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Abstract

INTRODUCTION: Polypharmacy is common among older adults and people with
dementia. Multi-medication therapy poses risks of harm but also targets comorbidities
and risk factors associated with dementia, offering therapeutic potential.

METHODS: We evaluated the effects of two polypharmacy regimens and monother-
apies on male and female App™-¢* knock-in mice. We assessed functional, emotional,
and cognitive outcomes;amyloid pathology; and serum metabolomics profiles.
RESULTS: A combination of metoprolol, simvastatin, aspirin, paracetamol, and citalo-
pram improved memory, reduced amyloid burden and neuroinflammation, and mod-
ulated AD-associated metabolomic signatures in male mice, with negligible effects
in female mice. Substituting two cardiovascular drugs impacted emotional domains
but worsened memory, predominantly in female mice. In males, monotherapies could
not explain the combination effects, suggesting drug synergy, whereas in female mice,
certain monotherapy effects were lost when combined.

DISCUSSION: This study uncovers the sex-specific effects of polypharmacy in an AD
model, identifying mechanisms and biomarkers that can guide gender-specific use of

medicines in dementia prevention and management.
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dementia.

1 [ BACKGROUND

Alzheimer’s disease (AD) and -related dementias (ADRD) are a group
of neurodegenerative disorders, with AD accounting for 60%-80%
of dementia cases.! Aging is the main risk factor, and with the pop-
ulation 65 years of age and older growing, dementia cases could
reach 150 million by 2050,% posing a substantial health care chal-
lenge. Although the recent approvals of anti-amyloid compounds
(aducanumab, lecanemab, and donanemab) are promising for disease-
modifying treatments,® these medications are still under evaluation
and might be suitable only for specific patient populations. AD is
a highly heterogeneous disorder with variation in pathology onset
and progression among individuals.* The presence of comorbidities
in people with ADRD further contributes to clinical phenotype diver-
sity, increasing the challenge of finding effective therapies.®® Several
of these conditions are also recognized as risk factors for dementia,
including diabetes, depression, hypercholesterolemia, and cardiovas-
cular diseases.® The 2024 Lancet Commission report suggested that
45% of dementia cases could be prevented by addressing lifestyle
risk factors,? indicating that targeting modifiable factors may reduce
ADRD incidence. Due to the prevalence of the abovementioned multi-
ple conditions in aging and ADRD, older adults and people with demen-
tia are frequent users of multi-medication therapies (i.e., polyphar-
macy, the use of five or more drugs simultaneously).”® Drug classes
that are among the top prescribed in multidrug therapies (cardiovas-

cular and psychotropic medications)?10

also target some of the condi-
tions identified as risk factors for dementia. In the current pipeline of
AD drug development, 31% of the candidate therapies are repurposed
agents,!! where antihypertensives, antidiabetics, and psychotropic
compounds are assessed for their potential to prevent or slow AD
pathology. Thus, multi-medication therapies commonly used in the
older population may exert a protective role by addressing comorbidi-
ties linked to ADRD.1? In alignment with this, a meta-analysis* found
that certain drug combinations correlate with a reduced rate of cog-
nitive decline. On the other hand, the long-term use of multiple-drug
regimens is also associated with negative effects on physical function

* Two polypharmacy combinations show sex-specific effects on AD pathology and
serum metabolomic profiles.

* Metoprolol+simvastatin+aspirin+paracetamol+citalopram improves memory and
amyloid pathology in male mice.

* Replacing metoprolol and simvastatin with enalapril and atorvastatin eliminates
benefits in male mice and impairs memory in female mice.

* Selected monotherapies produce sex-specific effects but only partially explain the
outcomes of the combinations.

* Metabolomic pathways in serum indicate possible mechanisms and biomarkers

for evaluating the effectiveness and safety of personalized therapies in aging and

in older adults, like reduced muscle strength and increased frailty.141>

Epidemiological studies report that polypharmacy heightens the risk
of cognitive decline®® or exacerbates neurodegenerative processes in
mild cognitive impairment (MCI) patients and dementia patients.’
Clinical interventions found that de-prescribing was associated with
reduced cognitive decline.28-21 Nevertheless, there is no experimental
evidence on the effects of polypharmacy on AD onset and progression,
and preclinical studies in rodents were performed only in wild-type
mice, showing that polypharmacy impacts functional and cognitive
outcomes with age- and sex-dependent effects,22-2> and affects the
microbiome and hepatic proteome.2¢

Biological sex- and gender-related factors differentially impact
pharmacology, polypharmacy, and neurodegenerative disorders.2’
Men and women with ADRD exhibit differing incidence rates and
disease progression?® due to biological and gender-related fac-
tors, such as genetic background, immune responses, sex hormones,
and lifestyle.?82? Some of these aspects differentially impact drug
metabolism and efficacy in men and women.2” Furthermore, the preva-
lence of polypharmacy is higher among older women than among
men.® About 40% of preclinical pharmacological studies used male
mice,%° and when both sexes were used, 73% of these studies reported
sex-specific outcomes on health/life span, supporting the need for sex-
stratified research. Taking all these aspects into consideration, a careful
evaluation of the benefits and drawbacks of multi-medication use is
vital to optimize chronic condition management and ensure tailored
treatment strategies for specific patient categories.

This study aims to address the knowledge gap regarding the
effects of multi-medication therapies on ADRD-related pathology
and the underlying mechanisms. We selected two polypharmacy
combinations commonly prescribed in older adults based on our
previous population-based study!® and investigated their effects in
early-stage AD in male and female AppNE-GF knock-in mice. We tested
selected monotherapies to compare their effects with those of the
multi-medication therapies. To our knowledge, this is the first pre-
clinical study examining whether polypharmacy can affect behavioral

domains, amyloid pathology, and metabolomic profiles in a transgenic
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mouse model. Using a back-translational approach, our findings offer
new insights into potential sex-specific differences, molecular mech-
anisms, and serum biomarkers of polypharmacy effects in the context
of AD pathology. These experimental results can serve as a foundation
for designing and optimizing more effective and gender-tailored thera-
peutic strategies, ultimately enhancing personalized approaches to AD

management.

2 | MATERIALS AND METHODS

2.1 | Animals

We used male and female homozygous AppNE-GFNLGF knock-in (APP
KI) transgenic mice and age-matched wild-type (WT) mice of the same
background (C57BL/6J) as controls. The APP KI mouse model recapit-
ulates key features associated with AD pathology, displaying a rapid
progression of amyloid pathology due to the expression of three famil-
ial AD mutations (Swedish, Iberian, and Arctic), which lead to increased
pathogenic amyloid beta (AB) levels and enhanced AB aggregation
starting at 2 months of age.3! The first signs of a slight cognitive impair-
ment appear in Y Maze and fear conditioning (FC) tests at 6 months
and worsen by 12 months of age.32 Mice were housed under con-
trolled conditions (21 + 1°C temperature, 55 + 5% humidity, and 12 h
light/dark cycle) in cages of four to five animals, with food and water
provided ad libitum.

All animal experiments were performed in accordance with the
local national animal care and Swedish guidelines and approved by
the Swedish Board of Agriculture (ethical permit ID 827/2017 and
ID 11607-2022). Every possible effort was made to minimize animal
suffering and distress.

2.2 | Experimental design

As shown in the experimental design in Figure 1, we divided the ani-
mals into three sex-stratified cohorts and randomly assigned the APP
K1 mice to a control or a drug treatment, whereas WT mice were on
the control diet. Before the start of the study, all animals were accli-
matized to the standard chow for 10 days (control diet, 18.5% protein,
5.5% oil and fat, 4.5% fiber; Teklad 2918 diet, Research Diet Inc., NJ,
USA?2). We initiated the drug treatments at 4.5 months of age, prior
to cognitive deficits but already in the presence of some AD patholog-
ical features, for a total duration of 8 weeks. Behavioral testing was
performed over the last 4 weeks of treatment. At the end of the study
period, we euthanized the animals and collected trunk blood and brain
tissues.

We monitored the health status of the mice and their diet intake by
measuring body weight (BW) and food intake (Fl; g food/mouse/day)
weekly. Creatinine and alanine transaminase (ALT) levels were ana-
lyzed in the serum, according to the kit protocols (DICT-500, BioAssay
Systems, and MAKO052, Sigma-Aldrich) as described previously by our

group.??
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RESEARCH IN CONTEXT

1. Systematic review: We used PubMed to review relevant
literature on polypharmacy use in aging and Alzheimer’s
disease and related dementias (ADRD). Analgesics,
antithrombotics, lipid-modifying agents, beta-blockers,
angiotensin-converting enzyme (ACE) inhibitors, and
antidepressants are top-prescribed drug classes in
polypharmacy. Epidemiology shows both the risks and
benefits of these drugs and their combinations on ADRD,
but preclinical evidence on the effects of polypharmacy
on disease pathology is lacking.

2. Interpretation: Polypharmacy exerted sex-specific
effects on behavior, amyloid beta (Af), neuroinflamma-
tion, and serum metabolomics profiles in mice. A drug
combination rescued AD-related pathological features
in male mice but showed no effect in female mice. Sub-
stitution of two cardiovascular drugs eliminated these
benefits in male mice and impaired memory in female
mice. Monotherapies displayed sex-specific outcomes
that were either enhanced or nullified when combined.

3. Future directions: Research should examine sex-specific
mechanisms and identify biomarkers for polypharmacy
events. Translating findings with sex-stratified clinical
studies and testing alternative regimens will help opti-
mize gender-tailored therapies in aging and ADRD while

minimizing risks.

