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Abstract 

Research on gut microbiota in Alzheimer’s disease (AD) has progressed from observa-
tional correlation studies toward investigation of causal relationships in preclinical mod-
els. Human observational studies have reported associations between alterations in gut 
microbiota and the entire spectrum of AD, from the preclinical stage to dementia, and are 
associated with Amyloid-beta (Aβ) deposition, phosphorylated Tau (p-tau) positivity, 
dysregulation of bile acid and short-chain fatty acid (SCFA) metabolism, as well as im-
paired intestinal barrier function. The strongest causal evidence currently derives from 
germ-free or antibiotic-treated animal models, fecal microbiota transplantation (FMT) be-
tween healthy controls and AD patients, and colonization by specific bacterial strains or 
metabolites—interventions that have been shown to modulate Aβ load, tau phosphoryla-
tion, microglial activation, synaptic pruning, and cognitive behavior in animal models. 
Mechanistically, the gut–brain axis in AD has been proposed to integrate four intercon-
nected pathways, with the strength of evidence and the extent of human validation vary-
ing considerably across them: (1) reduced production of SCFA-producing bacteria accom-
panied by upregulation of pro-inflammatory pathways; (2) disruption of intestinal epithe-
lial tight junctions, allowing lipopolysaccharide (LPS) and bacterial toxins to enter the sys-
temic circulation; (3) reprogramming of peripheral and central innate immune systems, 
leading to hyperactivation of microglia and complement-mediated synaptic clearance; 
and (4) global rearrangement of microbial metabolite networks (including SCFAs, bile ac-
ids, tryptophan metabolites, and LPS), has been proposed to collectively regulate Aβ ho-
meostasis, tau pathology, microglial activation, and blood–brain barrier (BBB) integrity. 
Clinically, the evidence base remains uneven: probiotics have been associated with some 
improvements in some inflammatory markers and cognitive measures in small random-
ized controlled trials (RCTs); FMT has been reported in case studies in human AD; mod-
ified ketogenic diets have been associated with cerebrospinal fluid (CSF) biomarkers; and 
molecules such as GV-971 (Sodium Oligomannate) provide proof-of-concept for microbi-
ota-targeted strategies, though independent validation is needed. Overall, gut microbiota 
research in AD has advanced considerably, with animal and human studies suggesting 
that dysbiosis may contribute to AD pathology through immune, metabolic, and barrier-
related pathways, although clinical intervention evidence remains preliminary and re-
quires further validation. 
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1. Introduction 
AD has traditionally been viewed as a neurodegenerative disorder of the elderly; 

however, recent perspectives suggest it may be understood as a complex syndrome in-
volving innate immune dysfunction, metabolic alterations, and environmental-gene inter-
actions [1]. The neuropathological hallmarks of AD include extracellular senile plaques 
formed by β-amyloid deposition, intracellular neurofibrillary tangles composed of hyper-
phosphorylated Tau protein aggregates, accompanied by synaptic loss and neuronal 
death [2]. In recent years, the role of gut microbiota as the human “second genome” has 
become increasingly prominent. Early studies in the 2000s challenged the view that “the 
brain is a sterile organ,” and large-scale metagenomic association studies after 2016 have 
explored the potential link between AD and gut–brain axis dysfunction [3,4]. 

The human gut harbors approximately 1013 to 1014 microorganisms, with the total 
number of genes they encode being approximately 150 times that of the human genome 
[5,6]. These commensal microorganisms continuously engage in bidirectional information 
exchange with the host’s central nervous system through the fermentation of dietary fiber 
to produce SCFAs, modification of host-synthesized bile acids, metabolism of essential 
amino acids such as tryptophan and tyrosine, and release of structural molecules includ-
ing LPS and microbial extracellular vesicles, collectively constituting the core communi-
cation network of the “microbiota–gut–brain axis” [7]. 16S rRNA sequencing studies have 
identified microbial signatures associated with AD, with expansion of pro-inflammatory 
taxa (such as Escherichia/Shigella) and depletion of SCFA-producing bacteria (such as Fae-
calibacterium prausnitzii) commonly reported [8]. However, the causal significance of these 
microbial alterations in neurodegeneration remains an active area of investigation. Germ-
free animal models, FMT, and experimental interventions have provided evidence that 
gut microbiota dysbiosis may influence Aβ pathology, Tau hyperphosphorylation, and 
cognitive outcomes in recipient animals [9,10]. 

Substantial challenges remain in clinical translation. The effects observed in animal 
models, where FMT has been reported to be associated with reduced pathology, have not 
consistently translated into comparable improvements in human AD clinical trials [11]. 
This translational gap may stem from fundamental differences between species in terms 
of gut ecological colonization resistance, immune system developmental status, and brain 
structural complexity. Moreover, current reviews have largely failed to delve into the 
roles of microbiota-derived non-coding RNA trans-kingdom regulation and epigenetic 
reprogramming in AD, emerging areas that, while speculative, may provide novel in-
sights into the translational deadlock. 

This review aims to summarize the current evidence for the gut–brain axis in AD, 
outline four core signaling pathways from the intestinal lumen to the synapse, compare 
preclinical and human studies, and discuss the emerging concept of a “microbiota-neuro-
immune-epigenetic axis” as a theoretical framework for future investigation [12]. We hy-
pothesize that (1) gut microbiota dysbiosis may function as an upstream contributor to 
AD pathogenesis through the four interconnected signaling pathways; (2) the magnitude 
and nature of microbiota-mediated effects may differ substantially between preclinical 
models and human patients, partly due to differences in gut ecological colonization re-
sistance, immune developmental status, and brain structural complexity; and (3) early-
stage microbiota-targeted interventions may have greater potential to modify disease tra-
jectory than late-stage interventions. 



Curr. Issues Mol. Biol. 2026, 48, 1148 3 of 22 
 

https://doi.org/10.3390/cimb48111148 

2. Materials and Methods 
2.1. Review Type and Rationale 

This is a narrative review rather than a systematic review or meta-analysis. A narra-
tive approach was selected because the field of gut–brain axis research in AD spans mul-
tiple disciplines and is characterized by substantial methodological heterogeneity across 
studies, which would preclude a meaningful quantitative synthesis. The narrative format 
allows for the integration of mechanistic hypotheses from preclinical models with obser-
vational and interventional human data, which is the primary objective of this review. 

2.2. Search Strategy 

We searched PubMed and Web of Science databases through December 2025. The 
search terms included combinations of the following keywords: “Alzheimer’s disease” or 
“AD” and “gut microbiota” or “gut microbiome” or “gut–brain axis” or “microbiota–gut–
brain axis” and “short-chain fatty acids” or “SCFAs” or “bile acids” or “tryptophan” or 
“kynurenine” or “lipopolysaccharide” or “fecal microbiota transplantation” or “probiot-
ics” or “gut barrier.” Reference lists of retrieved articles were manually screened for ad-
ditional relevant studies. 

