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Alzheimer’s disease (AD) is a complex neurodegenerative disorder that can be 
caused by multiple factors, such as abnormal amyloid-beta (Aβ) deposition, 
pathological changes in Tau protein, lipid metabolism disorders, and oxidative 
stress. Recent studies have revealed the potential link between gut microbiota 
and AD, particularly the impact of gut microbiota and its derivatives on microglia. 
As immune cells in the central nervous system (CNS), microglia are involved in 
neuroinflammation and the regulation of cognitive function. Research indicates 
that the dysregulation of gut microbiota may affect the phenotype and function 
of microglia through various mechanisms, including direct metabolite action and 
indirect immune and neurotransmitter regulation. This article reviews the direct 
and indirect effects of gut microbiota and its derivatives on microglia, explores 
their role in the pathogenesis of AD, and discusses therapeutic strategies based 
on gut microbiota, such as dietary regulation, probiotics, fecal microbiota 
transplantation, and traditional Chinese medicine. Although existing studies 
have shown the potential of these interventions, further research is needed to 
completely understand their application in the treatment of AD.
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1 Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by insidious 
onset and progressive decline in cognitive abilities, including learning and memory 
functions. The disease primarily manifests as a gradual impairment of cognitive 
function and is often accompanied by a range of psychiatric and behavioral symptoms 
(Scheltens et al., 2021). As global populations age, the worldwide prevalence of dementia is 
projected to increase from 55 million in 2019 to 139 million by 2050 (Gaugler et al., 2019). 
Alzheimer’s disease and other dementias are estimated to cost the global economy 
$1,451.3 billion between 2020 and 2050, equivalent to 0.421% of global GDP per year 
(Chen et al., 2024). As a consequence, AD is emerging as one of the most formidable public 
health challenges of the 21st century. The etiology of AD is complex and diverse, and the 
precise mechanisms underlying its onset are not yet completely understood (Zhang et al., 
2024; Wang et al., 2025). For decades, research into AD has been dominated by the amyloid 
cascade hypothesis (Hunter et al., 2025). However, amyloid-beta (Aβ) clearance alone slows 
progression by only 35% (Rafii and Aisen, 2025). This compels increasing attention to 
peripheral factors in AD pathophysiology (Dammer et al., 2025), redirecting the field from a 
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brain-centric, amyloid-focused model toward a systemic perspective 
that emphasizes peripheral–central interactions. It is now 
increasingly recognized that chronic, low-grade systemic 
inflammation, a condition often termed “inflammaging,” acts as a 
critical driver of neuroinflammation and accelerates 
neurodegenerative processes (Shi and Yong, 2025). Within this 
framework, the gastrointestinal tract, which harbors the body’s 
largest immune cell population and the vast metabolic capacity 
of the gut microbiome, emerges as a pivotal hub for originating 
peripheral signals that shape brain health and disease.

The human gastrointestinal tract harbors a vast and diverse 
population of microorganisms, collectively known as the gut 
microbiota. It has been estimated that the number of bacteria in 
the gut reaches up to 100 trillion, and their collective genetic content 
is approximately 450 times larger than the human genome, earning 
the designation of “the second human genome” (Sender et al., 2016). 
Recent clinical investigations have demonstrated that alterations in 
the gut microbiota constitute an early and persistent pathological 
event in the course of Alzheimer’s disease (Jia et al., 2025). 
Moreover, clinical studies have revealed significant alterations in 
gut microbial composition and function in patients with 
Alzheimer’s disease compared with those in cognitively healthy 
individuals, characterized by an increased abundance of pro- 
inflammatory taxa (e.g., Bacteroides and Fusobacterium) and a 
reduction in beneficial commensals (e.g., Clostridium and 
Turicibacter) (Kang et al., 2025). Several human investigations 
further support the biological relevance of this dysbiosis: gut 
microbiota signatures have been proposed as early biomarkers in 
preclinical AD (Ferreiro et al., 2023). This complex bidirectional 
communication network between the gut and the brain is referred to 
as the microbiota–gut–brain axis (MGBA) (Yoo and Mazmanian, 
2017). Notably, the gut microbiota, through the MGBA, is crucial in 
modulating neuroinflammation (Lei et al., 2025). Dysbiosis disrupts 
gut barrier integrity, promotes systemic inflammation, and 
exacerbates neuroinflammatory responses, thereby accelerating 
AD progression. Recent advances reveal that gut microbiota- 
derived metabolites [e.g., short-chain fatty acids (SCFAs) and 
lipopolysaccharides (LPSs)] influence microglial activation and 
Aβ aggregation (Qian et al., 2023; Ling et al., 2021).

Central to this gut–brain inflammatory crosstalk are microglia, 
the resident immune cells of the central nervous system (CNS) 
(Keane et al., 2025), as the first line of defense against pathogens, 
regulating neuroinflammation and influencing CNS functions 
(Lopez et al., 2019; Lyu et al., 2021). Genome-wide association 
studies (GWASs) have robustly identified numerous AD risk loci, 
such as TREM2 and CD33, which are predominantly expressed in 
microglia, positioning these cells as critical mediators of disease 
susceptibility (Wightman et al., 2021; Guerreiro et al., 2013; Jonsson 
et al., 2013). Crucially, microglia are highly dynamic sensors of their 
environment; their transition from a homeostatic, surveillance state 
to a reactive, disease-associated phenotype is tightly regulated by 
molecular cues from both central and peripheral origins (Zhang 
et al., 2025). Mounting evidence points to the gut microbiota and its 
derivatives as a major source of these peripheral cues. Signals such as 
microbial-associated molecular patterns (MAMPs) including LPS 
and neuroactive metabolites can cross a compromised intestinal 
barrier (IB) and blood–brain barrier (BBB), directly engaging with 
microglial receptors (Eid et al., 2025). This interaction can “prime” 

microglia, lowering their threshold for activation and leading to an 
exaggerated neuroinflammatory response to endogenous stimuli 
such as Aβ aggregates, thereby creating a vicious cycle that 
accelerates neurodegeneration (Brown and Heneka, 2024).