2.3 | Drug treatments

The selection of drugs included in the multi-therapy combinations of
this study was based on a population study of individuals >75 years
of age in Sweden, which assessed the most commonly prescribed drug
classes and compounds used in polypharmacy.'© Mice from Cohort 1
were administered a control or a multi-medication diet (Combination
1), which we previously tested in WT mice in our lab.2223 Combi-
nation 1 comprises the following drugs: metoprolol (100 mg/kg/day;
Sigma-Aldrich, USA), paracetamol (acetaminophen, 100 mg/kg/day;
Sigma-Aldrich, USA), aspirin (acetylsalicylic acid, 20 mg/kg/day; Sigma-
Aldrich, USA), simvastatin (10 mg/kg/day; Selleck Chemicals, USA),
and citalopram (10 mg/kg/day; Selleck Chemicals, USA), which belong
to the classes of beta-blockers, analgesics, antithrombotic, lipid-
modifying, and antidepressant agents, respectively. Among cardiovas-
cular drug classes, beta-blockers are the most used, followed by diuret-
ics and angiotensin-converting enzyme (ACE) inhibitors.19 Mice from
Cohort 2 were fed with a control or a second multi-medication regimen
(Combination 2) where we replaced two compounds from Combina-
tion 1: the beta-blocker (metoprolol) with an ACE inhibitor, enalapril
(10 mg/kg/day; Cayman Chemicals, USA), and simvastatin with ator-
vastatin (15 mg/kg/day; Cayman Chemicals, USA). Both the fungal
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Experimental design. Male and female WT and APP Kl mice from three different cohorts were administered either a control or a

drug regimen, starting at the age of 4.5 months over a total of 8 weeks. Behavioral assessment and tissue collection were performed as indicated
by the timeline. Comb 1 = Combination 1 (metoprolol, simvastatin, aspirin, citalopram, paracetamol); Comb 2, Combination 2 (enalapril,
atorvastatin, aspirin, citalopram, paracetamol); meto, metoprolol; simva, simvastatin; cita, citalopram. Created with BioRender.com. AppNE-GF,

AppNLEGFNLGF [nock-in; WT, wild type.

simvastatin and synthetic atorvastatin are highly prescribed lipid-

modifying agents in Sweden,10:33

with different effects on cognitive
decline possibly depending on their different biochemical properties.3*
Mice from Cohort 3 were administered a control diet or a monother-
apy regimen from three selected drugs used in combination at the same
dosage: metoprolol, simvastatin, or citalopram.

As described in detail in our previous studies with multi-medications
in mice,?22% compound dosages per kg/BW were derived from the
human therapeutic range and adjusted for mice, considering inter-
species differences in pharmacodynamics and pharmacokinetics. Final
drug dosages were determined from previous studies in rodents, where
the same drugs were administered at similar doses with efficacy and
without exhibiting toxicity. To account for potential variations between
the predicted and actual Fl of the animals and ensure adequate expo-
sure to the compounds, concentrations were at the higher end of the
previously established therapeutic dosing ranges (see Table S1). Medi-
cation amounts added to the diets were calculated considering a mean
Flof 0.1 + 0.2 g food per gram of mouse per day, as reported before in
our lab and in the literature.®>

2.4 | Behavioral testing

We evaluated the animals across various behavioral domains, focus-
ing on functional, emotional, and cognitive outcomes through a diverse
array of behavioral tests as follows: open field (OF), Rotarod, Grip
Strength, Elevated Plus Maze (EPM), Y Maze, novel object recognition
(NOR), forced swim test (FST), and FC. The procedures were conducted
in the order listed, starting from the least stressful tests, and allow-
ing a break for a few days for the mice to recover between the more
demanding tasks. The experiments were run in white light between
8:00 and 16:00 by the same female experimenter. OF, Rotarod, Grip
Strength, EPM, Y Maze, NOR, and FC tests were performed and ana-

lyzed as described previously.2223 Mice that performed less than nine
arm entries in the Y Maze test, and that explored the objects for less
than 15 s during Day 2 of the NOR test were not included in the anal-
ysis. In FST, the mice were placed in a clear acrylic glass cylinder filled
with water (20 cm diameter x 30 cm height; 23 + 1°C water tempera-
ture) for a 6 min session recorded with a camera. The immobility % was
analyzed in the last 4 min of the test.3¢

Data from OF locomotor arenas were acquired through TSE Acti-
Mot software (TSE Systems GmbH, Germany), whereas the other test
data were collected using the video-tracking system Ethovision XT-17
(Noldus, Netherlands), through a camera located above the apparatus,

or in front, in the case of FST.

2.5 | Immunofluorescence staining

We performed immunohistochemistry (IHC) staining in APP Kl brains.
Fixed half-brains were embedded in paraffin and then sliced into 5-
um-thick coronal slices at the ZeMac Histoanalysis facility (Karolinska
Institute, Huddinge, Sweden). After deparaffinization, antigen retrieval
was done by incubating the sections with 1X Diva Decloaker (Biocare
Medical) for 10 min at 110°C. Slices were permeabilized in 0.3% Triton
X-100 in phosphate-buffered saline (PBS) for 15 min. After washing,
we blocked them in a solution of 5% goat serum in PBS (0.05% Tween
[PBS-T]) for 30 min, followed by primary antibodies incubation at 4°C
overnight. We used the following primary antibodies: mouse anti-Ag
82E1 (1:1000; #10323, IBL, Japan) and rabbit anti-lonized calcium-
binding adapter moleculel (Iba1, 1:1000; #019-19741, Wako, Japan).
After three washes with PBS-T, we incubated the sections for 2 h
with the following secondary antibodies: Alexa Fluor 488 goat anti-
mouse IgG (1:200; Invitrogen) and Alexa Fluor 546 goat anti-rabbit
1gG (1:500; Invitrogen). After three washes, we did a 15 min incu-
bation with 1 mg/mL 4’,6-diamidino-2-phenylindole (DAPI; 1:1000),
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rinsed the slices again, and then mounted them with Gold Antifade
Mountant mounting medium (Invitrogen). We acquired immunofluo-
rescence images of whole half-brain slices with a 20X objective in the
AxioScan Z1 fluorescence microscope (Zeiss, Germany). AB plaque load
was quantified in two areas (region of interest [ROI]) in the cortex.
Amyloid plague number and area were quantified using the same ROIs
in each brain section (two sections/mouse brain for a total of three to
four mice per group) in ImageJ software (version 1.54f, National Insti-
tutes of Health [NIH], Bethesda, Maryland, USA) after thresholding the

positive fluorescence signal.

2.6 | Protein extraction and enzyme-linked
immunosorbent assay (ELISA)

Cerebral AB deposits were quantified upon extraction of soluble and
insoluble protein fractions®!. We homogenized cortical samples from
APP K| mice in Tris buffer (50 mM Tris-HCI, 150 mM NaCl buffer,
pH 7.6, containing protease/phosphatase inhibitor cocktail). We cen-
trifuged at 70,000 rpm for 20 min at 4°C to obtain the Tris-soluble (TS
or soluble fraction) fraction as supernatant. Guanidine-HCl was added
to TS fraction to give a 0.5 final concentration prior to enzyme-linked
immunosorbent assay (ELISA). We sonicated the remaining pellet in
6 M guanidine-HCI buffer (containing protease/phosphatase inhibitor
cocktail) and centrifuged at 70,000 rpm for 20 min at 4°C. After that,
the supernatant was collected as a guanidine-soluble (GS or insol-
uble fraction) fraction and diluted to reduce the concentration of
guanidine-HCl to 0.5 M. We determined the levels of AB40 and AB42
in both fractions by using ELISA kits #27713 and #27711 (IBL, Japan)
according to kit instructions.

2.7 | Western blotting

We ran western blot experiments on cortical TS fraction lysates as
described previously.?22% Nitrocellulose membranes were incubated
overnight at 4°C with the following primary antibodies: anti-APP
(1:1000, #MAB348, Sigma-Aldrich), anti-Iba1 (1:1000, #NBP2-16908,
Novus), anti-Glial Fibrillary Acidic Protein (GFAP, 1:1000, #ab7260,
Abcam), and anti-a-tubulin (1:10,000, # T9026, Sigma-Aldrich). Incuba-
tions with secondary antibodies were performed at room temperature
for 2 h with anti-rabbit or anti-mouse IgG at 1:10,000 dilutions (LI-
COR Biosciences GmbH, Germany). Immunoreactivity was measured
by infrared fluorescence on LI-COR Odyssey system (LI-COR Bio-
sciences, USA) and quantified with ImageJ) software (version 1.54f,
NIH, MA, USA).

2.8 | RNA extraction and real-time PCR (RT-qPCR)
RNA isolation and real-time quantitative polymerase chain reaction
(RT-gPCR) was carried out as described before.3” We extracted total
RNA from mouse hippocampi using RNeasy Mini Kit (#74106, Qia-
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gen), followed by retro transcription with high-capacity cDNA Reverse
Transcription Kit (#4368814, Applied Biosystems). We performed
RT-qPCR amplification of genes of interest using Tagman Univer-
sal Master Mix (Applied Biosystems) and the following primers: App,
Beta-Site APP-Cleaving Enzyme 1 (Bacel), Presenilin 1 (Psenl), A
Disintegrin And Metalloproteinase Domain-Containing Protein 10
(Adam10), Transmembrane Protein 119 (Tmem119), Allograft Inflam-
matory Factor 1 (Aif1), Purinergic Receptor P2Y, G-Protein Coupled,
12 (P2ry12), Triggering Receptor Expressed on Myeloid Cells 2 (Trem2),
C-Type Lectin Domain Family 7a (Clec7a), Cluster of Differentiation
68 (Cd68), Interferon-Induced Protein with Tetratricopeptide Repeats
3 (Ifit3), Interferon Regulatory Factor 7 (Irf7), and Glyceraldehyde-3-
Phosphate Dehydrogenase (Gapdh) (Applied Biosystems). All target

genes were quantified relatively to Gapdh mRNA levels as endogenous

control.
2.9 | Targeted metabolomics
2.9.1 | Metabolite extraction and LC/GC-MS

Metabolite extraction, identification, quantification, and primary qual-
ity control were carried out at the Swedish Metabolomics Centre
(Umea, Sweden), on serum samples (25 pL/sample) from WT and APP
Kl mice. Detailed information on the methodology can be found in Sup-
plementary Material. By targeted processing approach 309 metabo-
lites were identified by liquid chromatography/gas chromatography-
mass spectrometry (LC/GC-MS), and raw data of metabolite readings
were provided for subsequent analysis.

