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Abstract 

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by 

memory loss, cognitive decline, and behavioral changes, affecting over 50 million people 

worldwide. Its etiology involves complex genetic and environmental factors, and recent 

evidence implicates the gut–brain axis in disease progression. Dysbiosis of the gastrointestinal 

microbiota has been linked to increased neuroinflammation and accumulation of amyloid-β (Aβ) 

plaques and neurofibrillary tau tangles, the hallmark pathologies of AD. Conversely, beneficial 

gut bacteria produce metabolites (such as short-chain fatty acids, SCFAs) that may counteract 

these processes. This review summarizes current knowledge on how dietary interventions 

(probiotics and prebiotics) modulate the gut microbiota and influence AD pathology. Studies 

indicate that probiotic strains (notably Lactobacillus and Bifidobacterium) and prebiotics have 

potential to improve cognitive function and reduce neuroinflammation in preclinical and 

clinical settings. However, studies vary in design and scale, and therapeutic protocols are not 

yet standardized. Further research is needed to establish efficacy, dosage, and safety of 

microbiota-targeted interventions. Modulating the gut microbiota thus represents a novel 

avenue for AD prevention and treatment, although conclusive clinical evidence is still emerging. 
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1. Introduction 

Alzheimer’s disease (AD), named after the German psychiatrist Alois Alzheimer, is a 

progressive neurodegenerative disorder that leads to a gradual decline in memory, cognitive 

function, and behavior, ultimately impairing an individual's ability to live independently [1]. 

Although AD is primarily considered a cognitive disorder, nearly all affected individuals exhibit 

neuropsychiatric symptoms (NPS) at some point during the disease course. Studies have 

demonstrated that individuals with AD and mild cognitive impairment (MCI) experience a 

significantly higher prevalence of NPS compared to the general population. Among these 

symptoms, depression and apathy are particularly common in those with MCI and in the early 

stages of AD, while verbal and physical agitation is frequently observed across all stages. As 

the disease progresses, delusions, hallucinations, and aggression become increasingly 

prominent, with apathy remaining a persistent and prevalent symptom throughout all stages of 

the condition. Additionally, disruptions in circadian sleep–wake rhythms become more 

pronounced, exceeding changes typically associated with aging [2]. 

AD represents the most prevalent form of dementia [3], accounting for approximately 60–80% 

of all cases. Its incidence increases markedly with age, affecting around 1% of individuals aged 

65–69, and rising to 30% among those over 85 years of age, leading to over 50 million cases 

globally [4]. This number is projected to double approximately every five years. Estimates 

suggest that by 2050, the global number of affected individuals may reach 152 million, with the 

most significant growth expected in developing countries [5]. These statistics underscore the 

urgent need to address AD as a growing public health crisis [5]. 

The etiology of AD is multifactorial, involving both genetic and environmental components. 

The disease exists in both sporadic and familial forms, with the latter associated with mutations 

in three specific genes: amyloid precursor protein (APP), presenilin 1 (PSEN1), and presenilin 

2 (PSEN2) [6]. Familial forms are rare, accounting for less than 0.5% of all cases, while the 

vast majority are sporadic in nature. It is now widely recognized that a complex interplay 

between genetic predisposition and environmental influences contributes to the development of 

AD [7]. 

The hallmark pathological features of AD include the presence of amyloid plaques and 

neurofibrillary tangles. Amyloid plaques are extracellular accumulations of misfolded amyloid 
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beta (Aβ) peptides—primarily Aβ40 and Aβ42—derived from aberrant processing of APP. 

Neurofibrillary tangles consist predominantly of paired helical filaments formed by 

hyperphosphorylated tau protein, which under normal conditions is involved in the stabilization 

of microtubules. Several hypotheses have been proposed to elucidate the mechanisms 

underlying the deposition of amyloid plaques and tau pathology, with neuroinflammation being 

one of the central contributors. 

Chronic inflammation is increasingly recognized as a key factor in the pathogenesis of AD. 

Neuroinflammation in the AD brain is driven not only by central stimuli, such as amyloid 

plaques and neurofibrillary tangles, but also by peripheral factors like endotoxins. Activated 

microglia and the associated inflammatory responses have been strongly linked to cognitive 

decline in individuals with AD [8]. 

Recent studies have highlighted the potential role of gut microbiota in modulating 

neuroinflammation and amyloid plaque deposition in AD. In particular, the administration of 

probiotic strains such as Lactobacillus and Bifidobacterium has been associated with reduced 

neuroinflammation and improved cognitive function in preclinical models of AD [35]. 

Furthermore, a 2024 study by Zhang et al. demonstrated that a specific probiotic blend not only 

reduced amyloid-beta aggregation but also modulated gut-brain signaling pathways, suggesting 

a therapeutic avenue for AD intervention [35]. 

The objective of this review is to synthesize and evaluate current evidence on the influence of 

the gastrointestinal microbiota and its modulation through dietary probiotics and prebiotics on 

the development and progression of AD. Specifically, it aims to investigate the interplay 

between the gut microbiota–gut–brain axis, neuroinflammatory mechanisms, and the hallmark 

pathological features of AD, including amyloid plaque formation and tau protein aggregation. 

2. Materials and Methods 

A narrative literature review was conducted using the PubMed database in February 2025. 

Keywords included “microbiota,” “Alzheimer’s disease,” “probiotics,” “prebiotics,” and their 

Boolean combinations such as “microbiota AND Alzheimer’s disease AND review” and 

“probiotics AND Alzheimer’s disease.” The search was limited to peer-reviewed articles 

published in English from 2011 onwards, with open-access full texts. Abstracts were screened 

for relevance, and qualifying studies were retrieved for full-text analysis. 
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3. Gut Microbiota 

3.1. Composition and Functions of the Gut Microbiota 

The gut microbiota is a complex community of microorganisms that inhabit various regions of 

the human body, including the skin, oral cavity, upper respiratory tract, ear canal, and vagina. 

Notably, approximately 90% of all microorganisms are concentrated within the small and large 

intestines [9]. The human gastrointestinal microbiota comprises over 100 bacterial species, 

primarily belonging to two dominant bacterial phylotypes: Firmicutes and Bacteroidetes. 

Additionally, smaller populations of Actinomyces, Fusobacterium, Proteobacteria, and 

Verrucomicrobia are also present [10]. Importantly, the gut microbiota is not limited to bacteria 

alone; fungi (such as Candida albicans), viruses, and certain protists have also been identified. 

Moreover, the gut microbiota includes microorganisms from the Archaea domain [9]. 

This microbial ecosystem exhibits substantial inter-individual variability, with only a small 

subset of microorganisms being common to most individuals. For instance, a European study 

analyzing 3,000 samples found that only 17 bacterial species were present in over 95% of 

samples, while most bacterial species were rare. Similarly, a cohort study involving 1,135 Dutch 

individuals identified 639 bacterial species, 469 (73%) of which were found in fewer than 10 

participants. This variability is likely to influence the metabolic functions performed by the gut 

microbiota. Cohort studies further indicate that the dynamic nature of the gut ecosystem reflects 

complex interactions between the host and numerous factors, including lifestyle, diet, and 

environmental influences [10]. 

Recent studies have also highlighted the impact of age-related changes in gut microbiota 

composition, particularly noting a decline in beneficial bacterial species such as 

Bifidobacterium and Lactobacillus in elderly populations, which may exacerbate 

neuroinflammation and cognitive decline [36]. 

These microorganisms significantly impact the physiology and development of the host, 

contributing to overall health maintenance. Beneficial microorganisms, known as probiotics, 

are live microorganisms that confer health benefits to the host. These probiotic species regulate 

the pH of the gastrointestinal tract, enhancing the protective barrier against pathogens entering 

the body through the digestive system. Additionally, probiotic bacteria play a crucial role in 

synthesizing essential metabolites, thereby preventing inflammation and related diseases. The 

gut microbiota also produces bioactive compounds such as monoamines and amino acids, 
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which can travel through the lymphatic and vascular systems to the central nervous system, 

potentially influencing neuronal activity and behavior. Notably, these beneficial interactions 

occur only when the gut microbiota remains in a state of balance [7]. 

In a recent study, Lactobacillus was found to enhance attention, memory, and motivation 

through the production of short-chain fatty acids (SCFAs), serotonin, and acetylcholine. 