Despite this burgeoning understanding, critical knowledge gaps 
persist. For instance, is gut dysbiosis a causative initiator of AD 
pathology, or merely a consequence of the disease process? 
Furthermore, the molecular specificity by which distinct 
microbiota-derived molecules—from beneficial short-chain fatty 
acids to detrimental factors, including LPS—dictate the 
functional polarization of microglia remains to be fully 
elucidated. Therefore, this review aims to move beyond a general 
overview and systematically dissect these complex interactions. We 
summarize the current research on the direct and indirect 
mechanisms by which gut microbes and their metabolites affect 
the phenotype and function of microglial cells in AD. By exploring 
this intricate communication, we aim to provide a comprehensive 
perspective on the pathogenesis of AD and offer insights into novel 
therapeutic strategies targeting the microbiota–gut–brain axis.

2 Direct effects of gut microbiota and 
its derivatives on microglia

The IB is composed of the epithelial layer covering the gut, along 
with associated elements such as the mucus layer, tight junctions, 
and immune cells, which coordinate selective permeability to gut 
contents and protect against pathogens and toxins (Pellegrini et al., 
2018). The BBB is formed by specialized endothelial cells in the 
microvasculature, regulating the exchange of molecules and 
nutrients between the blood and brain tissue (Obermeier et al., 
2013). Dysbiosis of the gut microbiota can impair the integrity of the 
IB, potentially triggering or exacerbating inflammation at the IB; this 
may allow pathogenic microorganisms to cross the BBB unimpeded 
(Kurita et al., 2020), thereby affecting the maturation, morphology, 
and function of microglia (Liu et al., 2023), ultimately leading to 
neuroinflammation, neurodegeneration, and age-related brain 
pathology (Mou et al., 2022). The direct effects of gut microbiota 
and its derivatives on microglia are summarized in Figure 1.

2.1 Direct effects of gut microbiota 
on microglia

2.1.1 Agathobaculum butyriciproducens
Agathobaculum butyriciproducens is an anaerobic, Gram- 

positive, non-spore-forming, non-motile, catalase- and oxidase- 
negative, flagellum-lacking, short rod-shaped bacterium (Ahn 
et al., 2016). It produces butyrate and is a part of the gut 
microbiota, playing a crucial role in gut health and energy 
metabolism. A study found that butyrate is more abundant in 
young mice compared to aged mice (Chilton et al., 2024). In 
APP/PS1 transgenic mice, butyrate-producing bacteria, such as 
Eubacteria, Roseburia, and Clostridia, are reduced compared to 
normal mice (Abraham et al., 2019). Further research demonstrated 
that Agathobaculum butyriciproducens can inhibit the activation of 
microglia, improving cognitive function in LPS-induced cognitive 
impairment mouse models and APP/PS1 transgenic mouse models 
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(Go et al., 2021). Clostridium butyricum (CB), a strain of 
Agathobaculum butyriciproducens, has been shown to inhibit the 
activation of microglia and reduce the levels of pro-inflammatory 
cytokines in APP/PS1 transgenic mice after a 4-week intervention. 
In vitro experiments have further demonstrated that butyrate 
produced by CB can inhibit the activation of BV2 microglial cells 
by suppressing the phosphorylation of nuclear factor kappa-light- 
chain-enhancer of activated B cells p65 (NF-κB p65), reducing the 
levels of integrin alpha-M (CD11b) and cyclooxygenase-2 (COX-2), 
thereby alleviating microglia-mediated neuroinflammation (Sun 
J. et al., 2020).

2.1.2 Bacteroides fragilis
Bacteroides fragilis is a Gram-negative, obligate anaerobic 

bacterium, constituting approximately 30% of the gut microbiota 
in the gastrointestinal tract (Fathi and Wu, 2016). Studies have 
shown that treatment with Bacteroides fragilis in APP/PS1 mice 
increases Aβ plaques in female mice and downregulates the 
expression of genes related to microglial phagocytosis and 

protein degradation. Further experiments involving the injection 
of Bacteroides fragilis into aged wild-type (WT) male and female 
mice revealed that it inhibits microglial uptake of Aβ injected into 
the hippocampus. Moreover, treatment with metronidazole to 
deplete Bacteroides fragilis in aged 5xFAD mice leads to 
increased amyloid protein accumulation in the hippocampus and 
activation of microglial pathways associated with phagocytosis, 
cytokine signaling, and lysosomal degradation. These findings 
suggest that Bacteroides fragilis inhibits microglial phagocytic 
function, leading to impaired Aβ clearance and the accumulation 
of amyloid plaques, thereby contributing to the pathogenesis of AD 
(Wasén et al., 2024). Further studies have demonstrated through in 
vivo and in vitro experiments that Bacteroides fragilis and its 
metabolites, 12-hydroxyheptadecatrienoic acid (12-HHTrE) and 
prostaglandin E2 (PGE2), can activate microglial cells (Xia et al., 
2023), increasing the expression of pro-inflammatory cytokines such 
as interleukin-1 beta (IL-1β) and interleukin-6 (IL-6), thereby 
exacerbating neuroinflammation, leading to Aβ plaque deposition 
and tau protein phosphorylation, and ultimately affecting cognitive 

FIGURE 1 
Direct effects of gut microbiota and its derivatives on microglia. This figure provides a schematic overview of how gut microbiota and their 
metabolites modulate microglial functions via these signaling pathways as discussed in this review. In particular, microglial activation and apoptosis are 
closely associated with pathways such as ERK, JNK, AKT, AhR, NLRP3, IGF-1, HIF-α, and NF-κB. Conversely, microglial inhibition is mediated through 
pathways including TGR5, P2Y12, AEP, S100A8, and C/EBPβ, along with the context-dependent NLRP3 and NF-κB pathways. This figure was created 
with AxGlyph. ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; AKT, protein kinase B; AhR, using hydrocarbon receptor; NLRP3, 
NOD-, LRR-, and pyrin domain-containing protein 3 receptor; IGF-1, insulin-like growth factor 1; HIF-α, hypoxia-inducible factor-alpha; NF-κB, nuclear 
factor kappa-light-chain-enhancer of activated B cells; TGR5, Takeda G protein-coupled receptor 5; P2Y12, purinergic receptor P2Y, G-protein coupled 
12; AEP, asparagine endopeptidase; S100A8, S100 calcium-binding protein A8; C/EBPβ, CCAAT/enhancer-binding protein beta.
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function and memory. Additional research indicates that 
Bacteroides strains are increased in the gut microbiota of AD 
patients. These strains mediate the metabolism of pro- 
inflammatory polyunsaturated fatty acids (PUFAs), which may be 
directly involved in the metabolism of arachidonic acid (AA), 
thereby affecting the production of PGE2 and regulating 
microglial activation (Chen C. et al., 2022).

