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Abstract

Insights into the role of the gut microbiota are advancing our understanding
of Alzheimer’s disease (AD), which is the most common cause of dementia and
a condition characterized by progressive cognitive decline and pathological
hallmarks such as amyloid beta (AP) plaques and neurofibrillary tangles. The gut
microbiota, composed of diverse microorganisms, influences brain health through
the microbiota—gut-brain axis. This review outlines how alterations in gut microbial
composition and metabolites occur across different stages of cognitive decline.
The microbiota—gut-brain axis mediates interactions between the gut and brain,
influencing neuroinflammation, Af accumulation, tau pathology, and oxidative
stress. Therapeutic strategies targeting gut microbiota, including diet modulation,
probiotics, prebiotics, synbiotics, microbial metabolites, and fecal microbiota
transplantation, have shown potential in improving cognitive function in clinical and
animal studies. Despite these advances, challenges remain in addressing individual
variability, standardization, and long-term safety. Personalized microbiota-based
interventions may provide promising tools for the diagnosis, prevention, and
treatment of AD.

Keywords: Alzheimer’s disease; Gut microbiota; Microbiota—gut-brain axis; Therapeutic
strategies

1. Introduction

With the global population aging, dementia has become a major public health concern.!
Dementia is a clinical syndrome characterized by progressive cognitive and memory
decline that interferes with daily activities.>* It has various underlying causes, depending
on the brain changes involved, with major subtypes* including Alzheimer’s disease
(AD) dementia, vascular dementia, frontotemporal dementia, dementia with Lewy
bodies, and Parkinson’s disease dementia (Figure 1). AD is the most common subtype,
accounting for about 60-80% of dementia cases in people over 65.* In the United States
alone, more than 7 million people live with AD, imposing an estimated economic burden
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of 384 billion USD in 2024.* Mild cognitive impairment
(MCI), a transitional stage before dementia, affects 8-11%
of older adults.” These figures underscore the urgency of
identifying modifiable factors, such as the gut microbiota,
to develop novel strategies for delaying or preventing
cognitive decline.

Amid the growing burden of AD, increasing attention
has focused on the gut microbiota’s role in human health.®”
The human gastrointestinal tract is densely populated by a
diverse community of microorganisms, including bacteria,
archaea, viruses, and fungi, collectively known as the gut
microbiota. These microbes maintain gut barrier integrity,
support immune defenses, and protect against pathogens.
Beyond local effects, the gut microbiota communicates
bidirectionally with the central nervous system (CNS)
via the microbiota-gut-brain axis, influencing brain
development, mood, and cognition. Recent studies
demonstrate its significant impact on nervous system
function, with growing evidence linking it to cognition
and AD mechanisms.® Dysbiosis, involving changes in gut
microbiota composition and function, is associated with

No symptoms but possible
biological changes in the brain

Very mild symptoms that may not
interfere with everyday activities

systemic inflammation® and blood-brain barrier (BBB)
disruption,’® which may worsen neurodegeneration.
In addition, microbial metabolites, such as short-chain
fatty acids (SCFAs) and neurotransmitters, modulate
immune responses and neuronal activity, affecting
cognition through the microbiota-gut-brain axis.!! These
interactions present therapeutic potential in targeting gut
microbiota to restore balance and slow cognitive decline
in AD.

Although associations between gut dysbiosis and AD
have been reported, most studies to date demonstrate
correlations rather than direct causation, and the possibility
of reverse causality or shared confounding factors (e.g., age,
diet, and comorbidities) cannot be excluded. Nevertheless,
understanding the mechanisms by which gut microbiota
influence neuroinflammation and neurodegeneration
remains essential. Building on this context, this review
aims to deepen our insight into the alterations in gut
microbial composition across different stages of cognitive
decline and the roles of microbial metabolites. In addition,
we explore emerging therapeutic strategies targeting the
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Figure 1. Overview of the dementia continuum and different types of dementia. Created with BioRender.com. JIANG, H. (2025) https://BioRender.com/

dwO03crz.
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gut microbiota, including probiotics, prebiotics, synbiotics,
dietary modifications, and fecal microbiota transplantation
(FMT), highlighting their potential to slow or prevent
cognitive decline.

2. Gut microbiota alterations in AD

Clinical studies have increasingly shown that individuals
with AD have altered gut microbiota, with reduced
diversity and shifts in specific bacterial taxa (Table 1).232
For instance, a study of 97 individuals, comprising patients
with AD, MCI, and healthy controls (HC), revealed
notable differences in gut microbiota profiles. AD patients
showed reduced microbial diversity compared to MCI and
HC. Compositionally, the population of Firmicutes was
markedly decreased, while Proteobacteria was enriched in
AD patients. These changes extended to higher taxonomic
levels, with Gammaproteobacteria, Enterobacteriales,
and Enterobacteriaceae progressively increasing from
HC to MCI to AD. Functional analysis based on Kyoto
Encyclopedia of Genes and Genomes pathways revealed
increased modules related to glycan biosynthesis and
metabolism in both MCI and AD groups, while immune-
related pathways were decreased in AD. Importantly,
discriminative models based on predominant microbiota
effectively distinguished MCI and AD from HC (area under
the curve [AUC] = 0.890 and 0.940, respectively), and
also separated AD from MCI (AUC = 0.925)."” Emerging
evidence also suggests that gut microbiota alterations
may appear during the early and even preclinical stages of
AD. In one study of 164 cognitively normal individuals,
which included 49 with early AD biomarkers, distinct
microbial patterns were found in those with preclinical
AD. These differences were linked to amyloid beta (Af)
and tau pathology, as well as a reduced Firmicutes/
Bacteroidetes ratio. When combined with clinical features,
these microbial profiles improved the accuracy of machine
learning models in predicting preclinical AD.? Another
study proposed that gut microbiota, when combined with
plasma Af, could serve as a non-invasive, cost-effective
tool for early AD screening, with an accuracy of 87%.”
With the advancement of next-generation sequencing
technologies, especially shotgun metagenomics, more
comprehensive microbial profiling has become possible.
Most notably, a recent large-scale metagenomic study
involving 476 Chinese participants across five AD stages
provided the most detailed characterization to date.”
The study identified over 70 microbial species with
stage-dependent alterations. Notably, Faecalibacterium
spp., known for producing SCFAs, were elevated in early
AD, potentially modulating neuroinflammation and
neurodegeneration. In contrast, Alistipes, Bacteroides,
and Prevotella spp., associated with inflammation and