Furthermore, research conducted on Wistar rats demonstrated that Saccharomyces, which 

produces norepinephrine, facilitated memory formation and retrieval. Similarly, experiments 

involving pigs revealed that tryptophan produced by Bacillus improved cognitive function [11]. 

A 2025 study by Nguyen et al. demonstrated that targeted probiotic supplementation not only 

restored microbial diversity in aged mice but also significantly reduced amyloid-beta plaque 

deposition and tau protein hyperphosphorylation, suggesting a direct link between gut 

microbiota modulation and Alzheimer’s pathology [37]. 

This review examines the potential impact of gut microbiota composition, dysbiosis, and 

associated neuroinflammatory processes on the development of Alzheimer’s disease. Given the 

increasing prevalence of Alzheimer’s disease in the global population, and the emerging 

evidence of a strong connection between the Microbiota–Gut–Brain Axis, understanding these 

relationships may hold significant implications for the prevention and treatment of Alzheimer’s 

disease. 

3.2. Microbiota–Gut–Brain Axis 

The concept of a continuous, bidirectional communication system between the brain and gut 

dates back to ancient Greece, where philosophers such as Hippocrates, Plato, and Aristotle 

proposed that the brain and body are intricately connected. This early perspective contributed 

to the understanding that disease should be studied holistically, considering the entire organism 

rather than isolated organ systems alone [12]. 

 A complex communication network exists between the gut and the central nervous system 

(CNS), involving the enteric nervous system (ENS), the sympathetic and parasympathetic 

branches of the autonomic nervous system (ANS), as well as signaling pathways mediated by 

chemical substances and neuroimmune systems [13]. 

Neuroendocrine Pathway 
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A primary route through which gut microbes and their metabolites communicate with the CNS 

involves cells of the gut endocrine system, particularly enteroendocrine cells (EECs) and 

enterochromaffin cells (ECCs) [14]. Specialized structures on EECs and ECCs, known as 

neuropods, have been identified as transmitting sensory signals from the intestinal environment 

to the brain. These signals are conveyed through synapse-like connections with nearby nerves, 

including the vagus nerve [12]. EECs are capable of sensing a range of microbial signals [15]. 

There are at least 12 distinct types of these cells, with several subtypes—such as A, K, and L 

cells—forming subgroups along the gut and containing various combinations of signaling 

molecules. EECs are distributed among the intestinal epithelial cells and house over 20 types 

of signaling molecules, which are often co-localized and released simultaneously [16]. EECs 

and ECCs can produce several neuropeptides, including peptide YY, neuropeptide Y (NPY), 

cholecystokinin, glucagon-like peptides 1 and 2, and substance P. Once secreted by EECs, these 

neuropeptides likely diffuse through the lamina propria—an area populated with various 

immune cells—before entering the bloodstream or exerting receptor-mediated effects on ENS 

neurons or external nerve fibers [14]. The gut microbiota produces various substances, such as 

monoamines, amino acids, short-chain fatty acids (SCFAs), and secondary bile acids (2BAs), 

which help regulate gut-brain motility, secretion, and signaling. These compounds act through 

free fatty acid receptors (FFARs) on epithelial cells, EECs, ECCs, immune cells, and both 

intrinsic and extrinsic neurons [7],[12]. Dietary fiber intake plays a critical role in regulating 

SCFA concentrations. When the host’s diet is low in fermentable fiber, microorganisms 

consume mucus glycans and other alternative, less energy-efficient sources, leading to reduced 

fermentative activity and lower SCFA production. Beyond generating metabolites that activate 

CNS signaling pathways, certain gut microbes may also directly produce or assist in the 

production of neuroactive molecules, such as gamma-aminobutyric acid (GABA), 

norepinephrine, and dopamine. However, it remains uncertain whether these molecules reach 

the relevant receptors or achieve concentrations high enough to elicit a response in the host.[16] 

The short half-life of most neurotransmitters and their limited ability to cross the blood-brain 

barrier, however, make this unlikely [12],[16]. Serotonin (5-HT) stands out as a particularly 

important neurotransmitter due to its roles in neuroendocrine, endocrine, and paracrine 

signaling, influencing the development and long-term function of both the enteric and central 

nervous systems (ENS and CNS). It is increasingly recognized as a key component of the 

microbiota-gut-brain (MGB) axis, facilitating communication between the brain and gut. 

Notably, 95% of the body’s 5-HT is produced by gastrointestinal enterochromaffin cells (ECCs) 

and gut neurons, with only 5% stored in the CNS. Recent studies have revealed that specific 
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spore-forming bacteria in humans and mice can elevate 5-HT levels in the colon and 

bloodstream. In ECCs, 5-HT synthesis is influenced by bacterial production of SCFAs and 

2BAs, particularly by spore-forming Clostridiales, which enhance their stimulatory effects on 

ECCs with increased dietary tryptophan availability. The essential amino acid tryptophan (Trp) 

is crucial within the brain-gut-microbiota (BGM) axis, as it serves as the precursor to the 

neurotransmitter serotonin (5-HT). Serotonin’s role in MGB communication is bidirectional: 

the autonomic nervous system can prompt ECCs to release 5-HT into the intestinal lumen, 

where it interacts with the gut microbiota [12],[16]. 

Neuronal Pathway 

The neuronal pathway encompasses the enteric nervous system (ENS), vagus nerves, and spinal 

nerves [17]. The ENS, located within the intestine, consists of an extensive neuronal network 

that shares neurotransmitters with the CNS, with the vagus nerve serving as the central 

communication channel between the two [18]. The vagus nerve, serving as the primary 

bidirectional pathway between the brain and gut, has been extensively studied, particularly its 

afferent branch, which plays a critical role in brain-gut communication in both health and 

disease [12]. Evidence suggests that the vagus nerve may receive microbial signals in the form 

of bacterial metabolites, gut peptides, inflammatory molecules, or be modulated by microbiota-

induced effects on EECs and ECCs in the intestinal epithelium [12],[16]. However, there is also 

evidence for direct neuronal activation by the gut microbiota. Toll-like receptors 3 and 7, which 

recognize viral RNA, as well as Toll-like receptors 2 and 4, which recognize peptidoglycan and 

lipopolysaccharide, are found in the ENS of both mice and humans. L. rhamnosus (JB-1), B. 

fragilis, and polysaccharide A from B. fragilis have been shown to activate enteric afferent 

neurons in ex vivo studies. However, it remains unclear to what extent luminal microbial 

antigens come into direct physical contact with neurons in vivo [16]. On one hand, the vagus 

nerve regulates metabolic homeostasis and feeding behaviors, such as gastrointestinal motility 

and secretory functions. On the other hand, the vagus nerve participates in inflammatory 

mechanisms that link the brain, gut, and other organs within the body [17]. 

Neuroimmune Gut Connection 

It is important to emphasize that the gut microbiota influences the development and function of 

immune cells residing in the CNS, particularly microglia. The ANS and ENS axis directly 

interact with the immune system. The gut-associated lymphoid tissues (GALT) form the body’s 
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largest immune organ, comprising more than 70% of the total immune system. The connection 

between infection and brain function is well established, particularly in the context of diseases 

such as syphilis and Lyme disease, which often manifest with psychiatric symptoms. Bacteria 

can release immune agonists, such as lipopolysaccharide (LPS) and peptidoglycans (PGN), into 

the circulation, from where they may reach the brain. There is evidence suggesting that 

probiotic microorganisms exert an immunoregulatory effect, promoting the generation of 

regulatory T cells (Tregs) and stimulating the synthesis and secretion of the anti-inflammatory 

cytokine IL-10. This is supported by studies showing that oral administration of 

Bifidobacterium infantis increases IL-10 expression in peripheral blood. Additionally, the 

feeding of commensal bacteria promotes Treg production and IL-10 synthesis [12],[14]. Recent 

research has shown that disruptions in the microbiota-gut-brain axis, such as those caused by 

dysbiosis, may contribute to the development of various psychiatric disorders, including 

depression, anxiety, and autism spectrum disorders. These findings highlight the importance of 

maintaining a balanced gut microbiota for mental health and open new therapeutic avenues for 

the treatment of neuropsychiatric conditions. Studies have shown that probiotic interventions, 

by restoring a healthy microbiota, may have beneficial effects on mood regulation and cognitive 

function [38]. 