2.1.3 Bifidobacteria
Bifidobacteria are Gram-positive, anaerobic or microaerophilic 

bacteria belonging to the phylum Actinobacteria. A study 
demonstrated that a 6-month treatment with bifidobacteria 
reduces Aβ deposition in the brains of APP/PS1 mice, inhibits 
the activation of microglia, and decreases the release of 
inflammatory factors such as IL-1β, IL-6, tumor necrosis factor- 
alpha (TNF-α), interleukin-4 (IL-4), and interferon-gamma (IFN-γ), 
thereby attenuating neuroinflammation (Wu et al., 2020). 
Bifidobacterium breve MCC1274 (B. breve MCC1274) reduces 
the number and activation of microglia in the hippocampus of 
mice and may promote the transition of microglia from a pro- 
inflammatory phenotype to an anti-inflammatory phenotype, 
thereby exerting neuroprotective effects (Abdelhamid et al., 
2022a). Additionally, multiple studies have shown that 
bifidobacteria can inhibit the polarization of microglia, alleviate 
neuroinflammation, and improve cognitive deficits (Zhu et al., 2023; 
Abdelhamid et al., 2022b). Mariano et al. examined plasma 
homocysteine levels, serum folate and vitamin 
B12 concentrations, plasma pyridoxal phosphate levels, C-reactive 
protein, and antibodies of immunoglobulin G (IgG) and 
immunoglobulin A (IgA) against Helicobacter pylori (HP) in 
30 AD patients and found an association between HP infection 
and AD (Malaguarnera et al., 2004). Urease (HPU) is an enzyme 
produced by HP. A previous study demonstrated that HPU-treated 
BV2 microglia produce reactive oxygen species (ROS) and cytokines 
IL-1β and TNF-α while exhibiting reduced cell viability. After 
intraperitoneal injection of HPU in rats, excessive expression of 
the microglial activation marker Iba1 was observed, but HPU was 
not detected in brain homogenates. It was concluded that HP 
infection might affect AD by inhibiting microglial activation 
through its urease production (Uberti et al., 2022).

2.1.4 Lactobacillus
Lactiplantibacillus plantarum HEAL9 is a specific strain of 

Lactiplantibacillus plantarum, a Gram-positive rod-shaped 
bacterium belonging to the family Lactobacillaceae. A previous 
study showed that it can suppress microglial activation by 
inhibiting the NLRP3 inflammasome signaling pathway, thereby 
reducing neuroinflammation and improving cognitive function (Di 
Salvo et al., 2024). Researchers fed 5xFAD transgenic mice with 
Lactobacillus plantarum C29-fermented defatted soybean (FDS, 
DW2009) and Lactobacillus plantarum C29. The results indicated 
that oral administration of FDS or C29 increases cognitive function 
in mice, significantly suppresses amyloid-β, β/γ-secretases, caspase- 
3 expression, and NF-κB activation, activates microglia and 
apoptotic neuron cell populations, and increases brain-derived 
neurotrophic factor (BDNF) expression in the brain. 
Furthermore, treatment with FDS or C29 reduced 
lipopolysaccharide levels in the blood and feces, suppressed the 

abundance of Enterobacteriaceae, and increased the populations of 
lactobacilli and bifidobacteria (Lee et al., 2018).

2.1.5 Agathobacter rectalis
Agathobacter rectalis is a bacterium belonging to the phylum 

Firmicutes and is a common member of the human gut microbiota. 
It belongs to the genus Agathobacter within the family 
Lachnospiraceae. A study found that the abundance of 
Agathobacter is significantly lower in AD patients and is 
negatively correlated with cognitive impairment. Subsequent 
animal experiments demonstrated that Agathobacter rectalis and 
its metabolite butyrate effectively inhibited the activation of 
microglia in APP/PS1 mice by modulating the AKT/NF-κB 
pathway, reducing the production of pro-inflammatory cytokines, 
and thereby alleviating neuroinflammation (Lv et al., 2024). The 
direct effects of gut microbiota on microglia are summarized 
in Table 1.

2.2 Direct effects of gut microbiota-derived 
metabolites on microglia

Gut microbiota-derived metabolites are categorized into 
three groups: (1) diet-derived products made directly by 
microbes (e.g., SCFAs); (2) host-synthesized metabolites 
structurally remodeled by microbes [e.g., secondary bile 
acids (BAs)]; and (3) de novo microbial products, including 
those first formed in the host and subsequently microbially 
modified. Notably, the gut microbiota shapes the production of 
lipid mediators—including PUFA derivatives, prostaglandins, 
and bile acids—that collectively modulate microglial 
inflammatory responses. This regulatory axis is exemplified 
by the capacity of Bacteroides strains to bias arachidonic 
acid metabolism toward the production of pro-inflammatory 
PGE2, directly activating microglia. In parallel, the microbiota- 
generated secondary bile acid TβMCA induces a pro- 
inflammatory M1-like microglial state, contributing to age- 
related behavioral deficits. Despite acting through distinct 
cell-surface receptors, the downstream signaling of these 
lipid mediators converges upon shared intracellular 
pathways, such as the NF-κB/MAPK cascades and the 
NLRP3 inflammasome. This mechanistic convergence 
establishes these lipid mediators as a critical communication 
channel through which the gut microbiome governs essential 
microglial functions, including inflammatory polarization, 
phagocytosis, and synaptic pruning.