neurotransmitter disruption, increased in MCI and AD
stages. Reductions were also found in lactate-producing
Streptococcus, possibly weakening anti-inflammatory
effects. Functionally, over 10% of microbial gene families
were altered, especially those involved in metabolism.
These microbial signatures showed strong diagnostic value
(AUC = 0.80 cross-validation; 0.75 external validation).
Moreover, enrichment of certain opportunistic pathogens,
such as Erysipelatoclostridium  ramosum  (formerly
Clostridium ramosum), has been associated with poorer
cognitive function,* suggesting a potential pathogenic role
in cognitive decline. In addition, microbial metabolites
also exhibit alterations in AD and hold promise as potential
biomarkers. For example, levels of trimethylamine
N-oxide (TMAO), a gut-derived metabolite, are elevated
in the cerebrospinal fluid (CSF) of AD patients and
correlate with CSF markers of amyloid, tau pathology,
and neurodegeneration.** Lipopolysaccharides (LPS) and
amyloid-like microbial proteins have also been implicated
in AD pathogenesis.*® Moreover, SCFAs, including
propionate, butyrate, acetate, valerate, and hexanoate, may
influence disease progression by modulating immune-
inflammatory responses through prostaglandin and T
cell pathways. Altogether, these findings underscore
the intricate relationship between gut microbiota and
brain health in AD, enabling the advancement of novel
diagnostic and treatment strategies directed toward the
microbiota—gut-brain axis. Given the strong influence
of geography, diet, and ethnicity on gut microbiota
composition, cross-population comparisons are essential
to identify universal versus population-specific microbial
biomarkers for AD. Most existing studies focus on single
ethnic groups, such as Chinese or Western cohorts,
limiting generalizability. Dietary habits and environmental
exposures shape microbial profiles differently, which may
affect the reliability of microbiota-based diagnostics across
populations. Therefore, multi-ethnic studies are crucial for
validating consistent microbial signatures and enhancing
the global applicability of gut microbiota in AD prediction
and intervention.

Comparable results have also been observed in animal
models of AD, which generally show reduced microbial
diversity and shifts toward proinflammatory taxa, alongside
a decline in beneficial bacteria, such as Faecalibacterium,
Bifidobacterium, and Lactobacillus (Table 2).** In the study
by Guet al.,* asignificant increase in the relative abundance
of Firmicutes was observed in amyloid precursor protein
(APP)/presenilin-1 (PS1) mice (41% compared to 35%
in wild type [WT]), while the Bacteroidetes was reduced
(54% compared to 60% in WT). These consistent findings
across animal models and human studies strengthen the
evidence that gut microbiota dysbiosis is an early event in
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Table 1. Overview of human gut microbiota alterations associated with healthy controls, mild cognitive impairment, and

Alzheimer’s disease

Author Year Subjects Method Main findings
Cattaneo et al.? 2017 AP* CI (n=40) Quantitative Lower Eubacterium rectale and higher Escherichia/Shigella in
AP~ CI (n=40) polymerase chain Ap* CI subjects compared with HC and AB~ CI groups.
HC (n=10) reaction
Vogt et al.”® 2017 AD (n=25) 16S rRNA sequencing Lower Firmicutes and Bifidobacterium and higher
HC (n=10) Bacteroidetes in AD patients.
Zhuang et al.** 2018 AD (n=43) 16S rRNA sequencing Lower Bacteroidetes and higher Actinobacteria in AD
HC (n=43) patients.
Haran et al."® 2019 AD (n=24) Metagenomics Higher Bacteroides, Alistipes, Odoribacter, and Barnesiella,
HC (n=51) sequencing and lower Lachnoclostridium in AD patients.
Lietal'® 2019 AD (n=30) 16S rRNA sequencing Similar changes in gut bacterial populations in MCI and AD;
MCI (n=30) AD and MCI subjects exhibited higher Escherichia in fecal
HC (n=30) and blood samples.
Liu et al."” 2019 AD (n=33) 16S rRNA sequencing Lower Firmicutes and higher Proteobacteria in AD patients
aMCI (n=32) compared with HC controls.
HC (n=32)
Saji et al.'® 2019 MCI (n=61) 16S rRNA sequencing Higher Bacteroides in MCI individuals.
HC (n=21)
Ling et al.” 2020 AD (n=100) 16S rRNA sequencing Lower Faecalibacterium and higher Bifidobacterium in AD
HC (n=71) patients.
Zhou et al.* 2021 AD (n=60) 16S rRNA sequencing Higher Bifidobacterium, Sphingomonas, Lactobacillus,
HC (n=32) and Blautia, and lower Odoribacter, Anaerobacterium, and
Papillibacter in AD patients.
Zhang et al.”! 2021 MCI (n=75) 16S rRNA sequencing Lower microbial diversity and reduced Faecalibacterium,
HC (n=52) Ruminococcaceae, and Alistipes in MCI individuals.
Guo et al.?? 2021 AD (n=18) 16S rRNA sequencing Lower Bacteroides, Lachnospira, and Ruminiclostridium_9
MCI (n=20) and higher Prevotella in AD patients compared with HC
HC (n=18) controls; Lachnospira was also reduced in MCI individuals
relative to HC controls.
Pan et al.” 2021 MCI (n=22) 16S rRNA sequencing Lower Bacteroidetes and higher Fusobacteria in MCI
HC (n=26) individuals.
Liu et al* 2021 aMCI (n=20) 16S rRNA sequencing Higher Bacteroidetes in aMCI individuals.
HC (n=22)
Jung et al.® 2022 AB* CN (n=18) 16S rRNA sequencing Higher Megamonas, Serratia, Leptotrichia, and Clostridium,
AP~ CN (n=60) and lower CF231, Victivallis, Enterococcus, and Mitsuokella
in AB* CN individuals.
Zhu et al.* 2022 AD (n=83) 16S rRNA sequencing Higher Erysipelatoclostridiaceae, Erysipelotrichales,
MCI (n=125) Patescibacteria, Saccharimonadales, and Saccharimonadia in
HC (n=94) AD and MCI subjects.
Sheng et al.” 2022 AD (n=11) 16S rRNA sequencing Higher Bacteroidetes and lower Firmicutes and
MCI (n=11) Deltaproteobacteria in CN*individuals compared with CN~
CN* (n=32) individuals.
CN~ (n=34)
Kaiyrlykyzy et al.*® 2022 AD (n=41) 16S rRNA sequencing Higher Acidobacteriota, Verrucomicrobiota,
HC (n=43) Planctomycetota, Synergistota, Prevotella, Akkermansia,
and Ruminococcus, and lower Bifidobacterium, Roseburia,
Lactobacillaceae, and Faecalibacterium in AD patients.
Ferreiro et al.” 2023 Preclinical AD Metagenomic Dorea formicigenerans, Faecalibacterium prausnitzii,
(n=49) sequencing Coprococcus catus, and Anaerostipes hadrus were most
HC (n=115) strongly related to preclinical AD individuals.
(Cont'd)
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Table 1. (Continued)

