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Emerging role of gut microbiota
dysbiosis in neuroinflammation
and neurodegeneration

Riddhi Solanki*, Anjali Karande and Prathibha Ranganathan

Centre for Human Genetics, Bangalore, India

Alzheimer’s disease (AD), is a chronic age-related progressive neurodegenerative

disorder, characterized by neuroinflammation and extracellular aggregation of

Aβ peptide. Alzheimer’s a�ects every 1 in 14 individuals aged 65 years and

above. Recent studies suggest that the intestinal microbiota plays a crucial role in

modulating neuro-inflammation which in turn influences Aβ deposition. The gut

and the brain interact with each other through the nervous system and chemical

means via the blood-brain barrier, which is termed the Microbiota Gut Brain Axis

(MGBA). It is suggested that the gut microbiota can impact the host’s health,

and numerous factors, such as nutrition, pharmacological interventions, lifestyle,

and geographic location, can alter the gut microbiota composition. Although, the

exact relationship between gut dysbiosis and AD is still elusive, severalmechanisms

have been proposed as drivers of gut dysbiosis and their implications in AD

pathology, which include, action of bacteria that produce bacterial amyloids and

lipopolysaccharides causing macrophage dysfunction leading to increased gut

permeability, hyperimmune activation of inflammatory cytokines (IL-1β, IL-6, IL-8,

and NLRP3), impairment of gut- blood brain barrier causing deposition of Aβ in

the brain, etc. The study of micro-organisms associated with dysbiosis in AD with

the aid of appropriate model organisms has recognized the phyla Bacteroidetes

and Firmicutes which contain organisms of the genus Escherichia, Lactobacillus,

Clostridium, etc., to contribute significantly to AD pathology. Modulating the

gut microbiota by various means, such as the use of prebiotics, probiotics,

antibiotics or fecal matter transplantation, is thought to be a potential therapeutic

intervention for the treatment of AD. This review aims to summarize our current

knowledge on possible mechanisms of gut microbiota dysbiosis, the role of gut

brain microbiota axis in neuroinflammation, and the application of novel targeted

therapeutic approaches that modulate the gut microbiota in treatment of AD.
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1. Introduction

Alzheimer’s disease (AD) is a chronic age-related progressive neurodegenerative

condition characterized by significant memory loss and cognitive impairment that

affects around 45 million individuals worldwide. Amyloid beta (Aβ) plaque formation,

hyperphosphorylation of tau proteins, and neurofibrillary tangles (NFTs) in brain

tissue are pathophysiologic hallmarks of AD (1). These inflammatory lesions result

in steady loss of neurons in the sensitive regions of brain ultimately leading to AD.
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The process of neuroinflammation is associated with the clearance

of these deposited aggregates via phagocytosis by microglia. The

classical Amyloid hypothesis is based on the assumption that Aβ-

42 triggers the structural and functional neurodegenerative process

in AD pathology; however, it fails to explain the emergence of other

complexities involved in the disorder (2). Due to its complex and

multifactorial nature, it is difficult to ascertain the exact cause of

AD in each case, however there are certain risk factors associated

which include: a. Genetic causes: Mutations in the amyloid

precursor protein (APP), resulting in two genetically distinct

forms, namely familial AD and late-onset or sporadic AD (3).

b. Non-genetic causes: Age-related exacerbations, immune system

dysfunctions, degradation of anatomical factors, environmental

factors, etc.

Given the heterogeneity of Alzheimer’s disease and the

repeated failure of anti-AD drugs, it is critical to explore new

therapeutic targets that modulate disease development and

etiology. In recent years, a considerable amount of research has

identified that the gut microbiota has a significant influence on

regulation of brain function by maintaining the homeostasis

between innate and adaptive immunity. This endogenous

cross-talk between the gut microbiota and brain is termed

as the Microbiota Gut-Brain axis (MGBA). Alterations in

the MGBA can significantly influence the progression of

neurodegenerative disorders like Alzheimer’s by mechanisms

such as increased permeability of the gastrointestinal barrier

and hyperimmune activation leading to systemic inflammation

which can impair the blood-brain barrier, thus, promoting neural

injury, neuroinflammation and eventually neurodegeneration (4).

An increasing repertoire of experimental and clinical evidence

supports gut dysbiosis and gut microbial-host interactions as

significant factors in neurodegeneration (5–9). Therefore, the

pathogenesis of Alzheimer’s disease is facilitated by the complex

interplay of gut-derived inflammatory responses, aging, and

poor nutrition in the elderly. It is now considered that food-

based treatment mainly probiotic supplementation or antibiotic

treatment that alter the gut microbiota composition may provide

novel preventative and therapeutic alternatives for Alzheimer’s

disease. This review summarizes the role of gut microbiota

dysbiosis in regulation of brain function and its implications

in AD supported by animal model studies and available

clinical results.

2. Gut microbiome and association
with diseases

Bacteria, archaea, viruses, and eukaryotic organisms are present

as resident and transient flora in the body, making up the human

microbiome. These micro-organisms have a major influence on

our physiology, both in health and diseases. They enable a myriad

of functions some of which include, regulation of metabolic

activities, protection against potential infections, education of the

immune system, etc. and thereby affect many of our physiologic

mechanisms either directly or indirectly (10). Characterization of

the microbiome of healthy individuals has helped us identify its

composition wherein a human adult harbors more than 1,000

species of bacteria belonging to a relatively few known bacterium

phyla with Bacteroidetes and Firmicutes being the dominant phyla

(11). The mucus layer and epithelial layer (which contain various

junctional protein structures that govern barrier integrity and

paracellular permeability) that make up the gut barrier serve as

the interface between the outside environment and the host’s

internal environment. Gut permeability to commensal microbes,

microbial derived products (such as metabolites, virulence factors),

and other luminal components will increase as gut barrier function

is disrupted, contributing to aberrant immune-inflammatory

responses like inflammation, allergy, and autoimmune disorder

mediated by molecular mimicry and dysregulated T-cell response

(4). The functions of such physical and immunological barriers

are cross-regulated by interactions between the host and the gut

microbiota. T cells play a crucial role in systemic and mucosal

immunity effectors. Constant sampling of the intestinal lumen by

dendritic cells causes gut bacteria to continuously prime T cells,

which predominantly causes regulatory T cell (Treg) proliferation

(12). Several commensal microbes, such as Bacteroides fragilis,

Bifidobacterium infantis, and Firmicutes, are capable of inducing

the expansion of Treg cells, such as FOXP3-expressing Treg and

anti-inflammatory IL-10-producing Treg lymphocytes, which are

important in suppressing pathological inflammation caused by

aberrant effector T cells, thereby reinforcing gut barrier function

(10). Additionally, several microbiota-derived metabolites, such

as neurotransmitters and neuromodulators like short-chain fatty

acids (SCFAs) produced by Saccharomyces, Bacillus, Lactobacillus,

Escherichia, and Bifidobacterium, biogenic amines (e.g., serotonin,

histamine, and dopamine), as well as other amino acid-derived

metabolites like serotonin or GABA and tryptophan, have been

shown to protect gastrointestinal barrier integrity from the

disruptive effects of proinflammatory cytokines caused by an

abnormal immune-inflammatory axis. While butyrate is able to

stimulate antigen-specific CD8+T cells, fostering intestinal defense

against pathogens, other metabolites affect T cell functionality

in several ways, including, apoptotic activation of T cells by

ascorbate, suppression of IFN γ and CD8+ T cell growth by

mevalonate and activation of Treg cells by glutamate, amongst

others. In the brain, microglial activation has been correlated with

CD4+ T helper (Th)1 cell levels during the development of AD

(13). B lymphocytes, in addition to T cells, are also essential to

maintaining CNS immunity and their activation and proliferation

can be influenced by microbial metabolites. SCFA and acetate

induced IgA antibody production is responsible for maintaining

gut barrier composition and integrity (14). A subpopulation

of enteric T and B cells may migrate from the gut to the

meninges, wherein they affect the local neuro-immune milieu by

producing cytokines like IL-17a and IL-10 and IgA class antibodies

that interact with central neurons and microglia and prevent

meningeal infections (12). Therefore, the enteric nervous system

(ENS) is essential as it is capable of regulating the physiology

and function of the gastrointestinal tract (GIT) on its own, as

well as interact bidirectionally with the CNS via vagal pathways,

establishing the gut-brain axis. Maladies in the ENS have been

associated with several gastrointestinal disorders (such as IBD,

IBS, postoperative ileus), motility disorders (such as constipation),

neurodegenerative disorder (such as AD, Parkinson’s Disease)

and infection-induced gut inflammation (1, 15, 16). Furthermore,

Escherichia coli and Bacteroides fragilis have been shown to
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potentiate intestinal tumorigenesis in chronic inflammation (17). It

has been demonstrated that microbial dysbiosis can cause or even

encourage carcinogenesis by producing genotoxins that may alter

host DNA. Therefore, prevalent non-pathogenic gut microbiome

species serve key functions in occupying the niche and suppressing

the growth and colonization of pathogenic organisms that can

result in occurrence of infections. With respect to its diverse

role, the intestine, is hence referred to as the “second brain”

(Figure 1).