2.9.2 | Metabolomic analysis

Data analysis was conducted using MetaboAnalyst 6.0 software.38
Data were auto-scaled (mean-centered and divided by the standard
deviation [SD] of each variable) and processed with a statistical anal-
ysis module (one factor) for principal component analysis (PCA) and
the analysis of differentially expressed metabolites. Metabolite set
enrichment analysis (MSEA) was run based on the list of differen-
tial metabolites, identified by HMDB ID, and using the small molecule
pathway database (SMPDB) library.3?

2.10 | Statistical analysis

For the analysis of behavioral tests, western blotting, IHC, ELISA, and
RT-qPCR, data are presented as mean + standard error of the mean
(SEM), with n indicating the number of animals. GraphPad Prism 10
(San Diego, CA, USA) was used to perform the statistical analyses.
When comparing two groups, we used Student’s t-test or the nonpara-
metric Mann-Whitney test. One-way or repeated-measures two-way
analysis of variance (ANOVA) was applied to analyze datasets with one

or two independent variables, respectively. Tukey’s test was used to
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control for multiple comparisons in post hoc analyses with adjusted p
values (reported in figure captions) for significant comparisons. F and
p values for the ANOVA were provided (in figure captions) along with
information on whether the effect of time or group was examined.
Statistical significance was set at p < 0.05.

For metabolomic analysis, the threshold for significantly differential
metabolites was set to fold change (FC) + 1.5 (FC >1.5 for upregu-
lated and <0.67 for downregulated metabolites) and p value < 0.05.4°
For MSEA, enriched pathways were considered statistically significant
with p < 0.05 (Over Representation Analysis-ORA, MetaboAnalyst
6.0).

3 | RESULTS

3.1 | Multi-medication therapies do not impact
health parameters in male and female APP KI mice,
and citalopram monotherapy leads to weight gain
only in male mice

Three cohorts of 4.5-month-old male and female WT and APP Kl mice
were administered control or drug diets for 8 weeks, as illustrated in
the experimental design in Figure 1. No sign of illness or mortality was
observed over the study period, indicating that the animals tolerated
the multiple-drug and monotherapy treatments well. We registered a
general increase in BW in most groups over time, as typically observed
at this age. APP KI male mice administered Combinations 1 and 2, as
well as their WT and APP Kl control groups, significantly gained weight
over the 8 weeks (Figure S1A and SB, for Cohorts 1 and 2, respec-
tively). A similar increase in BW was also observed in WT and APP Kl
males fed with control or monotherapy diets (Figure S1C), which was
particularly evident in the citalopram group. The food consumption
during the 8 weeks of treatment was stable in male mice, with small
variations over the weeks (Figure S1D-F). APP K| female groups fed
with control or drug regimens also showed a gradual increase in their
BW over time (Figure S1G-I, for Cohorts 1-3, respectively). Although
both WT female groups from Cohorts 2 and 3 gained weight, WT
female mice from Cohort 1 did not grow significantly over the 8 weeks
(Figure S1G). Some variability in FI was detected for WT and APP Kl
female groups treated with control or medication regimens during the
study period (Figure S1J-L, for Cohorts 1-3, respectively), especially
in female mice administered monotherapy diets. In this cohort, we
observed higher average Fl during the first weeks compared to the
other female cohorts, mainly in the metoprolol and simvastatin APP Kl
groups (Figure S1L). It is important to note that in some animal cages
from Cohort 3, a significant amount of food pellets was often found
crumbled in the cage bedding, suggesting that the food measured
from the cage grid could not correspond to the one eaten by the mice.
This might explain the higher average FI displayed by some groups.
Overall, across all male and female cohorts, the measured FI was
within the expected records according to our previous polypharmacy

22,23

studies, indicating that the final drug dose taken by the mice was

within the expected range.

At the end of the treatment, we determined the levels of serum
creatinine and ALT in the multi-medication cohorts of both sexes as
indicators of renal and hepatic function, respectively. The levels of
these markers did not differ in male and female APP K| mice treated
with Combination 1 compared to control groups (Figure S1M). The
Combination 2 diet did not affect the levels of ALT, whereas we
observed a reduction of creatinine levels, however, still within healthy
ranges, in APP Kl male mice fed with this regimen relative to APP KI
control mice (Figure S1IN).

3.2 | Combination 1 lowers exploration, modulates
anxiety-like behavior, and improves memory in APP
Kl male but not female mice

We first assessed the effects of the drug regimens on exploration and
locomotion using OF and Rotarod tests. In OF locomotor arenas, APP
KI male mice treated with Combination 1 traveled a shorter distance
compared to APP Kl controls (Figure 2A and Figure S2A, left plot),
showed a lower average speed, and a higher percentage of time spent
exploring the periphery than their control group (Figure 2B). In the
Rotarod test, APP Kl male mice outperformed WT mice by showing
a significantly higher latency to fall from the rotor in Trial 3 and on
average (Figure 2C and Figure S2D, left plot). This was observed con-
sistently in all male cohorts (Figures 2C, 3C, and 4C). APP Kl males fed
with Combination 1 spent significantly less time on the rotor compared
to APP Kl controls, comparable to WT mice (Figure 2C and Figure S2D,
left plot). Conversely, in female mice, there was no general effect of
Combination 1, as no significant changes were found in OF distance
moved (Figure 2D and Figure S2A, right plot) and speed (Figure 2E, left
plot) for APP Kl-treated mice relative to their APP KI control group,
but only for the WT mice. No significant differences were observed
between female groups in the Rotarod test (Figure 2F and Figure S2D,
right plot).

We conducted the grip strength test to determine if the drug
treatments affected muscle strength. Neither multi-drug combination
affected this parameter in either sex (Figure S2G and H).

EPM test and FST were performed to evaluate anxiety- and
depressive-like behaviors. APP Kl mice have previously shown a
greater willingness to explore open arms in EPM,*! which we also
found in our cohorts at this age, more pronounced in female mice
(Figures 2, 3, and 4G and H). The Combination 1 diet reversed this
behavior in APP Kl male but not in female mice (Figure 2G and H,
respectively). For FST, we did not find any genotype or treatment effect
in either male or female mice from Cohort 1, as shown by a similar
immobility % between groups (Figure 21 and J).

The APP Kl mouse model is reported to show the first signs of mem-
ory and learning deficits in some behavioral tasks starting around 6
months.*243 In line with this, APP KI male mice did not alternate sig-
nificantly above the 50% chance level in the Y Maze test (Figure 2K);
conversely, the Combination 1-treated group showed a significantly
better % of alternation in this test. In the NOR test, we did not observe

aninfluence of the treatment on APP Kl male mice (Figure 2L). Similarly
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FIGURE 2 Effects of Combination 1 on behavioral outcomes in APP Kl male and female mice. (A-C) OF test analysis in WT, APP ctrl and APP
Comb 1 male mice from Cohort 1. (A) Distance moved measured over three 10 min time intervals. Repeated-measures two-way ANOVA, effect of
group, F = 6.26, p=0.0055, followed by Tukey’s multiple comparison test: APP ctrl vs APP Comb 1 at 10 min interval p =0.00087, WT vs APP
Comb 1 at 20 and 30 minintervals, p =0.0390 and p = 0.0266, respectively. To the right, representative pattern of movements of the total 30 min
trial for WT, APP ctrl, or APP Comb 1 male mice. (B) Average locomotor speed (one-way ANOVA, F = 4.13, p = 0.0264, followed by Tukey’s multiple
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to the Y Maze test, this multiple-drug regimen exerted a positive effect
on the FC cue task, as shown by a significant increase in the percent-
age of freezing after the sound cue in the APP Kl mice administered
Combination 1, conversely to APP Kl control mice (Figure 2M). The FC
context test (Figure S21-K, left plot) did not unveil memory deficits in
our cohorts of APP Kl mice at this age, or an effect of the drug regimen.
Unlike male mice, female mice fed with Combination 1 did not show any
evident impact of the genotype or the treatment on the same cognitive
tests, as shown in Figure 2N-P and Figure S2I, right plot.

