Tris
gels (Bio-Rad, Hercules, CA, USA) for 30 min at 80 Vand 2 h at 150 V.
Proteins were transferred onto a 0.2 pm nitrocellulose membrane (Bio-
Rad, Hercules, CA, USA) for 1 h at 80 V using wet transfer equipment.
The membrane was washed twice for 5 min in TBST (10 mM Tris-HCI,
150 mM NaCl, 0.1% Tween 20, pH 7.6) and blocked with 5% BSA-TBST
for 1 h at RT on a shaker platform. Subsequently, the membrane was
incubated with the respective primary antibodies overnight at 4 °C and
diluted in 2% BSA-TBST (detailed in Supplementary Material Table S1).
The following day, the membrane was washed thrice for 5 min with
TBST. An appropriate HRP peroxidase-conjugated rabbit/mouse sec-
ondary antibody (Promega, Madison, WI, EE.UU.) was diluted 1:10000
in 2% BSA-TST and incubated with the membrane for 1 h of shaking at
RT. Finally, the membrane was washed as described above and exposed
to chemiluminescent reagent using the Western Blotting Luminol Re-
agent kit (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1 min.
Membrane-bound proteins were visualized by chemiluminescence using
a Chemi-Doc TM MP Imaging System (Bio-Rad, Barcelona, Spain). After
detecting phosphorylated proteins, specific antibodies were removed
from the membrane by incubating with stripping buffer (2% SDS, 62.5
mM Tris HCI (pH 6.8), 0.8% p-mercaptoethanol) for 30 min at 50 °C.
Membranes were thoroughly cleaned in ultrapure water before being
pre-incubated with the corresponding total antibody. Bands were
quantified by densitometry analysis using the ImageJ software
(Schneider et al., 2012). Normalization was performed using a reference
protein from the same membrane, y-adaptin protein. The results were
presented as the ratio of total protein expression to y-Adaptin and the
ratio of phosphorylated protein expression to total protein expression
(Bass et al., 2017).

2.5. Bio-Plex multiplex assay

Plasma levels of insulin, gastric inhibitory polypeptide (GIP),
glucagon-like peptide-1 (GLP-1), leptin, ghrelin, glucagon, resistin, and
plasminogen activator inhibitor-1 (PAI-1) were measured using a
multiplex immunoassay system with a commercial kit (Bio-Plex Pro™
mouse diabetes 8-plex immunoassay, Bio-Rad, Hercules, CA, USA, cat.
number: #171F7001M). Plates were run on a Bio-Plex MAGPIX™
Multiplex Reader with Bio-Plex Manager™ MP Software (Luminex,
Austin, TX, USA). Hormone concentrations were expressed in pg/mlL,
and detection limits were 68.29 (insulin), 4.31 (GIP), 0.59 (GLP-1), 5.07
(leptin), 0.64 (ghrelin), 0.50 (glucagon), 184.89 (resistin) and 2.98 (PAI-
1) pg/mL.

2.6. Ap soluble quantification: ELISA

The hippocampus was homogenized in buffer (5 M guanidine-HCl/
50 mM Tris, pH 8.0), and protease inhibitor cocktail (Roche Molecular
Systems, Pleasanton, CA, USA). Homogenate Centrifuge at 16,000 xg for
20 min at 4 °C, and the supernatant was saved as the soluble fraction for
AP quantifications. The AB42 human enzyme-linked immunosorbent
assay (ELISA) kit (Catalog # KMB3441, Invitrogen™ Mouse Ap42 ELISA
Kit) was used to quantify Ap42 levels according to the manufacturer's
instructions.

2.7. RNA isolation and real-time q-PCR

Total RNA was extracted from tissue sections of the small intestine
(50-80 mg) using the TRIzol ® method, according to the manufacturer's
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instructions (Invitrogen, Carlsbad, CA, USA). RNA samples were isolated
using an RNA easy minelute cleanup-kit including digestion with DNase
I column (Qiagen) and quantified using a spectrophotometer to ensure
A260/280 ratios of 1.8-2.0. Reverse transcription was performed from
1 pg of RNA using the Transcriptor Reverse Transcriptase kit (Tran-
scriptor RT, Roche Applied Science, Mannheim, Germany) and specific
sets of primer probes (Cldn3: Mm00515499_s1, amplicon length:60;
Ocln: Mm00500910_m1, amplicon length:83; Tlr4: Mm00445273_m1;
amplicon length:87) from TagMan® Gene Expression Assays (TaqgMan,
Thermo Fisher Scientific, Waltham, MA, USA). Real-time qPCR reactions
were carried out using a CFX96TM Real-Time PCR Detection System
(Bio-Rad, Hercules, CA, USA) and the FAM dye labelled format for the
TagMan® Gene Expression Assays (Thermo Fisher Scientific). Melting
curve analysis was performed to ensure that only a single product was
amplified. We normalized the values obtained from the small intestine
samples in relation to GAPDH levels (Mm99999915 g1, amplicon
length:107; Thermo Fisher Scientific).

2.8. Gut microbiota analysis

Gut microbiota analysis was performed as previously described
(Segovia-Rodriguez et al., 2022). Colon faeces samples at 5 and 12
months of age (180-200 mg) were used for DNA extraction. A QIAamp®
DNA Stool Mini Kit (Qiagen France S.A.S.) was used according to the
manufacturer's instructions. DNA concentration and purity were deter-
mined by absorbance at 260 nm (A260) and the A260/A280 ratio,
respectively, using a NanoDrop spectrophotometer (NanoDrop TM One
Spectrophotometer, Thermo Fisher Scientific Inc., Spain). DNA samples
were sent to StarSEQ® GmbH (Mainz, Germany) for analysis of the
V3-V4 hypervariable regions of the bacterial 16 S rRNA gene, amplified
from the isolated DNA using the primer combination 515F-909 R. The
Ilumina MiSeq System was used to sequence DNA products of this PCR
amplification and 16 S metagenomics analysis was performed using
QIIME 2 (Bolyen et al., 2019) version 2023.5 in a conda environment
which is based on the Ubuntu Linux operating system. The taxonomy
database used was Silva 138.1 version (Quast et al., 2013), and the
RESCRIPt plugin was employed for its curation and preparation. Phylum
analysis focused on both the Bacteroidetes and Firmicutes phyla. Taxo-
nomic compositions were compared at family level in terms of relative
abundance using QIIME 2.

2.9. Statistical analyses

For data obtained from neurological screening, the nonparametric
Kruskal-Wallis test were used. Behavioural tests, western blotting
analysis, and immunostaining quantification were evaluated by a two-
way analysis of variance (ANOVA) with the factors “age” and “geno-
type”. Subsequently, a Tukey post-hoc test was conducted for multiple
comparisons. In the MWM, thigmotaxis behaviour and learning pa-
rameters were analysed separately by one-way ANOVA, repeated mea-
sures two-way ANOVA (“genotype” x “trial session” [day]), and two-
way ANOVA (“genotype” x “training day”). For comparisons between
two groups, we also employed Student's t-test. To assess the potential
influence of hyperdynamic locomotion on cognitive deterioration in the
Y-maze test, we calculated Pearson's correlation coefficient (Miedel
et al., 2017). Statistical significance was set at P < 0.05.