2.3. Inclusion and Exclusion Criteria 

Inclusion criteria: (1) original research articles, systematic reviews, and narrative re-
views with comprehensive literature coverage published in peer-reviewed journals; (2) 
studies investigating the relationship between gut microbiota and AD pathology, cogni-
tive function, or gut–brain axis mechanisms; (3) human studies and animal studies where 
human data were limited. 

Exclusion criteria: (1) conference abstracts, editorials, and non-peer-reviewed litera-
ture; (2) studies not reporting original data or systematic synthesis; (3) studies focused 
exclusively on non-AD neurodegenerative diseases without relevance to AD mechanisms. 

3. From Correlation to Causation: Core Evidence for Gut Microbiota in 
the AD Continuum 
3.1. Microbiota Signatures in the Human AD Continuum 

In the preclinical stage of AD and mild cognitive impairment (MCI), gut microbiota 
perturbations have been reported to often precede significant brain atrophy and dementia 
symptoms (Figure 1) [5]. Cross-sectional studies have shown that the microbial composi-
tion in cognitively normal individuals with positive Aβ positron emission tomography 
(PET) already differs from those who are Aβ-negative, and reductions in microbial diver-
sity have been correlated with the extent of Aβ deposition [13]. Among apolipoprotein E 
(APOE) ε4 allele carriers, dysbiosis has been reported to occur earlier and to be more se-
vere, suggesting that host genetic background and the microbiome interact at the very 
initiation stage of AD [14]. APOE ε4 may modulate the gut microbiome through effects 
on lipid metabolism, bile acid homeostasis, and innate immune responses, potentially cre-
ating a permissive environment for pro-inflammatory taxa expansion; conversely, micro-
bial metabolites may influence APOE expression and function, suggesting a bidirectional 
relationship that warrants further investigation. APOE genotype shapes gut microbial di-
versity, taxonomic composition, short-chain fatty acid production, bile acid metabolism, 
and inflammatory responses; compared with APOE2 and APOE3, APOE4 is consistently 
associated with gut dysbiosis, reduced beneficial microbial taxa, and increased lipopoly-
saccharide sensitivity [15]. 

At the metabolomic level, reduced fecal SCFA concentrations, particularly butyrate, 
have been reported in some AD patient cohorts, while levels of secondary bile acids such 
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as deoxycholic acid (DCA) have been reported to be elevated [16]. Plasma LPS-binding 
protein (LBP), an indirect marker of microbial translocation and gut barrier impairment, 
has been reported to be elevated and associated with a 30% increased risk of AD over 12 
years, independently of IL-6 levels [17]. 

 

Figure 1. Gut–Brain Axis Dynamics in the AD Continuum. This figure illustrates how gut microbi-
ota dysbiosis contributes to the pathogenesis of AD through neural, immune, endocrine, and meta-
bolic pathways. The vagus nerve originates from the brainstem (medulla oblongata) and provides 
bidirectional communication between the CNS and the gastrointestinal tract, with approximately 
80% of fibers being afferent (sensory) and ~20% efferent (motor) [18]. Altered microbial metabolites, 
gut barrier dysfunction, systemic inflammation, and vagal nerve signaling collectively lead to mi-
croglial activation, amyloid-β accumulation, tau pathology, and neurodegeneration. The figure 
highlights the bidirectional communication mechanisms between the gut and the brain, which rep-
resent the core pathological basis of AD progression. 

At the population level, available evidence suggests that the most critical information 
regarding AD-associated microbial changes may not be “whether a particular genus is 
elevated,” but rather that changes tend to occur early, show functional biases, and are 
associated with AD pathology rather than with aging alone, although the cross-sectional 
nature of most studies precludes causal inference and the specific taxa identified are not 
entirely consistent across cohorts. Ferreiro et al. [19], in a cohort of 164 cognitively normal 
elderly individuals, reported that the 49 participants with positive preclinical AD bi-
omarkers already exhibited gut microbial composition different from those without pre-
clinical AD, and this difference was associated with Aβ and tau pathology but not with 
neurodegeneration markers; Jia et al. [20], conducting five-stage fecal shotgun meta-
genomic analysis in 476 Chinese subjects, reported that over 10% of species and gene 
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families changed along the AD course, with cross-validation area under the curve (AUC) 
of 0.80 and external validation performance of 0.75. 

Earlier Chinese cohort studies also provide mutually supporting directional evidence. 
Liu et al. [3] reported that microbiota could distinguish among AD, amnestic MCI, and 
healthy populations; Li et al. [21] further suggested that gut microbial alterations in MCI 
are continuous with those in AD; Guo et al. [22], in a newly diagnosed, minimally inter-
vened population, reported a decrease in potentially protective bacteria such as Bac-
teroides; Khedr et al. [23] also reported a significant association between AD and gut mi-
crobiota dysbiosis. Although the specific bacterial taxa identified are not entirely con-
sistent across studies, it is possible that these changes are not generalizable across popu-
lations but instead reflect host-specific factors including genetics, diet, medication use, 
and geography. Moreover, the cross-sectional design of most studies precludes causal in-
ference, and the observed correlations may be non-causative rather than causal. Therefore, 
these microbial alterations should be interpreted as host-related and correlative, and their 
causal role in AD pathogenesis remains to be established. They collectively suggest an 
ecological shift characterized by (1) reduced fermentative capacity and (2) a shift in the 
inflammatory balance, encompassing both diminished anti-inflammatory signaling and 
enhanced pro-inflammatory signaling—two related but distinct aspects of immune 
dysregulation [23]. 

Verhaar et al. [13] reported associations between microbial differences and CSF pa-
thology. In a cohort of 170 memory clinic patients, microbial composition was associated 
with amyloid and p-tau positivity with modest AUCs of 0.64 and 0.63, respectively. Lower 
abundances of Lachnospiraceae and Roseburia hominis were associated with a higher risk of 
amyloid/p-tau positivity, suggesting SCFA deficiency as a relatively consistent signal 
across studies [24]. 

3.2. Causal Validation: From Animal Models to Human Colonization 

The strongest evidence for a causal role in this field comes from FMT experiments. 
Transplantation of fecal microbiota from AD patients into germ-free mice or antibiotic-
treated young wild-type mice has been reported to induce intestinal barrier impairment, 
reduced hippocampal neurogenesis, Aβ oligomer deposition, and cognitive deficits in re-
cipient mice [25]. Reverse validation has also been reported: transplantation of fecal mi-
crobiota from healthy young donors into aged mice or AD model mice (e.g., amyloid pre-
cursor protein/presenilin 1 (APP/PS1)) has been reported to improve some pathological 
features by restoring SCFA-producing bacteria and modulating the microglial comple-
ment pathway [10]. 