3.3 | Combination 2 positively modulates
anxiety-like behavior but worsens cognitive
performance predominantly in female APP Kl mice

We ran the same battery of behavioral tests in the cohorts fed with
Combination 2 diet. APP Kl mice from control or treated groups of both
sexes reduced the distance moved only compared to WTs (Figure 3A
and D, and Figure S2B), indicating that this polypharmacy regimen did
not affect general locomotor activity in the APP KI mice. This treat-
ment did not affect the average speed or time spent in the periphery
of the OF arena in APP Kl male mice (Figure 3B). In the Rotarod test,
Combination 2 exerted in male mice an effect comparable to what
was observed previously for Combination 1, significantly decreasing
the latency to fall from the rotor in treated APP Kl mice compared
to controls (Figure 3C and Figure S2E, left plot). In female APP Kl

mice, the same drug regimen did not change the speed or the time
spent in the OF arena’s corners when compared to the APP Kl con-
trol group (Figure 3E), or the performance on the Rotarod (Figure 3F
and Figure S2E, right plot). In EPM and FST tasks, Combination 2 was
more effective in APP Kl female than male mice, as suggested by a sig-
nificantly lower percentage of time spent in open arms and immobility
time in the APP Kl-treated group as compared to APP Kl control mice
(Figure 3G-J).

When evaluating cognitive tests, we found both WT and APP KI
male groups to alternate above the chance level in the Y Maze test,
although with a greater significance for WT mice (Figure 3K), whereas
in the NOR test, APP Kl male animals administered multi-medication
diet 2 showed a lower discrimination index compared to WT and APP
Kl control groups (Figure 3L). The treatment did not modify the out-
comes from the cue or context FC test (Figure 3M and Figure S2J,
left plot). In female mice, Combination 2 seemed to negatively impact
the memory performance of APP Kl mice, as indicated by the lower
percentage of alternations in the Y Maze and discrimination index
in the NOR test (Figure 3N and 30 for the Y Maze and NOR test,
respectively). FC cue memory was not influenced by the Combination
2 treatment in APP Kl female mice (Figure 3P), nor was it in male mice.
On the contrary, APP Kl female mice treated with this regimen did not
show a relevant increase in freezing behavior on Day 2 of the context
test compared to Day 1, which was observed in the APP Kl control
group, suggesting a negative effect of this combination on associative

learning and memory (Figure S2J, right plot).

comparison test: APP ctrl vs APP Comb 1 p =0.0259) and percentage of time spent exploring the OF periphery in the first 10 min (one-way
ANOVA, F = 6.57, p = 0.0044, followed by Tukey’s multiple comparison test: APP ctrl vs APP Comb 1 p = 0.0031). (C) Latency to fall off the rotor
measured in the three trials of Rotarod test. Repeated-measures two-way ANOVA, effect of group, F = 8.86, p =0.0011, followed by Tukey’s
multiple comparison test: WT vs APP ctrlin Trial 1 p=0.0201, WT vs APP ctrlin Trial 3 p =0.0056, and APP ctrl vs APP Comb 1 in Trial 3

p=0.0018.*p < 0.05 and ** p < 0.01 when comparing WT vs APP ctrl; ## p < 0.01 when comparing APP ctrl vs APP Comb 1. (D-F) The same test
parameters as for male mice in A-C were analyzed in female mice from Cohort 1. (D) Repeated-measures two-way ANOVA, effect of group,
F=5.09,p=0.0133, followed by Tukey’s multiple comparison test: WT vs APP Comb 1 at 10 and 20 min intervals, p = 0.0040 and p = 0.0034,
respectively. To the right, representative pattern of movement for WT, APP ctrl, or APP Comb 1 female mice. (E) Left plot: one-way ANOVA,
F=4.60,p=0.0191, followed by Tukey’s multiple comparison test: WT vs APP Comb 1 p = 0.0165. (G-H) Percentage of exploration time in open
arms of EPM over the total 5 min trial duration in male mice (one-way ANOVA, F = 3.76, p = 0.0357, followed by Tukey’s multiple comparison test:
APP ctrl vs APP Comb 1 p =0.0446), and in female mice (one-way ANOVA, F = 6.30, p = 0.0061, followed by Tukey’s multiple comparison test: WT
vs APP ctrl p=0.0183 and WT vs APP Comb 1 p = 0.0066). To the right, representative heatmaps of EPM exploration, with warm colors showing
the areas most explored by the animals. (I-J) Percentage of immobility time in FST test measured in the last 4 min of the session, in male and female
mice. (K-M) Analysis of cognitive tests in WT, APP ctrl, and APP Comb 1 male mice from Cohort 1. (K) Percentage of spontaneous alternations
calculated in the 5-min trial of the Y maze task. Red dashed line indicates the 50% chance level. One-sample t-test,t = 2.79,p =0.0317, and
t=2.82,p=0.0201 for the WT and APP Comb 1 groups, respectively). (L) Discrimination Index (DI) of novel vs familiar object exploration time
during Day 3 of the NOR test, calculated as (N-F)/(N+F); N = novel and F = familiar object. Red dashed line represents DI = 0, with positive DI
indicating preference for the novel object. (M) Percentage of freezing time during the cue FC test, comparing the time (2 min) before and during
acoustic cue delivery. Repeated-measures two-way ANOVA, effect of time, F = 34.57, p < 0.0001, followed by Tukey’s multiple comparison test: no
sound vs sound p = 0.0004 and p =0.0137 for WT and APP Comb 1 group, respectively. To the right, representative activity graphs of WT, APP ctrl,
and APP Comb 1 male mice before and during sound. The graph highlights a clear reduction of activity during sound delivery compared to before,
in WT and APP Comb 1 mice, but not in APP ctrl mouse. (N-P) The same test parameters as for male mice in K-M were analyzed for female mice
from Cohort 1. (O) One-sample t-test, t = 4.82, p = 0.0029, t = 3.88,p = 0.0031, and t = 3.62, p = 0.0040 for WT, APP ctrl,and APP Comb 1 groups,
respectively. (p) Repeated-measures two-way ANOVA, effect of time, F = 424.6, p < 0.0001, followed by Tukey’s multiple comparison test: no
sound vs sound p < 0.0001 for WT, APP ctrl, and APP Comb 1 groups. All data are presented as mean + SEM. *p < 0.05,** p < 0.01, *** p < 0.001,
% < 0.0001. N = 10 to 12 mice per group. Test illustrations were created with BioRender.com. APP, AppNE-GF/NL-G-F \nock-in; DI, discrimination
index; EPM, elevated plus maze; FST, forced swimming test; FC, fear conditioning; NOR, novel object recognition; N, number of mice; OF, open
field; p, P value; SEM, standard error of the mean; WT, wild type.
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FIGURE 3 Effects of Combination 2 on behavioral outcomes in APP Kl male and female mice. (AC) OF test analysis in WT, APP ctrl, and APP
Comb 2 male mice from Cohort 2. (A) Distance moved measured over three 10 min time intervals. Repeated-measures two-way ANOVA, effect of
group, F=5.88, p =0.0070, followed by Tukey’s multiple comparison test: WT vs APP ctrl and WT vs APP Comb 2 at 20 min interval p =0.0330 and
p=0.0214, respectively; WT vs APP ctrl and WT vs APP Comb 2 at 30 mininterval p =0.0267 and p = 0.0216, respectively. To the right,
representative pattern of movements of the total 30 min trial for WT, APP ctrl, or APP Comb 2 male mice. (B) Average locomotor speed and
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3.4 | Monotherapies exert sex-specific effects on
different behavioral domains

Next, we aimed to explore whether selected monotherapies alone
(citalopram, metoprolol, and simvastatin) could affect the behavioral
outcomes investigated previously with multi-medication treatments.
In APP Kl male mice treated with citalopram, the distance traveled dur-
ing the first 10 minin OF was lower when compared to WTs (Figure 4A),
but the treatment did not affect the overall distance moved (Figure
S2C, left plot). The drug treatments did not significantly influence the
average speed, but citalopram-treated APP KI mice spent less time
exploring the periphery of the OF arena compared to their control
group (Figure 4B). In the Rotarod test, we observed that the main
change was again in the citalopram group, which displayed a lower
latency to fall than APP Kl controls in Trial 3 (Figure 4C) and on aver-
age (Figure S2F, left plot). Different from male mice, we observed some
opposite outcomes in female mice depending on the specific monother-
apy diet. From the analysis of horizontal activity in OF, we found that
citalopram further reduced the distance moved and speed in APP KI
female mice compared to WTs, whereas metoprolol exerted an oppo-
site effect by increasing the same parameters in APP Kl mice (Figure 4D
and E left plot, and Figure S2C, right plot). As for the previous cohorts,
motor coordination assessed by Rotarod was not affected by genotype
or any of the drug treatments in female mice (Figure 4F and Figure S2F,
right plot).

When analyzing the outcomes from anxiety- and depressive-like
behavior tasks, the main effect in male APP K| mice was detected in
the citalopram group, which exhibited a lower time spent in the open
arms of EPM compared to the APP Kl control group (Figure 4G). In the

same test, no effect was provoked by monotherapy diets in female mice
(Figure 4H) or in the FST in both sexes (Figure 41 and J).

The assessment of spatial working memory in the Y Maze test
showed that APP K| male mice administered the metoprolol diet had
a higher significance in the percentage of alternations than the APP
Kl control group when compared to the 50% chance level (Figure 4K).
Conversely, the APP KI simvastatin and citalopram groups did not
alternate above the chance level on average, revealing a lower per-
formance than the other groups in this test. When running the same
test with female mice, we discovered that the metoprolol did not
exert a positive effect. Instead, the metoprolol and citalopram groups
poorly alternated the Y Maze arms, whereas simvastatin treatment
positively influenced APP Kl performance by increasing the percentage
of alternations (Figure 4L). FC test outcomes did not reveal an effect of

monotherapies in either sex (Figure 4M and N, and Figure S2K).