For microbiota analysis, sequencing data was processed and ana-
lysed using specific software and packages. The paired-end sequences of
each sample were exported in FASTQ format. The quality of the se-
quences was first assessed using the FastQC software. For the quantita-
tive analysis of the relative abundance of the microbiota in the samples,
R 4.1.2 was used in the Rstudio working environment, version
2023.03.1. The analysis utilized the “stats”, “xlsx”, “car,” “dplyr,” and
“readr” packages, along with the Bioconductor “bio format” package. A
paired-end demultiplexed sequencing protocol was used to import the
sequences, and the dada2 denoise-paired command (Callahan et al.,
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2016) was employed for used for quality filtering, denoising, and
merging of paired-end reads. Core metrics were obtained to assess alpha
and beta diversities. Alpha diversity measures the species richness
within each community, while beta diversity examines the differences in
composition, specifically the abundance of different taxa, among
different samples. Alpha rarefaction analysis was performed at a depth
of 25,000 per sample. The sequences were grouped into operational
taxonomic units (OTUs) using a 97% similarity threshold. Taxonomic
assignment was carried out using an own trained classifier using the q2-
feature-classifier plugin (Bokulich et al., 2018). Statistical inference was
performed using the Kruskal-Wallis test and Mann-Whitney U for each
OTUs, allowing for comparisons and identification of significant differ-
ences between groups. The entire generated information, along with the
used scripts, has been hosted on the following link: github.com/Verhe
ulJ/5XFAD.

To identify underlying patterns and reduce the dimensionality of the
data, clustering and ordination methods were employed. Specifically,
Principal Component Analysis (PCA) was applied to the behavioural
variables, neuroinflammation, PI3K/Akt pathway, insulin-linked meta-
bolic pathway, and Firmicutes/Bacteroidetes ratio. PCA was followed by
varimax orthogonal rotation to ensure that the extracted factors were
independent of each other. Factors with eigenvalues >1 were selected,
indicating their significant contribution in explaining the data variance.
The factor loading, which represents the contribution of each variable to
a factor, was considered significant if it exceeded an absolute value of
0.5.

To address the potential issue of Type-1 error arising from multiple
outcome measures, power analysis and sample size estimation were
performed before the initiation of the study. Effect sizes were estimated
based on previous literature to ensure adequate statistical power for the
multitude of outcome measures. Additionally, adjustments for multiple
comparisons were considered in our statistical analyses to enhance the
reliability of the findings.

The data were presented as mean + standard error of the mean
(SEM). Statistical analyses were conducted using GraphPad Prism
version 9 (GraphPad Software, Inc., La Jolla, CA, USA) for general an-
alyses, while R software was used specifically for microbiota analysis.

3. Results
3.1. HZ 5xFAD mice showed severe neurological deficits

A battery of neurological procedures was conducted to evaluate the
somatosensory and sensorimotor reflexes of HTZ and HZ mice. At 5
months of age, no significant differences were observed between the
HTZ and HZ mice, indicating similar neurological function. However, at
12 months of age, HZ mice displayed greater neurological deficits
compared to the age-matched no-tg mice. The deficits were observed in
various reflexes, including head shaking (P < 0.05), corneal reflexes (P
< 0.05), vibrissae (P < 0.05), auditory reflexes (P < 0.05), righting re-
flexes (P < 0.05), and extension reflexes (P < 0.0001). In contrast, HTZ
mice showed preserved neurological function with age, indicating a lack
of significant impairment in these reflexes. Table 1 provides detailed
information on the specific reflexes assessed and the corresponding
statistical results.

3.2. HTZ and HZ 5xFAD mice showed a different taste profile with a
preference for a palatable sweet solution

The saccharin (SacPT) and sucrose (SPT) preference tests were con-
ducted to assess anhedonia, a reduced ability to experience pleasure, in
the mice. The SPT is also indicative of motivation for caloric foods. A
two-way ANOVA was performed to analyse the effects of genotype and
age on the SacPT results. The results showed significant effects of ge-
notype (P < 0.001) and age (P < 0.01) on saccharin intake. Specifically,
HZ mice at 12 months of age exhibited significantly higher saccharin
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Table 1
Neurological screening at non-transgenic (No-tg), heterozygous (HTZ) and homozygous (HZ) transgenic 5xFAD mice.
Neurological tests 5 months of age 12 months of age
No-Tg HTZ HZ No-Tg HTZ HZ
Absent deficit (%) 100.00 100.00 100.00 100.00 57.14 50.00
Vibrissae Weak deficit (%) - - - - 42.86 16.67
Strong deficit (%) - - - - 0.00 33.33*
Absent deficit (%) 100.00 100.00 100.00 100.00 100.00 66.67
Head shaking Weak deficit (%) - - - - - 33.33*
Strong deficit (%) - - - - - -
Absent deficit (%) 80.00 80.00 28.57 75.00 71.43 58.33
Somesthesis Weak deficit (%) 20.00 20.00 14.29 7.69 - 8.33
Strongdeficit (%) - - 57.14 15.38 28.57 33.33
Absent deficit (%) 100.00 100.00 100.00 50.00 57.14 16.67
Olfaction test Weak deficit (%) - - - 16.67 28.57 58.33
Strong deficit (%) - - - 33.33 14.29 25.00
Absent deficit (%) 80.00 80.00 71.43 66.67 71.43 25.00
Corneal reflex Weak deficit (%) 20.00 20.00 14.29 30.77 28.57 75.00%
Strong deficit (%) - - 14.29 - - -
Absent deficit (%) 100.00 100.00 71,43 83.33 42.86 16.67
Auditory reflex Weak deficit (%) - - 28,57 - 28.57 16.67
Strong deficit (%) — - - 16.67 28.57 66.67*
Absent deficit (%) 100.00 100.00 85.71 100.00 100.00 58.33
Righting reflex Weak deficit (%) - - - - - 33.33
Strong deficit (%) — - 14.29 - - 8.33%%
Absent deficit (%) 100.00 100.00 85.71 100.00 100.00 100 0.00
Inclined plane test Weak deficit (%) - - - - - -
Strong deficit (%) - - 14.29 - - —
Absent deficit (%) 100.00 100.00 71.43 100.00 100.00 33.33
Extension reflex Weak deficit (%) - - - - - 41.67
Strong deficit (%) - - 28.57 - - 25.00%*

Data are expressed as the percentage of animals.
Differences between genotype (Dunn's test): *P < 0.05; **P < 0.01.
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intake compared to age-matched non-transgenic mice (Tukey's test: P <
0.05, Fig. 1a). For SPT, a genotype x age interaction was observed (two-
way ANOVA: P < 0.05). Post-hoc analysis revealed that both HTZ and HZ
mice, starting from 5 months of age and continuing with age, exhibited
significantly decreased sucrose intake compared to no-tg mice (Tukey's
test: P < 0.05, Fig. 1b). This indicates that the transgenic 5xFAD mice
had a preference for sucrose below the anhedonic threshold of 65%
(one-simple test: P < 0.05). The weights of the animals during both tests
are provided in Supplementary Material S1a and S1b. Despite the lower
preference of rodent for saccharine when compared with sucrose
(Hammer, 1967), the discrepancy observed in sucrose versus saccharine
preference might indicate complex alternations in the processing of
taste/reinforcement/post-ingestion effects in the 5xFAD model caused,
among other factors, by glial activation and metabolic dysfunctions in
the hypothalamus (Lopez-Gambero et al., 2021). For more details, see
the discussion section.