Author Year Subjects Method Main findings

He et al.*® 2023 CI (n=30) 16S rRNA sequencing Lower Lachnospiraceae, Fusicatenibacter, Lachnospiracea_
SCD (n=62) incertae_sedis, and Anaerobutyricum with decreasing
HC (n=35) cognitive ability; higher Rikenellaceae, Alistipes, and

Odoribacteraceae in the CI individuals.

Jia et al.*! 2025 NC (n=63) Metagenomic Higher Faecalibacterium spp. in early-stage AD; increased
SCS (n=82) sequencing Alistipes, Bacteroides, and Prevotella spp. in MCI and AD
SCD (n=90) with more severe cognitive impairment.
MCI (n=119)
AD (n=122)

Fan et al.* 2025 HC (n=320) Metagenomic A total of 59 microbial taxa were related to AD and MCI
MCI (n=119) sequencing biomarkers; species from the same genus, such as Bacteroides

and Ruminococcus, had contrasting effects; Akkermansia
muciniphila was associated with lower amyloid burden.

Abbreviations: AD: Alzheimer’s disease; aMCI: Amnestic mild cognitive impairment; AB: Amyloid beta; CI: Cognitive impairment; CN: Cognitive
normal; HC: Healthy control; MCI: Mild cognitive impairment; SCD: Subjective cognitive decline; SCS: Subjective cognitive symptoms.

Table 2. Overview of gut microbiota dysbiosis in Alzheimer’s disease animal models

Author Year Animals Method Main findings
Shen et al.¥” 2017 APP/PS1 mice 16SrRNA Higher Helicobacteraceae and Desulfovibrionaceae (family level) and Odoribacter
WT mice sequencing and Helicobacter (genus level) in APP/PS1 mice; Prevotella was higher in WT mice.
Zhang et al.*® 2017 APP/PS1 mice 16SrRNA Higher Proteobacteria and Verrucomicrobia in APP/PS1 mice.
WT mice sequencing
Carolin et al.¥ 2017 5xFAD mice  16S rRNA Higher Firmicutes and Clostridium leptum group and lower Bacteroidetes in
WT mice sequencing 5xFAD mice.
Béuerl et al.* 2018 APP/PS1 mice 16SrRNA Higher Proteobacteria and Erysipelotrichaceae in APP/PS1 mice.
WT mice sequencing
Sun et al.*! 2019 P301L mice 16S rRNA Higher Bacteroidetes and lower Firmicutes at the phylum level in P301L mice
WT mice sequencing compared with WT mice after 3 months of age.
Wang et al.*? 2019 5xFAD mice  16SrRNA Higher Bacillota/Bacteroidota ratio in 5XFAD mice.
WT mice sequencing
Chen et al.® 2020 APP/PS1 mice 16SrRNA Higher Proteobacteriaceae, Verrucomicrobiaceae, Bifidobacteriaceae,
WT mice sequencing Erysipelotrichaceae, and Prevotellaceae, and lower Bacteroidaceae and
Rikenellaceae in APP/PS1 mice.
Tan et al.** 2020 Drosophila Gut microbiota Higher Wolbachia and lower gut microbiota diversity in AD flies.
melanogaster  composition analysis
WT controls
Gu et al.® 2021 APP/PS1 mice 16SrRNA Lower SCFA-producer bacteria (Parasutterella and Blautia) and higher Bacillota/
WT mice sequencing Bacteroidota ratio in APP/PS1 mice.
Medina et al.* 2021 3xTg-AD 16S rRNA Lower Actinobacteria in 3xTg-AD mice at 3 months of age.
mice sequencing
WT mice

Abbreviations: AD: Alzheimer’s disease; APP: Amyloid precursor protein; PS1: Presenilin-1; WT: Wild-type.

