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Alzheimer’s disease (AD) is the most common age-related progressive
neurodegenerative disease, characterized by a decline in cognitive function and
neuronal loss, and is caused by several factors. Numerous clinical and experimental
studies have suggested the involvement of gut microbiota dysbiosis in patients with
AD. The altered gut microbiota can influence brain function and behavior through
the microbiota—gut—brain axis via various pathways such as increased amyloid-f
deposits and tau phosphorylation, neuroinflammation, metabolic dysfunctions, and
chronic oxidative stress. With no current effective therapy to cure AD, gut microbiota
modulation may be a promising therapeutic option to prevent or delay the onset of
AD or counteract its progression. Our present review summarizes the alterations in
the gut microbiota in patients with AD, the pathogenetic roles and mechanisms of
gut microbiota in AD, and gut microbiota—targeted therapies for AD. Understanding
the roles and mechanisms between gut microbiota and AD will help decipher the
pathogenesis of AD from novel perspectives and shed light on novel therapeutic
strategies for AD.
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INTRODUCTION

Alzheimer’s disease (AD), the most common form of age-related dementia, is characterized
clinically by insidious onset of memory and cognitive impairment, emergence of psychiatric
symptoms and behavioral disorders, and impairment of activities of daily living (Scheltens et al.,
2021). The early clinical symptoms of AD are nonspecific including changes in thinking or
unconscious behavior, memory impairment with respect to new information, and dysfunctional
changes in language and speech, while its consequences are fatal and irreversible at the time of
diagnosis. Current therapies for AD are only available for symptomatic relief, but thus far, no
treatment is available to delay or reverse disease progression. AD is recognized as a common cause
of an estimated 60-80% of cases of dementia, ranking as the sixth leading cause of death in the
United States (Alzheimer’s Association, 2018). As an age-related progressive neurodegenerative
disease, the prevalence of AD is rapidly increasing worldwide especially among the elderly
(age > 60 years). According to current statistics, nearly 50 million people worldwide suffer from
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AD or AD-related dementia (Alzheimer’s Association, 2018).
Based on a national survey conducted by the National Bureau of
Statistics, China’s elderly population reached 254 million at the
end of 2019, making up about 18.1% of the total population, and
by 2050, nearly 35% will be aged 60 years or older. With the rapid
increase in the aged population, 10 million Chinese people have
lived with AD, and the number will exceed to 30 million by 2050,
ranking first in AD cases in the world. The annual socioeconomic
cost per AD patient was United States $19,144.36, and the total
cost was United States $167.74 billion in 2015. The annual total
costs are predicted to reach United States $507.49 billion in 2030
and United States $1.89 trillion in 2050 (Jia et al., 2018). Taken
together, the above statistics indicate that AD not only affects
morbidity or mortality but also affects the socioeconomic and
health care burden in China (Jia et al., 2018; Cui et al., 2020).
Although tremendous efforts have been made to treat AD, no
efficient disease-modifying therapeutics are available, partially
because of the limited understanding of the disease pathogenesis.

Numerous studies in recent decades have focused on
elucidating the etiopathology of AD, but its pathogenesis
remains unclear, and no therapeutic strategy is available to
cure this disease. Various molecular, biochemical, and cellular
abnormalities such as cell loss, impaired energy metabolism,
increased activation of signaling pathways, amyloid-p (AB)
deposits, mitochondrial dysfunction, chronic oxidative stress,
impaired energy metabolism, and DNA damage are involved in
the pathogenesis of AD (Guo et al., 2020; Zhang Y. X. et al,,
2020; Zolochevska and Taglialatela, 2020; Ashford et al., 2021).
The neuropathological hallmarks of AD include the formation
of senile plaques and neurofibrillary tangles in specific brain
regions that lead to synaptic loss and neuronal death (Khan and
Hegde, 2020; Mattsson-Carlgren et al., 2020; Konijnenberg et al.,
2021). Since 1984, the “amyloid hypothesis” of AD has continued
to gain support, particularly from genetic studies (Glenner
and Wong, 1984). Extracellular AR deposition (including AB40
and AP42), produced by protease cleavage of the type I
transmembrane amyloid precursor protein (APP), can cause
secondary pathological changes such as hyperphosphorylation
of tau (p-tau), neuroinflammation, oxidative stress, and neurite
degeneration, eventually leading to AD (Hardy and Selkoe, 2002).
Compelling evidence suggests that Ap deposition can activate
microglia and recruit astrocytes, leading to a local inflammatory
response, which may contribute to neuronal degeneration and
cell death. In the last few decades, studies have provided growing
evidence for a central role of AP and tau as well as glial
contributions to various molecular and cellular pathways in AD
pathogenesis (Guo et al., 2020). Accumulation of AP fibrils is
thought to be an initiating factor in AD and necessary for
the formation of tau aggregates (Goedert, 2018). Normal tau is
essential for neuron extension configuration, cell polarization,
and axonal transport, while hyperphosphorylation of tau leads to
instability of the cytoskeleton, collapse of microtubules, synaptic
failure, impairment of communication, and neuronal death
(Zhang M. et al.,, 2020). Recently, the link between AP and
tau in AD has been clarified. Mattsson-Carlgren et al. (2020)
found that AP deposition is associated with increases in the
levels of soluble and phosphorylated tau that precede positive

tau positron emission tomography (PET) in AD. Johnson et al.
(2016) demonstrated that quantitative tau by PET has been
shown to correlate with cognitive performance in AD even more
robustly than AP. Cerebrospinal fluid (CSF) Af and tau can
target and disrupt synapses thus driving cognitive decay, which
can be used as biomarkers for AD diagnosis (Holtzman et al.,
2011). These CSF and imaging biomarkers combined with several
relatively new clinical criteria can aid diagnosis in living patients
(Ritchie et al., 2017; Weller and Budson, 2018; Leuzy et al., 2021);
however, the definitive diagnosis of AD still requires postmortem
evaluation of brain tissue.

Alzheimer’s disease is a multifactorial neurodegenerative
disease caused by several critical factors including genetic and
non-inheritable components such as aging, variables related to
the environment, lifestyle habits, and describe the potential role
of apolipoprotein E, viral and bacterial infection, insomnia, and
gut microbiota (Guo et al., 2020). Although genetics has been
described to play the most important role in the etiology of AD,
environmental factors such as gut microbiota are also strongly
believed to contribute to their development and/or manifestation
(Cenit et al., 2017). Gut microbiota composition has been
shown to contribute to the regulation of social behavior, stress
resistance, and cognitive functions (Foster and McVey Neufeld,
2013). Heijtza et al. (2011) reported that germ-free mice display
reduced anxiety-like behavior in tests such as the light/dark
test. Previous clinical studies have suggested that individuals
with microbial dysbiosis caused by intestinal diseases are at
high risk to develop AD (Caini et al., 2016; Chen et al.,, 2016).
Recent studies have focused on gut microbiota alterations and
their possible impact on brain function and neurodegenerative
diseases such as AD (Cattaneo et al., 2017; Vogt et al., 2017;
Zhuang et al., 2018; Li B. et al,, 2019; Liu P. et al., 2019; Ling
et al,, 2021a,b). Mounting evidence suggests that gut microbiota
influences not only gastrointestinal physiology but also brain
function and behavior (Diaz Heijtz et al., 2011; Desbonnet et al.,
2015). There is a bidirectional relationship between the brain,
gut, and gut microbiota, which is referred to as the microbiota-
gut-brain axis (Cryan and Dinan, 2012; Burokas et al., 2015).
The widely accepted concept of “microbiota—gut-brain axis” has
been established for nearly 15 years, which can help decipher the
neurobiological mechanisms underpinning the influence exerted
by gut microbiota on brain function and behavior. Currently, a
body of preclinical and to a lesser extent epidemiological evidence
supports the notion that host-microbiota interactions play a
vital role in brain development and function and in the etiology
of neurodevelopmental disorders. The human gut microbiota
comprise an enormous number of microorganisms, nearly 100
times larger than our own cells, and play crucial roles in human
development, physiology, immunity, and nutrition, sometimes
called the “second brain” (Dinan and Cryan, 2017; Sochocka
et al., 2019). Continuous dynamic cross-talk between the gut
and the brain is facilitated by neuronal, endocrine, metabolic,
and immune pathways (Morais et al., 2021; Wilmes et al., 2021),
which have been considered as the biological and physiological
basis of psychiatric, neurodevelopmental, age-related, and
neurodegenerative disorders such as AD. Gut microbiota and
the brain communicate with each other via various routes which
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include: (i) regulating immune activity and the production of
proinflammatory cytokines (e.g., IL-1B, IL-6, and IL-17A) or anti-
inflammatory cytokines (e.g., IL-4 and IL-10) that can either
stimulate the hypothalamic-pituitary-adrenal axis to produce
corticotropin-releasing hormone, adrenocorticotropin hormone
and cortisol, or directly impact on central nervous system
(CNS) immune activity; (ii) production of short-chain fatty acids
(SCFAs), branched chain amino acids, and peptidoglycans; (iii)
the production of neurotransmitters (e.g., acetylcholine, GABA,
dopamine, and serotonin) that may enter circulation and cross
the blood-brain barrier; (iv) modulating tryptophan metabolism
and downstream metabolites, serotonin, kynurenic acid and
quinolinic acid; (v) affecting vagus nerve and the enteric nervous
system; (vi) impacting enterochromaffin cells by SCFAs and
indole (Kennedy et al., 2017; Cryan et al., 2019; Morais et al.,
2021). These mechanisms can mediate gut microbiota by actively
participating in the development of various brain disorders,
including AD. Studies in germ-free animals and animals exposed
to pathogenic microbial infections, antibiotics, probiotics, or fecal
microbiota transplantation (FMT) have shown the role of gut
microbiota in host cognition or pathogenesis related to AD (Jiang
etal., 2017). Microbiota-gut-brain axis signaling has uncovered a
new era in psychiatry that is expected to provide novel targets for
the diagnosis and treatment of psychiatric disorders and decipher
their pathogeneses. A current novel tenet supports the idea that
AD pathogenesis is not only closely related to gut microbiome
imbalance but may also originate in the gut. In the present
review, we will discuss the alterations in the gut microbiota
in patients with AD, the pathogenetic roles and mechanisms
of gut microbiota in AD, and gut microbiota-targeted therapy
for AD. Understanding the roles and mechanisms between gut
microbiota and AD will help decipher the pathogenesis of AD
from novel perspectives and shed light on novel therapeutic
strategies for AD in the future.