3.3. HTZ and HZ 5xFAD mice showed an abnormal emotional response in
OF and EPM

To evaluate the emotional status and anxiety-like behaviours, the OF
and EPM were conducted. Two-way ANOVA analysis revealed signifi-
cant effects of genotype (P < 0.01) and age (P < 0.05) on the time spent
in the centre of the OF (Fig. 1c). At 12 months of age, HZ mice exhibited
reduced time spent in the centre of the OF compared to age-matched
HTZ and no-tg mice (Tukey's test: P < 0.05). However, no significant
differences in locomotion were observed between the genotypes (Sup-
plementary Material S1c).

Surprisingly, in EPM, 5-month-old HZ mice showed significantly
increased time spent in the open arms compared to both HTZ and no-tg
mice (one-way ANOVA: P < 0.01). This difference was maintained with
age compared to no-tg mice (Tukey's test: P < 0.05, Fig. 1d). In contrast,
HTZ mice exhibited increased time in the open arms at 12 months of age
compared to no-tg mice (Tukey's test: P < 0.05, Fig. 1d). Similar to the
OF test, there were no significant differences in locomotion between the
genotypes (Supplementary Material S1d). These contradictory results
may be attributed to the sensory deficits or abnormal sensation of vi-
bration in the HZ mice shown above, preventing them from assessing the
risks of the exposed arms in the EPM (Flanigan et al., 2014). For more
details, see the discussion section.”

3.4. HZ 5xFAD mice showed impaired spatial working memory

Y-maze test was conducted to assess spatial working memory, spe-
cifically spontaneous alternation behaviou(SAB). HZ group exhibited
impaired working memory starting from 5 months of age (two-way
ANOVA: genotype effect: P < 0.01) compared to non-transgenic litter-
mates. HZ mice displayed a significant reduction in the percentage of
SAB (Tukey's test: P < 0.05, Fig. le). This significant difference was
maintained with age compared to no-tg mice (Tukey's test: P < 0.05,
Fig. 1e). No significant differences were observed between genotypes in
terms of the number of arm entries and locomotion (Fig. 1f and Sup-
plementary Material Sle). Furthermore, there was no correlation be-
tween SAB and the number of arm entries and locomotion (Pearson's
comparisons: P > 0.05, Supplementary Material S1f), suggesting that the
observed cognitive impairment specifically in the HZ group was not
influenced by locomotor or exploratory activities.

3.5. HZ 5xFAD mice showed impaired cognitive flexibility in the Morris
water maze

Spatial reference learning and memory were assessed using MWM. In
the habituation training, no significant differences were found between
genotypes in path length and swimming speed at either age (one-way
ANOVA: P > 0.05, Supplementary Material S2a-d).

During visual learning, surprising results were found. At 5 months of
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age, HTZ mice showed a longer escape latency compared to age-
matched HZ and no-tg mice on the first day of training (two-way
ANOVA: genotype effect: P < 0.0001; trial session effect: P < 0.05;
Tukey's test: P < 0.05 Supplementary Material S2e). However, by the
second day of training, HTZ mice learned the platform location as effi-
ciently as no-tg mice. Additionally, 5-month-old HTZ mice showed a
higher cumulative distance to reach the visible platform on the first day
of training compared to the no-tg group (two-way ANOVA: genotype X
trial session interaction: P < 0.05, see Supplementary Material 2f). No
significant differences were observed between genotypes in path length
in the peripheral zone (two-way ANOVA: P > 0.05, see Supplementary
Material S2g). In contrast, 12-month-old HZ mice exhibited longer
escape latency (two-way ANOVA: P < 0.0001; trial session effect: P <
0.0001; Tukey's test: P < 0.05, Supplementary Material S2h) and cu-
mulative distance (two-way ANOVA: genotype effect: P < 0.01; trial
session effect: P < 0.05; Tukey's test: P < 0.05, Supplementary Material
S2i) compared to no-tg mice. Furthermore, swimming strategies differed
according to the genotype and age, with 12-month-old HZ mice dis-
playing a ‘wall-hugging’ or thigmotaxis (time spent in the peripheral
zone) behaviour during visual learning, while HTZ and no-tg mice
showed a direct search pattern to reach the platform (two-way ANOVA:
genotype effect: P < 0.0001; day effect: P < 0.0001; Tukey's test: P <
0.05, Supplementary Material S2j). Notably, a positive correlation was
found between time spent in the peripheral zone and escape latency
during navigation in all mice (r> = 0.76, P < 0.05), indicating that
spending more time in the peripheral zone was associated with longer
escape latency (Supplementary Material S2k).

During the acquisition of spatial learning, all animals were able to
successfully learn the position of the hidden escape platform in target
quadrant 1 (Q1) at both 5 months and 12 months of age, although 5-
month-old HTZ mice showed a worse learning curve (two-way
ANOVA: genotype effect: P < 0.0001, Tukey's test: P < 0.05, Fig. 2a)
and cumulative distance to reach the hidden platform (two-way
ANOVA: genotype effect: P < 0.0001, Tukey's test: P < 0.05, Supple-
mentary Material S21) compared to no-tg mice. At 12 months of age, HTZ
mice were efficient in reaching the goal; thus, they did not show
noticeable memory impairment (Fig. 2b). In the HZ condition, 12-
month-old HZ mice showed increased escape latency, cumulative dis-
tance and thigmotaxis behaviour compared to no-tg mice (two-way
ANOVA: escape latency: genotype effect: P < 0.0001; trial session effect:
P < 0.01, Fig. 2b; cumulative distance: genotype effect: P < 0.0001; trial
session effect: P < 0.001; Turkey's test: P < 0.05, Supplementary Ma-
terial S2m; thigmotaxis: genotype effect: P < 0.001; training day effect:
P < 0.05; Tukey's test: P < 0.05, Supplementary Material S2n).