2.2.1 Short-chain fatty acids
SCFAs are major metabolites produced by the gut microbiota, 

generated by microbes such as Bacteroidetes and Firmicutes via 
fermentation of dietary fibers and resistant starches in the cecum 
and proximal colon. Acetate, propionate, and butyrate are the most 
abundant SCFAs, accounting for approximately 95% of total SCFAs 
in the human body. The effects of SCFAs on the pathogenesis of AD 
primarily involve epigenetic regulation, modulation of 
neuroinflammation, maintenance of the blood–brain barrier, 
regulation of brain metabolism, and interference with amyloid 
protein formation (Chen H. et al., 2022). A study found that 
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SCFAs can attenuate the inflammatory response of microglia by 
decreasing the secretion of cytotoxins and pro-inflammatory 
cytokines, such as IL-1β, TNF-α, and monocyte chemoattractant 
protein-1 (MCP-1). Additionally, SCFAs can inhibit the phagocytic 
activity of microglia and reduce their capacity to produce ROS 
(Wenzel et al., 2020). An in vivo experiment showed that acetate can 
directly affect the maturation and homeostatic metabolic state of 
microglia, impacting the pathological progression of Alzheimer’s 
disease by inhibiting the phagocytosis of β-amyloid by microglia 
(Erny et al., 2021). An in vitro study demonstrated that acetate exerts 
anti-neuroinflammatory effects by upregulating G-protein-coupled 
receptor 41 (GPR41) and inhibiting the ERK/JNK/NF-κB signaling 
pathway, thereby suppressing the microglia activation (Liu et al., 
2020). Butyrate, a butyrate salt derived from SCFAs, reduces the 
secretion of pro-inflammatory cytokines by inhibiting histone 
deacetylase (HDAC), thereby suppressing the overactivation of 
microglia and the accumulation of Aβ and improving synaptic 
plasticity (Jiang et al., 2021). Propionate, produced by gut 
bacteria through fermentation of dietary fibers (such as β- 
glucan), can regulate appetite and control blood glucose levels. It 
also plays roles in modulating immune cells, controlling intestinal 
inflammation, and maintaining the intestinal barrier. Although 
previous studies on the effects of propionate on microglia are 
limited, recent research has indicated that while propionate 
reduces microglial activation, it also impairs their phagocytic 
capacity, demonstrating a complex dual role in modulating 
microglial function (Gold et al., 2024).

2.2.2 Tryptophan and indole derivatives
Tryptophan (Trp) is one of the essential amino acids 

metabolized by the gut microbiota and is obtained through the 
diet. It is considered a key player in host–gut microbiota 
communication (Khoshnevisan et al., 2022). Most dietary 
L-tryptophan released in the gut is transported into the 
circulatory system via epithelial cells, while approximately 10%– 
20% of L-tryptophan is metabolized by intestinal epithelial cells and 
the gut microbiota within the intestinal lumen (Dong and Perdew, 
2020). Gut microbiota-mediated tryptophan metabolism involves 
several pathways, including the aryl hydrocarbon receptor (AhR) 
ligand pathway, the indole pathway, the kynurenine (Kyn) pathway, 
and the 5-hydroxytryptamine (5-HT) pathway (Giil et al., 2017; Ma 
et al., 2020; Gao et al., 2018; Agus et al., 2018; Sun M. et al., 2020). 
AhR is a ligand-activated transcription factor that can be activated 
by tryptophan and its derivatives (including indole, indole-3- 
propionic acid, and indole-3-acetic acid) (Borucki et al., 2018; 
Rothhammer et al., 2016). Indole activates the AhR signaling 
pathway, and upon AhR activation, the formation of the 
NLRP3 inflammasome is inhibited, leading to a reduction in the 
production of pro-inflammatory cytokines, including TNF-α, IL-6, 
IL-1β, and interleukin-18 (IL-18); decreased microglial 
hyperactivation; alleviated neuroinflammation; and improved 
cognitive and behavioral functions (Sun et al., 2022). 
Furthermore, studies have shown that Trp deficiency alters Trp- 
metabolizing bacteria in APP/PS1 mice, while a high-Trp diet 
significantly alleviates cognitive impairment and Aβ deposition. 

TABLE 1 Direct effects of gut microbiota on microglia.

Designation Category Mechanism Impact on microglia Impact 
on AD

References

Agathobaculum 
butyriciproducens

APP/PS1 mice Activate the IGF-1 signaling pathway and 
decrease the gene expression levels of IL-1β 

and C1QB

Inhibit microglial activation Alleviate Go et al. (2021)

Clostridium butyricum APP/PS1 mice Decrease the expression of Iba1 and reduce 
the levels of TNF-α and IL-1β

Inhibit microglial activation Alleviate Sun J. et al. (2020)

Bacteroides fragilis APP/PS1 mice Inhibit the gene expressions of Trem2 and 
cathepsin L in microglia

Inhibit microglial phagocytic function Aggravate Wasén et al. 
(2024)

Bacteroides fragilis Neuronal C/EBPβ 
transgenic mice

Activate the gene expression of C/EBPβ in 
microglia

Activate microglia Aggravate Xia et al. (2023)

Bifidobacteria APP/PS1 mice Decrease the expression of Iba1 and inhibit 
the release of IL-1β, TNF-α, IL-4, IL-6, and 

IFN-γ

Inhibit microglial activation Alleviate Wu et al. (2020)

Bifidobacterium breve 
MCC1274

APPNL-G-F mice Decrease the expression of Iba1, inhibit the 
expressions of IL-1β and IL-6, and promote 

the expression of TGF-β1

Reduce microglial activation levels, 
promoting the shift from a pro- 

inflammatory phenotype to an anti- 
inflammatory phenotype

Alleviate Abdelhamid et al. 
(2022a)

Helicobacter pylori 
urease

BV2 microglia Increase pro-inflammatory cytokines IL-1β 
and TNF-α and significantly decrease BV-2 

cell viability

Activate microglia Uberti et al. (2022)

Lactiplantibacillus 
plantarum HEAL9

SAMP8 mice Inhibit the NLRP3 inflammasome signaling 
pathway

Inhibit microglial activation Alleviate Di Salvo et al. 
(2024)

Lactobacillus 
plantarum C29

5xFAD transgenic 
mice

Increase BDNF expression and CREB 
phosphorylation and inhibit NF-κB 

activation

Inhibit microglial activation Alleviate Lee et al. (2018)

Agathobacter rectalis APP/PS1 mice Regulate the Akt/NF-κB pathway Inhibit microglial activation Alleviate Lv et al. (2024)
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This effect is mediated through the regulation of the AhR/NF-κB 
signaling pathway, inhibition of microglial activation, and reduction 
in CD11b, COX-2, IL-1β, and IL-6 levels (Pan et al., 2024).