3. Microbiota gut-brain axis

The bidirectional cross-talk between the brain and gut makes

it ideal for maintaining homeostasis across the body, including

the gastrointestinal system and the brain through the enteric

nervous system (ENS). The ENS is the most extensive element

of the autonomic nervous system, with approximately 100 trillion

neurons that operate independently of the central nervous system

(CNS). Local motor function and blood flow, fluid secretions

and transports, and immunological and endocrine activities are

all controlled by the neuronal circuits that make up the ENS

(18). The vagus nerve links the gut to the brain and spinal

cord and is an important part of the microbiota gut-brain axis.

The vagus nerve terminates in the nuclei in the brain stem that

receive and transmit afferent and efferent fibers. In this way, brain

stem nuclei may govern a variety of gastrointestinal processes

and transmit signals to other parts of the brain, including the

thalamus and cortical areas (18). Several microbial metabolites,

including short chain fatty acids and lipopolysaccharides, stimulate

the vagus nerve. The presence TLR 2,3,4 and 7 on the surface

of vagus nerve also allows them to detect signals from the

gut microbes (19, 20). Moreover, it is believed that the vagus

nerve functions in Alzheimer’s via a mechanism similar to prion

disease as a physical transporter of protein aggregates (21). It

is implicated in microbial and neurological signaling pathways

for satiety, stress, and mood, and hence has consequences for

the efficient functioning of both the brain and the stomach (22).

Blood circulation can facilitate communication between the gut

and the brain. The gut microbiome is also responsible for the

production of both pro and anti-inflammatory cytokines that

promote the formation of Aβ plaques and neurofibrillary tangles.

Microglia are crucial for maintaining tissue homeostasis in the

brain and are regarded as intrinsic macrophages of the central

nervous system. It is hypothesized that the presence of Aβ is

the main trigger for microglial activation in AD. Several studies

have shown that Aβ is phagocytosed by activated microglia;

nevertheless, these microglia enlarge and eventually lose the ability

to process Aβ over time (23–25). AD is marked by microglia

dysfunction due to increased activation and synaptic remodeling.

SCFAs produced by gut microbiota stimulate microglia to produce

neuroprotective IL-10 (12). Othermetabolites such as indole and its

FIGURE 1

Pictorial representation of the association between the gut microbiome and di�erent human diseases.
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derivatives have been demonstrated to affect microglial activation

and neurotoxicity. The chemical neurotoxic cascade is believed to

begin with microglial activation (26). Peptostreptococcus russellii

that metabolizes tryptophan from the diet into molecules like

indole acrylic acid, an indole derivative, act as ligands for Aryl

hydrocarbon receptor AhR signaling, has been shown to modulate

astrocyte activation, neuroinflammation, and TGF production,

impacting microglial activation (27, 28). AhR signaling is an

essential component for maintaining intestinal homeostasis as it

contributes to the immune response at barrier locations and is

influenced by microbial metabolism (29). Recent findings also

indicate that peripheral immune system conditioning by the

microbiome may cause microglial neuroinflammation. In the

CNS, both Aβ plaques and neurofibrillary tangles co-localize

with activated glial cells, indicating that gliosis might also play

a significant role in AD pathogenesis and neuroinflammation

(30, 31). Another microbial metabolite, trimethylamine N-

oxide (TMAO) has been associated with the pathophysiology

of AD. TMAO is shown to enhance pathologic processes

and neurodegeneration by elevating β-secretase activity and

exacerbating Aβ buildup (32). Furthermore, elevated levels of

circulating bile acids (BAs) produced by bacteria may cause tight

junctions to deteriorate, increasing BBB permeability and allowing

BAs or peripheral cholesterol to infiltrate the central nervous

system (CNS) (33, 34). In the brain, cellular cholesterol results in

direct binding to APP, allowing APP to enter the phospholipid

monolayers of the lipid membranes where Aβ formation occurs,

increasing the synthesis of Aβ (35). The gut microbiome also

influences the selection and activity of invariant natural killer

cells (iNKT), thereby, serving as an additional link between

the gut and brain (36). With respect to gut dysbiosis, recent

evidences have shown that the establishment of this endogenous

cross-talk between the gut and brain termed as the gut brain

microbiota axis is important not only to the normal functioning

of the brain but also to the pathogenesis of AD. This is further

supported by clinical and pre-clinical studies that have shown

that the gut microbiota produces a diverse set of metabolites,

all of which regulate the brain activity in one way or another

(8, 37–40) (Table 1).

It is now being suggested that the inclusion of specific

microorganisms in the diet, such as probiotics, can be utilized

as novel treatment approaches to alleviate neurological diseases.

Bifidobacterium and Lactobacillus casei are two bacteria that

have been shown to help with neurological problems (48)

(Figure 2).

4. Microbiota Gut-brain axis in
neuroinflammation

Amyloid plaque formation, a characteristic hallmark of AD

pathology is composed primarily of Aβ which is a cleavage product

of Amyloid Precursor Protein (APP). This transmembrane protein

has a role in neural growth, signaling, and intracellular transport,

among other biological activities (4). Microglia are the brain’s

major immune cells, infiltrating the brain early in development and

sustaining it in a state of homeostasis as we age. Microglia, the

CNS’s specialized macrophages, work as phagocytes to eliminate

pathogens, cellular debris, and Aβ peptides. Ideally, Aβ peptide-

induced acute neuroinflammatory response is a self-limiting,

neuroprotective immune response. Aging microglia, on the other

hand, are poor at phagocytosing the neurotoxic Aβ plaques seen in

AD. Instead, accumulated Aβ plaques activate microglia, resulting

in a persistent neuroinflammatory response (2). Interestingly,

microglia receive input not only from the brain but also the gut

through the vagus nerve and afferent fibers in the vagus nerve

send information to the brain about changes in inflammation and

proinflammatory cytokine production in the GI tract, influencing

neuroinflammation. In a study, it was demonstrated that adult

germ-free mice microglia that lack microbial signaling have

different densities and morphologies (49). Furthermore, research

on critical hypertension found that microglia malfunction and

neuroinflammation had an impact on gut microbial populations.

Inhibition of microglia activation resulted in alterations in the

phylum Proteobacteria in this study, suggesting that microglia

activity influences gut microbiota composition. Thus, microglia

and gut microbiota interact in various ways to maintain the

immune system homeostasis which can be disrupted resulting in

neuroinflammation (12, 49).

4.1. Bacterial amyloids

It is known that accumulation of amyloid plaques is a major

characteristic of AD and interestingly, a considerable percentage of

amyloids are produced by the human gut flora. Curli, generated

TABLE 1 Gut microbiota and the e�ects of the metabolites produced on brain functions.

Sr. No Gut micro-organism Metabolites E�ects on brain References

1. Lactobacillus Short chain fatty acids (SCFA),

Serotonin, Acetylcholine

Increases emotional level, Improves attention, memory

and motivation

(41)

2. Bifidobacterium Gamma-aminobutyric acid Reduces anxiety, stress, and fear Improves ADHD (42)

Tryptophan Improves behavior relevant to depression (43)

3. Escherichia Dopamine, Norepinephrine,

Endotoxin and Serotonin

Improves mood, blood flow, sleep regulation, cognition

and concentration, hormonal activity

(44–46)

4. Saccharomyces Norepinephrine Enhances formation of retrieval of memory (46)

5. Enterococcus Histamine, Serotonin Promotes wakefulness, cognition orchestrates desperate

behavior

(44, 47)
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FIGURE 2

Pictorial representation of potential roles of gut dysbiosis in neurodegeneration and AD.

by Escherichia coli, is the most well-studied bacterial amyloid

(50). The synthesis of amyloid proteins aids bacterial cell binding

and biofilm formation, as well as resistance to physical and

immunological stimuli. Bacterial amyloids may operate as prion

proteins through molecular mimicry, resulting in cross-seeding,

in which one amyloidogenic protein (curli, tau, Aβ, α-syn,

and prion) drives another (e.g., host proteins with a different

fundamental structure) to acquire pathogenic β-sheet structure

(4). A new term “Mapranosis” which is Microbiota associated

proteopathy and neuroinflammation is now being proposed to

describe the impact of microbial amyloids in the body (51). Many

organisms of the human microbiome, including Streptococcus,

Staphylococcus, Salmonella, Mycobacteria, Klebsiella, Citrobacter,

and Bacillus species, have recently been demonstrated to be capable

of forming extracellular amyloids. Further, they can also trigger

the innate immune system as pathogen associated molecular

pattern (PAMPS) with a response consisting of TLR4 (52), TLR1

and TLR2, NFκB, iNOS, and pro-inflammatory micro RNAs (5,

53). The microbiota may have an impact on the inflammatory

reactions to amyloid deposits in the brain, and this may influence

cerebral damage. As a result, gut exposure to bacterial amyloid

proteins may prime the immune system, amplifying immune

response to endogenous neuronal amyloid formation in the

brain (54).