3.5 | Combination 1 decreases Ag plaque load and
amyloidogenic enzymes in the brains of APP Kl male
but not female mice

The APP KI mouse model already shows extensive amyloid pathol-
ogy and gliosis in the cortex and hippocampus by the age of 6
months.314* We decided to investigate whether the effects observed
during behavioral assessment might relate to an effect of the treat-
ments on amyloid pathology. We found widespread amyloidosis in the
cortex and hippocampus of APP Kl mice of both sexes, with accumula-
tion of microglia around AB plaques (Figure 5A, and high magnification
panel in Figure 5B). The analysis of AB deposits in the cortex revealed

percentage of time spent exploring the OF periphery in the first 10 mi. (C) Latency to fall off the rotor was measured in the three trials of Rotarod
test. Repeated-measures two-way ANOVA, effect of group, F = 12.00, p < 0.0001, followed by Tukey’s multiple comparison test: APP ctrl vs APP
Comb 2inTrials 2 and 3,p =0.015, and p = 0.0149, respectively. # p < 0.05 and ## p < 0.01, when comparing APP ctrl vs APP Comb 2. (D-F) The
same test parameters as for the male mice in A-C were analyzed in female mice from Cohort 2. (D) Repeated-measures two-way ANOVA, effect of
group, F=11.02, p = 0.0003, followed by Tukey’s multiple comparison test: WT vs APP ctrl at 10 and 20 min intervals, p = 0.0066 and p = 0.0140,
respectively; WT vs APP Comb 2 at 10, 20, and 30 min intervals, p = 0.0010, p = 0.0002, and p = 0.0207, respectively. To the right, representative
pattern of movement for WT, APP ctrl, or APP Comb 2 female mice. (E) Left plot: one-way ANOVA, F = 4.20, p = 0.0253, followed by Tukey’s
multiple comparison test: WT vs APP Comb 2 p = 0.0305. (G and H) Percentage of exploration time in open arms of EPM over the total 5 min trial
duration in male mice, and in female mice (one-way ANOVA, F = 11.89, p = 0.0002, followed by Tukey’s multiple comparison test: WT versus APP
ctrl p=0.0012 and APP ctrl vs APP Comb 2, p = 0.0002). (I and J) Percentage of immobility time in FST test measured in the last 4 min of the
session, in male mice (one-way ANOVA, F = 5.70, p = 0.0080, followed by Tukey’s multiple comparison test: WT vs APP ctrl, p = 0.0070) and in
female mice (one-way ANOVA, F = 6.72, p = 0.0040, followed by Tukey’s multiple comparison test: WT vs APP Comb 2 and APP ctrl vs APP Comb
2,p=0.0106 and p = 0.0111). (K-M) Analysis of cognitive tests in WT, APP ctrl,and APP Comb 1 male mice from Cohort 2. (K) Percentage of
spontaneous alternations calculated in the 5 min trial of the Y maze task. Red dashed line indicates the 50% chance level. One-sample t-test,
t=16.65,p<0.0001,t=2.32,p=0.0456,and t=3.67, p=0.0080 for WT, APP ctrl, and APP Comb 2 groups, respectively. (L) DI of novel vs familiar
object exploration time during Day 3 of NOR test. Red dashed line represents DI = 0. One-sample t-test, t = 4.38, p = 0.0024,t = 3.52, p = 0.0056
for WT and APP ctrl groups, respectively. (M) Percentage of freezing time during the cue FC test, comparing the time (2 min) before and during
acoustic cue delivery. Repeated-measures two-way ANOVA, effect of time, F = 99.69, p < 0.0001, followed by Tukey’s multiple comparison test: no
sound vs sound p < 0.0001 for WT and APP ctrl group, respectively, and p = 0.0092 for the APP Comb 2 group. (N-p) The same test parameters as
for male mice in (K-M) were analyzed for female mice from Cohort 2. (N) One-sample t-test, t = 4.21, p = 0.0029, t = 2.68, p = 0.0280 for WT and
APP ctrl groups, respectively. (O) One-sample t-test, t = 4.25, p = 0.0021, t = 3.77, p = 0.0044 for WT and APP ctrl groups, respectively. (P)
Repeated-measures two-way ANOVA, effect of time, F = 88.83, p < 0.0001, followed by Tukey’s multiple comparison test: no sound vs sound
p=0.0002 for WT group, and p < 0.0001 for the APP ctrl and APP Comb 2 groups, respectively. All data are presented as mean + SEM. * p < 0.05,
**p < 0.01,** p <0.001, *** p <0.0001. N = 10 to 13 mice per group. Test illustrations were created with BioRender.com.APP, AppNL-GF/NL-GF
knock-in; DI, discrimination index; EPM, elevated plus maze; FST, forced swimming test; FC, fear conditioning; NOR, novel object recognition; OF,
open field; SEM, standard error of the mean; WT, wild type; N, number of mice; p, p value.
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FIGURE 4 Effects of monotherapies on behavioral outcomes in APP Kl male and female mice. (A-C) OF test analysis in WT, APP ctrl, APP
meto, APP simva, and APP cita male mice from Cohort 3. (A) Distance moved measured over three, 10 min time intervals. Repeated-measures
two-way ANOVA, effect of group, F = 1.86, p =0.1352, followed by Tukey’s multiple comparison test: WT vs APP cita at 10-min interval p =0.0159.
To the right, representative pattern of movements of the total 30 min trial for WT, APP ctrl, and APP monotherapy male mice. (B) Average
locomotor speed and percentage of time spent exploring the OF periphery in the first 10 min (one-way ANOVA, F = 4.13, p = 0.0063, followed by
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that the number and area of amyloid plaques were reduced in APP Kl
male mice treated with Combination 1 compared to their APP Kl con-
trols (high magnification panel and top plots in Figure 5B for ROl i, and
Figure S3A, for ROl ii), but not in female mice (Figure 5B, bottom pan-
els, and Figure S3B). Combination 2 did not change AB load in either
sex (Figure 5C and D for ROI i, and Figure S3C and D, for ROl ii). We
also analyzed the levels of cortical soluble and insoluble fractions of
AB42 and found a nonsignificant decreasing trend in the amount of
insoluble A342 in Combination 1-fed APP Kl male mice compared to
APP KI control mice (Figure 5E, right plot), which correlated positively
with our findings of lower AS deposits in the cortex from the immunos-
taining experiments. The soluble fraction of AB42 remained unchanged
in this cohort (Figure 5E, left plot). The same multi-medication treat-
ment did not affect AB42 levels in APP Kl female mice (Figure 5F), and
no effect was observed when analyzing the same proteins in the cor-
tex of APP K| male and female mice administered a Combination 2
diet (Figure 5G and H). When examining the data from our monother-
apy cohorts, we saw that the levels of soluble AB42 were significantly
lower in the metoprolol and citalopram APP Kl male groups (Figure 51),
whereas a similar effect was exerted by citalopram in APP KI female
mice but on insoluble AB42 fraction levels (Figure 5J). We also ana-
lyzed the levels of soluble and insoluble AB40, without detecting any
relevant difference between treated and control groups across all the
animal cohorts (Figure S3E-J), apart from a decrease of AB40 insoluble
fraction in Combination 2-treated APP KI female mice than controls
(Figure S3I).

We hypothesized that alterations of APP processing or the enzymes
involved in the amyloidogenic pathway could contribute to fewer AB
plaques observed in male mice treated with Combination 1. There-
fore, we measured the levels of total APP in the brains of APP Kl male
mice. In Combination 1-treated APP KI mice, the levels of full-length
APP were not significantly changed compared to the control group,
whereas citalopram alone reduced the amount of this protein in APP

KI male mice (Figure 5K). App, Bace1, Psen1, and Adam10 gene expres-
sion were quantified in the hippocampus of WT and APP K| mice from
Combination 1 cohorts. These are crucial enzymes in the amyloido-
genic pathway, and modifying their activity might lead to an alteration
of pathological AS production. We saw a reduction of Bacel and Psen1
in APP Kl male mice treated with the multi-medication diet 1 com-
pared to their control group (Figure 5L), whereas no differences were
found in female mice (Figure 5M). The same genes were also analyzed
in monotherapy-treated cohorts, but when the drugs were adminis-
tered alone, we did not observe any significant change in APP Kl groups
of either sex (Figure S3K-R).

3.6 | Combination 1 modifies the expression levels
of homeostatic and reactive microglia in the
hippocampus of APP Kl male but not female mice

Given the key role of microgliain amyloid pathology, we wanted to eval-
uate whether changes in the levels of microglial markers could support
the observed reduction of Aj plaques in Combination 1-treated male
mice. As expected, due to the extensive amyloid deposition, the lev-
els of homeostatic and phagocytic microglial markers Tmem119, Aif1,
Trem2, and Clec7a were increased in the hippocampus of APP Kl male
mice compared to WTs (Figure 6A-E). Of interest, Combination 1 treat-
ment lowered Tmem119 and Aif1 in APP K| male mice to the level of
WTs (Figure 6A and B), and decreased Clec7a (Figure 6E). We also mea-
sured some other markers for immune activation and inflammatory
responses, such as CDé8, Ifit3, and Irf7, which were also upregulated in
APP Kl male mice, without a significant effect induced by the multiple-
drug regimen (Figure 6F-H). The reduction of Tmem119, Aif1, and Clec7
by Combination 1 in APP Kl male mice was sex-specific, as we did not
find any relevant changes in the expression of those genes in APP KI
female mice (Figure 6J-Q), in line with the fact that treated females did

