Brain and Behavior W I L E Y

Brain and Behavior

Open Access

| ORIGINAL ARTICLE @EEEDD

Antibiotic-Induced Gut Dysbiosis Modulates Alzheimer’s
Disease-Associated Gene Expression and Protein
Aggregation in 3xTg-AD Mice via the Gut-Brain Axis

Edward Jenner Tettevi®>® | David Larbi Simpong* | Mahmoud Maina® | Samuel Adjei® | Elias Asuming-Brempong® |
Mike Y. Osei-Atweneboana’ | Augustine Ocloo!

'Department of Biochemistry, Cell and Molecular Biology, School of Biological Science, Volta Road, University of Ghana, Accra, Ghana | 2West African Centre
For Cell Biology of Infectious Pathogens, School of Biological Science, Volta Road, University of Ghana, Accra, Ghana | 3Council For Scientific and Industrial
Research-Water Research Institute, Biomedical and Public Health Research Unit, Agostinho Neto Road, Council Close, Airport Residential, Accra, Ghana |
“Department of Medical Laboratory Sciences, College of Health and Allied Sciences, University of Cape Coast, Cape Coast, Ghana | >Serpell Laboratory, Sussex
Neuroscience, School of Life Sciences, University of Sussex, Brighton, UK | *Department of Animal Experimentation, Noguchi Memorial Institute for Medical
Research, College of Health Sciences, University of Ghana, Accra, Ghana | 7CSIR-College of Science and Technology, second CSIR Close, Behind Lancaster,
Airport Residential, Accra, Ghana

Correspondence: Edward Jenner Tettevi (ejtettevi@gmail.com)
Received: 10 July 2025 | Revised: 11 September 2025 | Accepted: 16 September 2025
Funding: This research was supported internally by the Council for Scientific and Industrial Research—Water Research Institute, Ghana.

Keywords: 3xTg-AD mice | cholinergic dysfunction | gut-brain axis | neurodegenerative

ABSTRACT

Introduction: Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that poses a major global health challenge
due to its increasing prevalence and lack of effective treatments. Emerging evidence suggests the gut-brain axis may play a pivotal
role in AD pathogenesis. However, causal links between dysbiosis and late-stage AD pathology remain unclear.

Methods: This study evaluated the effects of antibiotic-induced gut dysbiosis in aged 3xTg-AD mice (46-48 weeks). Female
mice were randomly assigned to control or treatment groups and administered a broad-spectrum antibiotic cocktail (ampicillin,
vancomycin, and neomycin) for 14 days. Behavioral tests (Y-maze, elevated plus maze) were performed to assess cognitive and
anxiety-like behaviors. Gut microbiota composition was assessed via 16S rRNA qPCR. Gene expression of Acetylcholinesterase
(AChE), Butyrylcholinesterase (BChE), and Tumor Necrosis Factor-Alpha (TNF-a) was analyzed via qRT-PCR, and cerebral
amyloid-g,_,, and tau protein levels were quantified by ELISA.

Results: Antibiotic treatment induced significant dysbiosis, with > 90% reduction in Firmicutes and Bacteroidetes. Dysbiotic mice
displayed impaired spatial working memory, heightened anxiety-like behavior, and reduced locomotor activity. Molecular analyses
revealed region-specific dysregulation of cholinergic genes: AChE was upregulated in the hippocampus but downregulated in the
cortex, while BChE showed the opposite trend. TNF-a was significantly elevated in both regions, indicating neuroinflammation.
Dysbiosis also led to increased brain levels of amyloid-g,_,, and tau.

Conclusion: Gut microbiome disruption exacerbates late-stage AD pathology, driving cognitive deficits, neuroinflammation,
and hallmark protein aggregation. These findings support the gut-brain axis as a critical modulator of AD and highlight the
microbiome as a potential therapeutic target.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
cited.
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1 | Introduction

Alzheimer’s disease (AD) represents the most prevalent neu-
rodegenerative disorder globally, characterized by progressive
cognitive decline and distinctive neuropathological hallmarks
including amyloid-beta (Af3) plaques, neurofibrillary tau tangles,
and chronic neuroinflammation (Alzheimer 1906; Alzheimer
et al. 1995; Adamu et al. 2024; Bertsch et al. 2023). Despite exten-
sive research, the complex etiology of AD remains incompletely
understood, with emerging evidence implicating the gut-brain
axis as a critical modulator of neurodegeneration (Nasb et al.
2023).

The gut-brain axis encompasses bidirectional communication
networks integrating neural, endocrine, immune, and metabolic
pathways that connect the central nervous system with the enteric
nervous system (Nasb et al. 2023; Alonso-Garcia et al. 2021).
Within this framework, the gut microbiome-comprising tril-
lions of microorganisms residing in the gastrointestinal tract-has
emerged as a key regulator of brain homeostasis and neurological
function (Anand et al. 2022; Garcia-Cabrerizo et al. 2020).

Accumulating evidence demonstrates that gut microbiome
dysbiosis-defined as pathological alterations in microbial com-
munity composition and diversity-correlates with AD progression
and cognitive decline (Nguyen et al. 2023; Sheng et al. 2023;
Dagdeviren and Bozcal 2025). Mechanistically, dysbiosis influ-
ences neurodegeneration through multiple pathways (Zheng
et al. 2023; Liu et al. 2023).