ALTERATIONS IN GUT MICROBIOTA IN
PATIENTS WITH AD

The human body, consisting of 10'> human cells and 10'*
commensal microbiota (the revised estimates placing the
ratio of human to bacteria cells to an approximate 1:1 ratio),
is considered as a human superorganism whose integrity is
pivotal for health (Sender et al., 2016). Approximately 95% of
commensal microorganisms in the human body are located in
the gut. The human gut microbiota is influenced by multiple and
diverse factors, including physiological factors (age, ethnicity,
origin, and environment) and others linked to external factors,
such as hygiene, dietary habits, antibiotics, and probiotics
(Guarner, 2007; Ziegler-Graham et al., 2008). Gut microbiota
has been identified and proposed to be a key modulator of
human health, to the extent that it has been proposed to be
an “essential organ” of the human body. Gut microbiota is
involved in important homeostatic processes, not only related to
gastrointestinal function but also to several complex modulatory
processes, such as glucose and bone metabolism, inflammation
and immune response, and peripheral (enteric), and central

neurotransmission (De-Paula et al, 2018). Growing evidence
has revealed that gut microbiota participates actively in the
development of obesity, diabetes, cancers, aging, autoimmune
diseases and even neuropsychiatric disorders such as depression
and AD (Jiang et al., 2015; Zhang et al., 2015; Cattaneo et al,,
2017; Zhao et al., 2018; Li B. et al., 2019; Ling et al., 2019,
2021a,b; Liu X. et al., 2019; Liu X. et al., 2020; Cheng et al,,
2020; Sun et al,, 2021). As mentioned by Cani, gut microbiota
may be “at the intersection of everything being implicated
in virtually all physiological or pathological situations (Cani,
2017). Technological improvements, especially multi-omics
techniques, have facilitated the growth of microbiota research
and the rapid expansion of knowledge over the past few years
has helped to reinforce our understanding of gut microbiota
and AD (Gilbert et al., 2018). Currently, researchers have paid
more attention to gut microbiota research on neurochemistry,
neurophysiology and neuropsychiatry. More recently, several
clinical studies have proposed that dysbiosis of gut microbiota is
a key factor that influences brain function and behavior through
the microbiota—gut-brain axis, leading to the development of
AD (Cattaneo et al., 2017; Vogt et al., 2017; Zhuang et al., 2018;
Haran et al., 2019; Li B. et al., 2019; Liu P. et al., 2019; Guo et al.,
2021; Ling et al., 2021a,b). Morris et al. (2017) reported that
85% of patients with dementia have different gut microbiota
compositions from the healthy population. Although there are
significant interpersonal variations, gut dysbiosis, especially
several specific bacterial taxa, has been found to be involved in
the pathogenesis of AD. Several observational studies mentioned
above, most case-control designs, investigated the relationship
between gut microbiota and AD in different countries and
ethnicities (Table 1). Although geography exerts a strong effect
on human gut microbiota variations (He et al., 2018), compelling
evidence indicates that pathological changes in gut microbiota
play vital roles in modulating the microbiota—gut-brain axis
and actively participate in the etiopathogenesis of AD. Vogt
et al. (2017) first performed a comprehensive survey with
bacterial 16S rRNA gene sequencing to characterize the bacterial
taxonomic composition of fecal samples from United States
participants with and without a diagnosis of dementia because
of AD. They discovered that the microbiome of patients
with AD has decreased microbial richness and diversity and
a distinct composition compared to asymptomatic age- and
sex-matched control participants. The phylum abundance of
Firmicutes and Actinobacteria decreased significantly, whereas
Bacteroidetes were enriched in patients with AD. At the genus
level, Bifidobacterium, SMB53 (family Clostridiaceae), Dialister,
Clostridium, Turicibacter, and cc115 (family Erysipelotrichaceae)
were all less abundant, whereas Blautia, Phascolarctobacterium,
Gemella, Bacteroides, Alistipes and Bilophila were all more
abundant in participants with ADs. Interestingly, the levels of
these differential key functional bacteria correlated with CSF
biomarkers of AD pathology such as AP4»/AB49, p-tau and
p-tau/APy4y, which suggested that the altered AD microbiome
can link the neuropathological changes in AD. Another
Italian study conducted by Cattaneo et al. (2017) enrolled 10
cognitively healthy amyloid-negative controls, 40 cognitively
impaired amyloid-positive patients, and 33 cognitively impaired
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TABLE 1 | Clinical microbiome studies in Alzheimer’s disease.

Authors/location  Year Sample size Sequencing platform Result
Vogt et al. 2017 Primary compositional analysis: Miseq/16S rRNA V4 1 ACE and Chao1 |; Shannon and Faith’s Phylogenetic
United States 25 AD patients and 25 controls; regions for fecal samples Diversity|,; Compositional difference in PCoA.

Secondary CSF correlational
analysis: 9 AD patients, and 31
non-demented ones.

Cattaneo et al. 2017 40 amyloid-positive, 33

[taly amyloid-negative, 10 healthy
controls

Zhuang et al. 2018 43 AD patients and 43 normal

China controls.

Liu et al. 2019 97 subjects: 33 AD, 32 aMClI,

China and 32 healthy controls

Lietal. 2019 90 subjects: 30 AD, 30 MClI,

China and 30 healthy controls.

Haran et al. 2019 108 elders: 51 had no

United States dementia, 24 AD elders and 33

other dementia types elders

Quantitative PCR

Miseq/16S rRNA V3-V4
regions for fecal samples

Miseq/16S rRNA V3-V4
regions for fecal samples

Miseq/16S rRNA V3-V4
regions for fecal samples
and blood samples

NextSeq 500/Metagenomic
Analysis for fecal samples

2 Phylum level: Firmicutes and Actinobacteria |,
Bacteroidetes 1.

3 Genera level: Bifidobacterium, SMB53, Dialister,
Clostridium, Turicibacter, Adlercreutzia, cc115 |; Blautia,
Bacteroides, Alistipes, Phascolarctobacterium, Bilophila,
Gemella 1.

4 PiCRUSt: Metabolism and biosynthesis 1, signal
transduction and cell motility | .

5 Correlation analysis: Differentially abundant genera and
CSF biomarkers (AB42/AB40, p-tau, p-tau/Ap42) of AD.

1 Lower Eubacterium rectale and higher Escherichia/Shigella
in amyloid-positive patients compared to both healthy
controls and amyloid-negative patients.

2 A positive correlation between IL-1B, NLRP3, and CXCL2
with Escherichia/Shigella and a negative correlation with
Eubacterium rectale.

1 Phylum level: Bacteroidetes 1, Actinobacteria |

2 Class level: Actinobacteria and Bacilli 1; Negativicutes and
Bacteroidia |

3 Order level: Lactobacillales 1; Bacteroidales and
Selenomonadales |

4 Family level: Ruminococcaceae, Enterococcaceae and
Lactobacillaceae 1; Lanchnospiraceae, Bacteroidaceae
and Veillonellaceae |

5 Genus level: Bacteroides, Ruminococcus, Subdoligranulum
1; Lachnoclostridium |,

1 Bacterial diversity decreased in AD patients compared with
aMCI patients and healthy controls.

2 Firmicutes | and Proteobacteria 1 AD compared with
healthy controls.

3 More Gammaproteobacteria, Enterobacteriales and
Enterobacteriaceae in healthy controls than in aMCI and
AD.

4 A significant correlation between the clinical severity scores
of AD and the altered microbiomes.

5 PICRUS: glycan biosynthesis and metabolism 4 in AD and
aMCl patients, and pathways related to immune system |,
in AD.

6 Discriminating models can effectively distinguish aMCl and
AD from healthy controls, and also AD from aMCl.

1 Decreased fecal and blood microbial diversity in AD and
MCI.

2 Fecal microbiota in AD: Dorea, Lactobacillus,
Streptococcus, Bifidobacterium, Blautia, and Escherichia 1;
Alistipes, Bacteroides, Parabacteroides, Sutterella, and
Paraprevotella .