Furthermore, colonization studies with specific pathogenic bacteria provide addi-
tional evidence at the single-strain level. For example, Porphyromonas gingivalis, primarily 
a pathogen of periodontitis, has been reported to colonize the gut after swallowing. Its 
secreted gingipains have been reported to hydrolyze intestinal epithelial tight junctions 
and may cross the BBB, with detection reported in brain tissues of AD patients in some 
studies [26]. More elegantly, curli amyloid fibers produced by laboratory-engineered 
Escherichia coli, although not directly entering the brain, have been reported to induce in-
testinal plasma cells to secrete interleukin-17 (IL-17) via activation of toll-like receptor 1/2 
(TLR2/TLR1) receptors, which eventually cross the BBB and trigger microglia-mediated 
neuroinflammation [27]. 

Studies by Harach et al. [28] with germ-free APP/PS1 mice, Sun and Kim et al. [9,10] 
with healthy microbiota transplantation, and Elangovan et al. [29] with short-course FMT 
in 5xFAD mice demonstrate “plaque-busting” effects; all suggest that Aβ burden, tau 
phosphorylation, neuroinflammation, and behavior may be modified by gut manipula-
tion. Of particular importance is the humanization study by Grabrucker et al. [25]: AD 
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patient donor microbiota was associated with cognitive deficits in recipients that de-
pended on adult hippocampal neurogenesis, significantly shortening the distance be-
tween “population correlation” and “animal causality” (Figure 1). 

4. Four Core Pathways of Gut–Brain Axis-Driven Neurodegeneration 
The AD gut–brain axis is not mediated by a single agent but rather by four highly 

interconnected signal cascade pathways that together constitute the full chain from gut 
ecological imbalance to synaptic demise (Figure 1), potentially amplifying the initial sig-
nal of gut dysbiosis into central nervous system (CNS) damage [5,7]. These four pathways 
are not independent but rather interconnected, collectively contributing to the amplifica-
tion of gut-derived signals into central nervous system pathology. A schematic summary 
of these four core pathways, including their key mediators, affected cell types, and evi-
dence sources (Figure 2).  

 

Figure 2. Circular summary of the four core pathways of gut–brain axis-driven neurodegeneration 
in AD. The figure is a circular diagram divided into four segments, each representing one core path-
way. Sector 1 (top, blue): SCFA depletion and microglial homeostatic instability. Key mediators: 
butyrate, propionate, acetate; HDAC1/3 inhibition; PU.1; triggering receptor expressed on myeloid 
cells 2 (TREM2); APOE. Affected cells: microglia. Evidence source: primarily derived from rodent 
and cell line studies; human validation is limited. Sector 2 (right, orange): Gut barrier disruption 
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and endotoxemia. Key mediators: LPS, zonula occludens-1 (ZO-1), TLR4/CD14, NF-κB. Affected 
cells: intestinal epithelial cells, Kupffer cells, cerebrovascular endothelial cells. Evidence source: pre-
clinical models and human observational associations. Sector 3 (bottom, green): Tryptophan–
kynurenine pathway hijacking. Key mediators: tryptophan, kynurenine, QUIN, KYNA, IDO1. Af-
fected cells: enterochromaffin cells, astrocytes, microglia. Evidence source: animal models and hu-
man correlational data. Sector 4 (left, purple): Bile acid metabolic reprogramming and BBB integrity. 
Key mediators: primary bile acids, UDCA, FXR, TGR5, Claudin-5. Affected cells: hepatocytes, brain 
microvascular endothelial cells. Evidence source: human metabolomics studies and animal models. 
At the center: Gut dysbiosis → AD pathology. Arrows indicate crosstalk between adjacent path-
ways. 

4.1. Pathway One: SCFA Depletion and Microglial “Homeostatic Instability” 

SCFAs—primarily acetate (C2), propionate (C3), and butyrate (C4)—are the major 
end products of anaerobic fermentation of indigestible carbohydrates by gut bacteria. 
They also function as histone deacetylase (HDAC) inhibitors. In AD patients, the abun-
dance of SCFA-producing genera has been reported to be reduced. Multiple cohort stud-
ies have reported that butyrate-producing bacteria—especially Faecalibacterium prausnitzii, 
Roseburia intestinalis, Eubacterium rectale, and Anaerostipes hadrus—are reduced in relative 
abundance in feces of AD and MCI patients compared to cognitively normal controls 
[4,21]. Concurrently, absolute fecal SCFA concentrations have been reported to be de-
creased: in a single cohort, Wu et al. [30] reported a progressive decline in fecal butyrate 
and SCFAs from healthy controls to amnestic mild cognitive impairment (aMCI) and AD. 
This profound SCFA depletion may constitute one of the initiating factors of downstream 
neuroinflammation in the AD gut–brain axis. 

Under physiological conditions, butyrate crosses the BBB via monocarboxylate trans-
porters and accumulates in microglial nuclei [31]. It has been reported to inhibit HDAC1/3, 
maintaining histone acetylation and thus preserving the expression of transcription fac-
tors such as PU.1, which have been associated with microglial homeostatic phenotype [32]. 
When butyrate-producing gut bacteria continuously decrease due to AD-associated 
dysbiosis, fecal butyrate concentrations may decline progressively [30], potentially lead-
ing to HDAC hyperactivation, chromatin accessibility rearrangement in microglia toward 
a pro-inflammatory state resembling “disease-associated microglia” [33], with overex-
pression of TREM2 [34] and APOE, loss of normal synaptic pruning discrimination, and 
aberrant phagocytosis of functional synapses [35,36]. These mechanisms have been 
demonstrated primarily in rodent and cell line studies, whereas direct human validation 
of these intermediate steps is largely absent. Furthermore, propionate has been reported 
to regulate intestinal epithelial immune barrier function via G protein-coupled receptor 
(GPR)s 41/43, and its deficiency may exacerbate intestinal permeability [37]. 

Collectively, SCFA depletion may drive microglial homeostatic instability, which in 
turn can promote tau hyperphosphorylation via impaired synaptic pruning and aberrant 
phagocytosis [30,38]. 

4.2. Pathway Two: Gut Barrier Disruption and Endotoxemia 

The mechanical barrier of the intestinal epithelium is maintained by the tight junction 
protein complex. AD-associated pro-inflammatory taxa (such as Bacteroides vulgatus and, 
under certain conditions, Akkermansia muciniphila ) have been reported to produce metab-
olites that may activate the nuclear factor-kappa B (NF-κB) pathway in intestinal epithelial 
cells, leading to redistribution and degradation of ZO-1 [39]. 