The Role of Inflammation in Alzheimer's Disease 

The brain is equipped with its own immune cells that provide protection against infection and 

injury. Microglia, which are macrophage-like cells residing in the brain, originate from 

monocyte precursors during the development of the nervous system [19]. These cells play  

a crucial role in modulating synapse formation and remodeling synaptic circuits. In response to 

infection, disease, abnormal stimuli, or the presence of neurotoxins, microglia become activated 

and act as mediators of inflammation. This process involves rapid alterations in the 

transcriptional profile, leading to the production of pro-inflammatory molecules. Depending on 

the nature of the inflammatory trigger, the cytokines and chemokines produced may promote 

the recruitment of leukocytes into the brain. Such changes enable microglia to migrate to sites 

of damage, where they enhance their phagocytic capacity, allowing them to engulf and digest 

dead or damaged neurons [20]. 

Astrocytes perform numerous essential functions in the brain, such as regulating blood flow, 

maintaining the blood-brain barrier (BBB), providing neuronal energy in the form of 

metabolites, modulating synaptic activity, controlling neurotrophin secretion, and removing 



11 

dead cells, among others. Astrocytes also play a key role in maintaining homeostasis in the 

brain's extracellular environment, by regulating ion concentrations and neurotransmitter levels 

[39]. Like microglia, astrocytes are divided into subpopulations with pro-inflammatory and 

immunoregulatory (neuroprotective) properties. Pro-inflammatory reactive astrocytes 

upregulate the expression of genes such as those involved in the complement cascade and 

produce pro-inflammatory factors, including IL-1β, TNF-α, and nitric oxide, which have 

detrimental effects on tissues. In contrast, neuroprotective astrocytes promote the secretion of 

neurotrophic factors and thrombospondin. Anti-inflammatory cytokines, such as IL-4, IL-13, 

and IL-10, can activate astrocytes in a neuroprotective manner, stimulating them to secrete IL-

4, IL-10, and TGF-β, thereby helping to protect neural tissue and promote regeneration [21]. 

The term "neuroinflammation" refers to a process in which neurons release substances that 

sustain inflammation and immune responses. These immune responses can have both beneficial 

and detrimental effects on the brain, depending on the extent of their activation [19]. When the 

inflammatory response is mild and controlled, it can promote brain protection, for instance, by 

removing pathogens or repairing damaged tissues. However, if inflammation becomes over-

activated or chronic, it can result in brain cell damage, leading to neuronal degeneration. 

Moreover, prolonged activation of neuroinflammatory pathways can lead to the formation of 

chronic gliosis, a process characterized by the hypertrophy and proliferation of glial cells, which 

exacerbates tissue damage [40]. An excessively intense inflammatory response may lead to the 

release of toxic substances such as pro-inflammatory cytokines, reactive oxygen species, and 

nitric oxide, which contribute to oxidative stress and neuronal damage [22]. Prolonged 

neuroinflammation has been implicated as both a cause and a consequence of several 

neurodegenerative diseases, including Alzheimer's disease [7]. Neuroinflammation is 

considered a key factor in disease progression, potentially contributing to its development 

through the activation of microglia and other immune system components in the brain. This 

phenomenon is associated with an inflammatory response triggered by amyloid-β (Aβ) 

deposition, which results in neuronal damage, synaptic dysfunction, and further progression of 

the disease. Studies suggest that chronic inflammation in the brain may play a significant role 

in neurodegeneration and the clinical manifestations of Alzheimer's disease (AD), such as 

memory and cognitive impairment [7], [22], [19]. Furthermore, the link between the gut 

microbiota and Alzheimer's disease has been proposed due to the role of inflammation in the 

pathology of this condition [7]. Recent research also suggests that alterations in the blood-brain 
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barrier (BBB) permeability contribute to the exacerbation of neuroinflammation, as 

inflammatory mediators can infiltrate the brain more easily [41]. 

Pro-inflammatory cytokines play a pivotal role in neuroinflammation. In particular, elevated 

serum levels of cytokines such as IL-1, IL-4, IL-6, IL-1β, IL-1α, IL-9, IL-17, IL-15, IL-16, IL-

12, IL-18, TNF-α, TGF-β, and pro-inflammatory factors like iNOS, which are central to 

nervous system inflammation, have been observed in AD patients. Interleukins, secreted by 

leukocytes and activated microglia, are critical to the immune response. They promote the 

activation of T-lymphocyte-dependent cytotoxicity and stimulate the increased activity of 

macrophages and neutrophils [22]. The sustained release of cytokines by microglia and 

astrocytes appears to be a consequence of the persistent deposition of Aβ peptides in the 

extracellular space [7],[11]. While IL-4 is primarily associated with anti-inflammatory 

responses, it may have adverse effects in the context of Alzheimer's disease under certain 

circumstances. This cytokine impedes the efficiency of Aβ clearance, the process of removing 

Aβ from the brain. As a result, it exacerbates Aβ deposition, promoting the formation of amyloid 

plaques—one of the key pathological features of Alzheimer's disease [22]. 

A key element in the pathogenesis of Alzheimer's disease (AD) is the activation of microglia in 

response to Aβ deposition [7]. Recent studies suggest that the pathological process of amyloid 

begins with the dysfunction of APPβ-secretase and γ-secretase, leading to the formation of 

insoluble Aβ fibrils. Aβ oligomerizes, penetrates synaptic gaps, and disrupts synaptic signaling. 

Subsequently, it polymerizes into insoluble amyloid fibrils, which aggregate into plaques. This 

polymerization activates kinases, which can enhance the hyperphosphorylation of the 

microtubule-associated protein tau, leading to the formation of neurofibrillary tangles (NFTs) 

[11]. It is now understood that disturbances in Aβ homeostasis precede changes in other proteins 

and cells, which together shape the cognitive phenotype of Alzheimer's disease. The 

identification of genes encoding proteins associated with the innate immune response, such as 

complement receptor 1, CD33, and TREM2, underscores their critical role in the microglial 

response to Aβ accumulation. Growing evidence suggests that neuroinflammatory processes 

may be a cause rather than a consequence of neurodegeneration in AD. However, it remains 

uncertain whether inflammation is the primary event in disease progression, as many studies 

indicate that Aβ deposition may precede the microglial response. The dual role of microglia in 

Alzheimer's disease is also noteworthy, as these cells can exhibit both neurotoxic and 

neuroprotective functions depending on their activation state [42]. Contemporary hypotheses 

propose a vicious cycle between Aβ accumulation and microglia activation in the brains of AD 
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patients. Microglia-induced neuroinflammatory processes are considered a promising 

therapeutic target for the treatment of the disease. In this context, it has also been hypothesized 

that dysbiosis of the gut microbiota may contribute to the promotion of neuroinflammatory 

processes in Alzheimer's disease [7]. Ongoing research is exploring the potential of targeting 

specific immune pathways, such as the inhibition of microglial activation or the modulation of 

gut-brain interactions, as promising therapeutic strategies for mitigating neuroinflammation and 

slowing disease progression [43]. 

3.3. Bacteria and Neuroinflammation in Alzheimer's Disease 

Recent studies in both mice and humans suggest that viral or bacterial infections, particularly 

disorders of the gut microbiota, may contribute to the development of Alzheimer's disease [7]. 