2.2.3 Bile acids
BAs can be classified into primary and secondary bile acids. 

Primary bile acids are synthesized from cholesterol in the liver, 
transported through the biliary system, and released into the 
intestine. Primary bile acids can be further metabolized by the 
gut microbiota to produce secondary bile acids, which regulate 
intestinal mucosal immune homeostasis and inflammatory 
responses through interactions with their receptors and signaling 
pathways. A study suggested that bile acid metabolism disorders 
may play a critical role in the development of Alzheimer’s disease 
and hepatic encephalopathy (Jia et al., 2020). A clinical study 
involving 1,464 participants revealed that patients with AD had 
lower levels of primary bile acids [such as cholic acid (CA)] and 
higher levels of secondary bile acids [such as deoxycholic acid 
(DCA)] and conjugated bile acids [such as glycocholic acid 
(GCA) and taurocholic acid (TCA)] in their serum than those of 
cognitively normal elderly individuals (MahmoudianDehkordi et al., 
2019). In an animal study, researchers first analyzed the bile acid 
profiles in the cerebral cortex, hippocampus, and hypothalamus of 
naturally aged mice and then identified a characteristic bile acid 
associated with aging—tauro-β-muricholic acid (TβMCA). It was 
found to increase the expression levels of inducible nitric oxide 
synthase (iNOS), serum amyloid A1 (Saa1), IL-18, intercellular cell 
adhesion molecule-1 (ICAM-1), TNF-α, and IL-6, indicating that 
microglia exhibited pro-inflammatory M1 activation, which induced 
neuroinflammation and behavioral impairments in mice (Ma 
et al., 2024).

2.2.4 Trimethylamine N-oxide
Trimethylamine N-oxide (TMAO) is produced by gut 

microbiota through the metabolism of trimethylamine-containing 
nutrients such as choline, carnitine, and betaine into trimethylamine 
(TMA), which is subsequently oxidized in the liver by flavin- 
containing monooxygenases (FMOs). Studies on the impact of 
TMAO on AD have yielded conflicting results. Some studies 
have found that TMAO levels are elevated in the cerebrospinal 
fluid (CSF) of AD patients and are positively correlated with 
increased CSF biomarkers. However, a study where 5xFAD mice 
were supplemented with TMAO for 12 weeks revealed that it did not 
alter astrocyte and microglial responses or cortical synaptic protein 
expression. Instead, TMAO influenced AD pathology by reducing 
neurite density (Zarbock et al., 2022). More studies suggest that 
TMAO can cross the blood–brain barrier, triggering 
neurodegeneration by activating astrocytes and enhancing the 
release of inflammatory mediators (Brunt et al., 2021; Praveenraj 
et al., 2022). A minority of studies have reported that TMAO can 
downregulate the expression of P2Y12 receptors in microglia, 
increase inflammation in the paraventricular nucleus (PVN), and 
exacerbate sympathetic nervous system excitability, thereby exerting 
negative effects on the nervous system (Wang et al., 2024).

2.2.5 Isoamylamine
Isoamylamine (IAA) is a biogenic amine produced by the 

dehydrogenation of isoamyl alcohol (IAC), which is generated by 

the fermentation of certain dietary components (such as amino 
acids) by gut microbiota. IAA is a neuroactive compound that can 
cross the blood–brain barrier and influence the central nervous 
system. IAA is associated with age-related cognitive decline, and it 
can induce microglial cell apoptosis, exerting its effects through the 
activation of the S100 calcium-binding protein A8 (S100A8) 
signaling pathway (Teng et al., 2022).

2.2.6 Lipopolysaccharide
LPS is not a direct derivative of the gut microbiota but a unique 

component of the cell wall of Gram-negative bacteria. When Gram- 
negative bacteria in the intestinal microbiota undergo cell death and 
lysis, LPS is released into the gut environment, subsequently 
entering the bloodstream. Multiple lines of evidence suggest that 
aging combined with recurrent chronic infections can lead to 
exposure to exotoxins such as LPS and bacterial amyloid 
proteins, which can alter the activation of microglia, exacerbate 
inflammatory responses, and lead to Aβ fibrillation in the brain, 
thereby contributing to the pathogenesis of AD (Kesika et al., 2021). 
In particular, lipopolysaccharide secreted by Bacteroides fragilis (BF- 
LPS) can activate the inflammatory transcription factor NF-κB, 
thereby promoting the occurrence of inflammatory 
neurodegenerative diseases (Lukiw, 2016). Additionally, it can 
upregulate pro-inflammatory microRNAs (such as miRNA-34a 
and miRNA-146a), which can downregulate the expression of 
triggering receptors expressed on myeloid cells 2 (TREM2), 
thereby exacerbating neuroinflammation and Alzheimer’s disease 
pathology (Zhao and Lukiw, 2018). The direct effects of gut 
microbiota derivatives on microglia are summarized in Table 2.

3 Indirect effects of gut microbiota and 
its derivatives on microglia

3.1 Gut microbiota and its 
derivatives—immune system—microglia

Approximately 70%–80% of immune cells in the human body 
are located in the gastrointestinal tract, facilitating direct 
interactions between the gut and immune cells (Vighi et al., 
2008). Disruption of the IB function increases the permeability of 
gut microbes, microbial derivatives (such as metabolites and 
virulence factors), and other intestinal components, leading to 
abnormal immune-inflammatory responses mediated by 
molecular mimicry and dysregulated T-cell reactions (Yang et al., 
2024). A study has shown that IFN-γ expression is increased in mice 
with tauopathy, and IFN-γ can promote the inflammatory response 
of microglia, enhancing their antigen presentation and 
inflammatory functions (Chen et al., 2023). A study has found 
that Porphyromonas gingivalis (Pg) originating from the oral cavity 
can induce the proliferation of astrocytes and microglia in the brain. 
Additionally, the proportion of CD4+IFN-γ+ T lymphocytes and 
CD8+IFN-γ+ T lymphocytes in the blood and spleen of Pg-treated 
mice was found to increase (Chi et al., 2021). Peripheral Th1 (CD4+ 

IFN-γ+) cells are associated with M1 microglia activation, 
suggesting that Pg may affect the brain by inducing glial cell 
proliferation and promoting the production of pro-inflammatory 
cytokines through immune cells (Wang et al., 2019). The indirect 

Frontiers in Aging frontiersin.org06

Wang et al. 10.3389/fragi.2025.1704047

https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2025.1704047


effects of gut microbiota and its derivatives on microglia are 
summarized in Figure 2.