Enriched microbial taxa in the AD gut disrupt the tight junction barrier through mul-
tiple mechanisms. In the initial phase of gut barrier disruption, LPS entering the liver via 
the portal vein is recognized and cleared by Kupffer cells (liver-resident macrophages) 
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within the hepatic sinusoids. In preclinical models, Kupffer cells have been reported to 
possess high endotoxin clearance capacity, normally eliminating approximately 90% of 
portal vein LPS within minutes; this quantitative estimate is derived from a limited num-
ber of animal studies and may not directly translate to human physiology [40]. However, 
under sustained high-concentration LPS stimulation, Kupffer cells may develop endo-
toxin tolerance; although this tolerance may prevent acute liver injury, it may allow LPS 
to enter the systemic circulation, potentially exposing the peripheral immune system to 
low-dose endotoxin [40]. Circulating LPS may bind to TLR4/CD14 complexes on cerebro-
vascular endothelial cells, causing BBB leakage, and may be transported across the BBB 
into the brain parenchyma via adsorptive transcytosis [41]. Once in the brain, LPS has 
been reported to exert synergistic toxicity with Aβ fibers, directly forming complexes with 
Aβ oligomers and reducing Aβ clearance by microglia [34,41]. 

LPS-induced microglial activation may exacerbate tau pathology through inflamma-
tory signaling cascades, linking gut dysfunction to AD neurodegeneration [41]. 

4.3. Pathway Three: Hijacking of the Tryptophan–Kynurenine Metabolic Pathway 

Gut microbiota participate in and regulate tryptophan metabolism. Under normal 
conditions, approximately 95% of tryptophan is metabolized via the kynurenine pathway 
(KP), with only 1–3% metabolized via tryptophan hydroxylase 1/2 (TPH1/TPH2) to gen-
erate 5-hydroxytryptamine (5-HT/serotonin) and melatonin [42]. Under chronic low-
grade inflammation, interferon-γ released by enterochromaffin cells and local immune 
cells has been reported to activate indoleamine 2,3-dioxygenase 1 (IDO1), redirecting tryp-
tophan metabolism away from 5-HT and melatonin production toward generation of neu-
rotoxic quinolinic acid (QUIN) and 3-hydroxykynurenine [42]. 

Peripheral kynurenine can be actively transported across the BBB. Once in the brain, 
QUIN has been reported to act as an N-methyl-D-aspartate (NMDA) receptor agonist, 
causing calcium influx-mediated excitotoxicity; simultaneously, it stimulates astrocytes to 
release more glutamate, forming a vicious cycle. Corresponding to Aβ pathology, these 
metabolites are also potent drivers of Tau hyperphosphorylation. Animal experiments 
suggest that blocking IDO1 activity may restore gut microbial diversity and reduce hip-
pocampal Tau phosphorylation [42]. Pioneering work by Zelante et al. [43] reported that 
indole-3-aldehyde (IAld) produced by Lactobacillus species activates the AhR receptor on 
intestinal type 3 innate lymphoid cells (ILC3), promoting interleukin-22 (IL-22) transcrip-
tion and secretion, which in turn enhances intestinal epithelial barrier function and sup-
presses local inflammation, indirectly reducing IFN-γ-dependent induction of IDO1. Sun 
et al. [38], in a single study using APP/PS1 AD mouse models, further reported that oral 
supplementation with indole-producing Lactobacillus strains (L. reuteri and L. plantarum) 
or direct supplementation with indole-3-propionic acid (IPA) was associated with in-
creased plasma and brain kynurenic acid (KYNA) concentrations, decreased QUIN levels, 
and inhibition of microglial activation and reduction in hippocampal Aβ plaque burden, 
as well as significantly shortened escape latency in the Morris water maze. This finding is 
derived from a single rodent study and requires independent replication. 

Conversely, butyrate produced by Clostridium species has been reported to inhibit 
HDAC activity in intestinal epithelial cells, thereby downregulating IFN-γ-stimulated sig-
nal transducer and activator of transcription 1 (STAT1) phosphorylation and IDO1 tran-
scription, reducing overall KP flux at the source [44]. This may form a negative feedback 
regulatory loop of “butyrate-producing bacteria-IDO1 inhibition-reduced KP flux.” 

QUIN-mediated excitotoxicity and microglial activation may synergistically promote 
tau hyperphosphorylation, providing a mechanistic link between tryptophan metabolism 
and AD pathology [42]. 
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4.4. Pathway Four: Bile Acid Metabolic Reprogramming and BBB Integrity 

Primary bile acids (BAs) synthesized in the liver undergo 7α-dehydroxylation by gut 
microbiota to generate secondary bile acids (e.g., DCA, lithocholic acid (LCA)). In the AD 
spectrum, Lactobacillus and Bifidobacterium species possessing bile salt hydrolase activity 
have been reported to be reduced, while anaerobic secondary bile acid-producing bacteria 
have been reported to be increased [45]. BAs are not merely digestive aids but also signal-
ing molecules that have been reported to regulate host metabolism, energy homeostasis, 
immune responses, and neurological functions through activation of various nuclear and 
membrane receptors [46]. 

BA receptors include the nuclear receptor farnesoid X receptor (FXR/NR1H4) and the 
membrane receptor G protein-coupled bile acid receptor 1 (GPBAR1/TGR5), both of 
which are expressed in peripheral tissues (liver, intestine, brown adipose tissue) and the 
central nervous system (neurons, astrocytes, microglia, cerebrovascular endothelial cells) 
[47]. Multiple independent large-scale metabolomic studies consistently show that BA 
profiles in serum and CSF of AD and MCI patients exhibit significant and reproducible 
quantitative alterations, and these changes are closely associated with core AD bi-
omarkers and neuroimaging indicators [16,45]. Specific gut bacteria capable of 7α-dehy-
droxylation convert primary bile acids into DCA. In animal models of AD, dysbiosis has 
been reported to promote the overproduction of this secondary bile acid. Excess DCA has 
been reported to disrupt intestinal epithelial mitochondrial and plasma membranes, po-
tentially resulting in the loss of barrier integrity and exacerbation of intestinal leakage [48]. 
Meanwhile, after entering the cerebral circulation, DCA has been reported to inhibit oxi-
dative phosphorylation in brain microvascular endothelial cells, reduce expression of the 
tight junction protein Claudin-5, and directly impair BBB integrity [49,50]. Conversely, 
certain primary bile acids such as ursodeoxycholic acid (UDCA) possess mitochondrial 
protective effects, and UDCA content in feces of AD patients is significantly lower than in 
healthy individuals. Current research suggests that characteristic BA profile changes in 
AD patients are “decreased primary BAs, increased secondary BAs, and elevated 
DCA/cholic acid (CA) ratio,” and these changes are independently associated with Aβ 
and Tau biomarkers and neuroimaging atrophy indicators [16,45]. BA profiling, being rel-
atively standardized (targeted LC-MS/MS quantification), holds promise as an auxiliary 
metabolic biomarker for early AD screening and progression monitoring. 