Tukey’s multiple comparison test: APP ctrl vs APP cita p = 0.0056). (C) Latency to fall off the rotor measured in the three trials of Rotarod test.
Repeated-measures two-way ANOVA, effect of group, F = 2.29, p = 0.0742, followed by Tukey’s multiple comparison test: APP ctrl vs APP cita in
Trial 3p=0.0061. (D-F) The same test parameters as for males in A-C were analyzed in female mice from Cohort 3. (D) Repeated-measures
two-way ANOVA, effect of group, F=13.17, p < 0.0001, followed by Tukey’s multiple comparison test: WT vs APP ctrl at 10, 20, and 30 min
intervals, p=0.0027, p = 0.0042, and p = 0.0326, respectively; WT vs APP cita at 10- and 20-min intervals, p < 0.0001, and at 30 min interval
p=0.0007, respectively; APP ctrl vs APP meto at 20 min interval p = 0.0075. To the right, representative pattern of movements for WT, APP ctrl,
and APP monotherapy female mice. (E) Left plot: one-way ANOVA, F = 10.87, p < 0.0001, followed by Tukey’s multiple comparison test: WT vs APP
ctrl, WT vs APP cita, and APP ctrl vs APP meto p = 0.0073, p < 0.0001, and p = 0.0043, respectively. (G and H) Percentage of exploration time in
open arms of EPM over the total 5 min trial duration in male mice (one-way ANOVA, F = 3.05, p = 0.0272, followed by Tukey’s multiple comparison
test: APP ctrl vs APP cita p = 0.0233), and in female mice. (I and J) Percentage of immobility time in FST test measured in the last 4 min of the
session in male mice (one-way ANOVA, F=2.75,p = 0.0397, followed by Tukey’s multiple comparison test: WT vs APP ctrl p = 0.0294) and in
female mice. (K and L) Percentage of spontaneous alternations calculated in the 5 min trial of the Y maze task in male mice (one-sample t-test,
t=5.63,p=0.0008,t=3.07,p=0.0133,and t = 3.50, p = 0.0067 for WT, APP ctrl, and APP meto groups, respectively) and in female mice
(one-sample t-test, t = 3.44,p = 0.0074, t = 2.49, p = 0.0378 for WT and APP simva groups, respectively). Red dashed line indicates the 50% chance
level. (M and N) Percentage of freezing time during the cue FC test, comparing the time (2 min) before and during acoustic cue delivery, in male
mice (repeated-measures two-way ANOVA, effect of time, F = 137.00, p < 0.0001, followed by Tukey’s multiple comparison test: no sound vs
sound p < 0.0001 for WT and APP cita groups, respectively, and p = 0.0003, p = 0.0013, and p = 0.0001 for APP ctrl, APP meto, and APP simva
groups, respectively) and in female mice (repeated-measures two-way ANOVA, effect of time, F=436.1, p < 0.0001, followed by Tukey’s multiple
comparison test: no sound vs sound p < 0.0001 for all groups). All data are presented as mean + SEM. * p <0.05, ** p < 0.01, *** p < 0.001, ****

p < 0.0001. N = 10 mice per group. Test illustrations were created with BioRender.com. APP, AppNL-G-F/NL-GF knock-in; DI, discrimination index;
EPM, elevated plus maze; FST, forced swimming test; FC, fear conditioning; OF, open field; SEM, standard error of the mean; WT, wild type.
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FIGURE 5 Effects of multi-medication treatments and monotherapies on amyloid pathology in APP Kl male and female mice. Representative
images of immunofluorescent staining in cortico-hippocampal areas from coronal brain slices with anti-AS 82E1 in green and anti-Ibal in red from
APP Kl mice treated with Combination 1 (A and B), or Combination 2 (C and D) of both sexes. White dashed rectangles indicate the regions of
interest (ROIs) used for the quantification analysis. Magnifications of cortical ROls are displayed in the panels in (B) with further enlargement of AS
plaque example from APP ctrl and APP Comb 1 male mice, and in (D) for APP ctrl and APP Comb 2 mice. To the right, the bar plots show the
analysis of A plague number and area from the ROIs (i). Unpaired t-test, t = 2.40,p = 0.0531 and t = 3.41, p = 0.0143 for AB plaque count and area,
respectively, in APP ctrl vs APP Comb 1 male mice. N = 3-4 mice per group. Scale bar =500 um in A and C, and 100 um in B and D. Quantification of
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not show reduction of AB plaques. Ibal and GFAP were also measured
as general markers for microglia and astrocytes, revealing a decreasing
tendency of Ibal levels in APP Kl male mice treated with Combina-
tion 1, which was not seen for GFAP (Figure 6l). In APP Kl female
mice, polypharmacy Combination 1 did not alter Ibal amount, whereas
GFAP further increased in the treatment group compared to the con-
trols (Figure 6R). To determine whether some specific medications
could drive some of the effects caused by Combination 1 on microglia
markers, we ran the same experiments in the brains of monotherapy
cohort animals. We found that neither metoprolol nor simvastatin or
citalopram alone influenced the levels of inflammation-related genes
(Figure S4A-H). GFAP levels were higher in APP Kl male mice treated
with simvastatin than the APP Kl controls (Figure S41). In APP Kl female
mice fed with monotherapies, the marker for homeostatic microglia
P2ry12 was higher in the citalopram than in the control group (Figure
S4L), whereas no other effect was detected in the other single drug
groups (Figure S4J-Q). Although we did not see an effect of Combi-
nation 1 on the levels of Ibal in APP Kl female mice, simvastatin and
citalopram diminished the levels of this protein when administered
alone (Figure S4R). The same western blotting analysis also showed a
reduction of GFAP by simvastatin in APP K| female mice compared to
controls. These results might indicate a sex-specific protective effect
of Combination 1 on neuro-inflammation in male mice, alongside the
observed reduction of amyloid load, which is not visible to the same
extent with the administration of single medications. In female mice,
simvastatin and citalopram showed more effects than in male mice
when administered alone.

A summary of the effects of multi-medication and monotherapy reg-
imens on behavioral and molecular biology outcomes in APP Kl male
and female mice is represented in the heatmaps in Figure 7A and B.

3.7 | Multi-medication therapies alter serum
metabolome differently in APP Kl male and female
mice, with Combination 1 positively modulating
AD-related metabolomic profiles in male mice

To gain further insights into the impact of drug treatments on AD
pathology, we performed targeted metabolomics analysis on the serum

collected from Combinations 1 and 2 mouse cohorts after 8 weeks of

treatment. A total of 309 metabolic features were identified in both
sexes. In male mice, PCA revealed a clear separation of the Combina-
tion 1-treated APP Kl group from the control groups, especially along
the first principal component (PC1, 24.7% of total variance, Figure 8A).
In contrast, WT and APP Kl control groups clustered closely together.
In female mice, we observed a more evident separation by genotype,
as WT and APP Kl control groups were more segregated from each
other, particularly along the PC1 axis (PC1, 22.7% of total variance,
Figure 8B). In this cohort, the Combination 1-treated APP Kl group
lay between the other two, suggesting lower variation between the
treated group and the controls. The evident cluster of samples from
APP Kl male mice administered Combination 1 suggests a stronger
treatment effect by this combination in male than in female mice
(Figure 8A). The analysis of differential metabolites in treated APP Kl
mice compared to APP controls showed that Combination 1 led to a
significant alteration of 40 and 37 metabolites in male and female mice,
respectively (volcano plots, Figure 8C and D). In male mice, 24 metabo-
lites were downregulated by the treatment, and 16 were upregulated.
Among the changed metabolites in male mice, we found serotonin, L-
kynurenine, lysophospholipids, and steroids, such as cholesterol and
beta-sitosterol (Table S2). In contrast, in female mice, a large portion
of metabolites altered by the multi-medication regimen 1 belonged
to carnitines and fatty acids (Table S3). Serotonin, adenosine, and
some metabolites from carnitine and fatty acid groups were commonly
altered in both sexes. Noteworthy, although Combination 1 increased
the levels of carnitines in APP Kl male mice, in female mice this class
was strongly downregulated. We performed MSEA to acquire informa-
tion on potential pathways that could be differently regulated by the
multiple-drug combinations, beyond the individual metabolite changes.
Some of the significantly enriched pathways identified by MSEA in
male mice were gluconeogenesis/glycolysis, purine metabolism, and
tryptophan metabolism (Figure S5A). These processes were not signif-
icantly altered in female mice by the same multidrug diet. The most
enriched pathway in female mice was alpha-linolenic acid and linoleic
acid metabolism (Figure S5B).