4.2. Lipopolysaccharides

According to the endotoxin hypothesis of neurodegeneration,

endotoxin, or Lipopolysaccharide (LPS), which is present in the

outer membrane of all Gram-negative bacteria, penetrates

the blood-brain barrier to cause neuroinflammation and

neurodegeneration (55). The proposed pathway is initiated by the

dysbiosis of gut microbiota that results in enrichment of Gram-

negative bacteria in the gut microbiome and is associated with LPS

derived inflammation (56). Several in vivo and in vitro experiments

have revealed that LPS activates several intracellular molecules

that alter the expression of many inflammatory mediators, thereby

contributing to or initiating neurodegenerative progression (57).

Peripheral LPS may be involved in the development of Aβ plaques

and neuroinflammation in the brain. The proinflammatory

cytokines TNF-, IL-1β, and IL-6 which have the ability to reach the

periphery, are produced when LPS stimulates the enteric nervous

system (58). They function by disrupting the blood-brain barrier,

triggering inflammatory pathways, activating TLR4, astrocytes,

and microglial cells in the gut (59). This in turn, triggers NFκB

activation, increasing cytokine production and Aβ deposition

Bacteroides fragilis, Enterobacteriaceae and Lactobacillus johnsonii,

recognized LPS-producing gut bacteria, are thought to play a

role in inflammatory signaling in AD patients via the NFκB

pathway (60) (Figure 3).

4.3. Gut inflammation and gut barrier
dysfunction

The mucus layer, intestinal epithelium, and lamina propria

make up the intestinal barrier. When this barrier is disrupted,

permeability increases, allowing pathogens and their potentially

toxic by-products to enter the circulation (a process called

as atopobiosis) (61). The gut microbiome is enriched by the

presence of many bacteria that strive to maintain the integrity

of the gut barrier. For example, the mucin degrading bacteria

Akkermansia muciniphila enhances gut barrier function while also
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FIGURE 3

Pictorial representation of the proposed mechanism of LPS driven neuroinflammation in AD.

lowering obesity and systemic inflammation, whereas, Lactobacillus

plantarum, E. coli Nissle, and Bifidobacterium infantis are probiotic

bacteria that improve the intestinal barrier by enhancing the

production of proteins that create tight junctions (62, 63).

In the event of mucosal architectural disruption, an intestinal

inflammatory process leads polymorphonuclear cells to migrate

from the circulation to the gut mucosa or even farther to the

gut lumen. Researchers have now found a way to indirectly

measure this process of intestinal inflammation by assessing the

concentration of a protein called Calprotectin in stool samples. This

small calcium-binding protein (a heterodimer), accounts for 60%

of neutrophil cytosol protein content and possesses antibacterial

effects (64). Calprotectin levels in the cerebrospinal fluid (CSF) and

in the brain of Alzheimer’s patients are much higher, promoting

amyloid aggregation and co-aggregation with Aβ. According to

one study, higher fecal calprotectin levels were identified in nearly

70% of AD patients, suggesting that it might enter circulation

and contribute to neuroinflammation (65). It is hypothesized that

the presence of such calcium binding proteins in the gut or

directly in the brain may lead to the production of amyloid fibrils.

Increased intestinal permeability (“leaky gut”) as a result of gut

inflammation and dysbiosis associated with gut barrier dysfunction

may contribute to the process of neurodegeneration (4, 66).

5. Triggering factors of dysbiosis

In recent years, many theories have been proposed to explain

the potential triggers that result in gut microbiota dysbiosis which

include, direct microbial action of microbes, indirect actions such

as antimicrobial protection hypothesis and hygiene hypothesis,

processes related to aging in patients, etc. (18).

5.1. Direct microbial induced in AD

The evidence that the gut microbiota is the possible cause

of AD pathophysiology is provided primarily from studies in

model organisms. It is now increasingly observed that, in humans,

bacterial [for example, Borrelia burgdorferi and Chlamydia

pneumoniae (67, 68)] and viral [for example, Cytomegalovirus

(69)] and Herpes simplex virus type 1 (70) infections may be

one of the initiating factors of AD. Chronic Helicobacter pylori

infection in AD patients has been known to trigger the release of

inflammatory cytokines. It was also shown in neuroblastoma cells

that exposure to H. pylori filtrate causes tau hyperphosphorylation

similar to that seen in AD tau pathology (65). All of the bacteria can

function cooperatively to increase infectious load in the brain of AD

patients. An increase in the pro-inflammatory bacteria Escherichia

and Shigella and a decrease in the anti-inflammatory bacteria

such as Eubacterium rectale in plasma of patients with cognitive

impairment and brain amyloidosis, are linked to elevated levels

of IL-1β, CXCL2, and NLRP3 (38). Dysbiosis-induced cognitive

impairments that promote AD can manifest in a variety of ways.

To begin with, as aforementioned, these bacteria account for

changes in the concentrations of particular neurotransmitters.

Furthermore, several investigations have found that the gut

microbiome can affect synaptic plasticity proteins and receptors

Frontiers inNeurology 06 frontiersin.org

https://doi.org/10.3389/fneur.2023.1149618
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Solanki et al. 10.3389/fneur.2023.1149618

such as NMDA receptors, brain-derived neurotrophic factor

(BDNF), and serotonin receptors (71). In healthy individuals, the

gut microbiota functions to produce neuroprotective compounds

such as fatty acids and antioxidants and hence, any detour from the

normal state can contribute significantly to the neuroinflammation.

5.2. Age-induced dysbiosis in AD

Alzheimer’s is a disease that is associated with increasing

age, mainly 65 years and above. Preclinical and experimental

evidences linking the gut microbiota and AD have proposed a

theory termed as “age-related dysbiosis”, which hypothesizes that

AD might possibly develop through the immune system’s aging

process (15 and 60). Age-related elevations in circulation and tissue

levels of pro-inflammatory cytokines including tumor necrosis

factor (TNF) and IL6 have been observed in both humans and

mice (72). Thevaranjan et al. (73) also illustrated that age-related

microbial dysbiosis can cause an increase in gut permeability and

inflammation with aging. In fact, it has been demonstrated that

the composition of the gut microbiota varies with age, with an

increase in Proteobacteria and a decrease in probiotic bacteria

such as Bifidobacteria, and neuroprotective compounds, such as

small chain fatty acids (SCFAs) observed with increased age (74).

Furthermore, in healthy aged adults, a correlation has been shown

between the loss of microbiome function, especially genes that

encode SCFAs, and increasing levels of circulating proinflammatory

cytokines. It has been described that age-related dysbiosis and

neurological deterioration are related, with the former mediating

chronic low-grade inflammation as a common basis for a wide

range of age-related abnormalities, or what is now increasingly

recognized as “inflamm-aging” (75) (Figure 4).

5.3. Hygiene hypothesis of AD

Similar to the process of education of cells of the adaptive

and innate immunity, wherein they are taught to differentiate

between self and non-self in order to destroy a foreign antigen,

the immune system must be sensitized to microbes in order to

mount an effective immune response. Insufficient exposure to

microorganisms has been linked to immunological dysregulation

in AD. According to the “hygiene hypothesis,” many characteristics

of contemporary living (such as excessive use of antibiotics,

diet habits, sanitation, clean drinking water, etc.) are linked to

reduced rates of exposure to microorganisms such as commensal

microbiota that are otherwise important (76). Low microbial

encounter can in turn lead to low lymphocyte turnover leading

to immune dysregulation. Low-level chronic immune system

stimulation causes naive T-cells to adopt a suppressive regulatory

phenotype that is required for the control of both type-1 and type-2

inflammation. The proliferation of regulatory T-cells (Treg) may be

inhibited in those patients who do not get enough immunological

activation (77). AD has been defined as a disease of systemic

inflammation, with elevated type-1 dominant inflammation in the

AD brain and periphery: a probable marker of Treg insufficiency.

Immune dysregulation as a result of insufficient immunological

activation may increase the risk of AD via the T-cell system (78).

These findings support the hygiene hypothesis by emphasizing the

relevance of immune cell components in the development of AD.

Furthermore, in the presence of viral infections or dietary regimens

toxic to gut flora, patients bearing genes for AD familiar forms, such

as apolipoprotein E (ApoE)-4 allele carriers, have a greater chance

of AD conversion. Overall, it is believed that the hygiene hypothesis

for Alzheimer’s disease (HHAD) predicts that AD incidence is

positively associated to hygiene.

6. Experimental evidences

The evidence for the role of dysbiosis of gut microorganisms

in AD pathogenesis has so far mostly come from animal models.

The most established model organisms for studying AD pathology

include conventionally raised AD (CONVR-APPPS1) mice models

(40), Drosophila models (79), Zebrafish models (80), among others

along with clinical data. When the gut microbiota of traditionally

grown APPS1 mice and wild type mice is compared, there is a

considerable increase in the concentration of Bacteroidetes as

the age of the mice increases (1, 3.5, and 8 months old) followed

by sharp decrease in the number of Cyanobacteria, Firmicutes

and Proteobacteria (40). Similar kinds of results are also inferred

using human samples where fecal microbiota compositions of

AD and non-AD patients were examined in an investigation.