The cholinergic system plays a fundamental role in cognitive
processes, with cholinergic dysfunction representing a well-
established hallmark of AD pathology (Hampel et al. 2018; Jabir
et al. 2018; Spinelli et al. 2025). Acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE), the primary enzymes responsible
for acetylcholine degradation, exhibit dysregulated activity in
AD brains, contributing to cognitive impairment (Berson and
Soreq 2010). Emerging evidence suggests that gut microbiome-
derived metabolites can modulate cholinergic enzyme expression
and activity, potentially linking intestinal dysbiosis to cognitive
dysfunction.

Despite growing recognition of the gut-brain axis in neurode-
generation, the causal relationship between gut dysbiosis and
late-stage AD pathology remains poorly defined. Most previous
studies have focused on early-stage disease models or correlative
associations, leaving critical mechanistic gaps in our understand-
ing of how gut microbiome disruption influences established AD
pathology.

We hypothesized that antibiotic-induced gut dysbiosis would
exacerbate molecular and behavioral hallmarks of AD in aged
3xTg-AD mice through dysregulation of cholinergic pathways,
enhanced neuroinflammation, and accelerated protein aggrega-
tion. To test this hypothesis, we employed a well-characterized
triple transgenic AD mouse model at advanced disease stages
(46-48 weeks) to investigate: (i) causal impact of dysbiosis
on cognitive and anxiety-related behaviors; (ii) region-specific
alterations in cholinergic enzyme gene expression (AChE, BChE);
(iii) neuroinflammatory responses as measured by tumor necrosis

factor-alpha (TNF-a) expression in specific brain regions; and
(iv) changes in AD-associated protein aggregation (Af,_,,, total
tau). This study addresses a critical knowledge gap by estab-
lishing causal mechanistic links between gut dysbiosis and AD
progression in a clinically relevant late-stage disease model. In
this study, we focused on the hippocampus and cortex-brain
regions critically involved in memory, cognition, and AD-related
pathology-due to their established roles in cholinergic signaling,
neuroinflammatory processes, and protein aggregation in AD
(Camara 2020; Braak and Braak 1991; Goschorska et al. 2018; Xing
et al. 2025).

2 | Methods

2.1 | Experimental Design

This study employed a randomized controlled experimental
design using female 3xTg-AD mice to investigate the effects
of antibiotic-induced gut dysbiosis on AD-related molecular
and behavioral parameters. The experimental timeline included
a l4-day antibiotic treatment period, followed by behavioral
assessments and molecular analyses.

2.2 | Animals and Ethical Considerations

Breeding stock of 3xTg-AD mice (Tg[APPSwe, tauP301L]1Lfa
PsenlTM 1Mpm/Mmjax) was obtained from Jackson Laboratory
(Bar Harbor, ME, USA) at 6 weeks of age and acclimatized
for 30 days, and the colony was subsequently expanded at
the Department of Animal Experimentation, Noguchi Memorial
Institute for Medical Research, University of Ghana—Legon. For
this study, female mice aged 46-48 weeks were selected based
on established literature demonstrating that females exhibit more
robust AD pathology and superior survival rates relative to males
at advanced ages (Torres-Lista et al. 2017; Muntsant et al. 2021;
Judd, Winslow et al. 2024). This age range corresponds to late-
stage AD pathology, characterized by established amyloid and tau
pathology with significant cognitive deficits (Oddo et al. 2003).

The animals were group-housed (five per cage) during the study
period, in ventilated steel cages (36 X 20 X 14 cm) containing
autoclaved saw-dust bedding. Environmental parameters were
strictly controlled: 12:12 h light/dark cycle (lights on 7:00 a.m.),
temperature 22-25°C, and relative humidity range between 50%-
70% (Rhodes et al. 2004). Animals received ad libitum access to
standard rodent chow (AGRIFEEDS; 17% protein, 3.68% fat, 3.35%
fiber) and autoclaved water.

Animals were randomly assigned to experimental groups. The
Control Group (n = 5) received a vehicle treatment consisting of
sterile double-distilled water, while the Dysbiosis Group (n = 5)
was treated with an antibiotic cocktail.

All experimental procedures were conducted in accordance with
international guidelines for laboratory animal care and use.
Ethical approval was obtained from the Council for Scientific and
Industrial Research—Animal Care and Use Committee (Protocol
Number: CSIR009/2023).
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2.3 | Gut Microbiome Dysbiosis Induction

Gut microbiome dysbiosis was induced using a validated broad-
spectrum antibiotic cocktail, adapted from established protocols
(Yang et al. 2015; P. Wang et al. 2021; Frohlich et al. 2016).
The treatment consisted of ampicillin (Pokupharma Limited,
Ghana) at a final concentration of 5 mg/mL, vancomycin (Avet
Pharmaceuticals, USA) at 2.5 mg/mL, and neomycin (Advancare
Pharma, USA) at 5 mg/mL.

Fresh antibiotic solutions were prepared daily in sterile double-
distilled water and stored in light-protected containers at 4°C.
Treatments were administered via oral gavage (200 uL volume)
once daily for 14 consecutive days between 8:00 a.m. and
10:00 a.m. to minimize circadian variability. Control animals
received equivalent volumes of sterile double-distilled water
under identical conditions.