In Combination 2 cohorts, PCA did not reveal a clear distinction
between groups by treatment or genotype, especially in female
mice (Figure 8E and F, for male and female groups, respectively). In
male mice, although the WT and APP Kl-treated group appeared

to have a broader distribution along the PC2 axis and were slightly

AB42 TS (soluble) and GS (insoluble) cortical fractions in male and female APP Kl mice treated with Combination 1 (E and F), Combination 2 (G and
H), and monotherapies (I and J), in male mice, one-way ANOVA, F = 6.84, p = 0.0011, followed by Tukey’s multiple comparison test: APP ctrl vs APP
meto and APP ctrl vs APP cita, p = 0.0006 and p = 0.0105, respectively; and in female mice, one-way ANOVA, F = 2.39, p = 0.0862, followed by
Tukey’s multiple comparison test: APP ctrl vs APP cita, p = 0.0473. N = 10 mice per group in Combination 1 and monotherapy cohorts, respectively,
and N = 5 mice per group in Combination 2 cohort. (K) Quantification analysis and representative images of western blot experiments on TS
cortical lysates of APP full length (APP FL) protein in Combination 1 and monotherapy male cohorts. One-way ANOVA, F = 1.57,p = 0.2220,
followed by Tukey’s multiple comparison test: APP ctrl vs APP cita, p = 0.0258. N = 5-10 mice per group. (L and M) Expression of App, Bace1, Psen1,
and Adam10 in the hippocampus of APP K| male and female mice administered Combination 1 (in male mice: one-way ANOVA, for Bacel F = 3.87,
p=0.0399, followed by Tukey’s multiple comparison test: WT vs APP Comb 1, p =0.0535 and APP ctrl vs APP Comb 1, p = 0.0572; and for Psen1,
F=6.73,p=0.0062, followed by Tukey’s multiple comparison test: APP ctrl vs APP Comb 1, p = 0.0045. In female mice: one-way ANOVA, for App
F=8.79,p=0.0030, followed by Tukey’s multiple comparison test: WT vs APP Comb 1, p =0.0021). N = 6-8 per group. All data are presented as
mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001. APP, AppNL-GFNL-GF [nock-in; RO, region of interest; SEM, standard error of the mean; TS,

tris-soluble; GS, guanidine-soluble; WT, wild type.
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separated from each other (PC2, 15.4% of total variance, Figure 8E),
all three groups showed some degree of overlap. We identified a lower
number of differentially regulated metabolites by Combination 2 in
both sexes compared to the previous polypharmacy regimen. In male
mice, 25 metabolites were significantly changed in treated APP KiI
serum samples compared to APP controls (volcano plot, Figure 8G),
including serotonin and lysophospholipids, which were also altered by
Combination 1 in the same sex, together with some metabolites from
nucleosides and fatty acid classes (Table S4). In female mice, only 13
metabolic features were significantly altered by the treatment (vol-
cano plots, Figure 8H), some of which appeared to be shared with male
mice (Table S5). MSEA detected that the purine metabolism pathway
was commonly enriched in both sexes (Figure S5C and D), whereas the
regulation of other pathways, such as aspartate metabolism, was sex-
specific. Despite MSEA analysis identifying several metabolic pathways
modulated by the multiple-drug diets, only a small number reached
statistical significance. We suggest that the relatively limited number
of metabolites analyzed in this study through the targeted approach
may have contributed to lowering the statistical power in the analysis
of enriched pathways. The results from metabolomics analysis indicate
that Combination 1 more significantly affects metabolomic profiles in
male APP KI mice, consistent with the outcomes from cognitive and
molecular biology experiments, whereas Combination 1 showed more

prominent effects in male mice and overall than Combination 2.

4 | DISCUSSION

Polypharmacy is prevalent among older adults and people with
ADRD.%! Although associated with adverse outcomes, medications
frequently used in polypharmacy therapies target dementia risk fac-

tors, offering potential benefits in preventing or mitigating ADRD
disorders. However, no previous experimental study has examined the
effects of polypharmacy in the presence of these conditions. This led
us to investigate how commonly used multiple-drug treatments affect
AD onset and progression in the AppN-GF mouse model, considering
the impact of sex. Our results show that one specific drug combi-
nation (metoprolol, simvastatin, aspirin, paracetamol, and citalopram)
improved some measures of cognitive performance, decreased loco-
motion and anxiety-like behavior, and reduced amyloid plaques in male
mice but did not affect these parameters in female mice. Replacing
metoprolol and simvastatin with enalapril and atorvastatin eliminated
these effects in male mice. In female mice, the substituted combina-
tion reduced anxiety-like behavior but impaired memory performance.
Sex differences were evident not only with drug combinations but
also with monotherapies, and may be attributed to factors such as
pharmacokinetics and pharmacodynamics, including sex-specific drug
interactions, hormonal effects on the brain, variations in receptor dis-
tribution, gene expression, metabolic pathways, and ultimately, disease
pathophysiology. As reported in WT mice, 222345 Combination 1 and
citalopram alone impacted functional and emotional domains, predom-
inantly in male mice. In female mice, citalopram alone did not affect the
OF, EPM, and FST tests. This could be attributed to hormonal fluctu-
ations, which can modulate serotonin receptors. Estrogen affects the
density and function of serotonin receptors, such as 5- HT1A and 5-
HT2A subtypes, which are key targets of selective serotonin reuptake
inhibitors (SSRIs) (like citalopram). As a result, variations in estrogen
levels can lead to differential responses to antidepressant treatments
between male and female mice.*¢ In addition, the expression of sero-
toninreceptor subtypes 5-HT1A and 5-HT2A varies between male and
female mice.*” These considerations highlight the importance of con-
sidering hormonal influences when evaluating therapeutic responses

FIGURE 6

Effects of Combination 1 on the expression levels of glial markers in APP K| male and female mice. (A-H) Expression levels of

Tmem119, Aif1, P2ry12, Trem2, Clec7a, CD68, Ifit3, and Irf7 in the hippocampus of APP Kl male mice treated with Combination 1. (A) One-way
ANOVA, F=13.75, p =0.0002, followed by Tukey’s multiple comparison test: WT vs APP ctrl and APP ctrl vs APP Comb 1, p = 0.0006 and

p =0.0008, respectively. (B) One-way ANOVA, F = 15.46, p = 0.0001, followed by Tukey’s multiple comparison test: WT vs APP ctrl and APP ctrl vs
APP Comb 1, p =0.0005 and p = 0.0008, respectively. (D) One-way ANOVA, F = 27.88, p < 0.0001, followed by Tukey’s multiple comparison test:
WT vs APP ctrl and WT vs APP Comb 1, p < 0.0001 and p = 0.0006, respectively. (E) One-way ANOVA, F = 29.05, p < 0.0001, followed by Tukey’s
multiple comparison test: WT vs APP ctrl and APP ctrl vs APP Comb 1, p < 0.0001 and p = 0.0388, respectively. (F) One-way ANOVA, F = 23.03,

p < 0.0001, followed by Tukey’s multiple comparison test: WT vs APP ctrl and WT vs APP Comb 1, p < 0.0001 and p = 0.0004, respectively. (G)
One-way ANOVA, F = 6.51, p = 0.0070, followed by Tukey’s multiple comparison test: WT vs APP ctrl p = 0.0054. (H) One-way ANOVA, F = 4.69,
p=0.0221, followed by Tukey’s multiple comparison test: WT vs APP ctrl p = 0.0183. () Quantification analysis and representative images of
western blot experiments on TS cortical lysates of Ibal and GFAP proteins in Combination 1 male mice. One-way ANOVA, for Ibal, F=4.18,
p=0.0297, followed by Tukey’s multiple comparison test: WT vs APP ctrl and APP ctrl vs APP Comb 1, p =0.0393 and p = 0.0611, respectively; for
GFAP, F=11.74, p = 0.0004, followed by Tukey’s multiple comparison test: WT vs APP ctrl and WT vs APP Comb 1, p =0.0003, and p = 0.0034,
respectively. (J and Q) Expression levels of Tmem119, Aif1, P2ry12, Trem2, Clec7a, CD68, Ifit3, and Irf7 in the hippocampus of APP Kl female mice
treated with Combination 1. (K) One-way ANOVA, F = 5.68, p = 0.0500, followed by Tukey’s multiple comparison test: WT vs APP ctrl p = 0.0406.
(L) One-way ANOVA, F = 11.06, p = 0.0011, followed by Tukey’s multiple comparison test: WT vs APP ctrl and WT vs APP Comb 1, p = 0.0008 and
p =0.0514, respectively. (M) One-way ANOVA, F = 20.19, p < 0.0001, followed by Tukey’s multiple comparison test: WT vs APP ctrl and WT vs
APP Comb 1, p < 0.0001 and p = 0.0009, respectively. (N) One-way ANOVA, F = 26.86, p < 0.0001, followed by Tukey’s multiple comparison test:
WT vs APP ctrl and WT vs APP Comb 1, p < 0.0001. (O) One-way ANOVA, F = 30.55, p < 0.0001, followed by Tukey’s multiple comparison test: WT
vs APP ctrl and WT vs APP Comb 1, p < 0.0001. (R) Quantification analysis and representative images of western blot experiments on TS cortical
lysates of Ibal protein and GFAP in Combination 1 female mice. One-way ANOVA, for GFAP, F= 11.07, p = 0.0005, followed by Tukey’s multiple
comparison test: WT vs APP Comb 1 and APP ctrl vs APP Comb 1, p =0.0006 and p = 0.0152, respectively. All data are presented as mean + SEM.
N = 6-8 mice per group for qPCR experiments, and N = 4-10 mice per group for WB experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, ****

p < 0.0001. APP, AppNL-G-F/NL-GF [knock-in; ROI, region of interest; SEM, standard error of the mean; -: WT, wild type.
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FIGURE 7 Summary of behavioral and molecular biology outcomes. (A) Representative heatmap summarizing the main changes from the
analysis of behavioral outcomes in male and female cohorts (showed in Figures 2-4 and Figure S2). Arrows indicate significantly increased or
decreased parameters measured in the tests for cognition, locomotion, and anxiety-like behavior, in APP Kl-treated mice vs the APP Kl ctrl or vs
the WT group. (B) Representative heatmap summarizing the main changes from the analysis of molecular outcomes in male and female cohorts
(shown in Figures 5 and 6, and Figures S3 and S4). Arrows indicate significantly increased or decreased levels of A3, APP processing enzymes, and
neuroinflammatory markers in APP Kl-treated mice vs the APP Kl ctrl or vs the WT group. Green and gray rectangles highlight positive and
negative effects of the treatment on the specific outcome. APP, AppNL-GFNL-GF | nock-in; WT, wild type.

in women. Combination 2 (including citalopram, but not metoprolol)
showed minor effects on locomotion. -Blockers such as metopro-
lol can decrease physical activity when given in combinations, likely
related to pharmacokinetic and pharmacodynamic interactions. This
may account for the lack of effects in Combination 2, where metopro-
lol was absent. Metoprolol monotherapy improved cognition in male
mice with no effect on locomotion, consistent with a previous study in
WT aged male mice,*> while having no effect on cognition and improv-
ing locomotion in female mice.*8? The pharmacokinetic interaction,
whereby citalopram can increase the concentration of metoprolol,
may partly explain these differences. Anxiety- and depressive-like
behavior was positively affected by polypharmacy Combination 2,
predominantly in female mice. Blocking the renin-angiotensin sys-
tem components can reduce anxiety- and depressive-like behaviors in
rodents.”>>1 Thus the presence of enalapril in Combination 2 might
contribute to the differential effects shown on anxiety and depres-
sion tasks by this specific multiple-drug diet, which were less evident
in Combination 1. Differences in the metabolism of ACE inhibitors,
driven by sex-specific enzyme regulation,’?>3 may explain our findings
in female mice.