This concept has gained significant attention in recent years, with emerging evidence showing 

that the gut-brain axis plays a pivotal role in neuroinflammation and neurodegenerative diseases 

[44]. Hypotheses concerning the involvement of gut microbiota in the neuropathology of 

Alzheimer's disease are primarily based on experimental findings. When infectious 

microorganisms cross the blood-brain barrier, they may induce neuronal death by triggering an 

inflammatory response, leading to the onset of AD-like symptoms. Lipopolysaccharide [LPS], 

a component of the outer membrane of Gram-negative bacteria, plays a significant role in this 

process [24]. Experimental studies in animal models have shown that the injection of bacterial 

LPS into the fourth ventricle of the brain induces a range of inflammatory and pathological 

changes characteristic of Alzheimer's disease. Furthermore, the administration of LPS into the 

peritoneal cavity of mice results in a long-term increase in amyloid beta [Aβ] levels in the 

hippocampus, subsequently leading to cognitive decline [24]. LPS has been detected not only 

in the hippocampus but also in the neocortex of the superior temporal lobe and cerebral cortex, 

with the greatest accumulation in perinuclear areas [11]. Interestingly, LPS levels were found 

to be slightly higher in AD patients than in healthy individuals. It was also noted that LPS 

colocalizes with Aβ1-40/42 both in amyloid plaques and around blood vessels. Bacterial LPS 

can initiate a potent immune response by interacting with the CD14 receptor and the TLR4-

MD-2 complex on microglial cells. The TLR4 receptor can, in turn, bind to TIRAP and MyD88, 

leading to the activation of the transcription factor NF-κB, which induces the secretion of pro-

inflammatory cytokines. The activation of TLR4 by CD14 also mediates the inflammatory 

response to Aβ and S100A8/A9 proteins. Additionally, the TLR2 receptor, activated by LPS, is 

also stimulated by amyloid Aβ and amyloids of bacterial origin [24]. This complex interaction 

of bacterial components with the host's immune system contributes significantly to the 
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inflammatory cascade observed in AD.[45] This process is known to trigger pathogenic 

pathways in AD [25]. 

Notably, Marizzoni and colleagues demonstrated that the normalized amyloid uptake rate 

positively correlated with blood LPS levels, the presence of pro-inflammatory cytokines, and 

endothelial dysfunction [7], [25]. An example of the influence of bacteria on the formation of 

AD lesions can be seen in a number of studies conducted on mice. Studies on germ-free animals 

have provided evidence that the intestinal microbiota can significantly affect the development 

of Alzheimer's disease [26]. Reduced amyloid accumulation and neurotoxicity were observed 

in these microbiota-free animals, suggesting that the presence of gut microbiota may contribute 

to these pathological processes. When these animals were re-exposed to the gut microbiota of 

control mice, pathological effects such as amyloid accumulation reappeared. Moreover, some 

gut bacteria, including Enterobacteriaceae species and fungi, can produce amyloid peptides that 

contribute to the seeding of amyloid aggregation in the brain. Microbial amyloids accelerate 

the aggregation of β-amyloid peptides and trigger an inflammatory response [24]. Studies in 

APP/PS1 transgenic mice, which are commonly used to model Alzheimer's disease, have shown 

that the absence of gut microbiota leads to reduced amyloid accumulation, underscoring the 

impact of the microbiota on the disease's development [26]. An interesting aspect of these 

studies is the change in gut microbiota composition in APP/PS1 transgenic mouse models [27]. 

Studies have shown that the family bacteria Prevotella and Helicobacter differ significantly 

between transgenic and control mice, while other bacteria, such as Actinobacteria and the TM7 

cluster, may serve as more precise biomarkers for AD [26], [27]. Changes in microbiota 

composition at different stages of disease have also highlighted the potential for targeted 

microbiome-based interventions to alter the course of AD progression [46]. Alterations in 

microbiota diversity, along with changes in circulating metabolites involved in inflammatory 

pathways and the metabolism of nucleotides, lipids, and sugars, have been observed, suggesting 

that gut microbiota may have a broad impact on AD pathogenesis. 

Notably, studies comparing the microbiota of APP/PS1 mice at different stages of the disease 

with matched controls have revealed significant changes in the abundance of bacterial families 

such as Proteobacteriaceae, Verrucomicrobiaceae, Bifidobacteriaceae, Erysipelotrichaceae, 

Prevotellaceae, Bacteroidaceae, and Rikenellaceae [26], [27]. These changes were detected well 

before amyloid deposits were observed in the brain, indicating that gut microbiota could 

potentially serve as an early diagnostic marker for the disease. 
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Although mice are a commonly used animal model in Alzheimer's disease research, some 

studies in Drosophila melanogaster suggest a potential role for Wolbachia bacteria as a 

biomarker for Alzheimer's disease [7]. The use of alternative animal models like Drosophila is 

expanding the scope of microbiome research, enabling insights into the genetic underpinnings 

of microbial interactions in AD [45]. The bacterium Stenotrophomonas appears to have a 

protective effect against neurodegeneration, opening new avenues for research into the gut 

microbiome as a protective factor against neurodegenerative diseases. In conclusion, the gut 

microbiota holds potential not only in the pathogenesis of Alzheimer's disease but also in its 

early diagnosis, underscoring the need for further research into the relationship between the 

microbiota and neurodegenerative diseases. 

Studies comparing the microbiota of AD patients with healthy individuals have revealed 

reduced microbial diversity in AD patients, as well as a decrease in Firmicutes and an increase 

in Bacteroidetes [26]. Other studies have also confirmed alterations in the gut microbiota of 

dementia patients, including a decrease in Bacteroides and changes in the numbers of 

Firmicutes and Proteobacteria [27]. The imbalance between beneficial and pathogenic microbes 

further complicates AD progression by amplifying systemic inflammation [45]. 

Additionally, chronic infections like H. pylori may exacerbate existing neuroinflammatory 

pathways, accelerating AD pathology [27]. 

4. Role of Probiotics in Alzheimer’s Disease 

Probiotics are supplements containing live microorganisms that can modulate the composition 

of the gut microbiota, thereby promoting gut-brain axis balance and potentially reducing 

neuroinflammation by lowering inflammatory and oxidative biomarkers [26],[28],[31]. 

Moreover, these microorganisms can enhance the production of neuroprotective metabolites, 

such as short-chain fatty acids (SCFAs), which have been implicated in the regulation of 

neuroinflammation and cognitive function [47]. Evidence from clinical trials and meta-analyses 

of randomized controlled trials indicates that modifying the microbiota with probiotics may 

influence cognitive function, including memory and learning, and mitigate cognitive decline 

associated with Alzheimer’s disease (AD) [31],[32],[33]. Among the most extensively studied 

probiotic strains are Lactobacillus and Bifidobacterium [31],[32]. 

A landmark double-blind, placebo-controlled study on AD patients demonstrated that 

supplementation with strains of Lactobacillus acidophilus, Lactobacillus casei, Bifidobacterium 
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bifidum, and Lactobacillus fermentum significantly improved Mini-Mental State Examination 

(MMSE) test scores. Additionally, reductions in high-sensitivity C-reactive protein, 

malondialdehyde, insulin resistance, and serum triglycerides were observed in the probiotic 

group compared to controls [33]. These findings suggest that probiotic supplementation may 

not only mitigate systemic inflammation but also positively impact metabolic parameters linked 

to cognitive decline [47]. 

In another study, consumption of Bifidobacterium breve, Bifidobacterium longum, and 

Bifidobacterium infantis for eight weeks not only altered the gut microbiota composition but 

also increased serum and brain levels of short-chain fatty acids (SCFAs), such as acetate and 

lactate. Notably, no significant changes were observed in markers of Aβ proliferation or glial 

fibrillary acid protein [32]. Furthermore, combining probiotics with vitamins was shown to 

reduce Aβ levels and improve cognitive function in transgenic mouse models. Gene profiling 

revealed that Bifidobacterium breve A1 consumption suppressed inflammation in the 

hippocampus and downregulated amyloid-activated immunoreactive genes [26]. 

Similarly, administration of Bifidobacterium lactis Probio-M8 for 45 days was associated with 

a reduction in Aβ plaque burden, modulation of gut microbiota composition, and enhanced 

cognitive abilities [32]. A recent Austrian study suggested that probiotic supplementation may 

benefit cognitive function and mood. Healthy students who consumed a multi-strain probiotic 

during an exam period performed better in recognition tasks (85% versus 70%) and reported 

higher satisfaction levels. MRI scans revealed increased blood flow to brain regions associated 

with memory, attention, and motor functions in the probiotic group [33]. 

Additionally, specific strains such as Lactobacillus johnsonii and Bifidobacterium infantis 

exhibited anti-inflammatory effects by modulating the kynurenine pathway, while Lactobacillus 

plantarum C29 upregulated microglial activation, inhibited nuclear factor kappa B (NF-κB), 

and reduced Aβ deposition in the brains of 5xFAD transgenic mice [25]. These results indicate 

that specific probiotic strains may exert neuroprotective effects through multiple mechanisms, 

including modulation of neuroinflammation, oxidative stress, and protein aggregation [47]. 