3.2 Gut microbiota and its 
derivatives—endocrine system—microglia

3.2.1 Outer membrane vesicles of gut microbiota
Outer membrane vesicles (OMVs) of the gut microbiota are 

independent vesicles produced by most Gram-negative bacilli and 
some Gram-positive bacteria. These vesicles can be secreted into the 
environment distant from the bacterial cells (Juodeikis and Carding, 
2022). After entering the systemic circulation, OMVs can affect the 
central nervous system through various pathways. They can activate 
innate immune cells in the brain and induce the release of 
neuroinflammatory factors (Gong et al., 2022). They can also 
damage or increase the permeability of the blood–brain barrier. 
Moreover, they may directly interact with neurons, affecting neural 
activity (Han et al., 2019). On the one hand, OMVs carry 
lipopolysaccharides, phospholipids, peptidoglycan, cell wall 
components, proteins, nucleic acids, ion metabolites, and 
signaling molecules, serving as carriers that play significant roles 

in biofilm formation, inter-bacterial signaling, antibiotic resistance, 
regulation of host immune responses, and evasion of host defense 
systems in physiological and pathological processes (Sartorio et al., 
2021). On the other hand, pathogenic gut microbiota (such as 
Enterobacteriaceae, Shigella, Lactobacillus pentosus, and 
Salmonella) secrete OMVs carrying active virulence factors, 
which are transported to host cells (Dhital et al., 2021). Adhesins, 
toxins, and immune regulatory substances within OMVs play a 
direct role in bacterial adhesion and penetration, leading to 
cytotoxic effects, and they also regulate the host’s immune 
response. Through the interaction between the host and the 
pathogen, OMVs play a crucial role as an important contributor 
to bacterial virulence. A study found that mice treated with OMVs 
from Lactobacillus pentosus (Lpo) showed a significant decline in 
cognitive function and hyperphosphorylation of Tau protein 
compared with the healthy control group, which may be related 
to the activation of microglia and the production of pro- 
inflammatory cytokines (IL-1β, IL-6, and TNF-α), thereby 
exacerbating neuroinflammation (Shao et al., 2024). Another 
study revealed that OMVs derived from Helicobacter pylori 
(Hpo) can cross biological barriers to reach the brain, where they 
are taken up by astrocytes, activate glial cells, and lead to neuronal 

TABLE 2 Direct effects of gut microbiota derivatives on microglia.

Designation Category Mechanism Impact on microglia Impact 
on AD

References

SCFAs—Acetate 5xFAD transgenic 
mice

Promote mitochondrial function to increase the 
energy supply of microglia and enhance their 
phagocytic capacity

Enhance the phagocytic capacity of 
microglia

Alleviate Erny et al. (2021)

SCFAs—Acetate BV2 microglia Inhibit the expressions of CD11b, COX-2, and 
GPR41 in microglia and downregulate the 
phosphorylation levels of ERK, JNK, and NF-κB

Inhibit the activation of microglia Liu et al. (2020)

SCFAs—Propionate Immortalized murine 
microglia

Decrease the expressions of Cd36 and Msr1, 
increase the expression of Lpl, and impair the 
phagocytic ability of microglia

Decrease the activation of 
microglia and impair their 
phagocytic ability, with complex 
dual effects

Gold et al. (2024)

SCFAs—Butyrate 5xFAD transgenic 
mice

Reduce Iba-1 expression in microglia, decrease 
the production of TNF-α, IL-6, and IL-1β, and 
inhibit the NF-κB signaling pathway

Inhibit the activation of microglia Alleviate Jiang et al. (2021)

SCFAs—Butyrate BV2 microglia Inhibit the phosphorylation of NF-κB p65 in 
microglia and reduce the levels of CD11b and 
COX-2

Inhibit the activation of microglia Sun M. et al. 
(2020)

Indole APP/PS1 mice Upregulate AhR expression and inhibit the 
formation of the NLRP3 inflammasome

Inhibit the activation of microglia Alleviate Khoshnevisan 
et al. (2022)

Trp Male APP/PS1 mice Regulate the AhR/NF-κB pathway to reduce 
CD11b expression

Inhibit the activation of microglia Alleviate Pan et al. (2024)

TβMCA C57BL/6 J mice Increase IBA1 expression and upregulate NOS, 
Saa1, IL-18, IL-6, ICAM1, and TNF-α 
expressions

Activate microglia Aggravate Ma et al. (2024)

TMAO D-galactose-induced 
aging rats

Downregulate the expression of the 
P2Y12 receptor in microglia

Activate microglia Aggravate Wang et al. (2024)

IAA BV2 microglia Increase the expression levels of S100A8 and 
cleaved caspase-3

Induce apoptosis in microglia Teng et al. (2022)

LPS Human 
neuronal–glial cells 
and HNG cells

Activate the NF-κB signaling pathway, 
upregulate pro-inflammatory microRNAs (such 
as miRNA-34a and miRNA-146a), and 
downregulate TREM2 expression

Activate microglia Zhao and Lukiw 
(2018)
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dysfunction, thereby exacerbating Aβ pathology and cognitive 
decline (Xie et al., 2023).