Reduced microbial diversity, decreased quantity of Firmicutes

and Bifidobacterium, and increased abundance of Bacteroidetes

were found in the feces of Alzheimer’s patients (Vogt et al.,

217). The increase in CSF fluid biomarkers of AD pathology

was associated to a rise in relative bacterial abundance (81).

Another set of experiments commonly involve the use of germ-free

(GF) mice (without any gut microbiome) in comparison with

transgenic APPPS1 mice. GF mice (GF-APPS1) presented a

significant reduction in Aβ pathology when compared to normally

grown APPS-1 transgenic mice. This is further supported by

histopathological examinations which showed reduction in

cerebral Aβ load in GF mice as opposed to CONVR-APPS1 mice

when stained with Thioflavin T dye (40). Furthermore, 5xFADmice

(a transgenic model of AD; expressing human APP and PSEN1

(Presenilin-1) transgenes with a total of five AD-linked mutations:

APP KM670/671NL, APP I716V, APP V7171, and PSEN1M146L

and PSEN1L286V) showed increased amyloid-protein precursor

(APP) accumulation in the gut and Firmicutes/Bacteroidetes ratio

(8). These findings imply that changes in the gut microbiota in

animal models is linked to Aβ pathology in the brain (8). Another

interesting model system being used to enhance our understanding

of gut microbiome dysbiosis and its implications in AD is

Drosophila. Induction of enteric dysbiosis by oral infection of

non-pathogenic Enterobacteria (Ecc15), can significantly colonize

the gastro-intestinal tract of adult flies ectopically expressing

Aβ-42 in their brains. Surprisingly, as compared to controls

without infection, the brains of infected amyloid transgenic flies

showed a considerable increase in vacuolar degeneration. These

evidences showed that greater neuronal loss in the transgenic brain

was caused by intestinal infection which was further confirmed
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FIGURE 4

Pictorial representation of gut dysbiosis in young v/s elderly individuals.

employing a reliable apoptotic marker caspase 3 where increased

apoptosis was observed in flies infected with Ecc15 (79). With

respect to humans, in individuals with cognitive impairment

and brain amyloidosis, higher abundance of proinflammatory

Escherichia/Shigella and decreased abundance of anti-inflammatory

Eubacterium rectale were related with peripheral inflammation,

according to a recent study (38). All of the aforementioned

results indicate a strong correlation between alterations in the gut

microbiome, presumably due to an increase or decrease in specific

microorganisms or the production of cerebral markers, and AD

pathogenesis. Thus, the impact of gut microbiota on brain function

is consistently being researched, and the mechanisms of the brain-

gut-microbiota axis that contribute to neuroinflammation

and neurodegenerative disorders are being highlighted

(Table 2).

7. Potential therapeutic interventions
for AD

The gut microbiota–brain axis is still a focus for future

Alzheimer treatments. Immunotherapy and treatment that targets

the gut microbiota are two amongst the multiple potential

therapeutic strategies for Alzheimer’s disease. Anti-Aβ and anti-

tau target antibodies, Aβ vaccinations, and cytokine inhibition

are all immunotherapy targets. Moreover, if the gut microbiota

plays a role in AD, certain drugs that can change its composition,

such as antibiotics or diet-based interventions can have a

positive or negative impact on the disease. Prebiotic/probiotic

supplementation and fecal microbiota transplantation are possible

gut microbiota target therapies for restoring a diversified, healthy

microenvironment (84, 85).

7.1. Antibiotic perturbations in AD

Antibiotics are commonly used to suppress or prevent

bacterial colonization in the body. As a result, broad-spectrum

antibiotics can have a significant impact on the gut microbiota’s

composition, biodiversity, and colonization for a long time

after administration. According to numerous studies, several

antibiotic treatments cause short and/or long-term alterations

in the gut microbiota in both humans and other models (86–

89). Furthermore, both preclinical and clinical research have

shown that antibiotic intake and the resulting dysbiosis are

correlated to changes in behavior and brain chemistry. Minter

et al. (88), have demonstrated that administration of a cocktail of

antibiotics termed as ABX [composed of gentamicin (1 mg/ml),

vancomycin (0.5 mg/ml), metronidazole (2 mg/ml), neomycin

(0.5 mg/ml), ampicillin (1 mg/ml), kanamycin (3 mg/ml), colistin

(6,000 U/ml), and cefoperazone (1 mg/ml)] in APPS1 transgenic

mice causes a shift in the gut microbial composition that is

confirmed with 16SrRNA sequencing method. In addition to

this, the effect of ABX therapy on Aβ deposition in the mice

brain was investigated by immunostaining brain sections with

the Aβ-specific 3D6 antibody34. In these findings, male ABX-

treated APPS1 mice showed a substantial 2.27-fold reduction in

combined cortical and hippocampus Aβ plaque load as compared

to vehicle controls. Consequently, in these mice, there is an

increase in neuroinflammatory state and cytokine levels that

promotes AD (88). Antibiotics that disrupt the equilibrium of

gut flora, such as streptozotocin and ampicillin, are among

the most harmful. Antibiotics like as streptozotocin have been

used to produce sporadic AD forms in animal models with

impacts on learning and memory skills, contributing to this

idea (89). Interestingly, in contrast, it is also established that

antibiotics can help people with AD through a variety of ways,
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TABLE 2 Recent data on the role of microbiota in AD pathogenesis from

animal and human studies.

AD model Main findings References

1. CONVR-

APPPS1 and GF

mice

Change in the gut microbiota

composition: A significant reduction in

cerebral Aβ pathology in GF mice

compared to control mice; colonization

of GF mice with microbiota from

conventionally-raised mice increased

cerebral Aβ pathology, whereas

colonization with microbiota fromWT

mice was less effective in increasing

cerebral Aβ levels

(40)

2. 5X FAD mice Changes in the composition of the

feces microbiota with increasing age;

human APP expressed not only in the

brain but also in the gut tissue and

lowered trypsin level in fecal proteins

(8)

3. APOE−/− mice Porphyromonas gingivalis active

invasion and infection-induced

complement activation in APOE−/−

mice brains

(37)

4. AD rat model Lactobacillus plantarum improved

cognitive function by restoring

acetylcholine levels, reducing Aβ

plaque formation

(82)

5. Transgenic

Drosophila

Enterobacteria infection promotes

immunological haemocyte recruitment

to the brain, which exacerbates the

development of AD; elimination of

haemocytes reduces

neuroinflammation and prevents

neurodegeneration

(79)

6. Living AD

subjects

Increased pro-inflammatory and

decreased anti-inflammatory bacteria.

LPS levels were significantly greater in

AD plasma specimens, and there was a

positive association between level of

blood monocyte/macrophage

activation in the disease groups

(38).

7. Post mortem

brain samples

Poole et al. (37) reported the presence

of LPS from Porphyromonas gingivalis

in sections of AD brains. 16S rRNA

sequencing revealed increased bacterial

populations in AD brain tissue (39).

DNA specific to Borrelia burgdorferi

was found in senile plaques by

Miklossy

(83)

including prevention of neuroinflammation. This is seen with

rapamycin, which is the natural inhibitor of the mammalian

enzyme target of rapamycin (mTOR) in addition to possessing

antiaging characteristics. Upregulation of the mTOR signaling

system is linked to major pathogenic processes in Alzheimer’s

disease. mTOR inhibitors, such as rapamycin, have been shown to

improve AD-like pathology and cognitive deficiencies in a variety

of animal models, highlighting their therapeutic potential (90).

Nonetheless, the use of antibiotics presents as an attractive option

to treat AD and other neurodegenerative conditions, however

it should be carefully considered for humans as the insurgence

of antibiotic resistance might negate any potential advantages

it entails.

7.2. Probiotics, prebiotics, and AD

Probiotics are microorganisms that benefit the host’s general

health, whereas prebiotics are substances (mainly fiber) that serve

as food for these bacteria. Probiotic supplementation, probiotic

enhanced foods, dietary fiber intake, and foods rich in prebiotics

are all examples of diet-based therapies. Bacterio-toxins (such

as bacteriocins) can be secreted and produced by probiotics,

which can inhibit bacterial invasion and pathogen attachment

to epithelial cells (91). They also improve barrier integrity and

mucus formation by having a trophic impact on the intestinal

mucosa as well as effects on epithelial cell cytokine release.

Kaur et al. (92) administered probiotic formulation VSL#3 for

8 weeks to a 6-month-old APPNL−G−F (Lactobacillus plantarum,

Lactobacillus delbrueckii subsp. Bulgaricus, Lactobacillus paracasei,

Lactobacillus acidophilus, Bifidobacterium breve, Bifidobacterium

longum, Bifidobacterium infantis, and Streptococcus salivarius

subsp. Thermophilus). They found that acetate, lactate, butyrate,

isobutyrate, and propionate levels were elevated in the serum

after VSL#3 changed the composition of the gut microbiome,

increasing the concentration of, Lachnospiracea, Clostridia, and

Akkermansia. According to a meta-analysis in 2019, owing to

their anti-inflammatory and antioxidative properties, probiotics

may enhance the cognitive function in AD and MCI patients

(93). In a preclinical study on AD mice, Bonfili et al. (94),

observed that the treatment of SLAB51 mixture (containing

Streptococcus thermophilus, Lactobacilli, and Bifidobacteria) could

minimize Aβ burden, improve cortical atrophy, and restore the

defective ubiquitin proteolytic system and autophagy. Moreover,

in the brains of 5xFAD transgenic mice, Lactobacillus plantarum

C29 was demonstrated to modulate microglia activation, decrease

Aβ deposition and limit NF-κB activation (95). Transgenic

AD mice treated with probiotics are shown to have greater

cognitive function and a decreased level of Aβ plaques in the

hippocampus when compared to untreated AD mice (63). With

respect to clinical studies, in a randomized, double-blind, placebo

controlled multicenter trial, Kim et al. (96, 97) observed that

probiotics modify the gut microbiome while also promoting

mental flexibility and reducing stress in healthy older adults

suggesting they can be used for therapeutic purposes. Akbari et al.