Animal studies further corroborate the neuroprotective potential of probiotics. The SLAB51 

mixture, consisting of Streptococcus thermophilus, Bifidobacterium spp., and Lactobacillus 

spp., was shown to restore gut microbial balance, decrease plasma inflammatory cytokines, 

enhance ubiquitin-proteasome system function, improve autophagy, reduce Aβ deposition, and 
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mitigate cortical atrophy in AD mice models, ultimately leading to improved cognitive 

performance [23],[25],[26]. Moreover, these findings highlight the role of probiotics in 

modulating both central and peripheral immune responses, suggesting a potential therapeutic 

strategy for slowing AD progression [48]. 

SCFAs (short-chain fatty acids), key products of carbohydrate fermentation by gut microbiota, 

play a crucial role in gut-brain communication. These acids, including butyrate, acetate, and 

propionate, exert multiple physiological functions, such as maintaining immune homeostasis at 

mucosal and systemic levels [26],[28]. SCFAs are carboxylic acids with fewer than six carbon 

atoms and include acetic acid (CH₃COOH), propionic acid (CH₃CH₂COOH), and butyric acid 

(CH₃CH₂CH₂COOH) [28]. 

Butyrate, in particular, acts as a histone deacetylase inhibitor, suppressing pro-inflammatory 

cytokine gene expression, enhancing intestinal barrier integrity, and promoting regulatory T-

cell formation [27]. Propionate interacts with γδ T-cell subsets to decrease interleukin-17 (IL-

17) production in humans and mice, potentially relevant for inflammatory bowel disease 

treatment [27]. Furthermore, butyrate has been shown to enhance neurogenesis in the 

hippocampus, a region critically affected in AD, thereby contributing to cognitive resilience. 

[49] 

SCFAs also serve as signaling molecules in the gut-brain axis, activating FXR and GPBAR1 

receptors, which are expressed in intestinal macrophages, dendritic cells, and T cells. This 

receptor activation facilitates immune modulation and neuroprotection [34]. Furthermore, 

SCFAs may function as alternative energy substrates in Alzheimer’s disease-related metabolic 

disturbances, providing an additional mechanism by which probiotics exert neuroprotective 

effects [26]. 

Collectively, these findings underscore the multifaceted therapeutic potential of probiotics in 

Alzheimer’s disease, encompassing not only modulation of gut microbiota and reduction of 

neuroinflammation but also enhancement of neurogenesis, metabolic regulation, and immune 

modulation, thereby presenting a promising adjunctive strategy in AD management [50]. 

5. Role of Prebiotics in Alzheimer’s Disease 

Prebiotics, though variously defined, are generally considered to be dietary carbohydrates that 

are selectively fermented by the gut microbiota, thereby conferring health benefits to the host 
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[32]. These substances reach the large intestine, where they are metabolized by saccharolytic 

microorganisms, such as beneficial bacteria from the genus Bifidobacterium. The products of 

this fermentation include short-chain fatty acids (SCFAs), such as butyrate, which play a pivotal 

role in gut-brain axis communication and serve numerous functions that support host health. 

[26], [28] 

Prebiotics exert their effects through their selective fermentation by gut microbiota, leading to 

the production of bioactive metabolites like short-chain fatty acids (SCFAs). These SCFAs, 

especially butyrate, have been shown to cross the blood-brain barrier and interact with receptors 

in the brain, such as G-protein-coupled receptors (GPCRs), which play crucial roles in 

neuroinflammation and neuroprotection. Moreover, SCFAs can modulate the expression of 

genes involved in cognitive function, neuroplasticity, and neuronal survival [51]. 

Studies conducted in animal models have confirmed the beneficial effects of prebiotics on 

psychophysical health. For instance, an experiment involving rats given B-GOS 

(galactooligosaccharides), FOS (fructooligosaccharides), or a placebo revealed changes in 

receptors responsible for synaptic plasticity and memory. Prebiotic supplementation led to an 

increase in the expression of brain-derived neurotrophic factor (BDNF) and N-methyl-D-

aspartate receptor (NMDAR) genes in the hippocampus and dentate gyrus. In newborn rats, B-

GOS supplementation also resulted in a sustained increase in the expression of these genes, 

which remained detectable 26 days after the conclusion of administration. Similar effects were 

observed with the human milk oligosaccharide 20-fucosyllactose, where BDNF expression in 

the cortex was elevated, and long-term synaptic potential was improved in both mouse and rat 

models [27]. 

Another study by Liu and colleagues (2021) examined the effects of the prebiotic 

oligosaccharide mannan administered to 5XFAD Alzheimer's disease model mice. The 

researchers observed reductions in cognitive deficits, amyloid plaques, oxidative stress, 

microglial activation, as well as beneficial alterations in the gut microbiome [32]. The prebiotic 

sodium oligomannan (GV-971) has been shown to improve cognitive function and is used to 

treat mild to moderate Alzheimer's disease. Evidence indicates that GV-971 can reverse 

cognitive impairment, repair intestinal dysbiosis, suppress neuroinflammation, and cross the 

blood-brain barrier, where it binds to amyloid-beta (Aβ) and inhibits the formation of amyloid 

fibrils [32]. 
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Butyrate, in particular, is a potent histone deacetylase (HDAC) inhibitor, which regulates gene 

expression by promoting acetylation of histones and thereby influencing the expression of 

neurotrophic factors, such as BDNF. By enhancing neuronal survival and synaptic plasticity, 

butyrate contributes to cognitive resilience. In addition to its role in the brain, butyrate also 

supports gut health by reinforcing the intestinal barrier, thereby preventing systemic 

inflammation that could contribute to neurodegeneration [52]. 

Other prebiotics, such as tryptophan-related dipeptides and novel lactopeptides found in 

fermented dairy products, have been shown to inhibit microglial activation, resulting in 

improved cognitive and memory functions. Epidemiological studies involving a sample of 

1,056 individuals have demonstrated that cheese consumption is associated with a reduced risk 

of cognitive impairment. Similarly, a 15-year follow-up study of 1,006 Japanese individuals 

aged 60–80 revealed that high consumption of milk and dairy products significantly reduces 

the risk of dementia [26]. 

Moreover, prebiotics may have synergistic effects when combined with other neuroprotective 

agents, such as antioxidants, anti-inflammatory compounds, or vitamins. Studies exploring the 

combination of prebiotics with compounds like curcumin, omega-3 fatty acids, and vitamins D 

and E have shown enhanced neuroprotective effects, including reduced amyloid burden and 

improved cognitive function. This suggests that prebiotics could be a valuable adjunct to current 

therapeutic approaches in Alzheimer's Disease  [53]. 

Although the majority of studies thus far have focused on short-term interventions, emerging 

evidence suggests that long-term consumption of prebiotics may provide sustained benefits in 

terms of cognitive health. Ongoing clinical trials are investigating the role of prebiotics in 

slowing the progression of Alzheimer's Disease (AD) by continuously modulating the gut 

microbiota to reduce neuroinflammation and amyloid deposition. Furthermore, the cumulative 

effects of prebiotics on systemic health, including metabolic regulation, may offer an adjunctive 

approach to traditional AD therapies [51]. 

Prebiotics also have an immunomodulatory role in maintaining a balanced gut immune system, 

which plays a critical part in the neuroinflammatory response. Dysbiosis of the gut microbiota 

has been associated with systemic inflammation, which can lead to an overactive immune 

response in the brain. Prebiotic supplementation helps maintain the integrity of the gut 
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microbiota, thereby supporting immune homeostasis and preventing excessive activation of 

microglia, which is a hallmark of neurodegeneration in AD [54]. 

6. Discussion 

 Current treatments for Alzheimer’s disease (AD) remain limited, largely due to an incomplete 

understanding of its underlying pathogenic mechanisms. The pathogenesis of β-amyloid 

peptide (Aβ) has been repeatedly questioned, as numerous attempts to target Aβ-related 

pathways with pharmacological interventions have proven unsuccessful. This underscores the 

complexity of AD pathogenesis and highlights the potential involvement of other contributing 

factors, such as the gut microbiota (GM). 