AD development and may actively contribute to disease
progression. It is critical to interpret these findings with
caution, as the majority of evidence, both across human
studies and preclinical models, demonstrates observational
associations and correlations rather than definitive
causation. The temporal link between alterations in gut
microbiota and the emergence of AD is complex, and the
potential for reverse causality (e.g., AD-related pathological

and lifestyle changes influencing the microbiome) or
confounding by factors, such as diet, medication, and
comorbidities, cannot be excluded. Despite consensus,
both clinical and preclinical studies have shown conflicting
trends. For instance, some studies have noted a reduction
in Bacteroidetes abundance in AD patients,'** while
others have observed an increase.’*** These inconsistencies
likely stem from differences in population characteristics,
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diet, environmental conditions, and sequencing methods,
highlighting the need for standardized, multicenter studies.
Moreover, while reduced microbial diversity is generally
linked to poor health, this is not always the case. Studies
have found that individuals with major depressive disorder
and autism may exhibit greater gut microbial diversity
than HC,* indicating that diversity alone may not reflect
health status. Instead, specific microbial taxa or functional
profiles may play a more decisive role in influencing brain
health and AD risk. In view of this, research should perhaps
focus less on the overall diversity of the gut microbiota
and more on the key microbial signatures that might be
protective or harmful. As evidenced by the growing body
of research summarized in Table 1, multiple microbial
taxa have demonstrated consistent associations with
AD across various studies. For instance, genera such as
Bacteroides (often increased) and Faecalibacterium (often
decreased) are frequently reported. With the advancement
of metagenomic sequencing, species-level signatures are
increasingly being identified. However, it is worth noting
that the establishment of universal microbial biomarkers
remains challenging. The lack of a single consistently
replicated signature across all cohorts chiefly stems from
substantial heterogeneity in study populations (e.g.,
genetics, diet, and geography), the functional redundancy
of the gut ecosystem, and methodological differences in
sequencing and bioinformatic analysis. Therefore, large-
scale, multicenter prospective studies with standardized
methodologies are urgently needed to overcome these
limitations, to definitively elucidate which bacterial species
or community structures are causally linked to cognitive
trajectories, and to translate these findings into targeted
preventive or therapeutic strategies.

3. Microbiota-gut-brain axis and its
dysregulation in AD

3.1. Microbiota-gut-brain axis and bidirectional
communication

The microbiota-gut-brain axis enables complex
bidirectional communication between the gut microbiota,
enteric nervous system, and CNS, involving three
interconnected routes: local neuronal modulation,
systemic circulation, and multiple host-microbe
interactions. Locally, microbial signals, such as gamma-
aminobutyric acid (GABA), primarily produced by
Lactobacillus, could modulate the vagus nerve or act
directly on enteric neurons to influence brain function
and cognition.*® At the systemic level, microbiota-derived
metabolites (e.g., SCFAs and tryptophan derivatives) and
host molecules (e.g., cytokines and hormones) might enter
the bloodstream and reach the brain via the BBB.* Indole
derivatives, such as indolepropionic acid and kynurenines,

have neuroactive and antioxidative properties, modulating
neuronal function and inflammation.” At the interface
level, microbiota interact with gut enteroendocrine cells,
enterochromaffin cells, and mucosal immune cells to
influence the release of neuromodulators, such as serotonin
(5-HT), which activate receptors on neurons and immune
cells, ultimately affecting brain activity via the autonomic
nervous system and the hypothalamic-pituitary-adrenal
axis.”! Together, the local, systemic, and immune-
endocrine pathways of the microbiota-gut-brain axis
illustrate how gut microbiota dynamically influence brain
function and homeostasis. These communication routes
are tightly regulated by the intestinal barriers and BBBs,
which protect the CNS from harmful insults. Disruption
of these barriers or alterations in microbial signaling may
impair neuroimmune balance and neuronal regulation.

3.2. Dysregulation of the microbiota—gut-brain axis
in AD

Growing evidence indicates that gut microbiota dysbiosis
contributes to AD pathogenesis through multiple
interconnected mechanisms, including AP accumulation,
neuroinflammation, oxidative stress, and tau pathology
(Figure 2).

3.2.1. ABaccumulation

According to the well-established Amyloid-Tau-
Neurodegeneration framework, extracellular deposition
of AP is a core pathological marker of amyloid pathology
in AD. AP peptides are generated from the sequential
proteolytic cleavage of the APP, first by P-secretase and
subsequently by y-secretase, yielding aggregation-prone
species, such as AP40 and AP42. These peptides can
oligomerize and form extracellular plaques, contributing
to neurotoxicity and synaptic dysfunction.”*** Microbial
metabolites, notably SCFAs, such as butyrate, and
tryptophan derivatives, influence cerebral Af dynamics.
In AD mouse models, oral administration of butyrate
has been shown to reduce brain AP levels and enhance
cognitive memory performance, with a negative
correlation observed between brain AP deposition and
the levels of butyrate and IL-10.>*** Furthermore, SCFAs,
such as butyrate, propionate, and pentanoate, can inhibit
the formation of AP dimers and trimers, with pentanoate
also impeding the conversion of AP monomers into
fibrils.* This effect may be partly mediated through 5-HT
signaling pathways, as serotonin availability depends
on tryptophan metabolism and serotonin transporter
function.”” Dysbiosis of the gut microbiota can impair
SCFAs’ function and disrupt tryptophan availability,
exacerbating brain AP deposition due to insufficient 5-HT
synthesis in the brain.
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Abbreviations: 5-HT: Serotonin; BBB: Blood-brain barrier; GABA: Gamma-aminobutyric acid; IL: Interleukin; iNOS: Inducible nitric oxide synthase;
LPS: Lipopolysaccharide; NMDA: N-methyl-D-aspartate; SCFAs: Short-chain fatty acids; TLR: Toll-like receptor; TMAO: Trimethylamine N-oxide;

TNEF: Tumor necrosis factor.