3 Blood microbiota in AD: Propionibacterium, Pseudomonas,
Glutamicibacter, Escherichia, and Acidovora 1;
Acinetobacter, Alihoeflea, Halomonas, Leucobacter,
Pannonibacter, and Ochrobactrum | .

4 Diagnostic model with fecal key functional bacteria: 93%
MCI patients could be identified.

1 Microbiome diversity differs between AD elders and those
with no dementia or other types of dementia.

2 Bacteroides, Alistipes, Odoribacter, and Barnesiella 1; and
Lachnoclostridium |, in AD elders.

3 Accurate classification of AD compared to those without
dementia using metagenomic and clinical measures.

4 Accurate classification of AD versus other dementia types
using only metagenomic measures.

5 AD microbiome induces lower P-gp expression.

6 Diminished butyrate enzyme-encoding genes in AD.

(Continued)
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TABLE 1 | Continued

Authors/location Year Sample size

Sequencing platform

Result

Guo et al. 2021

China

18 newly diagnosed AD, 20
MCI patients, and 18 healthy
controls.

Ling et al. 2021

China

88 AD patients, and 65 normal

controls. samples

Ling et al. 2021

China

100 AD patients, and 71
normal controls.

Miseq/16S rRNA V3-V4
regions for fecal samples

Miseq/ITS2 for fecal

Miseq/16S rRNA V3-V4
regions for fecal samples

1 Increased B diversity in patients with AD or MCI

2 Bacteroides, Lachnospira and Ruminiclostridium_9 | ; and
Prevotella 1 in AD.

3 Bacteroides, Lachnospira and Ruminiclostridium_9 were
positively associated with better cognitive functions
whereas Prevotella was on the contrary.

4 The negative correlation of Prevotella with cognitive
functions remained among patients with MCI.

1 Fungal diversity unaltered but taxonomic composition
altered of in AD.

2 Candida tropicalis and Schizophyllum commune 1;
Rhodotorula mucilaginosa | in AD.

3 C. tropicalis and S. commune were positively correlated
with IP-10 and TNF-a. C. tropicalis was negatively
correlated with IL-8 and IFN-y, and Rhodotorula
mucilaginosa was negatively correlated with TNF-a.

4 PiCRUSH: lipoic acid metabolism, starch and sucrose
metabolism |in AD.

1 Bacterial diversity| in AD.

2 Butyrate-producing genera such as Faecalibacterium | in
AD, which was positively correlated with MMSE, WAIS, and
Barthel scores.

3 Lactate-producing genera such as Bifidobacterium 4 in AD,
which was negatively correlated with MMSE, WAIS, and
Barthel scores.

4 PiICRUSL: biosynthesis and the metabolism of fatty acids |
in AD.

AB, amyloid-B; ACE, abundance-based coverage estimator; AD, Alzheimer’s disease; aMCI, amnestic mild cognitive impairment; CSF, cerebrospinal fluid; CNS,
central nervous system; CXCL2, C-X-C motif chemokine ligand 2; IFN-vy, interferon gamma; IL, interleukin; IP-10, interferon gamma-inducible protein 10; MCI, mild
cognitive impairment;, MMSE, Mini-Mental State Examination; NLRP3, nucleotide-binding domain leucine-rich repeat containing protein 3; PCOA, principal coordinate
analysis; PICRUSt, phylogenetic investigation of bacterial communities by reconstruction of unobserved states; WAIS, Wechsler Adult Intelligence Scale; TNF-a, tumor

necrosis factor-alpha.

amyloid-negative patients. They measured the abundance of
selected bacterial taxa using stool samples in gut microbiota,
including  Escherichia/Shigella, — Pseudomonas  aeruginosa,
Eubacterium rectale, E. hallii, Faecalibacterium prausnitzii, and
Bacteroides fragilis with quantitative PCR. A lower abundance
of E. rectale and a higher abundance of Escherichia/Shigella
were found in amyloid-positive patients compared to both
healthy controls and amyloid-negative patients. A positive
correlation was observed between pro-inflammatory cytokines
IL-1B, NLRP3, and CXCL2 with abundance of the inflammatory
bacteria taxon Escherichia/Shigella and a negative correlation
with the anti-inflammatory E. rectale. This study provided
direct evidence that gut microbiota composition may drive
peripheral inflammation, contributing to brain amyloidosis
and, possibly, neurodegeneration and cognitive symptoms in
AD. Another United States clinical study enrolled 108 nursing
home elders (51 no dementia, 24 AD elders and 33 other
dementia types) and were followed up for up to 5 months;
longitudinal stool samples were collected for metagenomic
analysis and in vitro T84 intestinal epithelial cell functional
assays for P-glycoprotein expression, a critical mediator of
intestinal homeostasis (Haran et al, 2019). They identified
numerous microbial taxa (increased abundance of: Bacteroides
spp., Alistipes spp., Odoribacter spp. and Barnesiella spp.;
decreased: Lachnoclostridium spp.) and functional genes that

act as predictors of AD dementia in comparison to older
adults without dementia or with other dementia types, which
could induce lower P-glycoprotein expression levels in vitro.
The AD microbiome is characterized by a lower proportion
and prevalence of bacteria with the potential to synthesize
butyrate such as members of the Butyrivibrio (B. hungatei and
B. proteoclasticus) and Eubacterium (E. eligens, E. hallii, and
E. rectale), Clostridium sp. strain SY8519, Roseburia hominis,
and F. prausnitzii, as well as higher abundance of taxa that are
known to cause proinflammatory states including Odoribacter
splanchnicus and Bacteroides vulgatus. Machine learning
approaches that combine both metagenomic and clinical data,
they have demonstrated that the AD microbiome can affect
intestinal health via dysregulation of the P-glycoprotein pathway.
This work provides an important advance to bridge the gap
in how the AD microbiome can potentially adversely and
affect intestinal epithelial homeostasis via dysregulation of the
P-glycoprotein pathway.

Several Chinese AD microbiome studies have also confirmed
significant differences in the composition of gut microbiota
between healthy individuals and patients with AD, although
there were substantial differences across studies. Among the
43 Chinese patients with AD and 43 age- and gender-matched
cognitively normal controls from Chongging (China), Zhuang
et al. (2018) found that abundance of Bacteroidetes increased
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and that of Actinobacteria decreased at the phylum level, while
number of Bacteroides, Ruminococcus, and Subdoligranulum
increased and that of Lachnoclostridium decreased at the
genus level in the Chinese AD microbiome. Another study
conducted by Liu P. et al. (2019) enrolled 97 participants,
including 33 patients with AD, 32 with amnestic mild cognitive
impairment (aMCI), and 32 healthy controls from Hangzhou
(China) to explore the differences in the microbiome among
the three groups. This study characterized gut microbiota in
elderly Chinese patients with AD and specifically compared the
composition of gut microbiota in the different clinical stages of
AD. The AD microbiota in patients of both stages with aMCI
and dementia of AD was markedly different from that in HCs,
and the altered gut microbiota was significantly correlated
with the clinical parameters of AD, especially those indicators
representing the severity of AD. Based on the predominant key
functional bacteria, they constructed discriminating models that
could effectively distinguish aMCI and AD from HC, as well
as AD from aMCI. Notably, the abundant family of phylum
Proteobacteria, Enterobacteriaceae, was found to be associated
with AD, which can help distinguish AD from both aMCI and
HC. Similar to Liu’s study, Li B. et al. (2019) also investigated
alterations in the gut microbiota and blood microbiota in patients
with AD and MCI. They identified differences between AD and
normal controls in 11 genera from the feces (increased abundance
in AD: Dorea, Lactobacillus, Streptococcus, Bifidobacterium,
Blautia, and Escherichia; decreased abundance in AD: Alistipes,
Bacteroides, Parabacteroides, Sutterella, and Paraprevotella)
and 11 genera from the blood (increased abundance in AD:
Propionibacterium, Pseudomonas, Glutamicibacter, Escherichia,
and Acidovora; decreased abundance in AD: Acinetobacter,
Aliihoeflea, Halomonas, Leucobacter, Pannonibacter, and
Ochrobactrum) after adjusting for possible confounding factors
(age, sex, BMI, and constipation). Quantitative PCR confirmed
increased Escherichia and Lactobacillus abundance and decreased
Bacteroides abundance in feces in participants with AD and MCI,
while there was a significantly negative relationship between
amyloid burden and relative abundance of Lactobacillus.
However, no differences in genera between AD and MCI were
detected, which is inconsistent with Liu’s study. This may imply
that alterations in the gut microbiota may occur several years
before the onset of dementia, although MCI has a much lower
decline in cognitive abilities than AD. They also found that
fecal Akkermansia is positively correlated with medial temporal
atrophy, while higher levels of Fusicatenibacter, Blautia, and
Dorea (in the family Lachnospiraceae) were associated with lower
MMSE scores and those of Faecalibacterium, Butyricicoccus, and
Hungatella (in the family Clostridiaceae) were related to higher
MMSE scores. Gut microbiota in healthy controls does not show
AD or MCI-like pattern microbiota, which helps differentiate
between normal aging and AD. Using the diagnostic model
from fecal samples with all different genera input, 93% (28 of
30) of patients with MCI could be identified correctly. Another
Chinese group also determined gut microbiome in patients with
MCI or AD. This study excluded the influence of medications
or other interventions on AD. Using 16S rRNA sequencing, the
changing patterns of gut microbiota were similar in patients

newly diagnosed with AD and MCI, with increased B-diversity,
decreased Bacteroides, Lachnospira, and Ruminiclostridium_9
abundance, and increased Prevotella abundance at the genus level
compared with healthy controls (Guo et al., 2021). Inconsistent
with the data from the United States cohort, they found that the
abundance of potentially protective bacteria such as Bacteroides
decreased notably in participants with AD and MCI (Cattaneo
et al., 2017; Zhuang et al., 2018; Li B. et al., 2019), which could
be explained by its ability to protect the intestinal barrier and
reverse gut leakiness.