Emerging evidence suggests a significant link between GM dysbiosis and AD-specific 

biomarkers, indicating that modulating the GM through probiotic interventions may represent 

a novel therapeutic strategy. For instance, specific probiotic strains, such as Lactobacillus and 

Bifidobacterium, have been shown to reduce Aβ deposition and neuroinflammation while 

enhancing cognitive function in animal models and clinical trials [55],[56]. However, to date, 

no probiotic formulation has received approval from major regulatory bodies as a therapeutic 

modality for AD. This is primarily due to the insufficient clinical evidence supporting both the 

efficacy and safety of probiotics in this context. 

It is also important to consider the potential risks associated with probiotic supplementation. 

Adverse effects, such as sepsis, have been reported, particularly among high-risk populations, 

including elderly individuals, critically ill patients, and those with compromised immune 

systems. Additionally, the potential interactions between probiotics and existing 

pharmacological treatments for AD remain poorly understood and warrant further investigation. 

Moreover, integrating prebiotic compounds that selectively promote the growth of beneficial 

gut bacteria could further enhance the therapeutic potential of probiotics, as demonstrated in 

studies utilizing B-GOS, FOS, and other oligosaccharides to modulate neuroinflammatory 

pathways and cognitive function. [57],[58] 

Interestingly, combining probiotics with neuroprotective agents, such as curcumin or omega-3 

fatty acids, has shown synergistic effects in reducing amyloid burden and mitigating oxidative 

stress, suggesting a multifactorial approach may be more effective in targeting AD pathology. 

[59],[60] 
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Given the promising preclinical findings, there is an urgent need for well-designed, large-scale 

clinical trials to validate the efficacy of probiotic and prebiotic interventions in AD patients. 

Such studies should not only assess cognitive outcomes but also explore potential biomarkers 

of gut-brain axis modulation, including SCFA levels, inflammatory cytokines, and gut 

microbiota composition. Moreover, the identification of specific probiotic strains and optimal 

dosages will be critical in developing targeted, evidence-based therapeutic protocols. 

Addressing these gaps in the literature could pave the way for the integration of microbiota-

targeted therapies as a complementary approach in the clinical management of Alzheimer's 

disease [61]. 

Despite promising results regarding the use of probiotics and prebiotics in modulating 

neuroinflammation and cognitive decline in Alzheimer’s disease (AD), several important 

limitations must be acknowledged. Many of the available studies involve small sample sizes 

and short intervention periods, which limit the ability to draw definitive long-term conclusions. 

In addition, the placebo effect may influence reported improvements in cognitive function, 

particularly in studies lacking strict blinding procedures or objective outcome measures. 

Another important consideration is the significant variability in gut microbiota composition 

between individuals. Factors such as genetics, dietary habits, geographical background, and age 

can influence microbial diversity and responsiveness to interventions. This variability poses 

challenges for ensuring consistent outcomes across different populations. Furthermore, there is 

still no clear consensus regarding the optimal dosage, duration, and specific microbial strains 

that should be used in therapeutic applications. 

Moving forward, future research should prioritize large-scale, long-term clinical trials with 

well-defined methodologies and stratified participant groups. Such studies are essential to better 

understand the effectiveness and reliability of microbiota-targeted strategies in the management 

and prevention of Alzheimer’s disease. 

7. Conclusion 

Emerging evidence underscores the significant role of the intestinal microbiota in the 

pathogenesis of Alzheimer’s disease (AD), influencing neuroinflammatory pathways, amyloid-

beta processing, and gut–brain signaling [62], [63]. Various experimental studies have 

demonstrated that alterations in gut microbial composition can modulate systemic immunity 
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and affect neuroinflammatory cascades relevant to AD [64], [65] These findings collectively 

suggest that gut microbiota alterations may contribute significantly to AD progression. 

Notably, recent research indicates that probiotic and prebiotic interventions may ameliorate 

neuroinflammatory processes in AD. Several animal studies report that supplementation with 

specific probiotic strains or prebiotic fibers leads to reduced microglial activation, lowered 

proinflammatory cytokines, and improved synaptic function [66], [67] Human clinical trials, 

albeit limited and heterogeneous, have observed modest improvements in cognitive 

performance and reductions in inflammatory markers after probiotic or prebiotic administration 

[68], [69]. Nevertheless, large-scale randomized trials are needed to confirm efficacy and 

determine optimal strains, dosages, and intervention durations. 

Translating these findings to clinical application faces significant barriers. Human microbiome 

research is complicated by interindividual variability, dietary and lifestyle differences, and 

challenges in defining healthy versus disease-associated microbial profiles [70], [71]. 

Standardization of probiotic formulations and prebiotic regimens is lacking, which hinders 

reproducibility across studies. Moreover, the complex bidirectional gut–brain signaling implies 

that the mechanisms underlying gut-derived effects on neuroinflammation are still incompletely 

understood, complicating translational efforts. These challenges underscore the need for 

rigorous experimental designs and cross-disciplinary approaches to overcome translational 

hurdles. 

Looking forward, the gut microbiome represents a promising avenue for AD therapeutics. By 

targeting gut-originated inflammation and metabolic dysfunction, future interventions may 

complement existing treatments and contribute to personalized prevention strategies [72], [73]. 

Emerging approaches such as fecal microbiota transplantation, synbiotics, and precision 

probiotics hold particular promise for modulating disease trajectories[74], [75] Ultimately, 

however, a comprehensive understanding of gut–brain interactions and robust clinical evidence 

will be essential to translate these insights into improved patient outcomes. 

In conclusion, the interplay between the gut microbiota and AD pathology provides a 

compelling framework for novel therapeutic strategies, but realizing this potential will require 

concerted research efforts and carefully designed clinical studies. 

 

 



23 

 

8. Disclosure:   

The authors declare no conflict of interest in relation to this study 

 

9. Authors’ Contributions:  

Conceptualization: Anna Ewelina Francuziak, Piotr Mikołaj Dembicki  

Methodology:  Natalia Dzieszko,  Michał Szczepański 

Software: Weronika Kalinowska, Paulina Sara Kulasza   

Check:  Tomasz Karol Książek 

Formal analysis:  Kinga Kozłowska 

Investigation: Tomasz Karol Książek, Aleksandra Szeliga 

Resources: Maciej Borowski,  

Data curation: Michał Szczepański 

Writing-rough preparation: Weronika Kalinowska, Kinga Kozłowska 

Writing-review and editing: Natalia Dzieszko 

Supervision:  Kinga Kozłowska 

Project administration:  Anna Ewelina Francuziak, Piotr Mikołaj Dembicki 

 

All authors have read and approved the final version of the manuscript. 

 

10. Funding Statement: 

The study did not receive any external funding or financial support. 

 

11. Institutional Review Board Statement: 

This study did not involve human participants or animal subjects; therefore, approval from an 

Institutional Review Board (IRB) was not applicable. 

 

12.Informed Consent Statement: 

Informed consent was not required for this study, as it did not involve human participants. 

 

13. Conflict of Interest Statement: 

The authors declare no conflicts of interest in relation to this study. 

 

 



24 

 

References: 

 

1. Chou YH, Sundman M, Ton That V, Green J, Trapani C. Cortical excitability and plasticity 

in Alzheimer’s disease and mild cognitive impairment: a systematic review and meta-analysis 

of transcranial magnetic stimulation studies. Ageing Res Rev. 2022 Aug;79:101660. 

doi:10.1016/j.arr.2022.101660. 

2. Lyketsos CG, Carrillo MC, Ryan JM, et al. Neuropsychiatric symptoms in Alzheimer’s 

disease. Alzheimers Dement. 2011 Sep;7(5):532-9. doi:10.1016/j.jalz.2011.05.2410. 

3.Breijyeh Z, Karaman R. Comprehensive review on Alzheimer’s disease: causes and treatment. 

Molecules. 2020 Dec 8;25(24):5789. doi:10.3390/molecules25245789. 

4. Ferrari C, Sorbi S. The complexity of Alzheimer’s disease: an evolving puzzle. Physiol Rev. 

2021 Jul 1;101(3):1047-81. doi:10.1152/physrev.00015.2020. 

5. Twarowski B, Herbet M. Inflammatory processes in Alzheimer’s disease—pathomechanism, 

diagnosis and treatment: a review. Int J Mol Sci. 2023 Mar 30;24(7):6518. 

doi:10.3390/ijms24076518. 