3.2.2. Neuroinflammation and barrier dysfunction

Recent research shows that gut microbiota imbalance plays
a critical role in the complex mechanisms of AD, including
chronic neuroinflammation, barrier damage, and immune
responses. A compromised intestinal barrier (“leaky gut”)
allows LPS, TMAO, and other proinflammatory molecules
to enter circulation, triggering systemic inflammation
and BBB dysfunction.®®* This facilitates microglial and
astrocytic activation and sustained cytokine release (e.g.,
interleukin [IL]-1B, IL-6, and tumor necrosis factor
[TNF]-o), which initially promote AP clearance but
prolonged activation of microglia leads to the sustained
release of proinflammatory cytokines, initiating an
inflammatory cascade that damages the BBB barrier,
ultimately resulting in neuronal deterioration and death.
TNEF-o and IL-1P can directly cause synaptic loss through
caspase activation, glutamate toxicity, and complement-
mediated pruning.® In addition, microbial amyloids from
Escherichia coli and Staphylococcus aureus can activate
microglia through the toll-like receptor 2 pathway, leading
to elevated levels of cytokines IL-17A and IL-22, triggering
nuclear factor-kB (NF-kB) signaling and cyclooxygenase-2
activation, inducing inflammatory responses and
phagocytosis, thereby exacerbating brain damage.® It is

well-established that with age, the permeability of the
gastrointestinal mucosa and the BBB increases.”® It has
been hypothesized that in this context of increased barrier
permeability, microbial components (such as amyloids)
could potentially translocate more easily. Crucially, upon
entering the brain, these bacterial amyloids are proposed to
act as potent seeds that directly catalyze the misfolding and
aggregation of endogenous human A through a process
of cross-seeding, thereby accelerating the formation of
toxic oligomers and fibrils.®>** Furthermore, the presence
of bacterial amyloids intensifies neuroinflammation,
establishing a self-perpetuating loop that destabilizes
proteostasis and contributes to AD pathogenesis. While
experimental models support this mechanism, the extent
of its contribution to human AD requires further robust
evidence. However, SCFAs, such as butyrate from the
gut microbiota, could help maintain barrier integrity
and suppress inflammation, supporting their potential
therapeutic role.”

3.2.3. Oxidative stress and mitochondrial dysfunction

There is a reciprocal relationship between oxidative stress
and A aggregation in AD, with each reinforcing the other.*
The gut microbiota significantly influences oxidative
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stress, mitochondrial dysfunction, and neurodegenerative
diseases by producing SCFAs, tryptophan derivatives,
and antioxidants, which protect mitochondrial functions.
Butyrate, an SCFA, activates Nuclear factor erythroid
2-related factor 2 (Nrf2) by inhibiting histone deacetylases
(HDAC) and induces epigenetic modifications of Nrf2
promoters associated with antioxidant responses,
thereby mitigating oxidative stress. Hoyles et al.®
further demonstrated, using an in vitro BBB model with
hCMEC/D3 cells, that propionate activates Nrf2, regulates
redox homeostasis, and reduces the release of reactive
oxygen species, thereby protecting the BBB.*>

3.2.4. Tau pathology and neurofibrillary tangles

Two pathological markers, Tau protein and insoluble
neurofibrillary tangles, are primarily found in the neuronal
axons of the brain. Proinflammatory cytokines elevated by
gut dysbiosis can activate kinases, such as glycogen synthase
kinase-3B and cyclin-dependent kinase 5, promoting
tau phosphorylation.® Tau hyperphosphorylation
and aggregation are also linked to gut dysbiosis,
particularly through microbiota-induced inflammation
in apolipoprotein E (APOE)-sensitive models.” Animal
studies using germ-free or antibiotic-treated models show
that modulation of gut microbiota reduces tau pathology,
suggesting a causal role”® Therapeutic interventions
targeting the microbiota have shown promise in
attenuating tau-related neurodegeneration in preclinical
studies.® While mechanisms remain to be fully elucidated,
these findings highlight the microbiota-gut-brain axis as a
novel target in tau pathology.

In summary, dysregulation of the microbiota-gut-brain
axis contributes to AD by promoting neuroinflammation,
barrier dysfunction, and oxidative stress. Gut microbiota
and their metabolites also influence AP deposition and tau
pathology, key features of AD. This complex bidirectional
communication highlights the important role of gut
microbes in disease progression. Understanding these
interactions may offer new opportunities for microbiota-
targeted therapies to slow or prevent AD.

4, Therapeutics targeted at the gut
microbiota in AD

Given the accumulating evidence that gut microbiota
dysbiosis contributes to AD pathogenesis through
neuroinflammation, amyloid deposition, and barrier
dysfunction, therapeutic strategies targeting the gut
microbiome have emerged as promising avenues to slow
or prevent cognitive decline. These interventions include
dietary modification, prebiotics, probiotics, synbiotics,
FMT, and other approaches (Figure 3).

4.1.Diet

Recent mechanistic evidence further emphasizes the
fundamental role of diet in shaping gut microbiota
resilience. Kennedy et al.”* demonstrated that mice treated
with antibiotics recovered their gut microbial diversity
and function only when fed a balanced, fiber-rich chow
diet. In contrast, a Western-style diet, characterized by
high fat and low fiber, impaired microbiota recovery and
increased vulnerability to Salmonella infection. The study
revealed that an appropriate dietary environment supports
beneficial microbial interactions and metabolic functions,
highlighting diet as a necessary condition for restoring
gut homeostasis and maintaining host health. Through
its influence on gut composition and function, diet plays
a central role in regulating the microbiota-gut-brain axis,
thereby contributing to cognitive health and potentially
mitigating the progression of neurodegenerative diseases.