DCA-induced BBB impairment and microglial activation may facilitate tau propaga-
tion and neurodegeneration, connecting bile acid dysmetabolism to AD progression 
[49,50]. 

5. Systematic Comparison Between Animal Models and Human  
Clinical Studies: Bridging the Translational Gap 

Directly extrapolating findings from rodent models to human AD remains a signifi-
cant challenge in this field. Current human AD FMT evidence is limited to individual case 
reports. Hazan reported one case of an 82-year-old AD patient who, after receiving FMT 
from a healthy young donor, showed an improvement in the Montreal Cognitive Assess-
ment (MoCA) score from 18 to 20 within one month; however, this report lacked imaging 
assessment of brain Aβ or Tau and had no placebo control [11]. Ongoing Phase I/II clinical 
trials of FMT for AD (e.g., NCT04842552) have primary endpoints of safety and tolerabil-
ity, with cognitive score improvement serving only as a secondary exploratory endpoint. 
This attenuation of effect size, from substantial plaque reduction reported in animal mod-
els to modest cognitive changes in human reports, may illustrate the translational gap in 
this field. 



Curr. Issues Mol. Biol. 2026, 48, 1148 10 of 22 
 

https://doi.org/10.3390/cimb48111148 

In recent years, observational and interventional studies conducted in AD patients 
and cognitively normal control populations have covered gut microbiota composition, 
markers of intestinal barrier integrity (e.g., zonulin), microbial metabolites (e.g., SCFAs, 
bile acids, KP metabolites), and the impact of probiotic interventions on cognitive function 
and inflammatory markers, with study design limitations also listed (Table 1). 

Table 1. Major evidence and limitations of human clinical studies on the gut–brain axis in AD. 

Study 
Subjects and Sam-

ple Primary Methods Key Findings Major Limitations 

Ferreiro [19] 2023 
164 cognitively nor-
mal elderly, 49 with 

preclinical AD 

Fecal microbial tax-
onomic/functional 

analysis 

Preclinical AD already shows dis-
tinct gut microbial composition; 

changes correlate with Aβ and tau, 
not neurodegeneration markers; 

adding microbial features improves 
classifier performance 

Cross-sectional; can-
not prove causation 

Verhaar [13] 2022 

170 memory clinic 
patients (33 AD, 21 
MCI, 116 subjective 

cognitive decline 
(SCD)) 

16S rRNA + 
CSF/magnetic reso-

nance imaging 
(MRI) biomarkers + 
machine learning 

Amyloid/p-tau prediction AUC 
~0.64/0.63; lower SCFA producers 

associated with amyloid/p-tau pos-
itivity 

Modest predictive 
performance; single-

center 

Jia [20] 2025 
476 Chinese sub-
jects, covering 5-

stage AD pathology 

Shotgun meta-
genomics 

>10% species/gene families change 
along disease course; cross-valida-
tion AUC 0.80, external validation 
AUC 0.75; functional modules out-

perform taxonomy alone 

Fecal-based primar-
ily; requires multi-
center replication 

Liu [3] 2019 
Chinese cohort: AD, 
aMCI, healthy con-

trols 
16S rRNA 

AD and aMCI distinguishable by 
microbial signatures; supports dis-

ease continuum 

Regional cohort; lim-
ited functional-level 

information 

Li [21] 2019 
MCI vs. AD com-

parative study 16S rRNA 
MCI already exhibits gut microbial 
abnormalities similar to AD, sup-
porting early window existence 

Cross-sectional; con-
founded by diet and 

medications 

Guo [22] 2021 
Newly diagnosed 
AD/MCI Chinese 

patients 
Fecal microbiome 

Dysbiosis present in newly diag-
nosed patients; potential protective 

bacteria such as Bacteroides de-
creased 

Limited sample size; 
insufficient functional 

validation 

Mahmoudian-
Dehkordi [16] 2019 

1464 ADNI-related 
subjects 

Plasma bile acid 
metabolomics 

Primary/secondary bile acid ratio 
imbalance, associated with cogni-
tive impairment and MCI-to-AD 

progression 

Cannot distinguish 
microbial vs. hepatic 
metabolic contribu-

tions 

Gao [51] 2023 
MCI vs. normal 

controls 
Fecal SCFA quantifi-

cation 

Fecal SCFAs decreased in MCI and 
correlated with Aβ deposition/in-

flammation 

Still early-stage vali-
dation; requires com-

bined CSF/plasma 
measurements 

Leblhuber [52] 
2018 

20 AD outpatients 
Multi-strain probi-
otic, 4-week inter-

vention 

F. prausnitzii increased, fecal zonu-
lin decreased, Kyn/Trp altered 

No placebo; small 
sample 

Akbari [53] 2016 60 AD patients 
12-week random-
ized double-blind 
probiotic beverage 

Reported mini-mental state exami-
nation (MMSE) and metabolic pa-

rameter improvements 

small sample sizes, 
short intervention du-
rations, and heteroge-

neous outcome 
measures 
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Tamtaji [54] 2019 79 AD patients 
Probiotic + selenium 

RCT 
Cognitive and some metabolic/in-

flammatory markers improved 

Combined interven-
tion makes it difficult 

to isolate microbial 
effects 

Loffredo [55] 2025 40 mild AD patients 

Randomized dou-
ble-blind placebo-
controlled; Esche-
richia coli Nissle 

1917 (ECN) 6 weeks 

Zonulin, LPS, tumor necrosis fac-
tor-alpha (TNF-α), sNOX2-dp de-
creased; mini-mental state exami-