More recently, our group also investigated alterations in
the gut microbiota from a relatively larger cohort, including
100 Chinese patients with AD and 71 age- and sex-matched,
cognitively normal controls. We found that structural changes in
the fecal microbiota were evident in Chinese patients with AD,
with decreased alpha-diversity and altered beta-diversity indices
(Ling et al., 2021b), which was different from previous studies
(Vogt et al., 2017; Zhuang et al., 2018; Liu P. et al., 2019; Guo
et al., 2021). This study demonstrated that the abundance of
butyrate-producing genera such as Faecalibacterium decreased
significantly, which was positively correlated with clinical
indicators such as the MMSE, WAIS, and Barthel scores in
patients with AD. In contrast, abundance of lactate-producing
genera, such as Bifidobacterium, increased prominently and were
inversely correlated with these indicators. As far as the lactate-
producing genera were concerned, the traditional probiotics such
as Bifidobacterium were enriched in patients with AD, which
suggested that the genera of Bifidobacterium may play vital roles
in the pathogenesis of AD. Similar results were also found in
patients with Clostridium difficile infections (Ling et al., 2014).
This indicated that the lactate-producing bacteria, which have
been studied extensively in food science and nutrition, are not
always beneficial for the human body. Of course, their function
should be evaluated cautiously in vitro and in vivo at the strain
level. In addition, as a next-generation probiotic, Akkermansia
(a typical strain of A. muciniphila), plays an important role
in metabolic modulation, immune regulation, and gut health
protection (Zhai et al., 2019). However, Akkermansia in Chinese
patients with AD had the strongest negative correlations with
clinical indicators such as MMSE, WAIS, and Barthel scores.
Previous studies also found that A. muciniphila was identified
as a key propionate-producing and mucin-degrading organism
that is correlated with hippocampal atrophy (Morrison and
Preston, 2016; Li B. et al., 2019). Increased levels of Akkermansia
were observed in gut microbiota of patients with Parkinson’s
disease (PD) (Nishiwaki et al., 2020). Based on our observations,
Akkermansia cannot always be considered a potentially beneficial
bacterium; it might be harmful to the gut-brain axis in the
context of AD development in the elderly. Similar to the changing
patterns of Lactobacillus and Bifidobacterium, caution should
be exercised in future probiotic design and supplementation
protocols for patients with AD. In a recent prospective clinical
study, patients with AD were administered a mixture of
probiotics containing both Lactobacillus and Bifidobacterium
strains. However, probiotic supplementation has an insignificant
effect on either cognitive or biochemical indications in patients
with severe AD (Agahi et al., 2018). Faecalibacterium (typical
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strain F. prausnitzii), a major member of the Firmicutes phylum,
is considered to be among the most important bacterial indicators
of a healthy gut and can modulate inflammation at the gut
epithelium level (Sokol et al., 2008). Decreased Faecalibacterium
abundance is found in many intestinal disorders and frail
(Van Tongeren et al, 2005). A decrease in Faecalibacterium,
Coprococcus, Blautia, and Prevotella abundance was also
observed in PD (Gerhardt and Mohajeri, 2018). Similar to
Haran’s findings, the levels of Faecalibacterium and other
butyrate-producing genera, including Roseburia, Gemmiger,
Coprococcus, and Butyricicoccus, decreased dramatically in the
AD microbiome, which indicated that their metabolites such as
butyrate had protective effects in AD development (Haran et al.,
2019). Based on the receiving operating characteristic curves,
we found that these AD-associated key functional genera such
as Bifidobacterium, Faecalibacterium, Roseburia, Akkermansia,
Lactobacillus, and Enterococcus can be used as noninvasive
biomarkers to discriminate patients with AD from healthy
controls. Similar to Li’s findings (Li B. et al., 2019), this study
also found that functional dysbiosis, especially the microbial
gene functions related to metabolism and biosynthesis of fatty
acids, are overactivated in the gut microbiota of patients with
AD. Recently, we also explored the alterations in the fungal
microbiota in Chinese patients with AD for the first time (Ling
et al.,, 2021a). Fungi are suggested to influence intestinal health
and disease by suppressing the outgrowth of potential pathogens,
promoting immunoregulatory pathways, and modulating host
metabolism (Huseyin et al., 2017; Ni et al, 2017; Sam et al,
2017; Chin et al., 2020). In contrast to previous reports that
only focused on gut bacteria, this descriptive study found that
the composition of the fungal microbiota was significantly
altered. Gut fungal microbiota has been recognized as a novel
and important player in the pathophysiology of intestinal and
extraintestinal diseases (Huseyin et al., 2017) and is known to
have a profound influence on modulating local and peripheral
immune responses (Li X. V. et al., 2019). Discordant results
in the abovementioned studies, not only the bacterial diversity
but also the composition of gut microbiota, may depend on
the significant interpersonal variations of gut microbiota. Both
physiological and external factors are often unstable over time,
influencing gut microbiota. In a two-sample bi-directional
Mendelian randomization study, which overcomes the bias
owing to confounding and reverse causation, Zhuang et al. (2020)
found a protective effect of the host-genetic-driven increase in
Blautia levels on the risk of AD (per relative abundance: OR,
0.88; 95% CI, 0.79-0.99; P = 0.028). Taken together, these cross-
sectional clinical studies from different geographical provenances
found gut dysbiosis in patients with AD, which indicated a
possible involvement of gut microbiota in the development of
AD pathology. However, it is still a challenge to establish a causal
relationship between the changes in gut microbiota and AD.
Recently, many animal models have been used to explore the
causative effects of key gut bacteria in the development of AD.
The most commonly used ideal AD model is APP/PS1 transgenic
double mice (such as 5 x FAD mice), which express special
neurons in the CNS with a chimeric mouse/human amyloid
precursor protein (APP) and a mutant human presenilin 1 (PS1).

The presence of mutated transgenes (APP and PS1) is the basis
for the genetic form of AD in humans (Brandscheid et al.,
2017). Previous studies have found that APP/PS1 transgenic
mice present detectable gut microbiota alterations after 3 months
of age (Brandscheid et al., 2017; Chen Y. et al, 2020), being
more pronounced after 6 months of age compared to wild-
type animals. Thus, APP/PSI transgenic mice can be used to
evaluate dysbiosis related to memory alterations. Cuervo-Zanatta
et al. (2021) found that gut microbiota alterations and cognitive
impairment are sexually dissociated in APP/PS1 transgenic mice.
Interestingly, alterations in the gut microbiota and its byproducts
have been reported in subjects with AD and APP/PS1 transgenic
mice in a sex-dependent manner, having a direct impact on
brain AP pathology in male but not in female mice. There are
sex-dependent differences in cognitive skills in wild-type mice,
favoring female mice, whereas the cognitive advantage of females
was lost in APP/PSI mice. Sex differences in gut microbiota
composition were observed mainly in transgenic mice, with more
severe dysbiosis in male than in female mice. Specifically, a
decreased abundance of Ruminococcaceae was associated with
cognitive deficits in transgenic female mice, while butyrate
levels were positively associated with better working- and object
recognition memory in wild-type female mice, which implies
that sex itself exerted specific influences on the composition
of the microbiota in AD pathology. Not only altered in the
gut microbiota, Park J. Y. et al. (2017) also demonstrated
that serum from APP/PS1 transgenic AD mice demonstrate
abundant microbial genomic DNA from gut microbiota derived
extracellular vesicle. Without various confounding factors such as
human beings, the APP/PS1 mouse models with identical genetic
backgrounds and environmental factors can help elucidate the
sex-related differences in AD pathology, as the pathological and
cognitive differences may be associated only with sex.