Interestingly, no significant differences were found between the HTZ
and HZ groups and the no-tg group in the first memory retention test at
any age (Fig. 2c and d). All mice spent more time in the target Q1 (two-
way ANOVA: 5 months: quadrant effect: P < 0.0001; 12 months:
quadrant effect: P < 0.0001). Supplementary Material S20 shows the
path travelled in memory retention Test 1. In reversal spatial learning, 5-
month-old HZ mice took significantly longer to reach the location of the
new platform in Q3 (one-way ANOVA: P < 0.05; Fig. 2e), and this
difference was more noticeable at 12 months of age (one-way ANOVA: P
< 0.05; Fig. 2f). The second memory retention test was performed 24 h
after reversal training. The 5-month-old HZ mice continued to
remember the location of the previous platform in Q1 for a longer
duration compared to the non-tg mice (two-way ANOVA: 5 months:
quadrant effect: P < 0.01; 12 months: genotype effect: P < 0.01; quad-
rant effect: P < 0.0001; Tukey's test: P < 0.05, Fig. 2g and h). Supple-
mentary Material S2p shows the path travelled in memory retention test
2. Memory extinction deficits were assessed, and at 5 months of age, all
genotypes showed memory extinction by spending less time in Q1 after
72 h (two-way ANOVA: time effect: P < 0.01; Fig. 2i). Nevertheless, at
12 months, significant memory extinction impairment was observed in
HZ mice, as they showed a higher preference for the first goal and
perseverative navigation even after 72 h, indicating a lack of cognitive
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Fig. 2. Spatial learning in heterozygous and homozygous 5xFAD mice. Escape latency in the acquisition spatial learning at 5 months (a) and at 12 months of age (b).
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between quadrant 1 (Q1): (#) P < 0.05.

flexibility in this age range for developing new spatial learning (two-way
ANOVA: genotype effect: P < 0.01, time effect: P < 0.05; Tukey's test: P
< 0.05, Fig. 2j).

3.6. Hippocampal dysfunction in HTZ and HZ 5xFAD mice

To determine whether the genetic loading led to a differential
pattern of Ap deposition in HTZ and HZ mice, we quantified AB4o, AB42,
and total Ap in the DG, CA1, and CA3 regions of the hippocampus. As
predicted, Ap accumulation was dramatically increased throughout the
hippocampus in both HTZ and HZ mice at 5 months of age. The depo-
sition pattern of Ap4o was similar in HTZ and HZ mice and did not vary
with age (two-way ANOVA: ‘genotype’: P < 0.0001, ‘hippocampus
area’: P < 0.05, Fig. 3aand b). In contrast, Ap42 deposition in the DG and
CAl regions increased with age specifically in HZ mice (two-way

ANOVA: ‘genotype’: P < 0.0001, Tukey's test: P < 0.05, Fig. 3c and d),
while it remained relatively constant in HTZ mice. HTZ and HZ mice had
comparable levels of total Ap at 5 and 12 months of age (two-way
ANOVA: ‘genotype’: P < 0.0001, ‘hippocampus area’: P < 0.0001,
Fig. 3e and f). We further enhanced our investigation by complementing
the immunohistochemistry quantification with ELISA measurements of
soluble ABy4; in the hippocampus. In Fig. 3g, the authors provide sup-
porting evidence for the immunohistochemistry results, showing a
marked increase in soluble A4y levels in both HTZ and HZ groups
compared to the No-Tg group of the same age (two-way ANOVA: ‘ge-
notype’: P < 0.0001, Tukey's test: P < 0.05, Fig. 3g). Additionally, the
HZ group exhibited significantly higher A4 levels than the HTZ group
at both age groups (Tukey's test: P < 0.001). When considering age as
the sole factor, the HZ group showed a significant increase in Ap4p at 12
months of age (Tukey's test: P < 0.0001). These results strongly align
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Fig. 3. Amyloid-p accumulation in the hippocampus of heterozygous and homozygous 5xFAD mice. Histograms represent the immunohistochemistry quantification
of B-amyloid 1-40 (AB4o) (a), p-amyloid 1-42 (AP42) (c), and total B-amyloid (e) in the hippocampus of three genotypes at 5 months and 12 months of age. Images
correspond to representative immunostaining of AB4o (b), AB42 (d), and total of Ap (f). The measurements in the no-tg group were obtained and consistently recorded
as zero. Scale bar: 100 pm. (g) Soluble cerebral p-amyloid 1-42 levels from hippocampus homogenates were analysed by AB4» human ELISA. Af concentrations are
expressed in picograms per millilitres (pg/mL). Histograms represent the mean + SEM. (n = 7-9). Tukey's Test: difference between transgenic vs non-transgenic mice
of the same age: (**) P < 0.01, (***) P < 0.001 and (****) P < 0.0001; difference between HTZ and HZ condition: ($$$) P < 0.001; difference between aged group:

(##) P < 0.01, (####) P < 0.0001.

with the findings from the immunohistochemistry quantification.
Regarding neuroinflammatory responses, 5-month-old HZ mice
exhibited a more pronounced increase in GFAP densitometry in the DG,
CA1, and CA3 regions compared to age-matched no-tg and HTZ mice
(two-way ANOVA: ‘genotype’: P < 0.0001, Tukey's test: P < 0.05 Fig. 4a
and b). However, no age-related increase was observed in either HTZ or

HZ mice. Furthermore, both HTZ and HZ mice showed elevated in Ibal
densitometry in the DG, CA1, and CA3 regions starting from 5 months of
age, compared to no-tg mice (two-way ANOVA: ‘genotype’: P < 0.0001,
Tukey's test: P < 0.05, Fig. 4c and d). Again, no age-related increase in
Ibal was observed.

On the other hand, we examined the activation and inhibition of the
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Fig. 4. GFAP and Ibal densitometry in the hippocampus at 5 months and 12 months of age. Histograms represent the immunohistochemistry quantification of GFAP
(a) and Ibal (c) in the hippocampus of three genotypes at 5 months and 12 months of age. Images correspond to representative immunostaining of GFAP (b) and Ibal
(d). Scale bar: 100 pm. Histograms represent the mean + SEM. (n = 7-9). Tukey's Test: difference between transgenic vs non-transgenic mice of the same age: (**) P
< 0.01, (***) P < 0.001 and (****) P < 0.0001; difference between HTZ and HZ condition: ($$$) P < 0.001.

IRS1-PI3K-Akt pathway, which plays a crucial role in healthy aging and
is primarily activated by insulin. Western blot analysis of the insulin-
PI3K-Akt signalling pathway was conducted in the hippocampus of
5xFAD transgenic mice at 5 months and 12 months of age (Fig. 5 and
Supplementary Material S3 and S4). Initially, we assessed the phos-
phorylation of IRS1, the initial component of the Akt pathway. Serine
612 phosphorylation, associated with IRS1 signalling inactivation to-
wards PI3K, was found to be enhanced in the HZ group at 12 months
compared to 5 months of age, indicating IRS1 inhibition (two-way
ANOVA: interaction: P < 0.01; Fig. 5a). This effect was specific to 12-
month-old HZ mice and significantly higher compared to the younger
group (Tukey's test: P < 0.01, Fig. 5a), suggesting hypoactivity of the
insulin receptor due to insufficient insulin activation. Next, we exam-
ined the active phosphorylation state of PI3K (p-PI3K) and Akt (p-Akt).
The activating phosphorylation of the p85 PI3k at tyrosine 607 exhibited
a significant decrease in both the HTZ and HZ groups at 5 months of age,
which was restored in both groups at 12 months of age (two-way
ANOVA: interaction: P < 0.01; Fig. 5b). However, the total levels of PI3K
protein remained unchanged (Fig. 5b). Similarly, the activating phos-
phorylation of Akt at Serine 473 showed a significant decrease in the HZ
groups at 5 months of age, followed by a recovery at 12 months of age
(two-way ANOVA: interaction: P < 0.01; Fig. 5c). Total Akt protein
levels simultaneously decreased in 5-month-old HZ mice (Tukey's test: P
< 0.05, Fig. 5¢). Furthermore, the phosphorylation of Akt substrate GSK-
3p at Serine 9 (p-GSK3p) was increased in the HZ group at 12 months
compared to 5 months of age, indicating the inhibition of GSK-3f kinase
(two-way ANOVA: interaction: P < 0.01; Fig. 5d). Additionally, the
phosphorylation state of mTOR protein at Serine 2448, a downstream
substrate of Akt, was significantly higher in 12-month-ol HZ mice
compared to the younger group (two-way ANOVA: age effect: P < 0.05;
Fig. 5e).