nation (MMSE) improved 

Single-center, small 
sample, short treat-

ment duration 

This disparity has led to a typical “translational paradox”: in some germ-free or an-
tibiotic-treated AD mouse models, FMT has been reported to reduce Aβ plaques, whereas 
preliminary human FMT case reports only show modest stabilization of clinical dementia 
rating-sum of boxes (CDR-SB) scores or improvement in intestinal function, without sig-
nificant plaque regression on imaging [11]. It is important to note that amyloid burden is 
only weakly associated with cross-sectional cognitive performance in humans, whereas 
tau pathology is a stronger and more consistent correlate of cognitive decline [56,57]. Fur-
thermore, anti-amyloid monoclonal antibodies achieve greater amyloid clearance in hu-
mans than the plaque reduction reported for FMT in animal models, yet a recent review 
concluded that amyloid-lowering therapies produced little to no difference in cognitive 
decline compared with placebo [58]. Human FMT evidence remains limited to a case re-
port showing symptomatic cognitive improvement without direct assessment of amyloid 
plaque burden [11]. This comparison substantially tempers the plausibility that a more 
indirect, pleiotropic microbiome intervention could achieve clinically meaningful cogni-
tive benefit in humans. The modest MMSE/MoCA changes reported in Table 1, derived 
from open-label, small-sample, short-duration studies, should therefore be assessed 
against established minimal clinically important difference (MCID) thresholds for cogni-
tive scales in AD [59]. Published MCIDs for the CDR-SB are approximately 0.64–0.98 
points per year in MCI and 1.08–1.63 points per year in mild dementia [59]. The treatment 
effect observed with lecanemab in the CLARITY-AD trial (0.45 points on CDR-SB over 18 
months) falls below these thresholds [60], and a Cochrane review of 17 RCTs (n = 20,342) 
rated the cognitive effects of amyloid-targeting drugs as “trivial” [61]. By analogy, the 
even more modest cognitive changes reported in probiotic and FMT trials in Table 1 likely 
also fall below MCID thresholds, underscoring the need for larger, methodologically rig-
orous trials with MCID-anchored endpoints. 

This may reflect multiple factors, including inter-individual variability in gut ecolog-
ical niche competition and metabolic network adaptability. Animal experiments employ 
standardized same-strain donor–recipient pairing with highly consistent genetic back-
ground and housing conditions, which may yield more consistent colonization outcomes; 
whereas human FMT may face fundamental differences in baseline microbial structure 
and immune status [62]. 

The mismatch in disease stage between animals and humans may also be relevant: 
animal experiments typically administer FMT at early AD pathology stages when the cen-
tral immune microenvironment still exhibits high plasticity; human AD patients are 
mostly enrolled at MCI or dementia stages, by which time chronic inflammatory signals 
may have already influenced phenotype [63]. 

The dimensional mismatch in assessment metrics is another consideration: animal 
core efficacy endpoints are histopathological measures (Aβ plaque area, Tau phosphory-
lation levels, etc.), whereas human primary endpoints are cognitive function scales, and 
the two are nonlinearly mapped. 
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Taken together, this translational gap may be an inevitable consequence of the super-
position of host-microbiota interaction complexity, central pathology irreversibility, and 
interspecies systems biology differences [64]. This suggests that once human AD crosses 
the clinical threshold, microbial interventions may function more through modulation of 
systemic metabolism to provide neurovascular protection rather than directly clearing al-
ready formed dense plaques [62]; future efforts should focus on advancing the interven-
tion window to the preclinical stage, establishing individualized FMT screening systems 
based on donor–recipient functional matching, and using neuroinflammatory and meta-
bolic markers as early efficacy assessment indicators instead of plaque burden. 

6. Current and Emerging Therapeutic Strategies: From Probiotics to  
Precision Microbiome Engineering 

Based on the mechanisms discussed above, intervention strategies targeting the gut–
brain axis are evolving from “probiotic supplementation” toward “modulation of micro-
bial network” (Figure 3) [5]. The evidence from preclinical and clinical studies for current 
major strategies is summarized (Table 2). Among these strategies, dietary pattern modu-
lation serves as the foundational, sustaining driver of microbiome structure, whereas the 
remaining nine strategies function as corrective or adjunctive measures whose durability 
depends on concurrent dietary support. 

Table 2. Evidence hierarchy of gut–brain axis-based intervention strategies for AD. 

Interven-
tion Strat-

egy 

Representative Mo-
dalities/Agents 

Core Mechanisms Preclinical Evi-
dence 

Human Evidence Translational Status 
and Challenges 

Dietary 
Pattern 

Modulation 

Modified ketogenic 
diet, Mediterranean–
DASH intervention 
for neurodegenera-
tive delay (MIND) 

diet 

Ketone body provi-
sion, reduced oxi-
dative stress; in-

crease polyphenol 
intake 

Restores synaptic 
plasticity and im-
proves cognition 
in APP/PS1 mice 

[65] 

CSF Aβ42 improve-
ment observed in 

small trials; cognitive 
benefits heterogene-

ous 

Foundational driver; ef-
ficacy varies with com-

pliance and APOE geno-
type 

Targeted 
Metabolites 

Sodium butyrate, 
propionate, UDCA, 

GV-971 

HDAC inhibition, 
BBB repair, 

GPR109A activa-
tion, microbiota 

modulation 

Reduces Tau and 
Aβ pathology in 

APP/PS1 and 
5xFAD models 

[66] 

GV-971 approved in 
China (Phase III); bu-
tyrate/UDCA limited 
to small exploratory 

studies 

Adjunctive; GV-971 re-
quires more interna-

tional validation; butyr-
ate limited by odor and 

short half-life 

Probiot-
ics/Synbiot-

ics 

Lactobacillus planta-
rum, Bifidobacterium 

breve 

SCFA production, 
competitive patho-
gen exclusion, neu-
rotransmitter mod-

ulation 

Improves cogni-
tion and reduces 
neuroinflamma-

tion in AD mouse 
models [63] 

Modest MMSE and 
inflammatory mark-
ers improvement in 
RCTs; some studies 
under Expression of 

Concern [53] 

Adjunctive; Strain-spe-
cific effects; currently 

adjunctive only 

FMT 
Healthy donor cap-
sules; colonoscopy 

Overall microbial 
ecosystem reset 

Reduces Aβ 
plaques and re-
verses cognitive 
deficits in multi-
ple AD mouse 
models [10,29] 

Limited to case re-
ports and Phase I 

safety trials 

Adjunctive; barriers: do-
nor screening, standard-
ization, long-term safety 

Phage 
Therapy 

Lytic phages target-
ing E. coli 

Precision elimina-
tion of virulence 

factor-bearing bac-
teria 

Lytic phages tar-
geting E. coli have 
been shown to re-

duce 

None 

Adjunctive; Highly 
pathogen-specific; re-
quires pre-treatment 
strain identification 
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neuroinflamma-
tion and improve 
cognition in ex-

perimental mod-
els [67] 

Postbiotics 

Inactivated bacterial 
cells, exopolysaccha-
rides, bacterial com-

ponents 

Immune modula-
tion, TLR antago-

nism 

Anti-inflamma-
tory effects in 

vitro and in some 
animal models 

[68] 

No AD-specific clini-
cal trial data available

Adjunctive; Superior 
safety profile; suitable 
for immunocompro-

mised; AD-specific data 
needed 

Key emerging therapeutic strategies (Figure 3): First, the small-molecule drug GV-
971 (generic name: Sodium Oligomannate), a linear acidic oligosaccharide mixture (mo-
lecular weight range 1–3 kDa) extracted from the brown alga (Ecklonia kurome), is a novel 
AD drug independently developed and approved for marketing in China. Its proposed 
mechanism of action involves remodeling gut microbiota balance, reducing abnormal ac-
cumulation of peripheral branched-chain amino acids, thereby inhibiting amino acid-in-
duced infiltration of Th1 immune cells into the brain and microglia-mediated neuroin-
flammation [48]. However, its Phase III trial reported a high placebo effect differential in 
the Chinese population, and independent validation remains a focus of attention [69]. GV-
971 has generated substantial controversy. The drug was granted conditional approval in 
China in 2019 based on a Phase III trial [69]. But the drug’s mechanism of action has been 
revised multiple times, and the Phase III trial showed an unusual placebo decline. In 2024, 
GV-971 was pulled from production after the manufacturer failed to submit required con-
firmatory clinical trial data to Chinese regulators. The drug’s conditional approval was 
not renewed in August 2025, and Fosun Pharmaceutical subsequently acquired a control-
ling stake in Green Valley with plans to conduct post-marketing confirmatory trials. These 
events underscore the need for independent, international validation of microbiota-tar-
geted therapies before they can be considered evidence-based treatments for AD. 