3.2.2 Neurotransmitters produced by the gut 
microbiota and its derivatives

The gut microbiota can produce neurotransmitters such as 
gamma-aminobutyric acid (GABA), noradrenaline (NA), and 
dopamine (DA), which transmit signals to the brain (Qu et al., 
2024; González-Arancibia et al., 2019; Dicks, 2022). GABA is one of 
the gut microbiota-derived metabolites, with lactic acid bacteria and 
Bacteroides being the main gut bacteria that produce GABA (Bhat 
et al., 2010; Conn et al., 2024). These bacteria take up glutamate 
through specific transporters and generate GABA via the 
L-glutamate decarboxylation reaction within the cell. GABA can 
cross the blood–brain barrier through simple diffusion, 
transmembrane transport, or carrier-mediated transport 

(Takanaga et al., 2001; Al-Sarraf, 2002; Shyamaladevi et al., 
2002). Hannah et al. believed that GABA signaling is associated 
with the activation of microglia and the uptake of Aβ (Iaccarino 
et al., 2016). Further studies have demonstrated that GABA activates 
microglia via the NLRP3 inflammasome and NF-κB signaling 
pathways, leading to significant increases in the mRNA and 
protein levels of TNF-α, IL-6, and IL-1β in BV2 microglia (Lang 
et al., 2020). NA is found in the biomass of gut microbiota, with 
Escherichia coli, Bacillus amyloliquefaciens, Paenibacillus, Proteus, 
and Serratia marcescens being capable of producing NA (Tsavkelova 
et al., 2000). Moreover, NA can modulate the activation of microglia 
through β-adrenergic receptors (β-ARs) (Sugama et al., 2019). 5- 
hydroxytryptamine (5-HT), also known as serotonin, is a 
neurotransmitter, particularly playing a key role in the gut–brain 
axis. The gut microbiota influences systemic immune function by 
regulating the production of 5-HT by enterochromaffin cells in the 

FIGURE 2 
Indirect effects of gut microbiota and its derivatives on microglia. Gut microbiota can influence microglial activation through three primary indirect 
routes. (1) Immune system pathway: gut microbiota and their derivatives (e.g., Pg) can disrupt the intestinal barrier, triggering peripheral immune responses 
and promoting the release of pro-inflammatory cytokines (e.g., IFN-γ), which, in turn, stimulate microglia. (2) Endocrine system pathway: metabolites 
produced by gut microbiota, such as neurotransmitters (e.g., 5-HT) and other derivatives (Lpo and Hpo), enter the systemic circulation. These 
molecules can cross the blood–brain barrier to directly stimulate or inhibit microglial activity. (3) Vagus nerve pathway: intestinal microbiota derivatives 
(e.g., GABA) can be transmitted to the brain through the vagus nerve, indirectly stimulating microglia. The subsequent activation of microglia can 
contribute to neuronal death, highlighting the critical role of the gut–brain axis in regulating neuroinflammation. This figure was created using AxGlyph. 
Pg, Porphyromonas gingivalis; IFN-γ, interferon-γ; 5-HT, 5-hydroxytryptamine; Lpo, Lactobacillus pentosus OMVs; Hpo, Helicobacter pylori OMVs; 
GABA, gamma-aminobutyric acid.
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gut (Correale et al., 2022). Studies have shown that 5-HT regulates 
neuroinflammation by activating the 5-HT2AR/cAMP/PKA/CREB/ 
Sirt1 and NF-κB pathways, controlling the transcription of 
TLR2 and TLR4 in microglia stimulated by phagocytosis, thereby 
affecting neuroinflammation (Lu et al., 2021; Wang et al., 2020; Zhu 
et al., 2022). In addition, 5-HT can bind to its receptors on microglia, 
triggering the release of exosomes containing cytokines, providing 
an alternative mechanism for regulating neuroinflammation caused 
by the gut (Glebov et al., 2015). The synthesis, metabolism, or 
transport of 5-HT is crucial in inflammatory responses and may 
provide new avenues for alleviating neuroinflammation in AD.

3.3 Gut microbiota and its 
derivatives—vagus nerve—microglia

The vagus nerve (VN), as a key component of the autonomic 
nervous system, contains 80% afferent fibers and 20% efferent fibers, 
and it intricately traverses the gastrointestinal tract, serving as a 
critical neural pathway (Bonaz et al., 2021). Gut endocrine cells 
directly interact with the afferent fibers of the vagus nerve, 
transmitting information to the central autonomic network for 
analysis and integration, including the paraventricular nucleus, 
locus coeruleus, hypothalamus, and the limbic system, which 
encompasses the thalamus, amygdala, and hippocampus 
(Schroeder and Bäckhed, 2016). Despite multiple mechanisms, 
the VN pathway may be the fastest and most direct route of 
interaction between gut microbiota and the brain (Han et al., 
2022). Microbiota indirectly activate the afferent fibers of the 
vagus nerve through metabolites or other harmful products (such 
as amyloid proteins and LPS), thereby regulating behaviors such as 
learning and memory (Décarie-Spain et al., 2024). The connection 
between gut microbiota and the vagus nerve appears to regulate the 
state of microglia and the level of inflammation in the central 
nervous system (Dinan and Cryan, 2017). A study observed that 
stimulating the vagus nerve can increase the levels of GABA in 
cerebrospinal fluid and different brain regions. Reactive microglia 
surrounding amyloid-beta plaques produce high levels of GABA, 
leading to impaired synaptic plasticity, learning, and memory in AD 
mice. It is believed that GABA may affect the activation state of 
microglia through signaling via the vagus nerve (Liang et al., 2024).

4 Treatment of AD through gut 
microbiota regulation

4.1 Dietary management

Although the exact etiology of AD remains unclear, it has been 
recognized that dietary patterns may play a role in the pathological 
process of AD (Ellouze et al., 2023). In a randomized, double-blind 
study, it was demonstrated that the modified Mediterranean- 
ketogenic diet (MMKD) can increase beneficial bacteria (such as 
Akkermansia and Christensenellaceae), reduce harmful bacteria 
(such as Enterobacteriaceae and Erysipelotriachaceae), and 
regulate SCFA levels (increase propionic and butyric acid levels) 
to improve cognitive function in patients with mild cognitive 
impairment (MCI) (Nagpal et al., 2019).