Gut microbiota-derived amyloids, similar to CNS amyloids,
may contribute to the pathology of progressive neurological
diseases with an amyloidogenic component. Similar to
patients with AD, AP deposits have been observed within
the gastrointestinal tract of transgenic mice (Honarpisheh et al.,
2020; Sun et al., 2020a). Previous studies have demonstrated that
distinct microbial constitutions can influence the development
of cerebral amyloidosis (Harach et al., 2017). In germ-free APP
transgenic mice, they found a drastic reduction in cerebral
AP amyloid pathology when compared to control mice with
gut microbiota. Both biochemical levels of AP and the extent
of compact AR plaques were consistently decreased in the
brains of APP transgenic mice without gut microbiota. After
re-colonization of the gut microbiota from conventionally raised
APP transgenic mice, but not wild-type mice, the levels of
cerebral AP increased obviously in the germ-free APP transgenic
mice, indicating that alterations in the gut microbiota can directly
regulate cerebral AP deposition. Gram-negative species such as
Streptomyces, Bacillus, Pseudomonas, and Staphylococcus produce
vast quantities of functional amyloids, which can induce cytokine
production, inflammation, phagocytosis, and innate immune
defense responses that directly impact CNS homoeostasis
and drive neuropathology when the gastrointestinal tract
epithelial and BBB become significantly more restructured and
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permeable (Hill and Lukiw, 2015). Zhan et al. (2016) found that
lipopolysaccharides (LPS) and E. coli fragment K99 colocalize
with amyloid plaques in postmortem brain tissue from patients
with AD. Higher levels of LPS and E. coli fragment K99 can
promote myelin aggregates that colocalize with AB and resemble
amyloid-like plaques. In addition, Javed et al. (2020) found that
FapC amyloid fragments (FapCS) of Pseudomonas aeruginosa
display favorable binding with AP and a catalytic capacity to seed
peptide amyloidosis, contributing to the aggregation and toxicity
of AB. The robust seeding capacity for Ap by FapCS and the
biofilm fragments derived from P. aeruginosa entailed abnormal
behavior pathology and immunohistology and impaired
cognitive function in zebrafish. The data revealed a direct cross-
seeding linkage between pathogenic bacterial amyloid protein
seeds and elevated AP fibrillization, neurotoxicity, and AD-like
pathologies in a zebrafish model for the first time. A previous
clinical study also found that several gut species, such as Bacillus
subtilis, Escherichia coli, Klebsiella pneumonia, Mycobacterium
spp., Salmonella spp., Staphylococcus aureus, and Streptococcus
spp., are associated with the production of amyloid fibers (Li
B. et al,, 2019). These amyloid fibers are capable of crossing
the intestinal and BBB, and AP protein can be deposited in the
CNS and promote AD pathogenesis (Larsen et al,, 2010; Oli
etal., 2012; Pistollato et al., 2016; Paranjapye and Daggett, 2018).
Another study in APP/PS1 transgenic mice has found that the gut
microbiota alterations with enrichment of inflammation-related
bacterial taxa including Escherichia-Shigella, Desulfovibrio,
Akkermansia, and Blautia precede the development of key
pathological features of AD, including amyloidosis and plaque-
localized neuroinflammation (Chen Y. et al, 2020). Dodiya
et al. (2020) also found that synergistic alterations in the
gut microbial consortia, rather than individual antimicrobial
agents, underlie the observed reductions in brain amyloidosis
in APPPS1-21 AD transgenic mice. Sun et al. (2020c) used a
novel dementia mouse model to study the influence of gut Af on
CNS histopathology and function. The researchers observed that
enteric AP administration produced cognitive impairment and
AD-like histopathologies in brain tissue, which provided novel
evidence that gut AP induces cognitive deficits and AD-related
histopathology. Their findings implied that AD may arise in the
gut before the brain, opening the possibility of new strategies for
the early diagnosis and prevention of AD (Chen Y. et al., 2020;
Sun et al,, 2020e; Vonderwalde and Finlayson-Trick, 2021). In
addition, both in vitro (Kumar et al., 2016; Spitzer et al., 2016)
and in vivo (Kumar et al., 2016) studies have demonstrated that
AP exerts anti-microbial properties in animal models. A recent
study conducted by Dos Santos Guilherme et al. provided the
first evidence that acute in vivo exposure to AP results in a shift
in gut microbiota, while chronic exposure to AP can trigger
an adaptive response of gut microbiota, which could result
in dysbiosis in model mice and human patients (Dos Santos
Guilherme et al., 2020). Sun et al. (2020c) also demonstrated that
AP load is likely to occur initially in the gastrointestinal tract and
may translocate to the brain, inducing an alteration in gastric
function, amyloidosis in the CNS, and AD-like dementia via
vagal mechanisms. The cross-talk between gut microbiota and
amyloids in AD animal models might provide direct interaction

evidence in the pathogenesis of AD targeting the microbiota-
gut-brain axis, which may provide new avenues for developing
diagnostic biomarkers and therapeutic targets for AD. However,
the exact causal molecular mechanisms of gut microbiota in the
pathogenesis of AD require further investigation.

MECHANISMS OF GUT MICROBIOTA IN
THE PROGRESSION OF AD

Recent clinical and experimental studies have shown alterations
in the gut microbiota in patients with AD. Studies in germ-free
animals and animals exposed to pathogenic microbial infections,
antibiotic or probiotic intervention, and FMT have suggested
a role of gut microbiota in host cognition or AD-related
pathogenesis. Despite these growing connections between gut
microbiota and brain functions, our understanding of the
precise mechanisms underlying these effects is currently lacking.
Bidirectional communication along the gut-brain axis links
peripheral intestinal function with emotional and cognitive
brain centers via neuro-immuno-endocrine mediators, opening
a novel avenue to decipher the etiopathogenesis of AD. As
mentioned above in the microbiota—gut-brain axis, gut dysbiosis
may be involved in the onset and progression of AD through
multiple pathological processes resulting from Af abnormality,
tau phosphorylation, neuroinflammation, neurotransmitter
dysregulation, and oxidative stress, which have attracted
attention from both gastroenterologists and neurobiologists
(Dalile et al, 2019). During dysbiosis, these pathways are
dysregulated and associated with altered permeability of the
blood-brain barrier and neuroinflammation (Rutsch et al., 2020).
The increased permeability of the gut and blood-brain barrier,
resulting in large amounts of amyloids and LPS leaking into
the circulatory system may contribute to the modulation of
signaling pathways and the production of proinflammatory
cytokines associated with the pathogenesis of AD. Browne
et al. (2013) also reported that dysfunction of the immune
system induced by inadequate stimulation of immunity may
result in an increased risk of AD through the T cell system.
Several studies have found that the functionality of regulatory
T (Treg) cells, the fundamental elements of Thl-mediated
inflammation, is impaired in patients with AD (Saresella et al,,
2010; Pellicano et al., 2012). Inadequate Treg function in these
patients increases the risk of conversion from MCI to AD
(Dansokho et al.,, 2016) while individuals with adequate Treg
function may stay longer in the MCI phase (Larbi et al., 2009).
In addition, gut dysbiosis-induced peripheral immune responses
can propagate bacterial and pro-inflammatory signals to the
brain (Matheoud et al., 2019; Madore et al., 2020). Recent
microbial endocrinology studies also found that neuroactive
molecules such as neurotransmitters produced by gut microbes
directly contribute to the communication between the gut and
the brain (Yano et al., 2015; Pokusaeva et al., 2017; Sun et al,,
2020a). These neurotransmitters including 5-hydroxytryptophan
(5-HT), dopamine, acetylcholine, y-aminobutyric acid (GABA),
and serotonin, produced by bacteria belonging to Lactobacillus,
Bifidobacterium, Enterococcus, and Streptococcus species, can
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influence brain cell physiology directly and indirectly. In
addition, gut microbial-origin gasotransmitters, including
SCFAs and gaseous substances, such as nitric oxide (NO),
carbon monoxide (CO), hydrogen sulfide (H,S), hydrogen,
methane, and ammonia, perform important functions in
neurophysiological, biochemical, microbiological, and medical
terms, which may be involved in the pathogenesis of AD (Szabo,
2010; Oleskin and Shenderov, 2016, 2019; Sun et al., 2020d).

Mounting evidence has demonstrated that the gut microbiota
interacts with AD pathogenesis via various pathways, suggesting
that the gut microbiota has gone from being the forgotten
organ to a potential key player in AD pathology (Seo and
Holtzman, 2020). We summarized the underlying mechanisms of
gut microbiota in the regulation of brain function in AD. These
mechanisms, alone or in combination, actively participate in the
development of AD.

AB and tau Phosphorylation Pathways

Gut microbiota can affect the deposition of AP proteins in
the brain in many ways. Initiation of AP in the brain is
elusive; however, different in vitro and in vivo studies have
claimed that amyloids produced by GM may cross-seed Af
deposition (Friedland et al., 2020). An in vitro study found
that soluble E. coli-derived LPS accelerated the polymerization
of AP monomers into insoluble aggregates (Pistollato et al.,
2016). The structure and immunogenicity of amyloids secreted by
Streptomyces, Staphylococcus, Pseudomonas, Bacillus, and E. coli,
are similar to those of AB42, and can bind to TLR2 receptors
on microglia, activating these cells to release inflammatory
factors, and promoting inflammatory responses. These strains
produce curli, TasA, CsgA, FapC, phenol soluble modulins,
etc., amyloids that promote the misfolding of Af fibrils and
oligomers (Shabbir et al., 2021). The microglia monitoring system
can identify AP42 peptides and their misfolded aggregates. The
deposition of AP oligomers and fibrils formed by misfolding
of proteins may lead to pathological changes in characteristics
of AD. The inability of microglial cells to process these
toxic and proinflammatory inclusions is thought to be the
molecular basis of elevated oxidative stress, abnormal immune
activation, and chronic diseases. In addition, amyloids derived
from gut microbiota induce the release of proinflammatory
factors such as interleukin (IL)-17A and IL-22. These two pro-
inflammatory factors are directly related to AD and may enter
the brain through the gastrointestinal tract and the blood-
brain barrier. IL-17-expressing Th cells migrate to the CNS
throughout the gut-associated lymphoid tissue, and this is
essential for neurodegeneration because of their interactions
with microglia, which can contribute to the clearance of AP
molecules and tau aggregation (Janeiro et al, 2021). They
further trigger immune activity, the release of reactive oxygen
species (ROS), and activation of the TLR2/1, CD14 and nuclear
factor kappa B (NF-kB) signaling pathways that participate
in neurodegenerative diseases (Pistollato et al,, 2016). AP is
cleared by the liver, and gut microbiota disorders affect the
clearance of AP by affecting the gut mucosal barrier and energy
homeostasis (Hrncir et al, 2019). Recently, Chen C. et al.
(2020) found that gut dysbiosis contributes to amyloid pathology,