Regarding FMT: in the field of the AD gut–brain axis, FMT holds promise for signif-
icantly alleviating cognitive deficits, Aβ accumulation, synaptic dysfunction, and neuroin-
flammation. However, a prevailing limitation at the current stage is that this therapeutic 
strategy has thus far been validated predominantly in murine models, which precludes 
its direct translation to human disease paradigms [10,29]. Strict regulatory and safety bar-
riers currently restrict FMT primarily to early-phase safety trials. Documented transmis-
sion of multidrug-resistant organisms (MDRO) through FMT has raised significant safety 
concerns, leading regulatory agencies to implement stringent donor screening protocols. 
These barriers, combined with the batch-to-batch heterogeneity of donor microbiota and 
long-term risks of pathogen transmission, underscore the need for standardized, well-
characterized donor screening systems. Washed microbiota transplantation (WMT) may 
remove potential parasites and food residues, improving safety. Moving from “whole-
microbiota FMT” toward “minimal microbial consortia” is a recognized direction in the 
field. FMT has inherent limitations. Batch-to-batch heterogeneity of donor microbiota is 
difficult to standardize, long-term risks of potential pathogen transmission cannot be com-
pletely excluded, and the metabolic effects of full-spectrum FMT may produce unpredict-
able consequences depending on donor characteristics [70]. Bioinformatic screening of a 
defined number of specific SCFA-producing strains to constitute a minimal effective mi-
crobial consortium has been proposed as a potential strategy to circumvent the metabolic 
risks of full-spectrum FMT (Figure 3) [71]. However, no consensus currently exists regard-
ing the optimal number or composition of such a consortium. A rational design pipeline 
could integrate constraint-based metabolic models to predict community-level butyrate 
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production and cross-feeding interactions, together with ecological network analysis to 
evaluate colonization resistance and community stability. Such a framework would re-
quire iterative validation in animal models and, eventually, in human trials. This strategy 
should therefore be regarded as a hypothesis-generating direction for future research ra-
ther than an evidence-based recommendation at this stage. 

 

Figure 3. Comprehensive Landscape of Current and Emerging Therapeutic Strategies Targeting the 
Gut–Brain Axis in AD. This figure illustrates current and emerging microbiota-targeted therapeutic 
strategies aimed at modulating gut–brain axis function in AD. Dietary pattern modulation (includ-
ing Mediterranean diet and MIND diet) is positioned as the foundational, sustaining/preventive 
driver of microbiome structure. The remaining nine strategies—probiotics, prebiotics, postbiotics, 
FMT, targeting the intestinal barrier, small molecule drugs, lifestyle interventions, strengthening 
mucosal immunity, and phage therapy/antimicrobial modulation—are presented as corrective or 
adjunctive measures whose durability depends on concurrent dietary support. These strategies col-
lectively target microbial dysbiosis, chronic neuroinflammation, amyloid-β accumulation, tau pa-
thology, and cognitive dysfunction through synergistic modulation of the gut–brain axis. 

7. Innovative Perspectives: Broadening the Theoretical Extensions of 
the AD Gut–Brain Axis 
7.1. Microbiota-Neuroimmune-Epigenetic Axis: A Potential Paradigm of  
Trans-Kingdom Regulation 

Beyond traditional metabolite and pattern recognition receptor pathways, extracel-
lular vesicles released by gut microbiota, particularly the microRNAs they contain, repre-
sent an emerging area of investigation in gut–brain communication. Preclinical studies 
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have suggested that microRNA-like fragments secreted by gut bacteria may be packaged 
within extracellular vesicles from gastrointestinal epithelial cells, resist RNase degrada-
tion, and potentially cross the BBB to enter neurons; however, direct evidence for this 
pathway in the context of AD remains limited [7]. Bacterial extracellular vesicles have 
been reported to regulate brain gene expression and induce pathology during multiple 
stages of neuroinflammation and neurodegeneration, suggesting they may play a causal 
role in diseases such as Alzheimer’s [72]. 

Certain bacterial miRNA sequences (e.g., specific miRNAs derived from Fusobacte-
rium nucleatum) complementary to human 3′-untranslated regions have been proposed to 
achieve trans-kingdom regulation. It has been hypothesized that bacterial miRNAs might 
mimic the seed sequence of host miRNA-146a and target a Tau-directed deubiquitinase 
gene (such as USP6), thereby inhibiting its expression and potentially contributing to im-
paired ubiquitination and abnormal Tau aggregation. However, although miRNA-146a 
dysregulation has been implicated in AD-related Tau phosphorylation and neuroinflam-
mation, whether bacterial miRNAs can mimic its seed sequence to target USP6 remains 
speculative and awaits experimental validation in AD [73].Cross-kingdom miRNA inter-
actions have been documented between host miRNAs and gut bacteria, where these miR-
NAs can enter bacteria and specifically regulate bacterial gene transcripts [74]; however, 
the reverse direction—bacterial miRNAs regulating host genes—remains far less charac-
terized. It has been speculated that these exogenous microRNAs might enter microglia 
and induce expression of DNA methyltransferases, potentially leading to demethylation 
of CpG islands in the promoter region of the complement C1q gene; however, while CpG 
methylation at the C1q locus has been associated with microglial activation states in 
mouse models, the specific link to bacterial miRNA-induced DNA methyltransferase ex-
pression and C1q demethylation remains to be established in the context of AD. In App 
NL-G-F AD model mice, amyloid area has been significantly associated with hypometh-
ylation of a CpG site that in turn is associated with upregulation of C1qc, suggesting that 
DNA methylation may play a role in regulation of plaque-induced genes including C1q 
[75]. These findings suggest a potential mechanism of “epigenetic memory”, which re-
mains an emerging hypothesis: even if gut pathogens are cleared later, the epigenetic re-
programming of microglia may persist long-term, explaining potentially explaining why 
FMT has limited efficacy in late-stage AD—the “aggressiveness” of microglia has been 
locked in at the chromatin level [76]. 