To investigate the impact of the PI3K/Akt signalling pathway on Tau
protein, we examined the levels of phosphor-tau (AT8, AT100) and total
tau in the hippocampus using western blot analysis at 5 and 12 months
of age. In 12-month-old HZ mice, we observed a significant increase in
tau phosphorylation at serine 202 and threonine 205 (p-Tau(S202/

T205)) compared to younger mice (one-way ANOVA: AT8/Tau Total:
Tukey's test: P < 0.05,). This suggests that the phosphorylation of tau at
these specific sites is influenced by the PI3K/Akt signalling pathway and
may be associated with the pathological changes observed in 12-month-
old HZ mice.

3.7. Dysregulation of peptide networks modulating insulin secretion and
signalling in HTZ and HZ 5xFAD mice

Next, we evaluated the plasma levels of peptides involved in insulin
release and signalling to assess insulin-linked metabolic pathways. In
Fig. 6, we observed premature alterations of plasma hormone concen-
trations in 5-months-old 5xFAD transgenic mice. Most of this effect
disappeared at 12 months old of age.

Statistical analysis revealed significant effects of genotype (P < 0.01)
and age (P < 0.05). At 5 months of age, HZ mice had lower circulating
plasma insulin levels compared to no-tg mice (Tukey's test: P < 0.05,
Fig. 6a). This reduction in insulin levels was associated with decreased
plasma levels of GIP, a potent stimulator of insulin secretion. Both HTZ
and HZ mice at 5 months of age showed lower basal plasma levels of GIP
compared to the age-matched no-tg group (two-way ANOVA: age effect:
P < 0.0001, Tukey's test: P < 0.05, Fig. 6b). We also investigated the
plasma levels of GLP1, another peptide involved in insulin-linked
metabolic pathways that stimulated glucose-dependent insulin release.
Two-way ANOVA revealed significant effects of genotype (P < 0.05) and
age (P < 0.01). Post hoc comparison tests indicated a significant
decrease in basal plasma levels of GLP-1 in HZ mice, which was more
pronounced at 12 months of age (Tukey's test: P < 0.05, Fig. 6¢).

In our analysis of hormones involved in the regulation of food intake
and energy balance, we examined leptin and resistin levels in the plasma
of 5xFAD transgenic and non-transgenic mice, considering the influence
of sex (Quevedo et al., 1998; Roca et al., 1999). Leptin did not show
dysregulation in plasma levels between 5xFAD transgenic and non-
transgenic mice (Fig. 6d). Resistin, a peptide hormone associated with
insulin sensitivity, displayed a ‘genotype x age x sex’ interaction (two-
way ANOVA: P < 0.01) in circulating plasma levels. Post hoc analysis
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Insulin-linked metabolic pathways in heterozygous and homozygous 5xFAD mice. Plasma levels of insulin (a), gastric inhibitory polypeptide (GIP) (b),

glucagon-like peptide-1 (GLP-1) (c), leptin (d), resistin (e), ghrelin (f), glucagon (g) and plasminogen activator inhibitor-1 (PAI-1) (h). All data represent the mean +
SEM, n = 12-14. Tukey's Test: difference between transgenic vs non-transgenic mice: (*) P < 0.05, (**) P < 0.01, (***) and P < 0.001; difference between HTZ and

HZ condition: ($) P < 0.05.

revealed lower resistin levels in both male and female HTZ mice
compared to no-tg and HZ mice at 5 months of age (Tukey's test: P <
0.05, Fig. 6e).

In contrast, plasma ghrelin levels exhibited a significant age effect
(two-way ANOVA: P < 0.0001). At 5 months of age, HZ mice displayed
lower circulating ghrelin levels compared to HTZ mice (Tukey's test: P <
0.05, Fig. 6f). No significant differences in plasma glucagon levels were
found between the genotypes at any age (Fig. 6g). PAI-1, a serine pro-
tease inhibitor involved in regulating blood clot clearance, demon-
strated a significant effect of genotype (P < 0.05). Post hoc comparison
analysis indicated increased PAI-1 level in the HTZ group compared to
no-tg mice (Tukey's test: P < 0.05, Fig. 6h).

3.8. Altered gut microbiota composition in HZ mice with age

In our analysis of the gut microbiota composition, first we focused on
the relative abundances of the Firmicutes and Bacteroidetes phyla. The
Firmicutes/Bacteroidetes ratio, an important indicator of gut microbial
balance, was significantly reduced in 12-month-old HZ compared to 5-
month-old HZ (two-way ANOVA: age effect: P < 0.0001, Tukey's test:
P < 0.05). This reduction was observed with age in all three genotypes,
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but it was more pronounced in HZ mice (Fig. 7a).

Firmicutes are a large group of gram-positive bacteria that include
species such as lactobacilli and clostridia. Bacteroidetes, on the other
hand, are a smaller group of gram-negative bacteria that encompass
bacteria like Bacteroides and Prevotella. The F/B ratio has been
demonstrated to undergo alterations in patients with AD. In general,
individuals with AD tend to exhibit a decreased proportion of Firmicutes
and an elevated proportion of Bacteroidetes, which aligns with the
findings from our study.

Additionally, we conducted a more in-depth taxonomic analysis. To
accomplish this, we compared the taxonomic compositions obtained
from the analyses of DNA sequences extracted from fecal microbiota
samples using QIIME2. This comparison was performed at the family
level in terms of relative abundance. Supplementary Material S6 dis-
plays abundance bars for each fecal sample. Significantly noticeable
differences for the ‘Genotype x Age’ variables have predominantly been
detected within eight families: Prevotellaceae, Anaerovoracaceae, Deflu-
viitaleaceae, Marinifilaceae, Lachnospiraceae, Saccharimonadaceae, Enter-
ococcaceae, and Butyricicoccaceae. Prevotellaceae and Marinifilaceae
belong to the Phylum Bacteroidetes, Class Bacteroidia and Order Bac-
teroidales. Anaerovoracaceae, Lachnospiraceae, Saccharimonadaceae
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(formerly known as TM7) and Butyricicoccaceae belong to the Phylum
Firmicutes, Class Clostridia, Order Clostridiales. Defluviitaleaceae even
belonging to the Phylum Firmicutes and Class Clostridia, they are in the
Order Eubacteriales. Enterococcaceae belong to the Phylum Firmicutes,
Class Bacilli, Order Lactobacillales.