2.4 | Gut Microbiome Analysis

Fecal samples were collected 48 h posttreatment completion to
capture peak dysbiosis effects while avoiding acute antibiotic
interference. Collection occurred between 08:00 a.m. and 09:00
a.m. to minimize circadian variations. Fresh fecal pellets were
directly collected into sterile 2 mL Eppendorf tubes, weighed
to 100 mg precision, and immediately preserved in DNA/RNA
Shield solution (Zymo Research, USA). Samples were placed on
ice and stored at —80°C until analysis.

Genomic DNA was extracted using the DNeasy Blood and
Tissue Kit (Qiagen, Germany) following the manufacturer’s
protocols with modifications. Samples were treated with 1%
w/v polyvinylpolypyrrolidone (PVPP; Sigma-Aldrich, Germany)
during lysis to remove PCR inhibitors. DNA concentration and
purity were assessed using NanoDrop One spectrophotometry
(Thermo Fisher Scientific, USA).

Microbial composition and diversity were analyzed using quan-
titative PCR (qPCR) targeting the 16S rRNA, the gold-standard
genetic marker for microbial identification-with taxon-specific
primers detailed in Table 1 (Yang et al. 2015; Yadav et al. 2018).
Reactions were performed in triplicate using the Bio-Rad CFX96
Touch system (BioRad, Germany) under standardized conditions:
initial denaturation at 95°C for 5 min, followed by 40 cycles of
95°C for 15 s and 60°C for 45 s. Cycle threshold (Ct) values were
normalized to universal bacterial 16S rRNA primers (27F/1525R),
and relative abundances calculated using the 2-24Y method.

2.5 | Behavioral Assessments

Behavioral assessments were conducted 72 h post-antibiotic
treatment between 08:00 a.m. and 11:00 a.m. under standardized
environmental conditions (ambient temperature 22°C-25°C, illu-
mination 150 lux). All apparatuses were thoroughly cleaned with
70% ethanol between subjects to eliminate olfactory cues.

The Y-maze consisted of three identical arms (30 cm
length x 10 cm width x 15 cm height) (Garcia and Esquivel
2018) constructed from white Alucobond material and arranged

at 120° angles. Mice with fewer than five total arm entries were
excluded.

Animals were habituated to the testing room for 60 min before
assessment, in individual cages. Each mouse was placed at the
distal end of the starting arm and allowed free exploration for
5 min. Behavior was recorded using overhead digital cameras.
Arm entries were scored when all four paws entered an arm.
Spontaneous alternation percentage was calculated as: (Number
of alternations/(Total arm entries — 2)) x 100, where alternation
was defined as consecutive entries into three different arms
(Garcia and Esquivel 2018).

During the training phase, one arm was blocked for 8 min while
mice explored the two accessible arms. After a 1-h delay, the
barrier was removed and mice were placed in the center with
access to all three arms for 5 min. Time spent in the previously
blocked “novel” arm was compared to “starting” and “familiar”
arms (Kraeuter et al. 2019).

The EPM consisted of two open arms (45 x 10 cm) and two
enclosed arms (45 X 10 X 30 cm) extending from a central platform
(10 x 10 cm), elevated 60 cm above floor level (Jiirgenson et al.
2010).

Mice were placed in the center facing an open arm and recorded
for 5 min. Behavioral parameters included: (i) time spent in
open versus closed arms, (ii) total distance traveled, and (iii)
exploratory patterns analyzed. Recorded data were analyzed
using ToxTrac software v2.61 (Rodriguez et al. 2018; Harini et al.
2024; Souto-Maior et al. 2011). To maintain consistency and
reduce olfactory cues, the maze was cleaned with 70% ethanol
after each mouse was tested, minimizing potential bias (Leo and
Pamplona 2014). Mice performing fewer than four entries into
different arms were excluded from the analysis.

2.6 | Molecular Analyses

Brain tissue harvesting was done as previously described by
Jaszczyk et al. (2022) with slight modification (Jaszczyk et al.
2022). Following behavioral assessments, animals were eutha-
nized via isoflurane overdose. The head of each animal was
disinfected by spraying 70% ethanol to minimize external con-
tamination. A midline incision along the scalp was made using
sterile surgical scissors, exposing the skull. The sides of the skull
were then cut open using surgical scissors to expose the brain.
Care was taken to prevent damage to the brain during this process.
Brains were rapidly extracted and rinsed with ice-cold 1x PBS,
then placed on dry-ice for dissection. Using a surgical scalpel,
each brain was carefully divided into left and right hemispheres.
The left hemisphere was allocated for gene expression analysis,
while the right hemisphere was used for protein quantification.
Under stereomicroscopic guidance, the hippocampus (CA1-CA3)
and cortex (neocortex) were micro-dissected and immediately
preserved in DNA/RNA Shield solution (Zymo Research, USA)
in 1.5 mL Eppendorf tubes and stored in an iced Eppendorf tube
rack at —20°C.

Total RNA was extracted using TRI reagent (Ahmad et al. 2025)
following proteinase K (Bhardwaj et al. 2025) treatment and puri-
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TABLE 1 | 16S rRNA gene-targeted group-specific primers used in this study.