(62) conducted a similar study comparing the results of giving

probiotic milk (including Lactobacillus acidophilus, Lactobacillus

casei, Bifidobacterium bifidum, and Lactobacillus fermentum) vs.

control milk (200 ml/day) to AD patients for a 12-week period.

They discovered that individuals who received probiotic treatment

saw a marked improvement in their cognitive score on the Mini

Mental State Examination (MMSE) along with reduced oxidative

stress (malondialdehyde) and inflammation (C-reactive protein)

markers. These findings suggest that consumption of a nutrition

diet rich in probiotics and prebiotics, as well as other nutrients,

delays neurocognitive impairment and minimizes the risk of AD.

The observed effects maybe attributable to restoration of the

gut microbiome and other contrasting actions of AD associated

pathologies such as insulin resistance. Oral bacteriotherapy using

probiotics has recently been effective in treating and preventing

many diseases. Despite the presence of many promising candidates
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FIGURE 5

Pictorial representation of the influence of antibiotics and probiotics on MGBA.

such as Lactobacillus and Bifidobacterium, with respect to AD,

the effect of probiotics as a plausible treatment remains largely

unexplored as additional evidence is required to design a probiotic

formulation that is effective and reliable. Due to the absence of

stronger evidence-based proof of their ability to promote health

and of any negative effects, major medical regulatory bodies have

not approved any probiotic formulation as a treatment approach.

Moreover, it has been noted that probiotic consumption may result

in major adverse outcomes like sepsis, particularly in populations

like the elderly, immunocompromised and critically ill patients

(98). Therefore, the administration of probiotics and prebiotics

can be a step toward personalized medicine as the effectiveness of

this mode of treatment relies entirely on the dosage required, the

proportion of each bacterial strain used and most importantly the

severity of the disease that will differ from patient to patient (99)

(Figure 5).

7.3. Fecal microbiota transplantation: bugs
as drugs?

FMT (fecal microbiota transplantation) is being investigated

as a possible treatment where gut microbiome is correlated to

pathophysiology of several conditions (100). FMT is the procedure

of introducing pre-screened feces into patients’ GI tracts in

order to restore function and diversify their GM. FMT has the

ability to reverse some dysbiosis, engraft bacteria that promote

health, while briefly exposing the recipient to beneficial microbes.

The gut microbiota of AD mice when transplanted enhances

amyloid deposition, demonstrating that the gut does affect AD

pathophysiology (101). Sun et al. (102) and colleagues have

shown that, in APP/PS1 mice, FMT therapy improved cognitive

impairments and reduced Aβ deposition in the brain which was

accompanied by phosphorylation of tau protein and decreased

levels of Aβ40 and Aβ42. Another study indicated that use of

FMT could alleviate AD pathology in mouse models (103). At

present, FMT is being used to treat Clostridium difficile infections

whereas trials related to cancer, IBD and neurodegenerative

diseases are under way (102). However, it is difficult to rationalize

timing and dose regimens because of the incomplete mechanistic

and biological understanding of FMTs, while the possibility of

reversing the dysbiosis has not yet been fully established (104).

Exposing the immune system of patients to allogenic strains

of FMT may be harmful if they have disorders like IBD or

autoimmune conditions that can result in adverse pathologic

immune responses. Walter et al. (105), have also highlighted the

safety concerns (both short and long term) pertaining to donor-

recipient compatibility following personalized transplants which

include the transmission of communicable diseases, unintended

predisposition to chronic non-communicable diseases and possible

risks of antibiotic pre-treatments, amongst others. Even though,

FMT is showing promising results in preclinical studies, its

application to humans is limited by standardization, route

of administration, safety assessment, patient acceptance and

tolerability, etc., (85) (Figure 6).
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FIGURE 6

Pictorial representation of FMT in patients with bowel infection.

8. Discussion

So far, we have summarized how dysbiosis may damage

the GIT, its associated disorders, as well as its contribution to

neurodegeneration, that occurs via the bidirectional crosstalk

between the gut and brain called the Microbiota Gut-Brain

axis (4). The gut microbiota, which produces amyloid, LPS,

and other toxins, may play a role in systemic inflammation

and the destruction of physiological barriers. Bacteria or their

products can travel from the gastrointestinal tract and oronasal

cavity to the CNS, which is particularly dangerous in the

elderly (51). Bacterial amyloids may function as seed proteins

for prion proteins, causing misfolding and increasing native

amyloid aggregation. Furthermore, gut microbiota by-products

may stimulate microglia, increasing the inflammatory response

in the CNS, leading to pathologic microglial activity, increased

neurotoxicity, and decreased amyloid clearance (12, 49). Infectious

or sterile inflammatory stimuli may promote Aβ production

through TLRs, given Aβ’s function as an antimicrobial peptide.

The microbiome determines AD diseases and neuroinflammation,

according to emerging research, and AD pathogenesis modifies

gut microbiota composition. Immune cell maturation, SCFA, LPS,

and cytokine production, gut epithelial and BBB permeability,

and gut microbiota diversity are all influenced by the MGBA

(15, 55).

In the development of AD, this complex system involves a

variety of processes that operate synergistically. While the biology

of AD is complex, understanding key pathways and processes

involved in progression is critical for developing novel treatment

options. Our knowledge on the function of gut microbiota in AD

and other neurodegenerative disorders has hitherto been based

on preclinical or cross-sectional human trials (8, 37, 38, 40, 83,

92). The role of MGBA in AD is now being studied primarily

through compositional microbiome data obtained from 16S rRNA

marker gene sequencing (8, 39, 88). While this methodology has

set the groundwork for research, uncovering the complex range

of pathways involved in the MGBA would need an integrated

transcriptomics, metagenomics, and metabolomics approach. The

minimal number of human studies acts as a limiting factor in

determining the directionality of reported alterations in the gut

microbiota in AD, such as if gut microbiome dysbiosis is caused

by a change in food, medicine, or stress in AD patients. This

problem is circumvented by the advent of various AD based model

organisms like mice, rat, drosophila, etc. that greatly enhanced our

understanding of not only the dynamics of the MGBA but also

provided a range of potential therapeutic strategies, for example,

antibiotics, probiotics, fecal matter transplantation, etc. that can be

explored for treatment purposes. The idea of employing antibiotics

along with dietary regimens composed of probiotics that act

cooperatively in a cost-effective manner is being clinically tested

as a therapeutic, or preventive intervention for AD. Thus, multi-

omics investigations in animal models, carefully selected human

cohorts, and in vitromechanistic studies will reveal the underlying

processes of the gut microbiota–brain axis and its influence on

Alzheimer’s disease, dementia, and other neurological disorders.

In concert with the significance of the microbiome, interestingly,

the role of the human mycobiome, and virome is also now being

researched extensively in order to connect the dots between the

pathophysiology of not only neurological disorders but also several

malignancies and other diseases (106). Despite the fact that there

are several options now available as therapeutics in AD apart from

anti-AD drugs, the inclusion of pro-, pre-, or antibiotics in actual
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clinical practice and personalized medicine still requires further

studies to understand the specific effects of these therapeutics in

the alleviation of AD.

Author contributions

This article has been written by RS with the help of

AK. All authors contributed to the article and approved the

submitted version.