associated with CCAAT/enhancer binding protein p/asparagine
endopeptidase (C/EBPB/AEP) signaling activation in AD mouse
models. Prebiotic R13, which induces L. salivarius growth,
antagonizes the C/EBPB/AEP axis, suppresses amyloid aggregates
in the gut and mitigates gut leakage and oxidative stress. AP
proteotoxicity has been implicated in intracellular neurofibrillary
tangles composed of hyperphosphorylated tau protein, which are
also characteristic of AD pathology. The microtubule-associated
protein tau is abnormally phosphorylated and forms aggregates
of paired helical filaments in AD and other tauopathies. p-tau
is a marker of tau phosphorylation and is believed to be
associated with neurofibrillary tangle pathology, with higher
levels reflecting a more intense tau phosphorylation process. Vogt
et al. (2018) found that the gut microbiota-derived metabolite
trimethylamine N-oxide (TMAO) levels are elevated in the CSF
of individuals with MCI and AD dementia, and that CSF TMAO
levels are associated with tau pathology. Wang et al. (2015)
demonstrated that exposure to Helicobacter pylori filtrate induces
Alzheimer-like tau hyperphosphorylation by activating glycogen
synthase kinase-3p (GSK-38). Sun et al. (2019a) also found that
decrease in abundance of gut bacteria such as Marvinbryantia,
Lactobacillus, Streptococcus, unclassified_Erysipelotrichaceae, and
Eubacterium_brachy_group were negatively correlated with tau
pathology in the brain in a tauopathy model, suggesting
that the decrease in these microbiota may be closely related
to the severity of tauopathies. Recently, Wei et al. (2020)
found that outer membrane vesicles, produced by the gut
microbiota, increase the permeability of the BBB and promote the
activation of astrocytes and microglia, inducing an inflammatory
response and tau hyperphosphorylation by activating the GSK-
3P pathway, ultimately leading to cognitive impairment. Using
a recently developed AD-like pathology with amyloid and
neurofibrillary tangles (ADLPAPT) transgenic mouse model
of AD, Kim et al. (2020) found that long-term, frequent
transfer and transplantation of fecal microbiota of healthy
wild-type mice alleviates AP deposition, tau pathology, reactive
gliosis and memory impairment. Although the comprehensive
pathogenesis of tauopathies remains unclear, these studies
indicate that modulation of the gut microbiota may be a potential
strategy for tauopathy treatment for AD. Understanding these
roles and mechanisms of gut microbiota underlying the
two key pathological components of AD pathogenesis can
help develop promising anti-amyloid aggregation and anti-tau
phosphorylation therapies in AD with specific gut microbes.

Inflammation

Inflammation appears to occur in all neurodegenerative disorders
such as AD and PD and distinct immune factors are associated
with each type of disorder. Neuroinflammation is a physiological
response to exogenous and endogenous insults that target the
CNS and represents a protective response in the brain, but
excessive inflammatory responses are detrimental to the CNS.
Several immune pathways are involved in CNS homeostasis and
AD-associated neuroinflammation. At the molecular level, the
interaction between the brain and surrounding environment
plays a vital role in the occurrence and development of
brain diseases (Jiang et al, 2015). Germ-free animals, and
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specific pathogen-free animals treated with antibiotics, which
demonstrated the extreme gut dysbiosis or gut decontamination,
showed impaired microglial maturation and immune response
to bacterial stimuli. Recently, several studies have shown that
gut dysbiosis is involved in the pathogenesis and development
of AD by affecting the immune system and inflammatory
responses (Qureshi and Mehler, 2013; Wang et al., 2016; Sun
et al., 2020a). The higher abundance of pro-inflammatory gut
microbiota is accompanied by enhanced systemic inflammation
and neuroinflammatory processes. Gut dysbiosis leads to defects
in the maturation, differentiation, and function of microglia, the
activation of which contributes to the progression of AD. Several
gut-specific microorganisms produce nitric oxide and APP and
activate microglia, thereby aggravating the development of AD
(Sun et al., 2020d). Changes in microbial composition can trigger
peripheral immune responses by activating immune components
and regulating the levels of pro-inflammatory cytokines in the
brain (Harach et al., 2017; Park A.-M. et al., 2017). A recently
discovered CD4™" T cell subset, called Th17 cells, found on the
mucosal surface of the lung, skin, and intestine, plays important
roles in autoimmunity and immunity (Weaver et al, 2013;
Eyerich et al., 2017). Th17 cells activate microglia in the CNS,
leading to local production of IL-1f, tumor necrosis factor-
o (TNF-a), and IL-6, which strongly suggests its key role in
neuroinflammation. CD4" Th17 cells are not found in the germ-
free mouse intestine, indicating that this subset is generated in
response to the microbiota (Weaver et al., 2013). Candidatus
arthromitus, more popularly known as segmented filamentous
bacteria, is a potent bacterial inducer of Th17 cells in the intestine
(Ivanov et al., 2009). With specific anti-inflammatory bacteria or
transfer of healthy fecal microbiota, neuroinflammation can be
modulated, and AD pathology and symptoms can be improved.
Several inflammation-inducing stimuli, such as damage-
associated molecular patterns (DAMPs) and pathogen-associated
molecular patterns (PAMPs), are recognized by multiprotein
complexes called inflammasomes (Piancone et al., 2021). These
DAMPs and PAMPs can activate pattern recognition receptors
(PRRs) expressed on glial cells to respond to brain injury
or pathogen invasion. PRRs, including Toll-like receptors
(TLRs), the nucleotide-binding oligomerization domain leucine
rich repeat-containing receptors (NLRs), are important innate
immune proteins expressed on the surface and within the
cytoplasm of a multitude of cells, both immune and otherwise,
including epithelial, endothelial, and neuronal cells. Recognition
of commensal bacteria by PRRs is critical for maintaining host-
microbe interactions and homeostasis, including behavior via
the gut-brain axis. The impaired gut mucosal barrier and BBB
increase bacterial LPS levels, which can induce inflammation
and disrupt the BBB function (Lin et al., 2020). LPS can trigger
TLR4 pro-inflammatory cascades in monocytes, Kupffer cells,
and macrophages, resulting in the activation of downstream
signaling pathways, including factor kappa f (NF-kB) and
mitogen-activated protein kinase, leading to inflammation driven
by TNF-a and IL-6 (Morrison and Preston, 2016). NF-kB activity
and TNF-a and cyclooxygenase-2 levels are upregulated in a
transgenic AD mouse model (5 x FAD-Tg) (Lee et al., 2019).
LPS-induced neuroinflammation has been shown to induce