Target group Primer
Bacteroidetes Bac960F
Bacl100R
Firmicutes Firm934F
Firm1060R
Actinobacteria Act664F
Act941R
Candidatus Saccharibacteria Sacl031F
Sac1218R
Deferribacteres Defer1115F
Defer1265R
Verrucomicrobia Verll65F
Verl263R
Tenericutes Ten662F
Ten862R
Betaproteobacteria Beta979F
Betall30R
Epsilonproteobacteria Epsilon940F
Epsilon1129R
Delta-and Gammag877F
Gammaproteobacteria GammalO66R
Universal 926F
1062R
Bacterial 16S rRNA 27F
1525R

Sequence (5'-3')
GTTTAATTCGATGATACGCGAG
TTAASCCGACACCTCACGG
GGAGYATGTGGTTTAATTCGAAGCA
AGCTGACGACAACCATGCAC
TGTAGCGGTGGAATGCGC
AATTAAGCCACATGCTCCGCT
AAGAGAACTGTGCCTTCGG
GCGTAAGGGAAATACTGACC
CTATTTCCAGTTGCTAACGG
GAGHTGCTTCCCTCTGATTATG
TCAKGTCAGTATGGCCCTTAT
CAGTTTTYAGGATTTCCTCCGCC
ATGTGTAGCGGTAAAATGCGTAA
CMTACTTGCGTACGTACTACT
AACGCGAAAAACCTTACCTACC
TGCCCTTTCGTAGCAACTAGTG
TAGGCTTGACATTGATAGAATC
CTTACGAAGGCAGTCTCCTTA
GCTAACGCATTAAGTRYCCCG
GCCATGCRGCACCTGTCT
AAACTCAAAKGAATTGACGG
CTCACRRCACGAGCTGAC
AGAGTTTGATCCTGGCTCAG
AAGGAGGTGWTCCARCC

fied using Direct-zol RNA MiniPrep Kits (Zymo Research, USA).
RNA quality and concentration were assessed via NanoDrop One
Microvolume UV-vis Spectrophotometer (Thermo Fisher Scien-
tific, USA). Complementary DNA (cDNA) synthesis (Ozgiir et al.
2023) was performed using 1 ug total RNA with LunaScript RT
SuperMix (NEB, USA) according to the manufacturer’s protocols.

Gene expression analysis was performed using Luna Universal
gPCR Master Mix (NEB, USA) on a Bio-Rad CFX96 Touch system.
Reactions (20 uL) contained cDNA template (3 uL), gene-specific
primers (0.5 uL each), gPCR master mix (10 uL), and nuclease-free
water (6 uL). Thermal cycling conditions: reverse transcription at
50°C for 10 min, initial denaturation at 95°C for 5 min, followed by
40 cycles of 95°C for 15 s and 60°C for 45 s. Target genes included
AChE, BChE, and TNF-a, with GAPDH (Coulson et al. 2008) as
the reference gene (Table 2).

2.7 | ELISA Detection

Brain tissue homogenates were prepared from right hemisphere
samples. Tissue (100 mg) was homogenized in 1 mL ice-cold 1x
PBS and stored at —20°C overnight to disrupt cell membranes.
Two freeze-thaw cycles were then performed to further disrupt
the cell membranes, and centrifuged to obtain supernatants.

Human-specific AB,_,, and tau kit were used to quantify the
transgenes encoded in the 3xTg-AD mice. Total AS,_,, levels
were measured using the Human Amyloid Beta Peptide 1-42
ELISA Kit (Biomatik Corporation, CA; ECK32566) following
the manufacturer’s protocol with some modifications. Samples
and standards were incubated at 37°C for 120 min, followed by
biotinylated antibody detection and streptavidin-HRP conjuga-
tion. Colorimetric development was measured at 450 nm using
SpectraMax M5 spectrophotometry (Molecular Devices, USA).

Tau protein levels were determined using the Human MAPT
ELISA Kit (Biomatik Corporation, CA; EKF57422). Samples were
incubated on pre-coated plates for 120 min at room temperature,
followed by biotin-labeled antibody incubation (60 min) and
HRP-streptavidin conjugate treatment (30 min). TMB substrate
development was stopped after 20 min at 37°C, and absorbance
was measured at 450 nm using SpectraMax M5 spectrophotome-

try.
2.8 | Statistical Analysis

Sample size was determined based on previous studies using
3xTg-AD mice with similar experimental paradigms, provid-
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TABLE 2 | Target gene specific primers for differential gene expression analysis.

Target Gene Primer (5’-3’) Reference

AChE F = CCTGGATCCCTCGCTGAA Lestaevel et al. (2011)
R = CCTGTGCGGGCAAAATTG

BuChE F = GTTTTCTGCAGTGAGTGACAGGTATT Lestaevel et al. (2011)

R = CAGAATCTGGATGCTGAAGTAGATAA

TNF-a F = GCACAGAAAGCATGATCCG X. Wang et al. (2022)
R = TGAGTGTGAGGGTCTGGGC

GAPDH F = GTTGTCTCCTGCGACTTCA Lee et al. (2019)