Several dietary patterns have demonstrated
neuroprotective effects partly through microbiota
modulation. The Mediterranean diet (MD), rich in fruits,
vegetables, whole grains, legumes, nuts, olive oil, and
moderate fish intake, is the most extensively studied.
Meta-analyses report that adherence to MD correlates
with approximately 20% reduced risk of dementia and
improvements in global cognition and memory domains.”
The MD fosters an increase in SCFAs-producing bacteria,
such as Faecalibacterium, which contribute to anti-
inflammatory effects and maintain intestinal barrier
integrity.”” In addition, MD components, such as olive
oil, contain polyphenols that attenuate Af and tau
pathology, reduce oxidative stress, and strengthen BBB
function.” The Dietary Approaches to Stop Hypertension
(DASH) diet emphasizes vegetables, fruits, low-fat dairy,
whole grains, and lean proteins. It reduces vascular risk
factors for dementia and modulates microbiota toward
beneficial taxa, resulting in improved anti-inflammatory
profiles and cognitive function.”” The Mediterranean-
DASH intervention for neurodegenerative delay diet
combines elements of MD and DASH, focusing on brain-
healthy foods. Emerging data indicate its effectiveness
in slowing cognitive decline by enriching beneficial gut
microbiota and enhancing SCFAs production.”® The
ketogenic diet (KD), high in fat and low in carbohydrates,
shifts metabolism to ketone body utilization. A modified
Mediterranean-KD was shown to increase beneficial
SCFAs and alter gut microbiota composition, such as
increasing Akkermansia, in association with improved AD
biomarkers in individuals with MCIL.”” However, there are
also studies presenting opposing viewpoints. Wang et al.”®
reported that KD-related dyslipidemia may negatively
impact AD neuropathology by initiating the formation
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Figure 3. Overview of gut microbiota-targeted interventions in Alzheimer’s disease. Image created by the authors.

Abbreviation: FMT: Fecal microbiota transplantation.

of abnormal neural connectivity in individuals with AD.
Therefore, the use of the KD diet in AD patients should
be approached with caution. Among the various dietary
components, dietary fiber plays a particularly important
role in modulating the gut microbiota and supporting
cognitive health. A diet rich in fiber is associated with
increased gut microbial diversity, promoting microbial
balance and inhibiting pathogenic bacteria.” Fiber in the
diet functions as a nutrient source for beneficial microbes,
stimulating the production of SCFAs and supporting
overall host well-being.®® Through fiber fermentation,
gut acidity increases, supporting the proliferation of
beneficial anaerobes and inhibiting microbes linked to
inflammation.®” In contrast, low-fiber, refined-grain-
rich diets may diminish these benefits, promoting
proinflammatory bacteria, such as Enterobacteriaceae,
and elevating circulating LPS. Increased LPS levels can
induce systemic and neuroinflammation, leading to BBB
impairment and cognitive deterioration.*

In summary, these studies mentioned above primarily
emphasize the advantages of a diet abundant in vegetables
and fruits for individuals with AD. However, the optimal
intake levels of these foods have not yet been established
in the literature. A previous study conducted by our team
examined the basic requirements for fruits and vegetables
and found that consuming a minimum of three servings of
vegetables and two servings of fruits every day may aid in
preventing dementia among older adults.*’ In conclusion,
diet significantly affects the composition of the gut
microbiota, potentially improving neuroprotection.
Overall, a comprehensive mechanistic understanding is
needed to elucidate the complex interactions between
diet patterns, gut microbiota, microbial
metabolites, and their effects on cognitive function
and the progression of AD. Moreover, addressing the
need for personalized diets to accommodate significant
individual variations and maximize therapeutic efficacy
is a critical issue.

various
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4.2. Prebiotics

Prebiotics are currently described as ingredients that are
selectively fermented by gut microbiota, not absorbed in
the digestive tract, and that positively influence the gut
microbiota, thereby benefiting the host’s health.®* Recently,
the effect of prebiotic and protein on muscle in older twins
randomized controlled trial investigated the effects of a
prebiotic supplement on cognition in older adults.* In this
double-blind, placebo-controlled study, 72 participants
aged above 60 received daily prebiotics or a placebo for
12 weeks alongside resistance exercise and branched-chain
amino acid supplementation. Prebiotic supplementation
significantly improved cognitive performance compared to
placebo (B = —0.482; p=0.014), accompanied by increased
abundance of beneficial Bifidobacterium species. This trial
highlights the potential of prebiotics to enhance cognitive
function through modulating gut microbiota in aging
populations. Supporting the clinical finding, animal studies
have demonstrated that prebiotics function as substrates
for microbial fermentation, resulting in the generation
of SCFAs, which are essential for modulating the host’s
immuneresponse by inducing T-cell differentiation. Several
prebiotics have shown direct benefits on brain function.
For example, fructo-oligosaccharides supplementation in
transgenic AD mice increased synapsin-1 expression and
activated the glucagon-like peptide-1 signaling pathway,
leading to improved brain insulin sensitivity and cognitive
function.® Similarly, xylo-oligosaccharides helped restore
BBB integrity, reduced inflammation, and improved
cognition by upregulating tight junction proteins, such as
zonula ocludens-1, and reshaping gut microbiota.®” Ferulic
acid, a plant-derived compound with prebiotic-like effects,
also attenuated neuroinflammation and A burden in AD
mice, possibly via improvement of synaptic plasticity.®
In addition, advances in synthetic chemistry and
bioengineering have enabled the development of designed
prebiotics.® These structures allow targeted fermentation
by beneficial microbes closely linked to human health,
such as Faecalibacterium prausnitzii and Roseburia spp.
Designed prebiotics offer enhanced specificity, structural
consistency, and controllable metabolic outcomes, such
as boosting SCFAs production. These precision tools hold
promise for personalized nutrition or therapeutic adjuncts
in neurodegenerative disease management.