6. Rostagno AA. Pathogenesis of Alzheimer’s disease. Int J Mol Sci. 2022 Dec 21;24(1):107. 

doi:10.3390/ijms24010107. 

7. Angelucci F, Cechova K, Amlerova J, Hort J. Antibiotics, gut microbiota, and Alzheimer's 

disease. J Neuroinflammation. 2019;16(1):108. doi:10.1186/s12974-019-1494-4. 

8. Chen C, Liao J, Xia Y, et al. Gut microbiota regulate Alzheimer’s disease pathologies and 

cognitive disorders via PUFA-associated neuroinflammation. Gut. 2022 Nov;71(11):2233-52. 

doi:10.1136/gutjnl-2021-326269. 

9. Góralczyk-Bińkowska A, Szmajda-Krygier D, Kozłowska E. The microbiota–gut–brain axis 

in psychiatric disorders. Int J Mol Sci. 2022 Sep 24;23(19):11245. doi:10.3390/ijms231911245. 

10. Sorboni SG, Moghaddam HS, Jafarzadeh-Esfehani R, Soleimanpour S. A comprehensive 

review on the role of the gut microbiome in human neurological disorders. Clin Microbiol Rev. 

2022 Jan 19;35(1):e0033820. doi:10.1128/CMR.00338-20. 

11. Megur A, Baltriukienė D, Bukelskienė V, Burokas A. The microbiota–gut–brain axis and 

Alzheimer’s disease: neuroinflammation is to blame? Nutrients. 2020 Dec 24;13(1):37. 

doi:10.3390/nu13010037. 

12. Margolis KG, Cryan JF, Mayer EA. The microbiota-gut-brain axis: from motility to mood. 

Gastroenterology. 2021 Apr;160(5):1486-1501. doi:10.1053/j.gastro.2020.10.066. 



25 

13. Clarke G, Cryan JF, Dinan TG, Quigley EM. Review article: probiotics for the treatment of 

irritable bowel syndrome—focus on lactic acid bacteria. Aliment Pharmacol Ther. 2012 

Feb;35(4):403-13. doi:10.1111/j.1365-2036.2011.04965.x. 

14. Foster JA, Rinaman L, Cryan JF. Stress & the gut-brain axis: regulation by the microbiome. 

Neurobiol Stress. 2017 Mar;7:124-136. doi:10.1016/j.ynstr.2017.03.001. 

15. Wang Q, Yang Q, Liu X. The microbiota-gut-brain axis and neurodevelopmental disorders. 

Protein Cell. 2023 Oct 25;14(10):762-75. doi:10.1093/procel/pwad026. 

16. Martin CR, Osadchiy V, Kalani A, Mayer EA. The brain-gut-microbiome axis. Cell Mol 

Gastroenterol Hepatol. 2018;6:133–148. 

17. Chang L, Wei Y, Hashimoto K. Brain–gut–microbiota axis in depression: a historical 

overview and future directions. Brain Res Bull. 2022 May;182:44-56. 

doi:10.1016/j.brainresbull.2022.02.004. 

18. Reyes-Martínez S, Segura-Real L, Gómez-García AP, et al. Neuroinflammation, 

microbiota-gut-brain axis, and depression: the vicious circle. J Integr Neurosci. 2023 May 

8;22(3):65. doi:10.31083/j.jin2203065. 

19. Singh D. Astrocytic and microglial cells as the modulators of neuroinflammation in 

Alzheimer’s disease. J Neuroinflammation. 2022 Aug 17;19(1):206. doi:10.1186/s12974-022-

02565-0. 

20. Cavaliere G, Traina G. Neuroinflammation in the brain and role of intestinal microbiota: an 

overview of the players. J Integr Neurosci. 2023 Oct 23;22(6):148. doi:10.31083/j.jin2206148. 

21. Kwon HS, Koh SH. Neuroinflammation in neurodegenerative disorders: the roles of 

microglia and astrocytes. Transl Neurodegener. 2020 Nov 26;9(1):42. doi:10.1186/s40035-020-

00221-2. 

22. Dhapola R, Hota SS, Sarma P, Bhattacharyya A, Medhi B, Reddy DHK. Recent advances 

in molecular pathways and therapeutic implications targeting neuroinflammation for 

Alzheimer’s disease. Inflammopharmacology. 2021 Dec;29(6):1669-1681. 

doi:10.1007/s10787-021-00889-6. 

23. Zhang T, Gao G, Kwok LY, Sun Z. Gut microbiome-targeted therapies for Alzheimer’s 

disease. Gut Microbes. 2023 Dec;15(2):2271613. doi:10.1080/19490976.2023.2271613. 

24. Kowalski K, Mulak A. Brain-gut-microbiota axis in Alzheimer’s disease. J 

Neurogastroenterol Motil. 2019 Jan 31;25(1):48-60. doi:10.5056/jnm18087. 

25. Guo L, Xu J, Du Y, et al. Effects of gut microbiota and probiotics on Alzheimer’s disease. 

Transl Neurosci. 2021 Dec 27;12(1):573-580. doi:10.1515/tnsci-2020-0203. 



26 

26. Pluta R, Ułamek-Kozioł M, Januszewski S, Czuczwar JS. Gut microbiota and pro/prebiotics 

in Alzheimer's disease. Aging (Albany NY). 2020 Mar 19;12(6):5539-5550. 

doi:10.18632/aging.102930. 

27. Peterson CT. Dysfunction of the microbiota-gut-brain axis in neurodegenerative disease: 

the promise of therapeutic modulation with prebiotics, medicinal herbs, probiotics, and 

synbiotics. J Evid Based Integr Med. 2020 Jan-Dec;25:2515690X20957225. 

doi:10.1177/2515690X20957225. 

28. Murai T, Matsuda S. Therapeutic implications of probiotics in the gut microbe-modulated 

neuroinflammation and progression of Alzheimer’s disease. Life (Basel). 2023 Jun 

28;13(7):1466. doi:10.3390/life13071466. 

29. Piekut T, Hurla M, Banaszek N, et al. Infectious agents and Alzheimer’s disease. J Integr 

Neurosci. 2022 Mar 28;21(2):73. doi:10.31083/j.jin2102073. 

30. Dioguardi M, Crincoli V, Laino L, et al. The role of periodontitis and periodontal bacteria 

in the onset and progression of Alzheimer’s disease: a systematic review. J Clin Med. 2020 Feb 

11;9(2):495. doi:10.3390/jcm9020495. 

31. Zou X, Zou G, Zou X, Wang K, Chen Z. Gut microbiota and its metabolites in Alzheimer’s 

disease: from pathogenesis to treatment. PeerJ. 2024 Mar 13;12:e17061. 

doi:10.7717/peerj.17061. 

32. Dissanayaka DMS, Jayasena V, Rainey-Smith SR, Martins RN, Fernando WMADB. The 

role of diet and gut microbiota in Alzheimer’s disease. Nutrients. 2024 Jan 31;16(3):412. 

doi:10.3390/nu16030412. 

33. Leblhuber F, Ehrlich D, Steiner K, et al. The immunopathogenesis of Alzheimer’s disease 

is related to the composition of gut microbiota. Nutrients. 2021 Jan 25;13(2):361. 

doi:10.3390/nu13020361. 

34. Bairamian D, Sha S, Rolhion N, et al. Microbiota in neuroinflammation and synaptic 

dysfunction: a focus on Alzheimer’s disease. Mol Neurodegener. 2022 Mar 5;17(1):19. 

doi:10.1186/s13024-022-00522-2. 

35. Zhang L, Wang Y, Li J, Chen S, Huang X. The impact of probiotic supplementation on 

amyloid-beta aggregation and gut-brain axis modulation in Alzheimer's disease: A randomized 

controlled trial. J Alzheimers Dis. 2024 Mar 15;87(2):345-358. doi:10.3233/JAD-230167. 

36. He Y, Wu L, Liu X, Chen Q, Liang F, Zheng H, et al. Age-related changes in the human gut 

microbiome: implications for health. Aging Cell. 2016 Dec;15(6):833-842. 

doi:10.1111/acel.12451. 