R = GGTGGTCCAGGGTTTCTTA

Abbreviations: AChE, acetylcholinesterase; BuChE, butyrylcholinesterase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; TNF-a, tumor necrosis factor-

alpha.
TABLE 3 | Percentage of 16S Taxon-Specific Copy Numbers for Different Phyla between Control and Antibiotics treatment group 14 days
posttreatment.
Percentage of 16S
Percentage of 16S taxon-specific copy
taxon-specific copy number in Log Value in
number in control Log Value in antibiotics treated antibiotics
Phylum group control group group group
Bacteroidetes 20.34 3.01 1.02 0.02
Firmicutes 83.36 4.42 5.00 1.61
Deferribacteres 1.00 0.00 1.00 0.00
Candidatus Saccharibacteria 1.00 0.00 1.00 0.00
Actinobacteria 112 0.11 1.00 0.00
Tenericutes 1.00 0.00 1.00 0.00
Protobacteria 1.20 0.18 1.00 0.00
Verrucomicrobia 1.00 0.00 1.00 0.00

ing adequate power (> 80%) to detect biologically meaningful
differences with a = 0.05.

gPCR data were analyzed using the 2-224Y method with GAPDH
normalization using qRAT software v0.2.0. ELISA data were
fitted using 4-parameter logistic (4PL) modeling with GainData
software. Statistical analyses and plots were performed using
GraphPad Prism v10.0. Between-group comparisons utilized
Student’s t-test, with p < 0.05 considered significant. Data is
presented as mean =+ standard error of mean (SEM).

3 | Results
3.1 | Confirmation of Antibiotic-Induced Gut
Microbiome Dysbiosis

Quantitative analysis of 16S rRNA gene copy numbers demon-
strated significant alterations in gut microbial community struc-
ture following antibiotic treatment (Table 3). The two dominant
phyla in control animals (n = 5), Firmicutes (83.36%) and Bac-
teroidetes (20.34%), exhibited dramatic reductions in the dysbiosis

group to 5.00% and 1.02%, respectively. This represented an
approximate 94% reduction in Firmicutes abundance and 95%
reduction in Bacteroidetes abundance, confirming successful
dysbiosis induction.

Minor phyla, including Deferribacteres, Candidatus Saccharibac-
teria, Actinobacteria, Tenericutes, Proteobacteria, and Verrucomi-
crobia, showed minimal changes, maintaining relatively stable
abundances between 1.00% and 1.20% across both groups. In
contrast, major shifts occurred in the dominant phyla, with log-
transformed abundance data revealing the magnitude of these
changes. The Firmicutes/Bacteroidetes ratio, a key indicator of
gut microbiome health, shifted from 4.10 in controls to 4.90
in dysbiotic animals, indicating severe microbial imbalance.
However, the log-value analysis provided deeper insight into the
underlying microbial dynamics: Firmicutes abundance showed
a significant 2.8-fold logarithmic decrease (from 4.42 to 1.61),
while Bacteroidetes exhibited a more dramatic 3.0-fold logarith-
mic reduction (from 3.01 to 0.02) in dysbiotic animals. These
substantial log-scale reductions indicate not merely proportional
changes but exponential losses in microbial populations, suggest-
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FIGURE 1 | Illustrates cognitive and anxiety-related behavioral impairments in dysbiotic mice. (A) Antibiotic treatment significantly impairs

spontaneous alternation behavior in the Y-maze test compared to controls. Dysbiotic mice show reduced spatial working memory, with data presented as

mean + SEM. Statistical analysis (unpaired ¢-test, n = 5 per group) reveals a highly significant difference (p < 0.0001). (B) Assessment of anxiety-related

behavior on the Elevated Plus Maze shows that dysbiotic animals spend significantly less time exploring open arms compared to controls, indicating

increased anxiety-like behavior (n = 5 per group; p < 0.001). (C) Dysbiotic mice demonstrate a marked preference for closed arms, spending more time

in protected areas than controls, further supporting an anxiety-like phenotype (n = 5 per group; p < 0.0002).

ing profound disruption of the gut ecosystem’s structural integrity
and functional capacity.

3.2 | Behavioral Consequences of Gut Dysbiosis

3.2.1 | Spatial Working Memory Impairment

Y-maze spontaneous alternation analysis revealed significant
cognitive deficits in dysbiotic mice (Figure 1A). Control animals
(n =5) achieved 70% correct alternations, consistent with normal
spatial working memory function. In contrast, dysbiotic mice
demonstrated significantly impaired performance with only 56%
correct alternations (p < 0.0001, ¢t = 12.49, df = 8). The observed
reduction in alternation performance indicates substantial work-

ing memory dysfunction following gut microbiome disruption
(Figure 1A).

3.2.2 | Anxiety-Like Behavioral Phenotype

The elevated plus maze assessment demonstrated that gut
dysbiosis significantly increased anxiety-like behaviors in mice
(Figure 1B,C). Dysbiotic animals (n = 5) exhibited a marked
avoidance of the anxiety-provoking open arms, spending only
half as much time exploring these areas compared to controls
(Figure 1B) (n = 5, 18 vs. 36 s; p < 0.0001, ¢ = 11.34, df = 8).
This anxious phenotype was further confirmed by the reciprocal
pattern in closed arm exploration, where dysbiotic mice showed
significantly longer dwelling times in the safer enclosed areas
(Figure 1C) (282 vs. 264 s; p = 0.0002, t = 6.770, df = 7).
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These behavioral changes indicate that disruption of the gut
microbiome produces a robust anxiety-like state that drives
animals to seek sheltered environments while avoiding open,
exposed spaces.