Together, these clinical and preclinical findings
underscore the promising role of prebiotics in modulating
the gut microbiota to improve cognitive function
and counteract neuroinflammation in aging and AD.
However, further research is needed to optimize prebiotic
formulations, dosages, and long-term efficacy in diverse
human populations before widespread clinical application.

4.3. Probiotics and synbiotics

Probiotics are beneficial microorganisms that reside in the
human intestines, which could prevent harmful bacteria
from establishing themselves and boost the body’s immune
response.” Probiotics improve gut microbiota diversity,
maintain intestinal barrier and BBB integrity, reduce
AP, decrease neuroinflammation, increase butyrate-
producing bacteria, such as E prausnitzii, Ruminococcus,
and Clostridium, and enhance cognition.”* They also
modulate oxidative stress in AD neuropathology. In
AP-treated rats, Lactobacillus and Bacillus strains boosted
antioxidant defenses.”” Neuroinflammation also plays a
significant role in this process. Zhu et al.** showed that
Bifidobacterium breve HNXY26M4 improved cognition,
reduced neuroinflammation, restored gut microbiota,
increased SCFAs, and enhanced intestinal barrier in
APP/PS1 mice. Clinical studies also support the benefits:
24-week B. breve Al supplementation improved mini-
mental state examination scores (+ 1.7, p<0.01), as well
as profile of mood states 2™ edition and gastrointestinal
symptom rating scale scores, which suggested that B. breve
Al may enhance cognitive performance and life quality
in elderly populations with MCL* In a randomized
controlled trial involving 130 patients aged 65-88 years,
daily supplementation with B. breve MCCI1274 for
24 weeks resulted in significant improvements in cognitive
function compared to the placebo group. While overall
gut microbiota composition did not change markedly,
probiotic supplementation appeared to suppress brain
atrophy progression, particularly in those with advanced
brain atrophy. These results suggest that B. breve MCC1274
may be beneficial in preventing cognitive decline in MCI
patients.*

Synbiotics are combinations of prebiotics and probiotics
that synergistically promote beneficial gut microbes.®
Arora et al.” reported that a synbiotic formula containing
Acetobacter, Lactobacillus fermentum, Bifidobacterium,
Kluyveromyces, and others in a 4% kefir matrix improved
memory, executive function, and language in humans, while
reducing pro-inflammatory cytokines (IL-12, IL-8, TNF-o)
and enhancing anti-inflammatory responses. In APP/
PS1 mice, Deng et al.®® found that a synbiotic combining
inulin with multiple probiotic strains (e.g., Bacillus
coagulans, Bifidobacterium longum) improved cognition,
reduced AP42 levels, and alleviated inflammation more
effectively than inulin alone. Similarly, Westfall showed
that synbiotics combining Trifolium pratense extract with
probiotics improved survival in Drosophila melanogaster,
outperforming either component alone.” Studies in
APP/PS1 mice also showed that synbiotics corrected
gut dysbiosis, reduced neuroinflammation, and slowed
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disease progression through peroxisome proliferator-
activated receptor pathway activation.'®®'” These findings
suggest synbiotics may offer a more comprehensive
strategy than single-agent approaches in AD prevention
and management. However, clinical evidence remains
scarce. Further research is needed to validate their effects
and clarify whether synbiotics outperform probiotics or
prebiotics alone.

4.4. Microbiota-derived metabolites

Gut microbiota-derived metabolites include amino acid
derivatives (such as tryptophan metabolites, spermidine,
and nicotinamide N-oxide), fatty acid metabolites (such as
butyrate, propionate, and acetate), and other compounds,
such as secondary bile acids, GABA, TMAO, and urolithin
A 1710 Among these metabolite groups, SCFAs, particularly
acetate, propionate, and butyrate, represent one of the
most extensively investigated categories. Current evidence
suggests these compounds mediate their physiological
effects through several distinct molecular mechanisms:
(i) Epigenetic regulation: SCFAs act as broad-spectrum
HDAC inhibitors, with butyrate exhibiting the highest
inhibitory efficiency (~80%) and propionate ~60%.!%>1%
HDAC inhibition increases histone acetylation, loosening
chromatin structure and enhancing transcription factor
access to promoters. This leads to upregulation of genes
involved in neuronal survival, synaptic plasticity, oxidative
stress defense, and cellular homeostasis, which collectively
support cognitive function;”'* (ii) Immunomodulation:
SCFAs  bind to  G-protein-coupled  receptors
(GPR41/FFAR3, GPR43/FFAR2, GPR109A/HCAR?2)
on immune cells, including neutrophils, monocytes,
and lymphocytes.""*!"!  Receptor activation triggers
downstream pathways (Goi, Gog, mitogen-activated
protein  kinases, extracellular  signal-regulated
kinase 1/2, B-arrestin2), inhibits nucleotide-binding
oligomerization domain-, leucine-rich repeat- and pyrin
domain-containing protein 3 inflammasome activation,
promotes differentiation of regulatory T cells, and
reduces proinflammatory cytokines while increasing
IL-10."? These immunomodulatory effects help maintain
systemic and neuroimmune homeostasis, reducing
microglial overactivation and neuroinflammation that
contribute to AD pathology; (iii) Microglial modulation:
Butyrate suppresses microglial overactivation, enhances
synaptic plasticity, and improves cognition in 5xFAD
mice.'” Some studies report SCFAs may also increase
AP deposition through altered microglial phagocytosis,
potentially APOE-dependent;''*'"* (iv) Neurotransmitter
regulation: SCFAs influence neurotransmitter synthesis
through enteroendocrine signaling, enhancing serotonin
(via tryptophan hydroxylase), GABA, dopamine, and

norepinephrine metabolism. These changes impact
cognitive function, supported by SCFA-mediated
improvements in AD models.'®""” Through these
mechanisms, SCFAs play critical roles in neuroprotection
and cognitive function, suggesting that modulating their
levels may represent a targeted therapeutic strategy in AD.
In animal models, oral administration of sodium butyrate
and sodium propionate has been shown to significantly
reduce A accumulation and improve cognitive function in
AD mice.®'"® Supplementation with tauroursodeoxycholic
acid, a secondary bile acid, also improved spatial and
recognition memory while reducing AP deposits in the
brain.""® Conversely, elevated levels of acetate and TMAO
have been associated with greater Af burden and cognitive
decline, suggesting that lowering these metabolites may be
beneficial 2!