AP aggregation and memory impairment, as well as astrocyte
activation, with a significant reduction in the expression levels
of brain-derived neurotrophic factor (BDNF), while enhancing
the expression of brain parenchymal cell apoptosis markers
such as cytochrome C, Bax, caspase-9, and caspase-3 (Song
et al., 2013; Calabrese et al., 2014; Badshah et al., 2016). Some
microbiota had an anti-inflammatory activity identified on the
basis of human clinical data, including F. prausnitzii (Sokol et al.,
2008; Wang et al.,, 2014), E. rectale, B. longum (NK46), and
B. fragilis (Lee et al., 2019; Markowiak-Kope¢ and Slizewska,
2020; Sun et al., 2020d; Zhang M. et al., 2020). Lee et al. found
that B. longum (NK46) was orally administered to 5 x FAD
mice and induced anti-inflammatory effects (decrease in LPS
levels, NF-kB activation, and TNF-a expression), changes in the
intestinal microbiota composition of the recipients (increase in
Bacteroides abundance and reduction in abundance of Firmicutes
and Proteobacteria phyla), and suppression of Ap accumulation
in the hippocampus (Lee et al., 2019). Recently, inflammasome
complexes assemble upon cell activation because of exposure to
microbes, danger signals, or stress, leading to the production of
pro-inflammatory cytokines (IL-1p and IL-18) and pyroptosis,
which lead to neurodegeneration. Evidence suggests that there
is a reciprocal influence of microbiota and inflammasome
activation in the brain. As mentioned by Feng et al., the NLRP3
inflammasome is the most characterized in neurodegenerative
diseases, especially in AD, which acts as a key player in
coordinating the host physiology and shaping the peripheral and
central immune/inflammatory responses in CNS diseases (Feng
et al., 2020; Pellegrini et al., 2020). Heneka et al. (2013) found
overexpression of the NLRP3 inflammasome in the postmortem
brains of human patients with AD, which is associated with
inflammatory crystals and aggregated AP since the earliest stage
of AD (Song et al, 2017; Venegas et al, 2017). Recently,
there has been pioneering evidence supporting the existence of
a microbiota—gut-inflammasome-brain axis, in which enteric
bacteria modulate, via NLRP3 signaling, inflammatory pathways
that, in turn, contribute to brain homeostasis (Rogers et al.,
2016). Besides caspase-1-dependent NLRP3 activation, Pellegrini
et al. have described a non-canonical activation, depending on
caspase-11 in mice (caspases 4 and 5 in humans). Gram-negative
bacteria (i.e., Citrobacter rodentium, Escherichia coli, Legionella
pneumophila, Salmonella typhimurium, and Vibrio cholerae) can
regulate non-canonical NLRP3 activation via activation of TLR4-
MyD88 and toll/IL-1 receptor homology-domain-containing
adapter-inducing interferon-f (TRIF) pathways, with consequent
transcription of IL-1f8, IL-18, NLRP3, interferon regulatory
factor (IRF)-3, and IRF7 genes through NF-«kB activation
(Pellegrini et al., 2017). Lowe et al. (2018) showed that the
depletion of gut microbiota with an antibiotic cocktail influenced
inflammasome signaling in the intestine, blood and brain.
Cohousing wild-type and NLRP3~/~ animals reshaped the gut
microbiota and prevented the effects of NLRP3 inflammasome
gene depletion on locomotion and behavior (Zhang et al,
2019). More recently, Shen et al. (2020) showed that FMT from
patients with AD to APP/PS1 transgenic mice is associated with
an increased expression of intestinal and circulating NLRP3
inflammasome components, including NLRP3, caspase-1 and
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IL-1B, as compared with APP/PS1 subjected to FMT from
healthy subjects, which displayed a more severe impairment
of cognitive functions and central neurogenic/inflammatory
responses. Restoration of the gut microbiota can inhibit central
inflammation caused by NLRP3. Of course, it is difficult to
establish a clear relationship between altered gut microbiota,
activation of NLRP3 inflammasome signaling, and brain
pathology. Future studies are needed to elucidate the molecular
and cellular mechanisms underlying the interactions between gut
microbiota and NLRP3 inflammasome, as well as their role in
the regulation of the gut-brain axis in both physiological and
pathological conditions. Taken together, gut microbiota dysbiosis
promotes neuroinflammation or activates the inflammasome
signaling pathways, thereby contributing to brain disorders,
suggesting that gut microbiota can be used as a promising
therapeutic strategy to inhibit inflammation in AD.

Metabolic Dysfunctions

The core functions of gut microbiota are the production
of various bioactive metabolites that affect host health and
disease (Clarke et al., 2019; Mccarville et al., 2020). These
microbiota-derived bioactive metabolites such as SCFAs
and neurotransmitters including acetylcholine, GABA, and
serotonin can modulate many immune system pathways that
in turn influence behavior, memory, learning, locomotion, and
neurodegenerative disorders (Rutsch et al., 2020). Microbial
metabolites can communicate through dynamic bidirectional
pathways within the microbiota—gut-brain axis to mediate
host brain immunity and physiology (Mccarville et al., 2020).
These metabolites exert direct effects after being transported
across the BBB or indirectly through immune, neuroendocrine,
or vagal mechanisms (Fulling et al,, 2019; Mccarville et al,
2020). Sun et al. (2020d) have demonstrated that metabolites
from the gut microbiota and its components can modulate
immune cells, resident immune cells (such as microglia) of the
brain, and infiltrating peripheral T cells through inflammatory
pathways. Immune cells that reside in the brain are key players in
learning and cognitive functions. Microglia are highly dynamic
monitoring agents of the immune system that combat systemic
infections (Silver and Curley, 2013). The enteric nervous
system interacts with the autonomic nervous system and the
CNS via neurotransmitters (adrenaline, noradrenaline, and
acetylcholine), as well as sensory and motor neurons, all of
which convey signals from the gut to the brain. A study showed
that the gut microbiota can convert glutamate (an excitatory
transmitter) into GABA, which participates critically in human
brain development, particularly emotional and behavioral
development (Zhang M. et al., 2020). Genome-based metabolic
modeling of the human gut microbiota revealed that several
genera have the ability to produce microbial neurotransmitters
such as GABA and serotonin, which have been consistently
shown to play a key role in the regulation of brain function.
A meta-analysis of 35 observational studies reported that
increased GABA levels were associated with a lower risk of AD
(Manyevitch et al., 2018). Wu et al. (2021) also found that gut
microbiota metabolites such as tryptophan metabolites, SCFAs
and lithocholic acid are different between AD and controls, which

are correlated with altered microbiota and cognitive impairment.
In addition, urine and serum serotonin concentrations were
found to be significantly lower in patients with AD than in
controls (Whiley et al., 2021). Metabolic dysfunction is a basic
characteristic of AD. However, most gut microbiota-associated
metabolic pathways have been predicted based on sequencing
microbiome data (Ling et al., 2021a,b). Technical sequencing
and bioinformatic limitations hinder the discovery of specific
biomarkers of microbes or metabolites conserved across studies.

Short-chain fatty acids with five or fewer carbons that are
available to the gut microbiota and are primary end-products
of fermentation of non-digestible carbohydrates can regulate
the CNS physiology and behavior of the host (Samuel et al.,
2008; Morrison and Preston, 2016; Zhang M. et al., 2020).
The diversity of the gut microbiota determines the proportion
of each SCFA produced. Acetate is produced by a variety of
microbes such as Lactobacillus and Bifidobacterium, whereas
propionate is produced mainly by A. muciniphila, and butyrate
is produced by F. prausnitzii, Ruminococcus bromii, E. rectale,
and E. hallii (Morrison and Preston, 2016). Butyrate, acetate,
and propionate promote the proliferation of regulatory T cells,
offer energy for host cells, and accommodate enteroendocrine
cells (Zmora et al., 2017; Gribble and Reimann, 2019; Li J. M.
et al,, 2019). A previous animal study found decreased levels
of SCFAs in AD (Zhang et al., 2017). SCFAs can affect the
brain and behavior via various molecular mechanisms, such
as inhibition of histone deacetylase (HDAC), induction of
enteroendocrine signaling, vagus nerve activation, and anti-
inflammatory properties (Cryan et al,, 2019). These actions
of SCFAs are mediated through activation of the G-protein-
coupled receptor (GPR) 41 and GPR43. SCFAs are known
to beneficially modulate the peripheral and central nervous
systems and have been suggested to play a central role in AD.
They can interfere with various A peptides, thereby potently
inhibiting AB fibril aggregation in vitro (Ho et al., 2018), possibly
reducing the accumulation of neurotoxic oligomers in the brain.
Marizzoni et al. (2020) reported a novel association between
gut microbiota-derived SCFAs and systemic inflammation with
brain amyloidosis via endothelial dysfunction in a clinical
study. Erny et al. (2015) also suggested that SCFAs may
help modulate the maturation and function of microglia in
the brain. Recently, increasing attention has been paid to
butyrate for its protective role against the pathophysiological
processes of AD. Our clinical study suggested decreased butyrate-
producing genera in patients with AD (Ling et al., 2021b).
Butyrate is a multifunctional molecule that exerts beneficial
neuroprotective effects and improves brain health. Butyrate can
also interfere with AB1-40 oligomerization and exert multiple
effects against neuropsychiatric disorders as an inhibitor of
HDAC, which can improve cognitive memory performance in
a 5 x FAD mouse at an early disease stage (Griseri et al,
2003; Ho et al., 2018; Fernando et al., 2020). Sun et al. (2020b)
found that butyrate protects N2a cells from AB-induced cell
damage by activating GPR109A in vitro. Our previous studies
also demonstrated that butyrate could exert neuroprotective
effects on depression, PD, AD and traumatic brain injury
in model mice (Liu et al., 2015; Sun et al., 2015, 2016a,b,
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2020a; Li et al, 2016). With regard to AD, butyrate can
improve the gut and brain-blood barriers, attenuate microglia-
mediated neuroinflammation, and influence glucose metabolism
in the hippocampus by regulating the microbiota—gut-brain axis.
Butyrate can be considered a pathophysiological link between the
gut microbiota and AD pathology.