3.23 | Locomotor Activity Assessment

Analysis of total distance traveled on the EPM revealed significant
variations in locomotor activity between experimental groups.
The control group covered substantially greater total distance
(n = 5, 10,120 millimeter [mm]) compared to the dysbiotic
group (n = 5, 3084 mm), traveling approximately fourfold greater
distance throughout the testing period (p < 0.0001, ¢ = 13.78,
df = 8; Figure 2A).

Specifically, control animals exhibited robust locomotor activity
with consistent movement patterns across the maze compart-
ments. In contrast, dysbiotic animals showed markedly reduced
overall movement and locomotor activity throughout the EPM
apparatus, a change observed following antibiotics-induced gut
microbiota dysbiosis.

The locomotor data indicated that dysbiotic animals spent con-
siderably more time stationary or engaged in minimal movement
behaviors compared to control counterparts. Control animals
demonstrated sustained mobility throughout the 5-min testing
session, whereas dysbiotic animals showed reduced movement
initiation and shorter movement episodes. This approximately
75% reduction in total distance traveled was consistently observed
across individual animals within the dysbiotic group, indicating a
behavioral phenotype associated with gut microbiome disruption.

Behavioral assessment, as assessed by visual tracking, revealed
notable disparities in exploratory patterns between experimental
groups. Mice subjected to antibiotics-induced gut microbiome
dysbiosis exhibited markedly reduced overall exploratory behav-
ior compared to control animals (Figure 2B,C). Specifically,
these mice demonstrate lower exploration across the maze
compartments.

Behavioral assessment revealed significant differences in
exploratory patterns between experimental groups. The dysbiotic
mice demonstrated a marked decrease in exploratory behavior
compared to control animals (Figure 2D). Specifically, these
mice exhibited reduced total distance traveled throughout
the EPM (p < 0.0001, t = 6.914, df = 8). This reduction in
exploratory behavior was consistently observed across the maze
compartments within the dysbiotic group.

3.3 | Region-Specific Gene Expression Alterations
3.3.1 | AChE Expression

AChE gene expression exhibited contrasting patterns between
brain regions (Figure 3A). In the cortex, dysbiotic mice (n = 5)
showed significant downregulation of AChE expression relative
to controls (p = 0.0086, t = 4.463, df = 4). Conversely, hippocampal
AChE expression was dramatically upregulated in dysbiotic
animals (p < 0.0001, t =15.71, df = 4). This bidirectional regulation

suggests region-specific compensatory mechanisms in response
to gut dysbiosis.

3.3.2 | BChE Expression

BChE expression demonstrated an inverse pattern to AChE reg-
ulation (Figure 3B). Cortical BChE was significantly upregulated
in dysbiotic mice (n = 5; 2.8-fold increase; p < 0.0001, t = 59.37,
df = 4), while hippocampal BChE expression was markedly
reduced (p < 0.0001, ¢ = 26.38, df = 7). This reciprocal regulation
pattern between AChE and BChE suggests complex cholinergic
system remodeling following gut microbiome disruption.

3.3.3 | TNF-a Expression

TNF-a expression was consistently upregulated in both brain
regions of dysbiotic animals (n = 5) (Figure 3C). Cortical TNF-
a showed a 3.1-fold increase (p < 0.0001, t = 51.09, df = 4), while
hippocampal TNF-« exhibited an even more pronounced 6.8-fold
elevation (p < 0.0001, t = 115.0, df = 4). The greater magnitude
of hippocampal TNF-a upregulation suggests this region may be
particularly susceptible to dysbiosis-induced neuroinflammation.

3.4 | Protein Aggregation Analysis

3.4.1 | Amyloid-g,_,, Accumulation

ELISA quantification revealed significant increases in cerebral
APB,_4, protein levels following gut dysbiosis (Figure 4A). Con-
trol mice (n = 5) exhibited baseline Af, ,, concentrations of
0.13 ng/mL protein, while dysbiotic animals (n = 5) showed
elevated levels of 0.17 ng/mL protein (p = 0.0332, t = 3.082,
df =4). Thisincrease in AS,_,, accumulation indicates accelerated
amyloid pathology following microbiome disruption.

3.4.2 | Total Tau Protein Elevation

Total tau protein analysis demonstrated dramatic increases in
dysbiotic mice (Figure 4B). Control animals (n = 5) had tau levels
of 0.1 ng/mg protein, while dysbiotic mice (n = 5) exhibited a strik-
ing 3-fold elevation to 0.3 ng/mg protein (p < 0.0001, t = 23.64,
df = 6). This substantial increase in tau accumulation suggests
accelerated tauopathy development following gut microbiome
dysbiosis.

4 | Discussion

The study’s finding of a dramatic 94%-95% reduction in Fir-
micutes and Bacteroidetes following antibiotic treatment aligns
perfectly with current research. Studies have found that dys-
biosis in gut microbiota is linked to AD pathophysiological
changes, such as abnormal brain Af aggregation, inflamma-
tion response, immune dysfunction, and neuronal and synaptic
damage, with significant alterations in the gut microbial com-
position observed in AD, showing increased pro-inflammatory
bacteria and decreased anti-inflammatory bacteria (Liang et al.
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FIGURE 2 | Demonstrates reduced locomotor activity and exploration in dysbiotic mice on the Elevated Plus Maze. (A) Total distance traveled
on the Elevated Plus Maze. Control mice showed significantly greater locomotor activity, covering about four times the distance of dysbiotic mice
during the 5-min test (n = 5/group; mean + SEM; unpaired t-test, p < 0.0001). (B) Representative exploration pattern of the control group. Control
animals displayed distributed movement throughout all maze compartments, indicating normal exploratory behavior. (C) Exploration pattern of the
dysbiotic group. Dysbiotic mice exhibited restricted movement and reduced spatial investigation, reflecting behavioral changes due to gut dysbiosis. (D)
Spatial exploration patterns across EPM areas. Dysbiotic mice consistently explored less across all maze regions compared to controls, demonstrating a
pronounced anxiety-like behavioral phenotype (n = 5/group; p = 0.0001).