The graphs presented in Supplementary Material S6 illustrate the
instances with the lowest P-values (< 0.05) between the variables of
genotype and age. In relation to age, the percentage of relative abun-
dance decreases in Marinifilaceae, Lachnospiraceae, and Butyricicoccaceae
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(P < 0.05) in all three genotypes. Conversely, it increases in Saccha-
rimonadaceae, and Enterococcaceae (P < 0.01). At the genotype level, the
abundance of Prevotellaceae in the no-tg group is significantly higher
than in the transgenic groups (P < 0.01). Conversely, in Anaerovor-
acaceae, Defluviitaleaceae, and Enterococcaceae, the opposite is observed;
the no-tg group exhibits lower levels compared to the transgenic groups
(P < 0.05). Distinct differences between the two transgenic groups are
identified in Defluviitaleaceae, Marinifilaceae, and Butyricicoccaceae: At
12 months, the abundance of Defluviitaleaceae in the HTZ group is
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significantly lower than in HZ (P < 0.01). At 5 months, the abundance of
Marinifilaceae is significantly higher in the HZ group (P < 0.05), whereas
Butyricicoccaceae shows the opposite trend, being elevated in the HTZ
group (P < 0.05).

3.9. Disruption of the small intestinal epithelial layer in HTZ and HZ mice
with age

We analysed the expression of claudin 3, occludin, and Toll-Like
Receptor 4 (TLR4) proteins in the small intestine, as well as their
mRNA expression. At 5 months of age, no significant differences in the
expression of claudin 3, occluding, and TLR4 were observed between the
genotypes (Supplementary Material S7). However, at 12 months of age,
significant changes were detected. The levels of claudin 3 and occluding,
which are important proteins involved in maintaining the integrity of
the intestinal barrier, decreased significantly in HTZ and HZ compared
to age-matched no-tg mice (one-way ANOVA: Claudin 3: P < 0.0001,
Tukey's test: P < 0.05, Occludin: P < 0.0001, Tukey's test: P < 0.05,
Fig. 7b-c). In contrast, the levels of TLR4, a receptor involved in immune
responses, were increased in HZ mice at 12 months of age compared to
no-tg mice (one-way ANOVA: P < 0.05, Tukey's test: P < 0.05, Fig. 7b-c),
suggesting an altered immune activation in the small intestine of HZ
mice. These findings were supported by mRNA expression analysis
(Fig. 7d), confirming the changes observed at the protein level.

3.10. Principal components analysis revealed that factors other than Af
accumulation increase the risk of developing AD

We conducted a principal component analysis (PCA) to explore the
relationship between cognitive impairment and the pathophysiological
alterations observed in the 5xFAD transgenic animal model at both 5
and 12 months of age. The main results of the PCA are presented in
Table S2, and the different profiles of the three genotypes are depicted in
Fig. 7e. The PCA analysis revealed that the three components together
accounted for 68.674% of the variance, allowing us to describe distinct
profiles of the three genotypes. The first component, explaining
29.975% of the total variance, was associated with Ap accumulation, as
indicated by high factor loadings of APsg, AB42, and total Ap. This
component was also positively influenced by the time spent in the open
arms of the EPM, and the presence of GFAP (a marker for astrocyte
activation) and Ibal (a marker for microglial activation). The second
component, explaining 24.080% of the total variance, was primarily
influenced by age and thus considered the aging component. This
component was negatively loaded by factors related to insulin-linked
metabolic pathways (resistin and ghrelin) and gut microbiota compo-
sition. On the other hand, it was positively loaded by factors associated
with the insulin-PI3K-Akt signalling pathway (pGSK3 and pmTOR). The
third component, explaining 14.619% of the variance, represented
memory impairment. It was characterized by the performance in visual
and acquisition learning phase of the MWM, a well-established test for
assessing learning and memory. The insulin-PI3K-Akt signalling
pathway (pIRS1) also positively influenced this component.

The PCA analysis provided insights into the relationship between
cognitive impairment and the various pathophysiological alterations
observed in the 5xFAD transgenic animal model. The components
identified in the analysis represented AP accumulation, aging-related
changes, and memory impairment (Fig. 7e). These findings contribute
to our understanding of the complex interplay between molecular,
metabolic, and cognitive factors in this model of neurodegenerative
disease.

4. Discussion
Multiple studies using transgenic animal models like 5XFAD mice

have focused on homozygous conditions to assess neurological de-
ficiencies. However, few studies examined genetic load and age-
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dependent neurodegenerative status (Richard et al., 2015). Here,
using HTZ and HZ conditions, we showed that HZ has earlier and more
severe cognitive dysfunction, despite neuropathological alterations to
the HTZ group. Findings: 1) HZ animals showed more severe cognitive
deficits than HTZ animals with age; 2) Both HTZ and HZ mice showed
hippocampal dysfunction, including increased Af accumulation, neu-
roinflammation, and altered insulin-PI3K-Akt signalling; 3) HZ mice
exhibited premature alterations of insulin-linked metabolic pathways,
declining at 12 months of age regardless of genotype; 4) Altered gut
microbiota associated with aging, more pronounced in HZ group; and 5)
A disruption of the small intestinal epithelial layer in HTZ and HZ mice
with age, which in turn is related to systemic inflammation.

We examined the behavioural phenotype of HTZ and HZ 5xFAD
transgenic mice at two stages of AD: 5 months (early onset) and 12
months of age (middle onset). Anhedonia, characterized by a loss of
interest or pleasure, is a core symptom in mood disorders like depression
(Anisman and Zacharko, 1990) and has been associated with increased
cortical Ap load in AD patients (Babulal et al., 2016; Naudin et al., 2015;
Reichman and Coyne, 1995). In rodents, sucrose/saccharin intake is
commonly used to measure hedonic response (Scheggi et al., 2018;
Strekalova et al., 2004). Our data showed that at 5 months of age, both
HTZ and HZ mice showed reduced sucrose intake below the anhedonia
criterion of 65% (Scheggi et al., 2018). These findings align with other
AD mouse models, such as the 3xTg-AD model, which also exhibited
depression-related behaviour and lower sucrose preference (Romano
etal., 2014). However, some studies reported intact reward behaviour in
5xFAD mice, showing no variation in sucrose preference at early ages
(Heckmann et al., 2019; Tang et al., 2016), as we observed in SacPT that
saccharin consumption did not show a comparable change. This suggests
that sucrose and saccharin solutions may produce different taste sen-
sations and motivations for food in rodents (Nissenbaum and Sclafani,
1987; Sako et al., 1994) caused by glial activation and metabolic dys-
functions in the hypothalamus (L.opez-Gambero et al., 2021). Alterna-
tive methods, such as submissive behaviour (Strekalova et al., 2004), or
reduced sexual activity (Grgnli et al., 2005), should be considered to
better assess anhedonia in the 5xFAD model.