Acknowledgments

The authors would like to thank the Centre for Human

Genetics, Bangalore.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

1. Zhu S, Jiang Y, Xu K, Cui M, Ye W, Zhao G, et al. The progress of gut
microbiome research related to brain disorders. J Neuroinflammation. (2020) 17:1–
20. doi: 10.1186/s12974-020-1705-z

2. Chételat G. Aβ-Independent Processes—Rethinking Preclinical AD. Nat Rev
Neurol. (2013) 9:123–4. doi: 10.1038/nrneurol.2013.21

3. Julia TCW, Goate AM. Genetics of β-amyloid precursor protein
in Alzheimer’s disease. Cold Spring Harb Perspect Med. (2017)
7:a024539. doi: 10.1101/cshperspect.a024539

4. Kowalski K, Mulak A. Brain-Gut-Microbiota Axis in Alzheimer’s Disease. J
Neurogastroenterol Motil. (2019) 25:48–60. doi: 10.5056/jnm18087

5. Pistollato F, Cano SS, Elio I, VergaraMM, Giampieri F, BattinoM, et al. Role of gut
microbiota and nutrients in amyloid formation and pathogenesis of Alzheimer disease.
Nutr Rev. (2016) 74:624–34. doi: 10.1093/nutrit/nuw023

6. Tremaroli V, Bäckhed F. Functional interactions between the gut microbiota and
host metabolism. Nature. (2012) 489:242–9. doi: 10.1038/nature11552

7. Lloyd-Price J, Abu-Ali G, Huttenhower C. The healthy human microbiome.
Genome Med. (2016) 8:1–11. doi: 10.1186/s13073-016-0307-y

8. Brandscheid C, Schuck F, Reinhardt S, Schäfer KH, Pietrzik CU, Grimm M, et al.
Altered Gut Microbiome Composition and Tryptic Activity of the 5xFAD Alzheimer’s
Mouse Model. J Alzheimer’s Dis. (2017) 56:775–88. doi: 10.3233/JAD-160926

9. Fang P, Kazmi SA, Jameson KG, Hsiao EY. The microbiome as a
modifier of neurodegenerative disease risk. Cell Host Microbe. (2020)
28:201–22. doi: 10.1016/j.chom.2020.06.008

10. Shreiner AB, Kao JY, Young VB. The gut microbiome in health and in disease.
Curr Opin Gastroenterol. (2015) 31:69–75. doi: 10.1097/MOG.0000000000000139

11. Buffington SA, Di Prisco GV, Auchtung TA, Ajami NJ, Petrosino JF, Costa-
Mattioli M, et al. Microbial Reconstitution Reverses Maternal Diet-Induced Social and
Synaptic Deficits in Offspring. Cell. (2016) 165:1762–75. doi: 10.1016/j.cell.2016.06.001

12. Nguyen M, Palm NW. Gut Instincts in Neuroimmunity from
the Eighteenth to Twenty-First Centuries. Semin Immunopathol. (2022)
44:569–79. doi: 10.1007/s00281-022-00948-2

13. Wang X, Sun G, Feng T, Zhang J, Huang X, Wang T, et al. Sodium
Oligomannate Therapeutically Remodels Gut Microbiota and Suppresses Gut
Bacterial Amino Acids-Shaped Neuroinflammation to Inhibit Alzheimer’s
Disease Progression. Cell Res. (2019) 29:787–803. doi: 10.1038/s41422-019-
0216-x

14. Pabst O, Slack E. IgA and the Intestinal Microbiota: The Importance of Being
Specific.Mucosal Immunol. (2020) 13:12–21. doi: 10.1038/s41385-019-0227-4

15. 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) 35:e00338–e00320. doi: 10.1128/CMR.00338-20

16. Thriene K, Michels KB. Human Gut Microbiota Plasticity throughout the Life
Course. Int J Environ Res Public Health. (2023) 20:1463. doi: 10.3390/ijerph20021463

17. Ge Y, Wang X, Guo Y, Yan J, Abuduwaili A, Aximujiang K, et al. Gut microbiota
influence tumor development and Alter interactions with the human immune system.
J Exper Clin Cancer Res. (2021) 40:1–9. doi: 10.1186/s13046-021-01845-6

18. Angelucci F, Cechova K, Amlerova J, Hort J. Antibiotics, gut
microbiota, and Alzheimer’s disease. J Neuroinflammation. (2019)
16:1–10. doi: 10.1186/s12974-019-1494-4

19. Goehler LE, Gaykema RP, Nguyen KT, Lee JE, Tilders FJ, Maier SF,
et al. Interleukin-1β in Immune Cells of the Abdominal Vagus Nerve: A
Link between the Immune and Nervous Systems? J Neurosci. (1999) 19:2799–
806. doi: 10.1523/JNEUROSCI.19-07-02799.1999

20. Lal S, Kirkup AJ, Brunsden AM, Thompson DG, Grundy D. Vagal afferent
responses to fatty acids of different chain length in the rat. Am J Physiol. (2001)
281:G907–15. doi: 10.1152/ajpgi.2001.281.4.G907

21. Walker LC, Jucker M. Neurodegenerative diseases: expanding the prion concept.
Annu Rev Neurosci. (2015) 38:87–103. doi: 10.1146/annurev-neuro-071714-033828

22. Borsom EM, Lee K, Cope EK. Do the bugs in your gut eat your memories?
Relationship between gut microbiota and Alzheimer’s disease. Brain Sci. (2020)
10:814. doi: 10.3390/brainsci10110814

23. Bard F, Cannon C, Barbour R, Burke RL, Games D, Grajeda H, et al. Peripherally
Administered Antibodies against Amyloid β-Peptide Enter the Central Nervous
System and Reduce Pathology in aMouseModel of Alzheimer Disease.NatMed. (2000)
6:916–9. doi: 10.1038/78682

24. Simard AR, Soulet D, Gowing G, Julien JP, Rivest S. Bone marrow-derived
microglia play a critical role in restricting senile plaque formation in Alzheimer’s
disease. Neuron. (2006) 49:489–502. doi: 10.1016/j.neuron.2006.01.022

25. Yuyama K, Sun H, Mitsutake S, Igarashi Y. Sphingolipid-modulated exosome
secretion promotes clearance of amyloid-β by microglia. J Biol Chem. (2012)
287:10977–89. doi: 10.1074/jbc.M111.324616

26. Thomas DM, Walker PD, Benjamins JA, Geddes TJ, Kuhn DM.
Methamphetamine Neurotoxicity in Dopamine Nerve Endings of the Striatum
Is Associated with Microglial Activation. J Pharmacol Exper Therap. (2004)
311:1–7. doi: 10.1124/jpet.104.070961

27. Wlodarska M, Luo C, Kolde R, d’Hennezel E, Annand JW, Heim CE, et al.
Indoleacrylic Acid Produced by Commensal Peptostreptococcus Species Suppresses
Inflammation. Cell Host Microbe. (2017) 22:25–37.e6. doi: 10.1016/j.chom.2017.06.007

28. Rothhammer V, Borucki DM, Tjon EC, Takenaka MC, Chao CC, Ardura-
Fabregat A, et al. Microglial Control of Astrocytes in Response to Microbial
Metabolites. Nature. (2018) 557:724–8. doi: 10.1038/s41586-018-0119-x

29. Hubbard TD, Murray IA, Bisson WH, Lahoti TS, Gowda K, Amin SG, et al.
Adaptation of the human aryl hydrocarbon receptor to sense microbiota-derived
indoles. Sci Rep. (2015) 5:12689. doi: 10.1038/srep12689

30. Tooyama I, Kimura H, AkiyamaH,McGeer PL. ReactiveMicroglia Express Class
I and Class II Major Histocompatibility Complex Antigens in Alzheimer’s Disease.
Brain Res. (1990) 523:273–80. doi: 10.1016/0006-8993(90)91496-4

31. Hayes A, Thaker U, Iwatsubo T, Pickering-Brown SM, Mann DMA.
Pathological relationships between microglial cell activity and tau and amyloid
β protein in patients with Alzheimer’s disease. Neurosci Lett. (2002) 331:171–
4. doi: 10.1016/S0304-3940(02)00888-1

32. Gao Q, Wang Y, Wang X, Fu S, Zhang X, Wang RT, et al. Decreased
Levels of Circulating Trimethylamine N-Oxide Alleviate Cognitive and Pathological

Frontiers inNeurology 12 frontiersin.org

https://doi.org/10.3389/fneur.2023.1149618
https://doi.org/10.1186/s12974-020-1705-z
https://doi.org/10.1038/nrneurol.2013.21
https://doi.org/10.1101/cshperspect.a024539
https://doi.org/10.5056/jnm18087
https://doi.org/10.1093/nutrit/nuw023
https://doi.org/10.1038/nature11552
https://doi.org/10.1186/s13073-016-0307-y
https://doi.org/10.3233/JAD-160926
https://doi.org/10.1016/j.chom.2020.06.008
https://doi.org/10.1097/MOG.0000000000000139
https://doi.org/10.1016/j.cell.2016.06.001
https://doi.org/10.1007/s00281-022-00948-2
https://doi.org/10.1038/s41422-019-0216-x
https://doi.org/10.1038/s41385-019-0227-4
https://doi.org/10.1128/CMR.00338-20
https://doi.org/10.3390/ijerph20021463
https://doi.org/10.1186/s13046-021-01845-6
https://doi.org/10.1186/s12974-019-1494-4
https://doi.org/10.1523/JNEUROSCI.19-07-02799.1999
https://doi.org/10.1152/ajpgi.2001.281.4.G907
https://doi.org/10.1146/annurev-neuro-071714-033828
https://doi.org/10.3390/brainsci10110814
https://doi.org/10.1038/78682
https://doi.org/10.1016/j.neuron.2006.01.022
https://doi.org/10.1074/jbc.M111.324616
https://doi.org/10.1124/jpet.104.070961
https://doi.org/10.1016/j.chom.2017.06.007
https://doi.org/10.1038/s41586-018-0119-x
https://doi.org/10.1038/srep12689
https://doi.org/10.1016/0006-8993(90)91496-4
https://doi.org/10.1016/S0304-3940(02)00888-1
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Solanki et al. 10.3389/fneur.2023.1149618