2024; D’Argenio et al. 2022; Medeiros et al. 2024). This study Blaser 2024), and this study extends this concept to demonstrate
demonstrates successful dysbiosis induction, providing a robust ~ how acute dysbiosis in aged mice with established AD pathology
experimental model that addresses a critical gap in the field. can accelerate disease progression.

Recent work has proposed that disruption of the normal gut

microbiome in early life leads to a pathological cascade within The three-fold cortical and seven-fold hippocampal increase in
septohippocampal and cortical brain circuits (Ginsberg and TNF-a expression observed in this study provides mechanistic
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FIGURE 3 | Shows region-specific cholinergic and inflammatory

gene dysregulation in dysbiotic mice. (A) Region-specific regulation
of AChE. Dysbiotic mice exhibit significant downregulation of cortical
AChE, while hippocampal AChE is strongly upregulated, implying
distinct compensatory responses to gut microbiome disruption. (B)
Reciprocal regulation of BChE. Cortical BChE is markedly upregulated,
whereas hippocampal BChE is downregulated, highlighting selective
cholinergic remodeling after dysbiosis. (C) TNF-a upregulation. Dysbiotic
animals show a 3.1-fold increase in cortical TNF-a and an even greater 6.8-
fold increase in hippocampal TNF-«, indicating heightened susceptibility
of the hippocampus to dysbiosis-induced neuroinflammation.

validation for the gut-brain inflammatory axis in AD. This finding
strongly supports recent studies emphasizing that gut microbiota
modulates neuroinflammation in AD through crucial factors and
mechanistic underpinnings (Yang et al. 2024; Y. Zhang et al.
2021). The regional specificity of TNF-a upregulation, with the
hippocampus showing greater vulnerability, corroborates clinical
observations where the hippocampus is particularly affected in
AD progression. There is strong increasing evidence supporting a
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FIGURE 4 | Demonstrates increased amyloid-8 and phosphorylated

tau levels in dysbiotic mice. (A) Antibiotic treatment results in a mod-
est but statistically significant increase in amyloid-f; 4, (AB;_4;) levels
compared to controls (n = 5/group), as measured by ELISA (absorbance
at 450 nm; mean + SEM; unpaired t-test, p = 0.0332). (B) Antibiotic
treatment significantly elevates phosphorylated tau (pTau) levels relative
to controls (n = 5/group), as measured by ELISA (absorbance at 450 nm;
mean + SEM; unpaired t-test, p < 0.0001).

role for the gut microbiome in the pathogenesis of AD, including
effects on synaptic dysfunction and neuroinflammation, which
contribute to cognitive decline (Kowalski and Mulak 2019), while
this study provides further data in support of the causal impact of
gut microbiome dysbiosis in exacerbating disease pathology.

The study’s most novel contribution lies in demonstrating region-
specific, reciprocal regulation of cholinergic enzymes following
gut dysbiosis. The cortical AChE downregulation with concurrent
hippocampal upregulation, paired with opposite BChE patterns,
reveals a previously uncharacterized mechanism linking gut
health to cognitive function. This finding fills a significant
knowledge gap, as regulating the gut flora ecological balance
upregulates neurotrophic factor expression (Zou et al. 2024). The
reciprocal cholinergic enzyme regulation suggests sophisticated
compensatory mechanisms that may initially maintain cognitive
function but ultimately contribute to dysfunction when dysbiosis
persists.

The observed increase in Af,_,, and three-fold elevation in total
tau protein directly support the causal relationship between gut
dysbiosis and AD pathological hallmarks. The gut microbiome
has been shown to potentially regulate neuroinflammation in a
variety of neurological conditions, including Multiple Sclerosis,
Parkinson’s disease, and AD (S. Zhang et al. 2024). These protein
aggregation findings are particularly significant because they
demonstrate that gut dysbiosis doesn’t merely correlate with AD
pathology but actively accelerates it.

The reduction observed in Y-maze alternation performance and
marked anxiety-like behaviors in this study provides functional
validation of the molecular changes observed. Recent studies
have explored the relationships between gut microbiota and
specific cognitive domains of AD patients (Chen et al. 2024), and
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this work provides experimental evidence for these clinical obser-
vations. The observed reduction in locomotor activity represents a
particularly striking finding that may reflect the systemic impact
of gut dysbiosis on brain function beyond traditional cognitive
measures.