In the OP test, 12-month-old HZ mice exhibited anxiety-like behav-
iour by spending less time in the centre compared to HTZ and no-tg
mice. However, in the EPM, both 5- and 12-month-old HZ mice spent
more time in the open arms, avoiding the closed arms, which contra-
dicted the expected behaviour. These paradoxical results may be
attributed to sensorial deficits or abnormal vibrissal sensation in HZ
mice, preventing them from assessing the risks of exposed arms in the
EPM (narrow arm width, high illumination, and high height). Impaired
sensory integration in 5xFAD mice (Flanigan et al., 2014) and early Ap
accumulation in the cortex, along with degeneration of layer V pyra-
midal neurons (Oakley et al., 2006), could explain this abnormal
behaviour, which becomes more aversive with age. Previous reports
have also described that 8-month-old HZ mice exhibited increased
exploratory behaviour in the EPM, correlating with Ap accumulation in
the brain (Jawhar et al., 2012; Peters et al., 2013; Schneider et al.,
2014), and suggesting disinhibitory tendencies similar to observed in AD
patients (Jawhar et al., 2012).

In the present study, a noteworthy observation was made in the
context of the cognitive performance of HTZ mice. While HZ mice
exhibited significant impairments in hippocampal-dependent memory
formation at 5 months of age, along with a more pronounced decline in
cognitive function with advancing age, the cognitive trajectory of HTZ
mice demonstrated a distinct pattern. Specifically, HTZ mice exhibited a
dramatic memory deficit in the MWM at 5 months, which intriguingly
showed a substantial recovery at 12 months. This unique cognitive
profile in HTZ mice, marked by the disappearance of early deficits, in-
troduces complexity to any direct age-based comparison between HTZ
and HZ mice. Notably, HZ mice not only displayed memory deficits in
the MWM but also demonstrated impairments in the Y-maze task,
underscoring the consistent nature of their cognitive decline. In our



D. Medina-Vera et al.

previous report, both 12-month-old HTZ and HZ mice displayed memory
impairment in the novel object recognition (NOR) test (Medina-Vera
et al., 2020). It is worth noting that while both tasks involve visual
components, the NOR task encompasses a broader scope of recognition
memory, which includes visual and perceptual discrimination. (Akker-
man et al., 2012; Antunes and Biala, 2012; Dere et al., 2005). The MWM,
on the other hand, assesses spatial learning and memory, as well as
cognitive efficiency and flexibility (Gallagher et al., 1993; Morris et al.,
1982). In this regard, 12-month-old HZ mice showed slower learning
during the acquisition of spatial learning and impaired cognitive flexi-
bility compared to HTZ and no-tg mice, consistent with a previous
finding (Richard et al., 2015). Our findings illuminate the intricate
relationship between genotype, task complexity, and cognitive perfor-
mance, suggesting that deficits may emerge due to different processes or
cognitive demands specific to each task. Though a few published studies
have evaluated the impact of genetic load on cognitive function in the
5xFAD model, and behavioural data in this area remain limited.

While analysing both male and female animals together allowed us
to draw broader insights into AD-related behaviours, we acknowledge
that this approach might have obscured potential sex-specific effects.
Future studies focused on sex-specific analyses are warranted to eluci-
date any differential behavioural phenotypes between male and female
mice in the context of AD.

Homozygous 5xFAD mice exhibit Ap accumulation (higher A4
deposition than AP4p) and neuronal loss in the hippocampus from 4
months of age (Oakley et al., 2006), especially in the CAl region.
Richard et al. (2015) described significant increases of extracellular
plaque load in the cortex, hippocampus, and thalamus of 2-, 5- and 9-
month-old HZ mice compared to age-matched HTZ mice. In addition,
higher levels of soluble AB45 were also observed in HZ mice at 2 months
and 5 months of age (Richard et al., 2015). Our findings align with these
studies, showing increased accumulation of Ap42-containing plaques in
the DG, CA1l, and CA3 regions of the hippocampus starting from 5
months of age, with greater accumulation in the CAl area as they age
compared to age-matched HTZ mice. Nevertheless, there was no age-
related increase in Afg4o-containing plaques in the hippocampus in
either transgenic mouse model, potentially indicating a saturation effect
(Oakley et al., 2006). Post-mortem studies in AD patients have high-
lighted significant amyloid deposition in the CA1 region of the hippo-
campus (Padurariu et al., 2012). This region plays a crucial role in
information processing, receiving input from the DG via mossy fibers
and projecting mainly to the subiculum, as well as being connected to
the prefrontal cortex (Mu and Gage, 2011; Tzakis and Holahan, 2019).
Reduced connectivity between the hippocampal CAl/subiculum and
prefrontal cortex has been observed in AD patients (Allen et al., 2007).
Further research is needed to investigate the degeneration and alter-
ations in neural circuits associated with early Ap accumulation. How-
ever, other factors, such as those shown in this study, may contribute to
the pathological processes and clinical symptoms of AD. For instance, in
our previous study, we demonstrated that there is an imbalance in the
endocannabinoid system aggravated by transgenic load, which is related
to memory dysfunction (Medina-Vera et al., 2020).

Given that some metabolic regulatory hormones play a role in con-
trolling food intake, energy expenditure, and body weight (Friedman
and Halaas, 1998; Schwartz et al., 2000), it is likely that metabolic al-
terations underlie to the difference in sucrose and saccharin consump-
tion between HTZ and HZ 5xFAD mice. As revealed our previous
research, both 6-month-old HTZ and HZ mice have lower body weight,
food intake, and energy expenditure, indicating metabolic dysfunctions
in the hypothalamus. These transgenic mice show decreased hypotha-
lamic signalling of insulin and leptin, as well as reduced circulating
levels and dysregulation in key metabolic sensors and neuropeptides
involved in energy balance (Lopez-Gambero et al., 2021). Consistent
with these findings, our results demonstrate changes in insulin-related
metabolic networks in HZT and HZ mice, particularly at 5 months of
age. However, at 12 months of age, circulating levels of insulin-linked

14

Neurobiology of Disease 187 (2023) 106295

metabolic hormones were reduced in three genotypes, suggesting an
age-related decline independent of the specific genetic factors.

Increasing evidence suggests that AD is associated with alterations in
brain energy metabolism (Cunnane et al., 2020). Human post-mortem
(Rivera et al., 2005; Talbot et al., 2012) and clinical (Kim and Feld-
man, 2015; Ruegsegger et al., 2018) analyses have revealed brain in-
sulin deficiency and insulin resistance in AD patients. Insulin and the
PIK3-Akt protein pathway play important roles in neuronal growth
and synapse formation (Gabbouj et al., 2019). Changes in the PI3K-Akt
pathway arise predominantly as reduced phosphorylation or total levels
of insulin-PI3K-Akt signalling cascade components. We observed
decreased levels of PI3K and Akt at 5 months of age, but significantly
higher protein expression at 12 months of age, possibly due to lipid
product release by immune cells and subsequent activation of protein
kinases, including Akt and GSK3. In addition, as discussed below, the
opening of the intestinal barrier and release of bacterial component like
LPS may trigger neuroinflammation, supported by the role of TLR4 in
mediating pro-inflammatory responses. Af oligomers were found to
inhibit the Akt pathway (Mohamed et al., 2018), explaining their lower
levels at 5 months of age and resulting in neuronal death. Post-mortem
AD brain samples also showed decreased levels of the PI3K p85 subunit
and Akt phosphorylation (Moloney et al., 2010; Steen et al., 2005). We
found a decrease at 5 months of age, which may be attributed to increase
AB and/or reduced plasma insulin levels, leading to decreased
insulin-PI3K-Akt pathway signalling in the brain. Furthermore, elevated
inhibitory serine phosphorylation of IRS1 at 12 months of age was
associated with A plaques and memory impairment, consistent with
previous studies (Wang et al., 2019; Zheng and Wang, 2021). These
findings indicate a link between the PI3K-Akt signalling pathway and
memory deficits. Further research will be conducted to better under-
stand the changes in GSK3p.