Compared with administering live bacteria, modulating
microbiota-derived metabolites may avoid risks, such as
antibiotic resistance, virulence factors, or bloodstream
infections. Nonetheless, while several metabolites have
shown neuroprotective effects in animal studies, robust
clinical trials in humans are still lacking. Further research
is needed to validate their therapeutic potential in AD.

4.5.FMT

FMT is a treatment method designed to restore the balance
and diversity of the gut microbiota.'”? Today, FMT is
used in conditions like Clostridium difficile infection and
inflammatory bowel diseases, and is gaining interest in
neurodegenerative disorders, such as AD,'* based on the
role of gut microbiota in AD pathogenesis.

Animal studies suggest FMT may benefit AD by
restoring microbial balance and regulating SCFAs
production. For example, DAmato et al.'** found that
FMT from aged to young mice impaired spatial memory,
likely due to loss of SCFAs-producing bacteria, such as
Faecalibaculum, Lachnospiraceae, and Ruminococcaceae.
In contrast, FMT in AD mouse models improved
cognition, reduced AP accumulation, and increased
butyrate production.’”'? Recent evidence also reveals
a dose-dependent effect: in 5xFAD mice, FMT given
every other day for 8 weeks improved memory and
reduced AP load, whereas weekly administration showed
minimal benefit. These effects were linked to inhibition
of the toll-like receptor 4/IkB kinase [3/NF-«kB pathway
and lower LPS levels in the colon and hippocampus.'”
However, cognitive improvements declined over time,
suggesting a time-sensitive response. Clinical evidence
is limited to two case reports. One described cognitive
and mood improvements in an 82-year-old man after
receiving FMT from his wife; another reported enhanced

Volume 3 Issue 1 (2026)

76

doi: 10.36922/MI1025310069


https://dx.doi.org/10.36922/MI025310069

Microbes & Immunity

Gut microbiota and Alzheimer’s disease

cognition, microbial diversity, and SCFAs in a 90-year-old
woman post-FMT from a younger donor.'?*'* Overall,
FMT shows promise as a novel AD intervention through
gut microbiota modulation. However, the translational
challenges are substantial, including interspecies
differences in microbiota composition and the difficulty
in selecting optimal donors. Therefore, while FMT holds
promise as a novel intervention for AD, large-scale, well-
controlled clinical trials are urgently needed to evaluate its
efficacy, safety, dose-response relationships, and long-term
outcomes.

4.6. Others

In addition to the aforementioned interventions, recent
studies highlight the potential of exercise and lifestyle
changes in modulating the microbiota-gut-brain axis
and improving cognitive outcomes in AD. Nicolas et al.**
reported that chronic disruption of gut microbiota
using an antibiotic cocktail impaired hippocampal
neurogenesis-dependent behaviors in rats. Notably,
voluntary exercise attenuated these behavioral deficits
and restored adult hippocampal neurogenesis. While
changes in the hippocampal metabolome were not
observed, improvements were linked to alterations in cecal
metabolites, highlighting the critical role of gut microbiota
in brain function and the potential of lifestyle factors, such
as exercise, to counteract dysbiosis-induced impairments.

5. Considerations and implications

The globalrise in the prevalence of AD, alongside challenges
in current diagnostics and uncertain long-term efficacy of
new amyloid-targeting antibodies,””' demands alternative
strategies. Gut microbiota-based targets show promise but
face key obstacles: Microbiota variability influenced by diet,
age, medication, and geography complicates biomarker
standardization; most studies are cross-sectional, so
longitudinal research is needed to confirm causal links
with AD. Developing reliable, non-invasive, and affordable
diagnostic tools requires standardized sample handling.
The complex bidirectional host-microbiota interactions
remain underexplored, limiting precise interventions.
Comorbidities and medications further confound results.
Variability in sampling and analysis hinders reproducibility
and clinical translation. Although microbial metabolites
hold therapeutic potential, their systemic effects and
delivery require in-depth study. Ethical and regulatory
considerations are crucial, particularly in protecting
vulnerable populations with cognitive impairment during
trials, ensuring informed consent and autonomy. The
long-term safety of interventions, such as FMT, must
be rigorously assessed. Access inequities may worsen
disparities in AD care; collaborative efforts should promote

fair distribution. Safe, effective microbiota-targeted
therapies could slow or reverse cognitive decline, reduce
caregiver and societal burdens, and complement existing
treatments by targeting neurodegeneration mechanisms.
Moreover, microbiota modulation may aid AD prevention,
delaying onset and benefiting public health. Realizing
this requires interdisciplinary collaboration among
neuroscientists, microbiologists, clinicians, regulators, and
patient advocates to design rigorous, safe, and effective
clinical trials and responsibly translate findings.

6. Conclusion

This review underscores the pivotal role of the microbiota—
gut-brain axis in AD, linking gut dysbiosis to key pathological
processes. Therapeutic strategies targeting the gut microbiota
show promising potential in managing and possibly
preventing AD. Future efforts should focus on precise
microbial profiling, personalized interventions, and well-
designed clinical trials to translate these findings into effective
clinical applications. Advancing this field offers hope for
improved diagnosis, treatment, and prevention of AD.
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