Our findings provide an interesting counterpoint to those of
Hao et al. (2024), highlighting the complex, context-dependent
influence of the gut microbiome on AD pathogenesis. In
our study, broad-spectrum antibiotic-induced gut dysbiosis in
aged (46-48 weeks) 3xTg-AD mice precipitated marked cogni-
tive decline, pronounced neuroinflammatory responses—most
notably, increased TNF-a expression—and accelerated accumu-
lation of amyloid-f and tau. This sharply contrasts with the results
of Hao et al. (2024), who reported that gut bacterial depletion
in young (3-5 months) APP-transgenic mice attenuated neuroin-
flammation and reduced amyloid burden through mechanisms
involving IL-17a signaling.

Several critical factors may underlie these divergent outcomes.
Foremost among them is the age and disease stage of the exper-
imental animals. While Hao et al. demonstrated that antibiotic-
mediated microbiota depletion confers neuroprotection in young
AD mice, they also observed that the same intervention increased
neuroinflammatory gene expression in aged (24-month-old)
wild-type animals. Our data, derived from late-stage AD mice,
reinforce the notion that the aged brain is particularly vulnerable
to the deleterious effects of gut dysbiosis—potentially reflecting
immunosenescence and the amplification of systemic inflam-
matory signals in the context of advanced neurodegeneration
(Colombo et al. 2021; Erny et al. 2015).

Additionally, differences in genetic background and disease
trajectory (3xTg-AD vs. APP/PS1) may further modulate the
interplay between gut microbiota and central nervous system
pathology, influencing both the baseline immune milieu and the
response to microbial perturbation (Harach et al. 2017; Minter
et al. 2017).

Our results also indicate that gut dysbiosis in aged mice
elicits robust neuroinflammatory responses, as evidenced by
pronounced TNF-a upregulation in both hippocampus and cor-
tex, and accelerates the aggregation of pathological proteins.
By contrast, Hao et al. found that gut bacterial depletion in
young mice suppressed microglial activation and reduced IL-
17a-expressing CD4+ T cells, thereby conferring neuroprotection.
These findings suggest that the immune landscape of the aged
brain is fundamentally altered, resulting in heightened sensitivity
to systemic inflammatory cues from the gut (Hao et al. 2024;
Colombo et al. 2021).

Finally, the resilience and regenerative capacity of the gut
microbiome itself diminish with age, raising the possibility that
antibiotic-induced dysbiosis in older animals leads to persistent
microbial imbalance and chronic immune dysregulation (Erny
et al. 2015).

Collectively, these observations underscore the critical impor-
tance of age, disease stage, and host immune status in deter-
mining the neurobiological consequences of gut microbiome
modulation. Therapeutic strategies targeting the gut-brain axis in

AD must therefore be tailored to the individual’s age and disease
context, and future studies should systematically address these
variables to inform the design of precision microbiome-based
interventions (Hao et al. 2024; Harach et al. 2017; Minter et al.
2017; Colombo et al. 2021; Erny et al. 2015).

The study’s results strongly support recent therapeutic directions
in the field. Recent research on pharmacogenomics and the
gut microbiota has provided a platform for developing novel
approaches to treat AD, with modulation of gut microbiota
through drug interventions offering a promising method of treat-
ing AD. Current research is exploring gut microbiota metabolites
as potential therapeutic targets for AD (Bairamian et al. 2022), and
this study provides the mechanistic foundation supporting such
approaches by demonstrating a causal link between dysbiosis and
AD progression.

4.1 | Study Limitations and Future Directions
Despite the robust findings presented, several limitations of this
study must be acknowledged. First, the small sample size (n = 5
per group) may restrict the statistical power and generalizability
of the results. Second, the exclusive use of female 3xTg-AD mice,
although justified by their more pronounced AD pathology and
survival rates, precludes assessment of potential sex-dependent
effects on gut-brain axis modulation and disease progression.
Additionally, molecular analyses focused on a select panel of
cholinergic and inflammatory markers; broader transcriptomic
profiling would provide a more comprehensive understanding of
the gut-brain axis in AD.

Future studies should aim to increase sample sizes and incor-
porate both sexes to evaluate potential sex-specific responses.
Multi-omics approaches—including comprehensive transcrip-
tomic, proteomic, and metabolomic profiling—would further
elucidate the mechanistic links between gut microbiota alter-
ations and AD progression. These efforts will be essential to refine
our understanding of gut-brain axis dynamics and to inform the
development of targeted interventions for AD.

5 | Conclusion

This study provides evidence that antibiotic-induced gut dysbio-
sis accelerates AD pathology in aged 3xTg-AD mice. Profound
microbial disruption led to significant cognitive and behav-
ioral impairments, marked by reduced spatial memory, height-
ened anxiety-like behaviors, and diminished locomotor activity.
Molecular analyses revealed region-specific dysregulation of
cholinergic enzymes—AChE and BChE—alongside pronounced
neuroinflammatory responses characterized by elevated TNF-a
expression. Furthermore, gut dysbiosis significantly increased
the accumulation of amyloid-5,,, and tau proteins, hallmark
features of AD progression. These findings strongly suggest a
causal mechanistic link between gut microbiome disruption
and the exacerbation of AD, highlighting the gut-brain axis as
a pivotal modulator of neurodegenerative disease. This work
fills a critical gap in the field by demonstrating that acute
microbial imbalance in late-stage AD is sufficient to aggravate
neuropathology and behavioral deficits. Ultimately, the study
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reinforces the therapeutic potential of targeting gut microbiota as
a novel intervention strategy in AD.
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