Given the nature of the 5xFAD model and its emphasis on Ap-related
processes, our investigation primarily aimed to explore the potential
impact of the PI3K/Akt signalling pathway on Af production and asso-
ciated pathogenesis. Although we did analyse tau phosphorylation as an
additional measure. GSK-3p is a kinase known to phosphorylate tau and
is closely linked to the insulin signalling cascade, regulated by Akt
(Zhang et al., 2018) Our findings demonstrated the inhibition of GSK-3§
in the hippocampus of 12-month-old HZ mice, along with the detection
of tau protein phosphorylation at the same age. This activation may have
been mediated by other tau kinases such as PKA, ERK1/2, or CDK5
(Medina-Vera et al., 2022). These results align with recent research
(Medina-Vera et al., 2022), indicating that tau phosphorylation is
regulated by p25/CDK5 kinase and rather than GSK-3, as expected. In
that study, the authors utilized the 3xTg AD tauopathy mouse model as a
control, providing further evidence of CDK5 involvement in tau phos-
phorylation. In the present study, we explicitly acknowledge the limi-
tations of our model in fully capturing tau pathology.

The activation of microglial cells and astrocytes in response to
different forms of Af has attracted significant attention in the context of
AD. In HZ mice, we observed increased expression of microglia and
astrocytes starting from 5 months of age, accompanied by elevated Ap
accumulation in the hippocampus. This early neuroinflammatory
response may contribute to the cognitive impairments observed in HZ
mice. The activation of these cells can lead to the infiltration of blood
cells into the CNS, particularly when there is biochemical or mechanical
damage to the blood-brain barrier (BBB), resulting in altered perme-
ability. Such events disrupt the exchange of substances between the CNS
and the blood, leading to the loss of homeostatic functions, neuronal
dysfunction, and damage (Bairamian et al., 2022). A major component
affecting barrier disruption is the gut microbiota, whereby alterations
along the brain-gut-microbiota axis may contribute significantly to the
pathogenesis of AD (Bairamian et al., 2022; Kowalski and Mulak, 2019).
For instance, the increased permeability of the intestinal barrier, caused
by the disruption of tight junction proteins, allows microbial byproducts
such as butyrate to reach the hippocampus and impact learning and
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memory (Bourassa et al., 2016). Furthermore, gut microbiota-derived
endotoxins like LPS can stimulate the immune system and CNS, influ-
encing brain function (Bairamian et al., 2022; Kowalski and Mulak,
2019). In 12-month-old HZ 5xFAD mice, we observed alterations in gut
microbiota composition, including a decrease in the Firmicutes phylum
and an increase in the Bacteroidetes phylum. Additionally, we detected
decreased expression of claudin 3 and occludin tight junction proteins,
as well as increased expression of the TLR4 receptor in colon samples,
indicating disruption of the small intestinal epithelial layer in both HTZ
and HZ mice with age. This disruption could potentially facilitate the
entry of inflammatory modulators or microbial products such as amy-
loidogenic peptides into the brain, exacerbating the symptoms of AD
(Zhao et al., 2015). Different studies have reported conflicting results
regarding the Firmicutes and Bacteroidetes populations in the context of
AD. Shukla et al. (2021) found a decrease in Firmicutes and an increase in
Bacteroidetes populations associated with peripheral inflammation
(Shukla et al., 2021), while other observed the opposite pattern or
different alterations in male HZ 5xFAD mice at 9 months of age
(Brandscheid et al., 2017). In AD patient, Vogt et al. (2017) showed a
decrease in Firmicutes and an increase in Bacteroidetes in fecal samples
from AD participants compared to healthy participants (Vogt et al.,
2017), and other studies have also demonstrated a reduction in Firmi-
cutes and an increase in Proteobacteria in AD patients compared to
healthy participants (Chandra et al., 2023). These microbial populations
have been linked to insulin resistance, increased Ap deposition, and the
release of pro-inflammatory cytokines triggered by LPS, indicating their
potential involvement in AD pathogenesis (Bairamian et al., 2022;
Kowalski and Mulak, 2019). The primary disparities revealed by the
family analysis predominantly manifest in the context of age-related
comparisons. Among the families that were differentially present in
the gut microbiota of 5XFD mice, Lachnospiraceae and Enterococcaceae
have been described to be differentially present in human patients of AD.
Other families such as Prevotellaceae are butyrate-producing genera
associated with Alzheimer's disease in specific APOE genotypes (Tran
et al., 2019; Zhuang et al., 2018), while Marinifilaceae was closely
related to specific fecal fatty acids and serum glycerolipids dysregulated
in the triple transgenic AD mouse model (Cheng et al., 2022). Note-
worthy genotype-specific differences surface between the non-tg and
transgenic specimens at 5 months of age. However, these distinctions
between genotypes fade by 12 months, suggesting the potential of these
fecal microbiota families as early-age markers for AD identification.
More specifically, we suggest that Enterococcaceae could be significantly
impacted by both age and genotype. It shows a noteworthy increase at
12 months compared to 5 months of age, and it's more prominent in the
transgenic groups compared to the no-tg group. These last results un-
derscore the complexity of the gut-brain axis and provides valuable in-
sights into potential links between gut microbiota and AD pathogenesis.

4.1. Limitations

The present study helped to further characterize this relevant animal
model of AD. However, a crucial aspect that need to be developed is to
describe how these factors contribute to individual development of the
disease, using as an end point the cognitive impairment, to identify
potential interventions that might slow disease progression in vulner-
able subjects. The controlled addition of risk factors such as APOE4 (by
using the EFAD-TG, a 5XFAD mouse overexpressing human APOE4) (D.
S. Liu et al., 2015), diet or microbiome alterations, will indeed help in
the future to further delimitate the new type of interventions/treatments
that eventually may improve the clinical course of AD patients at early
stages. An important additional limitation for the present results derives
from the use of a transgenic approach that might generate insertional
mutagenesis by the transgenes. Although this has not been found in
5xFAD transgenes, it is not possible to rule out impacts on noncoding
regulatory sequences such as enhancers, insulators, or secondary
structures.
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5. Conclusion

In summary, our study comprehensively characterizes the behav-
ioural, physiological, and gut microbiota phenotypes in HTZ and HZ
5xFAD mice across two stages of AD. We found that the genetic load in
HZ mice leads to more severe cognitive impairment and specific meta-
bolic alterations compared to HTZ mice. Importantly, impaired cogni-
tion in the 5xFAD mouse model is not solely determined by the Ap
burden in the brain, particularly in the hippocampus. Our findings shed
light on the complex nature of AD as a neurodegenerative disease,
highlighting the interplay between insulin resistance, increased Af
deposition, and the gut microbiome. These insights provide a deeper
understanding of the disease and offer potential avenues for developing
new therapeutic strategies targeting these interconnected factors.
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