4.2 Probiotics

In a systematic analysis based on animal and clinical trials, it has 
been shown that the intake of probiotics has a positive impact on 
AD, improving memory and cognitive function. Among these, 90% 
of the studies were based on Bifidobacterium and Lactobacillus, 
while only 10% focused on Streptococcus and Clostridium species. 
The most widely used AD preparations are Bifidobacterium infantis, 
Bifidobacterium longum, Lactobacillus acidophilus, Lactobacillus 
plantarum, and Lactobacillus casei, as single- or multi-strain 
preparations for animal models (Naomi et al., 2021). Although 
there is evidence supporting the therapeutic potential of 
probiotics, there are still some risks, such as the potential to 
induce serotonin syndrome, which requires cautious use in 
individuals with depression or at risk of AD. Therefore, more 
research is needed in the future to develop an effective and safe 
probiotic formulation for the prevention or treatment of AD (Guo 
et al., 2021).

4.3 Fecal microbiota transplantation

Fecal microbiota transplantation (FMT) is a method of 
transplanting the donor’s gut microbiota into the recipient to 
restore the gut microbiome. A case report showed that a male 
patient with recurrent Clostridioides difficile infection (CDI) 
received an FMT from his wife. After the transplant, the patient’s 
CDI symptoms resolved, and a significant improvement in his AD 
symptoms was observed (Hazan, 2020). In another animal study, 
FMT was performed from non-transgenic WT mice to male 
APPswe/PS1dE9 transgenic (Tg) mice. It was found that FMT 
treatment reduced the phosphorylation levels of tau protein and 
Aβ deposition in the brain, increased synaptic plasticity in Tg mice, 
suppressed neuroinflammation, reversed changes in the gut 
microbiota, and increased the levels of butyrate, thereby 
improving cognitive deficits in Tg mice (Sun J. et al., 2019). 
Overall, FMT is a safe and effective treatment method, but there 
are still minor adverse events, such as diarrhea, constipation, 
abdominal discomfort, and low fever, along with serious side 
effects, such as high fever, infection, sepsis, transmission of 
intestinal pathogens, perforation, and bleeding. Therefore, more 
large-scale clinical trials are needed to further study FMT 
(Nandwana et al., 2021).

4.4 Traditional Chinese medicine

In the past, the mechanism of acupuncture treatment for AD 
was mainly focused on local changes in the brain. Research in the 
past decade has shown that acupuncture can regulate the types and 
structure of gut microbiota, repair the intestinal barrier and 
blood–brain barrier, prevent inflammatory cytokines from the 
intestine from entering the blood and brain, and ultimately 
improve cognitive impairment in AD. Acupuncture at GV20, 
GV29, ST36, LI4, BL13, BL20, BL23, and SP6 can regulate the 
composition and quantity of gut microbiota. Acupuncture at GV20, 
GV29, and ST36 also helps restore the function of the intestinal 
barrier and blood–brain barrier, reducing inflammatory factors 
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(LPS, TNF-α, and IL-1β) in the circulating blood and brain. Notably, 
the effectiveness of acupuncture in treating AD is related to the 
choice of acupuncture points, the form of acupuncture, and the 
frequency of treatment. Some specific acupuncture methods, such as 
Sanjiao acupuncture and “Smelling Three Needles” therapy, have 
also provided new perspectives on the treatment of Alzheimer’s 
disease (Li et al., 2023). Traditional Chinese medicine (TCM) has a 
rich theoretical background and clinical experience in the treatment 
of AD, and it is effective in improving daily living abilities and 
cognitive functions, alleviating mental symptoms, and delaying 
disease progression, with the advantages of minimal adverse 
reactions and high effectiveness (Sun L. et al., 2019). Commonly 
used TCM compound formulas for treatment include kidney- 
tonifying and essence-filling formulas such as Liuwei Dihuang 
Wan, Dihuang Yinzi, and Dabu Yuan Jian; phlegm-removing 
and orifice-opening formulas such as Kaixin San and Di Tan 
Tang; blood-activating and stasis-removing formulas such as 
Buyang Huanwu Tang and Danggui Shaoyao San; heat-clearing 
and detoxifying formulas such as Huanglian Jiedu Tang; and single- 
herb treatments such as cooked Rehmannia, dogwood water extract, 
cinnamon extract, and Artemisia annua water extract. Active 
components of TCM used in treatment include flavonoids, 
phenols, quinones, phenylpropanoids, alkaloids, sugars and 
glycosides, terpenoids, and volatile oils (Cao et al., 2024).

5 Summary and outlook

In recent years, an increasing number of studies have shown that 
increased intestinal permeability or intestinal leakage is associated 
with AD. Resident immune cells in the central nervous 
system—microglia—are involved in the development of 
neuroinflammation. Additionally, due to the role of the 
microbiota in the maturation and function of microglia, they are 
mediated by the gut microbiota. Although these articles have 
determined, based on existing research, that the gut microbiota 
and its derivatives can regulate microglia to affect AD, these studies 
may only show us the tip of the iceberg, and there are still many 
problems that have not been addressed. For example, how does the 
microbiota promote intestinal permeability, and can this process be 
reversed (perhaps through fecal transplantation from young mice or 
probiotics)? What other functions of microglia are altered by the gut 
microbiota and its derivatives, in addition to activation and 
inhibition? What are the exact mechanisms through which the 
gut microbiota and its derivatives influence microglial 
phenotypes and functional changes? Are there other intestinal- 
derived metabolites that exert synergistic or antagonistic effects 
on microglia? Understanding how changes in the gut microbiota 
and its derivatives affect immune responses in the brain may provide 
new therapeutic approaches for preventing and treating AD. 
Therefore, this study aims to elucidate the complex interactions 
between the gut microbiota, its derivatives, and microglia. 

Researchers aim to develop innovative approaches targeting the 
gut–brain axis to improve the prognosis of AD. However, to fully 
understand the potential of microbiota-based interventions in AD, 
further efforts are still needed, including the development of non- 
invasive and in vivo monitoring technologies for the composition of 
the gut microbiota and the function of microglia, along with large- 
scale clinical trials, to realize therapeutic strategies targeting the 
microbiota or microglia and benefit patients.
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