7.2. Chronobiology of the Gut–Brain Axis: Circadian Rhythm Disruption as an Upstream Driver 

Sleep fragmentation and circadian rhythm disturbances (sundowning syndrome) in 
AD patients often precede cognitive symptoms by decades. A novel perspective posits 
that gut microbiota may function as “peripheral oscillators” of circadian rhythms. The 
composition and function of gut microbiota exhibit diurnal fluctuations. In preclinical 
models, mice with knockout of Bmal1 have been reported to lose circadian rhythmicity in 
gut microbial composition and have been reported to show accelerated Aβ plaque depo-
sition [77,78]. These findings are primarily derived from rodent studies, and human vali-
dation is limited. Targeted restoration of microbial circadian rhythms, such as time-re-
stricted feeding at specific times or administration of sustained-release butyrate formula-
tions within specific time windows (e.g., before bedtime), may confer higher neuroprotec-
tive efficiency than round-the-clock unguided interventions by restoring circadian rhyth-
mic signals of microbial metabolites (Figure 3). 

8. Limitations 
This review has several limitations. First, as a narrative review, it is subject to selec-

tion bias and may not comprehensively capture all relevant literature. Second, most 
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human studies in this field are cross-sectional, precluding causal inference. Third, the 
translational gap between animal models and human patients remains substantial, and 
most mechanistic detail described herein remains unvalidated in humans. Fourth, the spe-
cific microbial taxa identified across studies are heterogeneous, and findings may not be 
generalizable across populations. Fifth, standardized outcome measures for microbiota-
targeted interventions are lacking, limiting comparability across trials. Finally, the field is 
rapidly evolving, and conclusions may require revision as new evidence emerges. 

9. Conclusions and Future Perspectives 
Research on the AD gut–brain axis suggests that gut microbiota dysbiosis may con-

tribute to AD pathogenesis rather than being merely an epiphenomenon of cerebral Aβ 
and Tau pathology, potentially influencing disease progression. However, it should be 
explicitly stated that most mechanistic detail described in this review—particularly the 
molecular intermediates linking gut dysbiosis to Aβ accumulation, tau phosphorylation, 
microglial activation, and BBB disruption—remains unvalidated in humans. The four sig-
naling pathways we have described are based predominantly on preclinical evidence, and 
direct human validation of these intermediate steps is largely absent. This review has 
summarized four interconnected signaling pathways-SCFA metabolic changes, endotoxin 
leakage, tryptophan pathway alterations, and bile acid rearrangement-and provided a 
comparison of the differences between animal models and human clinical studies. Dietary 
pattern modulation should be regarded as the foundational, sustaining driver of microbi-
ome structure, with other interventions functioning as corrective or adjunctive measures 
that require concurrent dietary support for durability. The complexity of the human gut–
brain axis suggests that moving beyond simplistic approaches such as fecal transplanta-
tion or probiotic supplementation toward precision metabolomics-guided optimization 
may be warranted. Early targeted microbiome remodeling may potentially prevent or de-
lay the transition from preclinical AD to dementia; however, once microglial epigenetic 
changes are established, simple microbial interventions may have limited ability to re-
verse synaptic loss. 

Therefore, future research could focus on three aspects: first, developing cross-spe-
cies translational biomarkers, identifying gut metabolite profiles conserved across mice 
and humans that respond consistently to microbial interventions, for screening patient 
subgroups responsive to FMT or probiotics. Second, combination therapy of postbiotics 
with epigenetic drugs, combining oral butyrate formulations targeting HDAC with ro-
bustly colonizing engineered probiotics, may—if the epigenetic memory hypothesis is 
validated—help to clear the current inflammatory milieu and potentially attenuate micro-
glial pathological memory. Third, chronobiology-guided microbiota-targeted therapy, 
based on the diurnal fluctuations of gut microbiota, involves administering postbiotics or 
prebiotics within specific time windows to maximize neuroprotective effects. 
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Abbreviations 

5-HT 5-Hydroxytryptamine (Serotonin) 
Aβ Amyloid-beta 
AD Alzheimer’s Disease 
AhR Aryl Hydrocarbon Receptor 
aMCI Amnestic Mild Cognitive Impairment 
APOE Apolipoprotein E 
APP/PS1 Amyloid Precursor Protein/Presenilin 1 
AUC Area Under the Curve 
BA Bile Acid 
BAs Bile Acids 
BBB Blood–Brain Barrier 
CA Cholic Acid 
CDR-SB Clinical Dementia Rating-Sum of Boxes 
CNS Central Nervous System 
CSF Cerebrospinal Fluid 
DCA Deoxycholic Acid 
ECN Escherichia coli Nissle 1917 
FMT Fecal Microbiota Transplantation 
FXR/NR1H4 Farnesoid X Receptor 
GPBAR1/TGR5 G Protein-coupled Bile Acid Receptor 1 
GPR G Protein-coupled Receptor 
GV-971 Sodium Oligomannate 
HDAC Histone Deacetylase 
IAld Indole-3-aldehyde 
IDO1 Indoleamine 2,3-dioxygenase 1 
IL Interleukin 
IL-17 Interleukin-17 
IL-22 Interleukin-22 
ILC3 Type 3 Innate Lymphoid Cells 
IPA Indole-3-propionic Acid 
KP Kynurenine Pathway 
KYNA Kynurenic Acid 
LCA Lithocholic Acid 
LPS Lipopolysaccharide 
MCID Minimal Clinically Important Difference 
MCI Mild Cognitive Impairment 
MIND Mediterranean-DASH Intervention for Neurodegenerative Delay 
MMSE Mini-Mental State Examination 
MoCA Montreal Cognitive Assessment 
MDRO Multidrug-resistant Organism 
MRI Magnetic Resonance Imaging 
NCT National Clinical Trial 
NF-κB Nuclear Factor-kappa B 
NMDA N-methyl-D-aspartate 
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PET Positron Emission Tomography 
p-tau phosphorylated Tau 
QUIN Quinolinic Acid 
RCT Randomized Controlled Trial 
SCD Subjective Cognitive Decline 
SCFA Short-Chain Fatty Acid 
STAT1 Signal Transducer And Activator Of Transcription 1 
TLR Toll-like Receptor 
TMAO Trimethylamine N-oxide 
TNF-α Tumor Necrosis Factor-alpha 
TPH Tryptophan Hydroxylase 
TREM2 Triggering Receptor Expressed On Myeloid Cells 2 
UDCA Ursodeoxycholic Acid 
WMT Washed Microbiota Transplantation 
ZO-1 Zonula Occludens-1 
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