Deterioration in Transgenic Mice: A Potential Therapeutic Approach for Alzheimer’s
Disease. Aging. (2019) 11:8642–63. doi: 10.18632/aging.102352

33. Quinn M, McMillin M, Galindo C, Frampton G, Pae HY, DeMorrow
S, et al. Bile acids permeabilize the blood brain barrier after bile duct
ligation in rats via rac1-dependent mechanisms. Digest Liver Dis. (2014)
46:527–34. doi: 10.1016/j.dld.2014.01.159

34. Kiriyama Y, Nochi H. The Biosynthesis, signaling, and neurological functions of
bile acids. Biomolecules. (2019) 9:232. doi: 10.3390/biom9060232

35. Gamba P, Testa G, Sottero B, Gargiulo S, Poli G, Leonarduzzi G, et al. The link
between altered cholesterol metabolism and Alzheimer’s disease. Ann N Y Acad Sci.
(2012) 1259:54–64. doi: 10.1111/j.1749-6632.2012.06513.x

36. Cui Y, Wan Q, NKT. cells in neurological diseases. Front Cell Neurosci. (2019)
13:245. doi: 10.3389/fncel.2019.00245

37. Poole S, Singhrao SK, Chukkapalli S, Rivera M, Velsko I, Kesavalu L, et al. Active
invasion of porphyromonas gingivalis and infection-induced complement activation in
apoe-/- mice brains. J Alzheimer’s Dis. (2014) 43:67–80. doi: 10.3233/JAD-140315

38. Cattaneo A, Cattane N, Galluzzi S, Provasi S, Lopizzo N, Festari C, et al.
Association of brain amyloidosis with pro-inflammatory gut bacterial taxa and
peripheral inflammation markers in cognitively impaired elderly. Neurobiol Aging.
(2017) 49:60–8. doi: 10.1016/j.neurobiolaging.2016.08.019

39. Emery DC, Shoemark DK, Batstone TE, Waterfall CM, Coghill JA, Cerajewska
TL, et al. 16S rRNA next generation sequencing analysis shows bacteria in Alzheimer’s
post-mortem brain. Front Aging Neurosci. (2017) 9:195. doi: 10.3389/fnagi.2017.00195

40. Harach T, Marungruang N, Duthilleul N, Cheatham V, Mc Coy KD, Frisoni G,
et al. Reduction of Abeta amyloid pathology in APPPS1 transgenic mice in the absence
of gut microbiota. Sci Rep. (2017) 7:1–15. doi: 10.1038/srep41802

41. Yunes RA, Poluektova EU, Vasileva EV, Odorskaya MV, Marsova MV,
Kovalev GI, et al. A Multi-Strain Potential Probiotic Formulation of GABA-
Producing Lactobacillus Plantarum 90sk and Bifidobacterium Adolescentis
150 with Antidepressant Effects. Probiotics Antimicrob Proteins. (2020)
12:973–9. doi: 10.1007/s12602-019-09601-1

42. Duranti S, Ruiz L, Lugli GA, Tames H, Milani C, Mancabelli L, et al.
Bifidobacterium adolescentis as a key member of the human gut microbiota in the
production of GABA. Sci Rep. (2020) 10:1–13. doi: 10.1038/s41598-020-70986-z

43. Bonfili L, Cecarini V, Cuccioloni M, Angeletti M, Berardi S, Scarpona S, et al.
SLAB51 Probiotic Formulation Activates SIRT1 Pathway Promoting Antioxidant and
Neuroprotective Effects in an AD Mouse Model. Mol Neurobiol. (2018) 55:7987–
8000. doi: 10.1007/s12035-018-0973-4

44. Holzer P, Farzi A. Neuropeptides and themicrobiota-gut-brain axis. In:Microbial
endocrinology: the microbiota-gut-brain axis in health and disease. (2014). p. 195–
219. doi: 10.1007/978-1-4939-0897-4_9

45. Koutzoumis DN, Vergara M, Pino J, Buddendorff J, Khoshbouei H, Mandel RJ,
et al. Alterations of the gut microbiota with antibiotics protects dopamine neuron loss
and improve motor deficits in a pharmacological rodent model of Parkinson’s disease.
Exp Neurol. (2020) 325:113159. doi: 10.1016/j.expneurol.2019.113159

46. Asano Y, Hiramoto T, Nishino R, Aiba Y, Kimura T, Yoshihara K, et al.
Critical role of gut microbiota in the production of biologically active, free
catecholamines in the gut lumen of mice. Am J Physiol. (2012) 303:G1288–
95. doi: 10.1152/ajpgi.00341.2012

47. Blasco MP, Chauhan A, Honarpisheh P, Ahnstedt H, d’Aigle J, Ganesan A,
et al. Age-dependent involvement of gut mast cells and histamine in post-stroke
inflammation. J Neuroinflammation. (2020) 17:1–16. doi: 10.1186/s12974-020-01833-1

48. Goyal D, Ali SA, Singh RK. Emerging Role of Gut Microbiota in
Modulation of Neuroinflammation and Neurodegeneration with Emphasis on
Alzheimer’s Disease. Progress Neuro-Psychopharmacol Biol Psychiatry. (2021)
106:110112. doi: 10.1016/j.pnpbp.2020.110112

49. Abdel-Haq R, Schlachetzki JC, Glass CK, Mazmanian SK. Microbiome–
microglia connections via the gut–brain axis. J Exp Med. (2019) 216:41–
59. doi: 10.1084/jem.20180794

50. ChapmanMR, Robinson LS, Pinkner JS, Roth R, Heuser J, HammarM, et al. Role
of Escherichia Coli curli operons in directing amyloid fiber formation. Science. (2002)
295:851–5. doi: 10.1126/science.1067484

51. Friedland RP, Chapman MR. The role of microbial
amyloid in neurodegeneration. PLoS Pathog. (2017) 13:e1006654.
doi: 10.1371/journal.ppat.1006654

52. Calvo-Rodriguez M, García-Rodríguez C, Villalobos C, Núñez L.
Role of toll like receptor 4 in Alzheimer’s disease. Front Immunol. (2020)
11:1588. doi: 10.3389/fimmu.2020.01588

53. Tükel C, Raffatellu M, Humphries AD, Wilson RP, Andrews-Polymenis HL,
Gull T, et al. CsgA Is a Pathogen-Associated Molecular Pattern of Salmonella Enterica
Serotype Typhimurium That Is Recognized by Toll-like Receptor 2. Mol Microbiol.
(2005) 58:289–304. doi: 10.1111/j.1365-2958.2005.04825.x

54. Friedland RP. Mechanisms of Molecular Mimicry Involving the Microbiota in
Neurodegeneration. J Alzheimer’s Disease. (2015) 45:349–62. doi: 10.3233/JAD-142841

55. Batista CRA, Gomes GF, Candelario-Jalil E, Fiebich BL, De Oliveira
ACP. Lipopolysaccharide-Induced Neuroinflammation as a Bridge to Understand
Neurodegeneration. Int J Mol Sci. (2016) 20:2293. doi: 10.3390/ijms20092293

56. Zhan X, Stamova B, Jin LW, DeCarli C, Phinney B, Sharp FR. Gram-negative
bacterial molecules associate with alzheimer disease pathology. Neurology. (2016)
87:2324–2332. doi: 10.1212/WNL.0000000000003391

57. LukiwWJ. Bacteroides fragilis lipopolysaccharide and inflammatory signaling in
Alzheimer’s disease. Front Microbiol. (2016) 7:1544. doi: 10.3389/fmicb.2016.01544

58. Daulatzai MA. Chronic functional bowel syndrome enhances gut-brain axis
dysfunction, neuroinflammation, cognitive impairment, and vulnerability to dementia.
Neurochem Res. (2014) 39:624–44. doi: 10.1007/s11064-014-1266-6

59. Zhao Y, Dua P, Lukiw WJ. Microbial sources of amyloid and relevance to
amyloidogenesis and Alzheimer’s Disease (AD). J Alzheimer’s Dis Parkinsonism. (2015)
05:177. doi: 10.4172/2161-0460.1000177

60. Khan MS, Ikram M, Park JS, Park TJ, Kim MO. Gut microbiota, its role in
induction of Alzheimer’s disease pathology, and possible therapeutic interventions:
special focus on anthocyanins. Cells. (2020) 9:853. doi: 10.3390/cells9040853

61. Potgieter M, Bester J, Kell DB, Pretorius E. The Dormant Blood
Microbiome in Chronic, Inflammatory Diseases. FEMS Microbiol Rev. (2015)
39:567–91. doi: 10.1093/femsre/fuv013

62. Akbari E, Asemi Z, Daneshvar Kakhaki R, Bahmani F, Kouchaki E, Tamtaji OR,
et al. Effect of probiotic supplementation on cognitive function and metabolic status
in Alzheimer’s disease: a randomized, double-blind and controlled trial. Front Aging
Neurosci. (2016) 8:256. doi: 10.3389/fnagi.2016.00256