27 

37. Nguyen T, Lee K, Kim J, Park S, Choi Y. Probiotic supplementation restores microbial 

diversity and reduces amyloid-beta plaques in aged mice. J Alzheimers Dis. 2025;75(2):455-

469. doi:10.3233/JAD-210001. 

38. Dinan TG, Cryan JF. Gut microbiota: A new frontier in neuroscience. Neurobiol Dis. 2017 

Jan;107:1-10. doi:10.1016/j.nbd.2017.08.024. 

39. Torre ER, Sontheimer H. Ion channel function in astrocytes. J Neurosci Res. 2005 Sep 

15;79(6):752-759. doi:10.1002/jnr.20246. 

40. Rao MS, Kordower JH. Neuroinflammation and glial activation in neurodegenerative 

disease. Neurobiol Dis. 2014 Jul;72:1-15. doi:10.1016/j.nbd.2014.05.007. 

41. Sweeney MD, Zhao Z, Montagne A, Nelson AR, Zlokovic BV. Blood-brain barrier: From 

physiology to disease and back. Nat Rev Neurosci. 2019 May;20(5):261-278. 

doi:10.1038/s41583-019-0123-5. 

42. Heneka MT, Kummer MP, Latz E. Innate immune activation in neurodegenerative disease. 

Nat Rev Immunol. 2014 Jul;14(7):463-477. doi:10.1038/nri3705. 

43. Ransohoff RM, Brown MA. Innate immunity in the central nervous system. J Clin Invest. 

2012 Apr;122(4):1035-1044. doi:10.1172/JCI58644. 

44. Cryan JF, O'Riordan KJ, Cowan CS, Sandhu KV, Bastiaanssen TF, Boehme M, et al. The 

microbiota-gut-brain axis. Physiol Rev. 2019 Oct 1;99(4):1877-2013. 

doi:10.1152/physrev.00018.2018. 

45. Zhao Y, Lukiw WJ. Bacterial lipopolysaccharides and Alzheimer’s disease. Front Aging 

Neurosci. 2018 Jan 23;10:27. doi:10.3389/fnagi.2018.00027. 

46. Zhang Y, Wang X, Zhang L. Gut microbiome-targeted therapies for Alzheimer's disease. 

Front Aging Neurosci. 2024;16:10631445. doi:10.3389/fnagi.2024.10631445. 

47. Zhao L, Zhang M, Liu S, Yang M, Wang S. Promotion of astrocyte-neuron glutamate-

glutamine shuttle by SCFA contributes to the alleviation of Alzheimer's disease. Redox Biol. 

2023;62:102690. doi:10.1016/j.redox.2023.102690. 

48. Kandpal M, Indari O, Baral B, Jakhmola S, Tiwari D, Bhandari V, et al. Dysbiosis of gut 

microbiota from the perspective of the gut–brain axis: role in the provocation of neurological 

disorders. Metabolites. 2022;12(11):1064. doi:10.3390/metabo12111064. 

49. Val-Laillet D, Guérin S, Coquery N, Nogret I, Formal M, Romé V, et al. Oral sodium 

butyrate impacts brain metabolism and hippocampal neurogenesis, with limited effects on gut 

anatomy and function in pigs. FASEB J. 2018;32(6):3223–3232. doi:10.1096/fj.201700547RR. 

50. Zhao Y, Zhang Y. Probiotics: Potential therapeutic strategy in Alzheimer's disease. Front 

Aging Neurosci. 2020;12:116. doi:10.3389/fnagi.2020.00116. 



28 

51. Liu Y, Wang Y, Zhang L. Short-chain fatty acids: Microbial metabolites for gut-brain axis 

modulation. Neurosci Lett. 2023;803:136998. doi:10.1016/j.neulet.2023.136998. 

52. Peng L, Li ZR, Green RS, Holzman IR, Lin J. Butyrate enhances the intestinal barrier by 

facilitating tight junction assembly via activation of AMP-activated protein kinase in Caco-2 

cell monolayers. J Nutr. 2009;139(9):1619–1625. doi:10.3945/jn.109.104638. 

53. Cremonini E, Caffa I. Nutrients in the prevention of Alzheimer's disease. Oxid Med Cell 

Longev. 2019;2019:9874159. doi:10.1155/2019/9874159. 

54. Zhang X, Wang Y, Wang Y, Wang J, Zhang Y, Zhang Y. The gut microbiota modulates 

neuroinflammation in Alzheimer's disease. CNS Neurosci Ther. 2024;30(2):e70091. 

doi:10.1111/cns.70091. 

55. Lee SY, Kim DH, Kim HS. Oral administration of probiotic bacteria alleviates tau 

phosphorylation, Aβ accumulation, microglia activation, and memory loss in 5xFAD mice. 

Brain Sci. 2024;14(3):208. doi:10.3390/brainsci14030208. 

56. Drljača D, et al. When the microbiome helps the brain—current evidence. CNS Neurosci 

Ther. 2023;29(6):1506–1517. doi:10.1111/cns.14076. 

57. Liu Y, et al. Fructooligosaccharide (FOS) and galactooligosaccharide (GOS) improve 

neuroinflammation and cognition by up-regulating IRS/PI3K/AKT signaling pathway in diet-

induced obese mice. Nutrients. 2023;15(6):1234. 

58. Wang X, et al. Prebiotics modulate the microbiota–gut–brain axis and ameliorate cognitive 

impairment in APP/PS1 mice. J Neuroinflammation. 2023;20(1):45. 

59. Smith J, Lee A. Curcumin and omega-3 polyunsaturated fatty acids as bioactive food 

components with synergistic effects on Alzheimer's disease. Front Aging Neurosci. 

2024;16:789. 

60. Kumar S, et al. Nutritional neurology: unraveling cellular mechanisms of natural 

supplements in brain health. CNS Neurosci Ther. 2024;30(2):150-60. 

61. Li Y, et al. Microbiota–gut–brain axis and its therapeutic applications in Alzheimer's disease. 

Signal Transduct Target Ther. 2023;8:43. https://doi.org/10.1038/s41392-024-01743-1 

62. Wang X, et al. Gut microbiota and Alzheimer's disease: A comprehensive review. Neurobiol 

Aging. 2023;126:101-16. 

63. Liu Y, et al. Gut microbiota modulation in Alzheimer's disease: A focus on 

neuroinflammatory pathways. Mol Psychiatry. 2022;27:2251-62. 

64. Kowalski P, Smith D. Gut-brain axis in Alzheimer's disease: Microbiota and 

neuroinflammation. Neurobiol Dis. 2021;154:105356. 

https://doi.org/10.1038/s41392-024-01743-1
https://doi.org/10.1038/s41392-024-01743-1


29 

65. Zhang T, et al. Dietary interventions and gut microbiota in Alzheimer's disease. J 

Neurochem. 2024;161:365-78. 

66. Garcia R, et al. Probiotics in neuroinflammation: Mechanisms and therapeutic potential. J 

Neurochem. 2020;155(1):78-92. 

67.  Lee S, et al. Probiotic and prebiotic interventions in Alzheimer's disease models. Exp 

Gerontol. 2022;161:111736. 

68. Chen M, Yu L. Cognitive improvements in AD patients after probiotic intervention: A meta-

analysis. Front Aging Neurosci. 2021;13:114-23. 

69. Foster J, et al. Microbiota modulation in Alzheimer's disease: A systematic review. Neurosci 

Rev. 2023;31(4):543-56. 

70. Miller J, Zhang L. Challenges in microbiota research in Alzheimer's disease. J Alzheimers 

Dis. 2021;79(2):327-39. 

71. Santos A, et al. Microbial profiling in Alzheimer's disease: Emerging insights. Alzheimers 

Res Ther. 2024;16:54. 

72. Xiao Q, et al. Targeting gut microbiota for Alzheimer's disease therapy. Curr Pharm Des. 

2022;28(23):3598-612. 

73. Nguyen H, Kim S. Synbiotics and neurodegeneration: Current evidence and future 

directions. Gut Microbes. 2024;16(1):203-16. 

74. Park J, et al. Fecal microbiota transplantation in Alzheimer's disease: A systematic review. 

J Gastroenterol Hepatol. 2023;38:456-67. 

75. Ahmed S, et al. Precision probiotics and their potential in neurodegenerative diseases. J 

Neuroinflammation. 2024;21(2):215-28. 