Combination 1 had beneficial effects on spatial and fear-
conditioned learning and memory in APP Kl male mice, whereas
monotherapies had diverse effects. Metoprolol positively affected
male mice, but simvastatin and citalopram did not. The cognitive
improvement by polypharmacy Combination 1 was accompanied by
a reduction of AS plaques in APP Kl male mice. Low-dose aspirin has
been shown previously to ameliorate cognition and decrease amyloid
plaques in AD mice,”* and in patients with AD, aspirin use is associ-
ated with slower cognitive decline®®. Aspirin may have contributed
to the positive effects, although those were lost in Combination 2,

where this compound was still present. Likewise, simvastatin rescues

memory functions in AD rodents>® and differentially affects functional
outcomes in WT mice, depending on age and sex.*’ Simvastatin is
also associated with better cognitive scores in people with demen-
tia than atorvastatin,>* which in mice is shown to induce cognitive
and hippocampal dysregulation.” In our study, simvastatin showed
good outcomes in female mice, while negatively influencing spatial
memory in APP Kl male mice. A reduction in AB42 levels was also
found in the brains of APP Kl male mice treated with metoprolol
and citalopram alone. The role of 3-blockers on amyloid pathology in
AD is contradictory, with recent research showing increased brain
clearance of A8 and tau,”® consistent with our results. On the other
hand, chronic -receptor blockade may potentiate neuroinflammation
in models of amyloidosis.>? A similar decrease in A8 production has
been reported in both healthy individuals and transgenic AD mice
following antidepressant treatment with citalopram, suggesting that
SSRIs may reduce AB42 levels via modulation of APP processing rather
than directly targeting amyloid plaques.®%:61

In line with this hypothesis, Combination 1 reduced f-secretase
(BACE1) and y-secretase (PSEN1) enzyme expression in APP Kl male
but not in female mice, potentially contributing to decreased Ag pro-
duction in male mice. We observed a reduction of the homeostatic
microglial markers Tmem119 and Aif1/Ibal, and the disease-associated
microglial marker Clec7a in male but again not in female mice. The
reduction of these markers might indicate a lower need for activated
microglia, due to the reduction of amyloid burden induced by Combi-
nation 1. The lack of substantial effects by monotherapies in male mice
on microglial signatures could indicate a synergistic effect of the drugs
used in Combination 1.

Unlike in male mice, female APP Kl showed more evident changes
in molecular outcomes when administered monotherapies than multi-

medication diets. Citalopram reduced insoluble AB42 levels, and
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FIGURE 8 Serum metabolomics profiles in APP K| male and female mice treated with multi-medication regimens. (A-B and E-F) PCA of serum
metabolites from male and female WT and APP Kl mice administered Combination 1 or 2. (C-D and G-H) Volcano plot analysis displaying
differentially regulated metabolites in male and female APP Kl mice treated with Combination 1 or 2 vs the respective APP ctrl group. Red and
blue dots indicate significantly upregulated and downregulated metabolites, p < 0.05 and + 1.5 FC (+ 0.58 log2 FC). N = 7-8 mice per group. APP,
AppNLGFNL-GF [nock-in; PCA, principal component analysis; WT, wild type.



EROLI ET AL.

Alzheimer’s &Dementia® | 1sor22

simvastatin and citalopram decreased Ibal and GFAPs in the cortex of
APP KI female mice. Nevertheless, neither multi-medication regimen
reduced amyloid pathology in APP K| female mice, with Combination 2
negatively impacting cognition in this sex. This may suggest the pres-
ence of antagonistic effects between drugs in the multi-medication
treatments.

We conducted metabolomic analysis in WT and APP Kl mice serum
to identify metabolic targets associated with polypharmacy outcomes
in AD pathology. Altered metabolic features showed limited overlap
in treated male and female AD mice, indicating that sex differen-
tially affects metabolic pathways in response to polypharmacy. Some
of them were previously reported to be implicated in AD and with
sex-specific changes.®2-%* However, common metabolite classes, such
as amino compounds like serotonin, fatty acids, and carbohydrates,
were altered in both sexes, to a different extent. PCA did not show
a clear separation by genotype, especially in male mice. This was
observed previously in an early-onset AD mouse model.®® Lysophos-
pholipids play an essential role in neural membrane formation and
signal transduction®®; they have been linked to inflammation and
oxidative stress, and are considered relevant in the context of AD
pathology,®467 with sex-specific alterations.®263 Here, we found a
downregulation of LysoPC and LysoPE metabolites in APP Kl male mice
administered the multi-medications, but not in female mice. Lysophos-
pholipid levels are altered in the brain and periphery during aging
and AD,626347 and its signaling influences microglial activation and
inflammatory responses in neurodegenerative diseases.®® This could
correlate with the changes in microglial markers and the positive find-
ings on amyloid pathology. Of interest, in male APP Kl mice treated
with Combination 1, we found elevated levels of serum kynurenine,
which remained unaffected in female mice. The kynurenine pathway
as part of tryptophan metabolism appears to be lower in women
than men,%8 and dysregulation of the kynurenine signaling is involved
in AD pathophysiology.®? Neuroinflammation can affect kynurenine
metabolism in a sex-specific manner, and activation of the kynurenine
pathway can be neuroprotective.”® An upregulation of the kynurenine
pathway in males could positively correlate with beneficial cognitive
and pathological outcomes. Carnitines were another metabolite class
differentially regulated by our treatments. One of its main functions in
cellular energy metabolism is fatty acids transport into mitochondria
for B-oxidation and energy production. Alteration of these metabo-
lites can lead to impaired brain energy metabolism, negatively affecting
cognitive functions.”! Carnitines are decreased in AD and people
with dementia,’2 and increased levels are associated with improved
cognitive outcomes.”173 Notably, we detected that fatty acids were
upregulated in Combination 1-treated APP Kl male mice, whereas
in treated female mice, both fatty acids and carnitine levels were
decreased. These changes might account for the beneficial effects on
cognition in male mice, which were absent in female mice. Combina-
tion 2 affected far fewer metabolites in APP Kl of both sexes compared
to Combination 1, indicating a lower impact of this regimen on the
metabolome, similar to what was observed in the molecular pathways

related to amyloid pathology.
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This study presents some limitations. The APP K| mouse model
only partially mimics some pathophysiological features of AD pathol-
ogy, primarily reflecting amyloid pathology and lacking other critical
aspects of AD, such as tau pathology and neurodegeneration. This
restricts the interpretation of polypharmacy effects to specific patho-
logical features relevant to this particular model. It is also noteworthy
to mention that the rapid progression of amyloid load in this mouse
model makes it suitable to study specific features of the disease at
a young-adult age, still limiting the possibility of studying the treat-
ments in the context of aging. Another important consideration is
the variability of the behavioral phenotype in APP Kl mice, includ-
ing the onset of cognitive impairment, observed across our cohorts
and in other laboratories.3274 This variability may have influenced
some treatment outcomes. Considering that amyloid pathology is
more pronounced in APP Kl female than male mice,** this may
explain the lack of effects of Combination 1 in female mice, lead-
ing to the hypothesis that female mice might need higher doses or
earlier treatment than male mice to achieve the same effect. How-
ever, monotherapies alone still affected amyloid pathology. Because
of feasibility constraints, we did not test all the polypharmacy com-
pounds as monotherapies. We chose three monotherapies based on
prior literature studies that indicate a potential role in driving the
effects observed with the multi-medication treatments. Finally, this
study did not investigate serum levels of drugs and related metabo-
lites; however, they were analyzed in previous polypharmacy mouse

models.”>

5 | CONCLUSIONS

In conclusion, our study showed for the first time sex-specific effects
of commonly used multiple-drug therapies (by older adults) in the pres-
ence of AD pathology. Our results provide valuable and novel insights
into possible molecular targets and serum biomarkers of polyphar-
macy exposure, which may inform the design of more personalized
drug therapies to enhance therapeutic outcomes and minimize adverse
effects. The serum metabolomics profiling from our study has clin-
ical implications and provides a solid basis for further investigation
of the brain metabolome to identify and validate predictive biomark-
ers for cognitive and metabolic effects related to polypharmacy. This
ultimately offers deeper insights into its impact on both central and
peripheral pathways. Our findings suggest that certain combinations
could be beneficial in preventing or slowing the progression of ADRD,
reinforcing the necessity of understanding sex-specific responses in
developing effective treatments. Future research should also focus on
elucidating the molecular mechanisms driving the sex differences, par-
ticularly in relation to specific pathways affected by polypharmacy,
such as inflammation, synaptic dysfunction, and regulation of seroton-
ergic and cholinergic pathways. Favorable combinations will need to
be validated in clinical studies for their efficacy and applicability in
older adults, to enable the translation of our findings into the clinical

setting.
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