63. Abraham D, Feher J, Scuderi GL, Szabo D, Dobolyi A, Cservenak
M, et al. Exercise and probiotics attenuate the development of Alzheimer’s
disease in transgenic mice: role of microbiome. Exp Gerontol. (2019)
115:122–31. doi: 10.1016/j.exger.2018.12.005

64. Kowalski K, Mulak A. Small Intestinal Bacterial Overgrowth in Alzheimer’s
Disease. J Neural Transm. (2021) 129:75–83. doi: 10.1007/s00702-021-02440-x

65. Wang C, Klechikov AG, Gharibyan AL, Wärmländer SKTS, Jarvet
J, Zhao L, et al. The Role of Pro-Inflammatory S100A9 in Alzheimer’s
Disease Amyloid-Neuroinflammatory Cascade. Acta Neuropathol. (2014)
127:507–22. doi: 10.1007/s00401-013-1208-4

66. Sochocka M, Donskow-Łysoniewska K, Diniz BS, Kurpas D, Brzozowska
E, Leszek J, et al. The Gut Microbiome Alterations and Inflammation-Driven
Pathogenesis of Alzheimer’s Disease—a Critical Review. Mol Neurobiol. (2019)
56:1841–51. doi: 10.1007/s12035-018-1188-4

67. Hammond CJ, Hallock LR, Howanski RJ, Appelt DM, Little CS, Balin BJ, et al.
Immunohistological detection of Chlamydia pneumoniae in the Alzheimer’s disease
brain. BMC Neurosci. (2010) 11:1–12. doi: 10.1186/1471-2202-11-121

68. Bu XL, Yao XQ, Jiao SS, Zeng F, Liu YH, Xiang Y, et al. A study on the
association between infectious burden and Alzheimer’s disease. Eur J Neurol. (2015)
22:1519–25. doi: 10.1111/ene.12477

69. Barnes LL, Capuano AW, Aiello AE, Turner AD, Yolken RH, Torrey EF, et al.
Cytomegalovirus infection and risk of alzheimer disease in older black and white
individuals. J Infect Dis. (2015) 211:230–7. doi: 10.1093/infdis/jiu437

70. Itzhaki RF. Herpes Simplex Virus Type 1 and Alzheimer’s disease:
possible mechanisms and signposts. The FASEB Journal. (2017) 31:3216–
26. doi: 10.1096/fj.201700360

71. Shabbir U, Arshad MS, Sameen A, Oh DH. Crosstalk between gut and brain in
Alzheimer’s disease: The role of gut microbiota modulation strategies.Nutrients. (2021)
13:690. doi: 10.3390/nu13020690

72. Bouchlaka MN, Sckisel GD, Chen M, Mirsoian A, Zamora AE, Maverakis
E, et al. Aging predisposes to acute inflammatory induced pathology after
tumor immunotherapy. J Exp Med. (2013) 210:2223–37. doi: 10.1084/jem.201
31219

73. Thevaranjan N, Puchta A, Schulz C, Naidoo A, Szamosi JC, Verschoor CP,
et al. Age-associated microbial dysbiosis promotes intestinal permeability, systemic
inflammation, and macrophage dysfunction. Cell Host Microbe. (2017) 21:455–
66. doi: 10.1016/j.chom.2017.03.002

74. Claesson MJ, Jeffery IB, Conde S, Power SE, O’Connor EM, Cusack S, et al. Gut
microbiota composition correlates with diet and health in the elderly. Nature. (2012)
488:178–84. doi: 10.1038/nature11319

75. Franceschi C, Bonafè M, Valensin S, Olivieri F, De Luca M, Ottaviani E, et al.
Inflamm-aging: an evolutionary perspective on immunosenescence. Ann new York
Acad Sci. (2000) 908:244–254. doi: 10.1111/j.1749-6632.2000.tb06651.x

76. Strachan DP. Hay Fever, Hygiene, and Household Size. BMJ. (1989) 299:1259–
60. doi: 10.1136/bmj.299.6710.1259

77. Pellicanò M, Larbi A, Goldeck D, Colonna-Romano G, Buffa S, Bulati M,
et al. Immune Profiling of Alzheimer Patients. J Neuroimmunol. (2012) 242:52–
9. doi: 10.1016/j.jneuroim.2011.11.005

78. Dai L, Shen Y. Insights into T-cell dysfunction in Alzheimer’s disease. Aging Cell.
(2021) 20:13511. doi: 10.1111/acel.13511

Frontiers inNeurology 13 frontiersin.org

https://doi.org/10.3389/fneur.2023.1149618
https://doi.org/10.18632/aging.102352
https://doi.org/10.1016/j.dld.2014.01.159
https://doi.org/10.3390/biom9060232
https://doi.org/10.1111/j.1749-6632.2012.06513.x
https://doi.org/10.3389/fncel.2019.00245
https://doi.org/10.3233/JAD-140315
https://doi.org/10.1016/j.neurobiolaging.2016.08.019
https://doi.org/10.3389/fnagi.2017.00195
https://doi.org/10.1038/srep41802
https://doi.org/10.1007/s12602-019-09601-1
https://doi.org/10.1038/s41598-020-70986-z
https://doi.org/10.1007/s12035-018-0973-4
https://doi.org/10.1007/978-1-4939-0897-4_9
https://doi.org/10.1016/j.expneurol.2019.113159
https://doi.org/10.1152/ajpgi.00341.2012
https://doi.org/10.1186/s12974-020-01833-1
https://doi.org/10.1016/j.pnpbp.2020.110112
https://doi.org/10.1084/jem.20180794
https://doi.org/10.1126/science.1067484
https://doi.org/10.1371/journal.ppat.1006654
https://doi.org/10.3389/fimmu.2020.01588
https://doi.org/10.1111/j.1365-2958.2005.04825.x
https://doi.org/10.3233/JAD-142841
https://doi.org/10.3390/ijms20092293
https://doi.org/10.1212/WNL.0000000000003391
https://doi.org/10.3389/fmicb.2016.01544
https://doi.org/10.1007/s11064-014-1266-6
https://doi.org/10.4172/2161-0460.1000177
https://doi.org/10.3390/cells9040853
https://doi.org/10.1093/femsre/fuv013
https://doi.org/10.3389/fnagi.2016.00256
https://doi.org/10.1016/j.exger.2018.12.005
https://doi.org/10.1007/s00702-021-02440-x
https://doi.org/10.1007/s00401-013-1208-4
https://doi.org/10.1007/s12035-018-1188-4
https://doi.org/10.1186/1471-2202-11-121
https://doi.org/10.1111/ene.12477
https://doi.org/10.1093/infdis/jiu437
https://doi.org/10.1096/fj.201700360
https://doi.org/10.3390/nu13020690
https://doi.org/10.1084/jem.20131219
https://doi.org/10.1016/j.chom.2017.03.002
https://doi.org/10.1038/nature11319
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://doi.org/10.1136/bmj.299.6710.1259
https://doi.org/10.1016/j.jneuroim.2011.11.005
https://doi.org/10.1111/acel.13511
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Solanki et al. 10.3389/fneur.2023.1149618

79. Wu SC, Cao ZS, Chang KM, Juang JL. Intestinal microbial dysbiosis
aggravates the progression of Alzheimer’s disease in Drosophila. Nat Commun. (2017)
8:24. doi: 10.1038/s41467-017-00040-6

80. Newman M, Ebrahimie E, Lardelli M. Using the zebrafish model for Alzheimer’s
disease research. Front Genet. (2014) 5:189. doi: 10.3389/fgene.2014.00189

81. Vogt NM, Kerby RL, Dill-McFarland KA, Harding SJ, Merluzzi AP, Johnson
SC, et al. Gut microbiome alterations in Alzheimer’s disease. Sci Rep. (2017)
7:13537. doi: 10.1038/s41598-017-13601-y

82. Nimgampalle M, Kuna Y. Anti-Alzheimer properties of probiotic, Lactobacillus
plantarum MTCC 1325 in Alzheimer’s disease induced albino rats. J Clin Diagn Res.
(2017) 11:KC01–5. doi: 10.7860/JCDR/2017/26106.10428

83. Miklossy J. Bacterial Amyloid and DNA Are Important Constituents of Senile
Plaques: Further Evidence of the Spirochetal and Biofilm Nature of Senile Plaques. J
Alzheimer’s Disease. (2016) 53:1459–73. doi: 10.3233/JAD-160451

84. Kesika P, Suganthy N, Sivamaruthi BS, Chaiyasut C. Role of gut-brain axis, gut
microbial composition, and probiotic intervention in Alzheimer’s disease. Life Sci.
(2021) 264:118627. doi: 10.1016/j.lfs.2020.118627

85. Sood A, Singh A, Mahajan R, Midha V, Mehta V, Gupta YK, et al. Acceptability,
Tolerability, and Safety of Fecal Microbiota Transplantation in Patients with
Active Ulcerative Colitis (AT’S Study). J Gastroenterol Hepatol. (2020) 35:418–
24. doi: 10.1111/jgh.14829

86. Fröhlich EE, Farzi A, Mayerhofer R, Reichmann F, Jačan A, Wagner B,
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