Gut  microbiota-derived  neurotransmitters, such as
acetylcholine, GABA, dopamine, and serotonin, play a key
role in modulating the gut-brain axis, while their abnormal
alterations are involved in the pathogenesis of AD. Deficiency of
the cholinergic system in the brain is the neurotransmitter most
closely associated with AD (Stanciu et al., 2019). In addition, the
noradrenergic locus coeruleus and tuberomammillary nucleus,
which secrete norepinephrine and histamine, respectively,
exhibit a distinct neuronal loss in the brain with AD (Oh
et al., 2019). These neurotransmitters regulate brain function
through blood circulation or nerve conduction. GABA,
the major inhibitory transmitter in the adult mammalian
brain, has been reported in several species belonging to the
families Bifidobacteriaceae, Lactobacillaceae, Bacteroidaceae,
Enterococcaceae, Propionibacteriaceae, and Streptococcaceae
(Duranti et al, 2020; Altaib et al, 2021). Bifidobacterium
abundance such as B. adolescentis is associated with high fecal
GABA content in healthy human subjects (Duranti et al,
2020; Altaib et al., 2021). Studies in the postmortem brains of
patients with AD and animal models have shown substantially
reduced levels of GABA in the subregions of the temporal
cortex. GABAergic dysfunctions, including reduction of GABA
receptors, loss of GABAergic neurons and synapses, aberrant
GABA production in reactive astrocytes, and imbalance between
excitatory and inhibitory signals of the CNS, are early events
occurring in the brains of patients with AD and animal models
(Govindpani et al, 2020; Zheng et al., 2021). Acetylcholine,
produced by Bacillus subtilis and Lactobacillus plantarum, can
reduce the production of IL-6, TNF-a, and IL-18 through
the COX-2 pathway in astrocytes, inhibit pro-inflammatory
cytokines by upregulating JAK2/STAT3 and PI3K/AKT signaling
pathways in microglia and regulating immune homeostasis
(Velazquez et al.,, 2019; Qian et al., 2021). Dopamine can be
produced by Bacillus and Escherichia in humans. Activation of
the dopamine receptor D1 (DRD1) accelerates the degradation of
the NLRP3 inflammasome via cyclic adenosine monophosphate,
while DRD2 and DRD3 in astrocytes perform anti-inflammatory
and pro-inflammatory functions, respectively (Montoya et al.,
2019; Qian et al., 2021). 5-HT is an important neurotransmitter
synthesized from tryptophan metabolism in enterochromaffin
cells (Kennedy et al, 2017), which can be produced by
Corynebacterium spp., Streptococcus spp., and E. coli. In
addition, 5-HT biosynthesis can be regulated by SCFAs such
as acetate and butyrate, which can have a significant impact on
homeostasis, especially on gut motility and platelet function
(Yano et al., 2015). A recent study also found that high dietary
fiber intake upregulates the expression of 5-HT and suppresses
neuroinflammation (Liu Z. et al, 2020). Taken together, these
bacterial metabolites and neurotransmitters can participate in
regulating brain functions directly or indirectly and play vital
roles in the development of AD.

Oxidative Stress

Oxidative stress plays an important role in AD pathology. Pro-
inflammatory cytokines and some metabolites of the kynurenine
pathway trigger powerful bursts of ROS, thereby damaging
neurons and glial cells. Gut microbiota may influence the
levels of oxidative stress in the CNS, either by increasing the
oxidant components or by interfering with antioxidant systems.
Lactobacillus, E. coli, and Bifidobacterium can convert nitrate and
nitrite into nitric oxide, the elevations of which have been shown
to increase the permeability of the BBB and react with superoxide
to form peroxynitrite, a potent oxidizing agent contributing to
neurotoxicity in AD. The levels of oxidative markers are directly
proportional to the degree of cognitive impairment and brain
weight. A mutual relationship between oxidative stress and AP
production and aggregation in AD has been identified. Oxidative
stress enhances AP deposition, whereas AP triggers oxidative
reactions. Researchers have proposed a mechanism by which
T cell-mediated inflammation is enhanced after oxidative stress
(Dumitrescu et al., 2018). In addition, gut pathogenic bacteria
such as Salmonella and E. coli are able to degrade sulfur amino
acids, leading to hydrogen sulfide production in the gut, which
leads to a decreased mitochondrial oxygen consumption and
overexpression of proinflammatory mediator genes such as IL-6
(Beaumont et al., 2016). Hydrogen is a highly diffusible bioactive
gas produced mainly by anaerobic cocci, strains of the genus
Clostridium, and members of the Enterobacteriaceae family.
Owing to its anti-apoptotic, anti-inflammatory, and antioxidant
properties, hydrogen has been considered as a preventive and
therapeutic medical gas (Ohta, 2014). Reduced availability of
hydrogen has been observed in neurodegenerative diseases. Gut
dysbiosis may lead to reduced hydrogen production and limit
gas supply to neurons in the CNS. In contrast, the accumulation
of hydrogen in the gastrointestinal tract has an inhibitory effect
on the fermentation of polysaccharides, resulting in a reduction
in its products, including SCFAs. These findings suggest that
the symbiotic relationship between hydrogen-producing bacteria
and hydrogenotrophic microbes, such as Methanobrevibacter
smithii, is essential for homeostasis and redox state. Methane
also acts as an antioxidant, anti-inflammatory, and anti-apoptotic
gas (Huai et al., 2014). It protects against oxidative stress by
increasing the levels of superoxide dismutase and reducing the
levels of malondialdehyde and 3-nitrotyrosine (Huai et al., 2014).
Taken together, alterations in the gut microbiota favor oxidative
stress and affect the immunological and inflammatory status of
the host, which can influence the pathogenesis of AD.

GUT MICROBIOTA MODULATION FOR
AD TREATMENT

Considering the importance of gut microbiota in patients
with AD, it is apparent that the maintenance of a healthy
microbiota is fundamental for an individual’s well-being.
Generally, gut microbiota can be modulated via dietary
intervention, microecological regulators (psychobiotics), and
FMT. The modulation of gut homeostasis triggers multiple
mechanisms, including anti-inflammatory and antioxidant
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effects, upregulation of neuroprotective hormones, restoration
of impaired proteolytic pathways, amelioration of energy
homeostasis with consequent decrease of AD molecular
hallmarks, and improvement of behavioral and cognitive
performances (Bonfili et al., 2020).

Diet-Based Microbiota Modulation

The interplay between diet, gut microbiota, and the host is
a major factor impacting health. Diet is one of the major
factors involved in shaping gut microbiota composition across
the lifespan. Dietary habits have been recognized as one of the
drivers of microbial composition and diversity, and the impact of
both individual nutrients and dietary patterns on the microbiota
have been extensively explored (Thelen and Brown-Borg, 2020;
Berding et al., 2021). Numerous studies have suggested a link
between dietary patterns and AD incidence, presenting diet as
a modifiable risk factor (Hu et al., 2020; Berding et al., 2021).
Poor dietary habits and aging, along with inflammatory responses
because of dysbiosis, may contribute to the pathogenesis of
AD. The Mediterranean diet (MedDiet), considered an anti-
inflammatory diet, has been shown to reduce the occurrence of
several chronic diseases. Valls-Pedret et al. (2015) demonstrated
that the MedDiet is associated with preserved cognitive function
in elderly adults. Epidemiological findings are consistent in
showing that adherence to a Mediterranean diet characterized
by high intake of fruit, vegetables, cereals, and legumes, and
low intake of meat, high-fat dairy, and sweets, is consistently
associated with a lower risk of AD (Yusufov et al., 2017). In
a Mediterranean study involving over 16,000 middle-aged and
elderly participants followed up for over 20 years, Andreu-Reinon
et al. (2021) found that adherence to the MedDiet was associated
with a 20% lower risk of AD overall in the EPIC-Spain Dementia
Cohort. Adherence to the MedDiet increases the diversity of
microbiota after 1 year of intervention, with higher ratio of
Firmicutes/Bacteroidetes and higher levels of SCFAs, which is
negatively associated with inflammatory markers. A recent study
conducted by Ghosh et al. (2020) found that MedDiet is effective
in altering gut microbiota, reducing frailty, and improving
cognitive function. These microbiota changes are primarily
driven by an increase in the intake of fibers, vitamins (C, B6,
B9, thiamine), and minerals (Cu, K, Fe, Mn, and Mg) in the
MedDiet intervention group, while changes in the controls were
associated with an increase in fat intake (saturated fats and mono-
unsaturated fatty acids). MedDiet has been proposed as one of the
top five modifiable factors against AD and cognitive decline.

The ketogenic diet (KD) is a very low-carbohydrate, adequate
protein, and high-fat diet that mimics the fasting state (Dewsbury
et al, 2021). Intermittent fasting (IF) is the lifestyle of eating
within a specific period and fasting for the rest of the day. Both
measures promote fat utilization in the body by producing ketone
bodies, which are products of the incomplete oxidization of fatty
acids. Yin et al. (2016) reported the protective mechanism of
ketones in an AD mouse model, including blockage of AP42
entry into neurons, reduced oxidative stress, and improved
synaptic plasticity. Recent studies have shown the role of KD
in remodeling the composition of the gut microbiome, thereby
facilitating protective effects in various CNS disorders including

AD. KD can improve neuropathological and biochemical changes
associated with AD and preserve cognition in patients with mild
AD (Carranza-Naval et al., 2021). A modified Mediterranean-
KD can modulate gut microbiome and metabolites (mainly
SCFAs) in association with improved AD biomarkers in CSF
(Nagpal et al, 2019). Ma et al. (2018) found that KD
started in the early stage can enhance brain vascular function,
increase beneficial gut microbiota, improve metabolic profile, and
reduce the risk of AD. In addition, IF has been proposed to
produce neuroprotective effects by reducing insulin resistance,
improving metabolic regulation, increasing autophagy, reducing
inflammation and neuroinflammation, and increasing BDNF
level (Park et al., 2020). IF can promote adult hippocampal
neuronal differentiation by activating GSK-3p in 3 x Tg-AD
mice, leading to the inhibition of insulin and protein kinase A
signaling pathways and activation of adenosine monophosphate-
activated protein kinase and BDNF pathways. Likewise, studies in
elderly patients have shown the neuroprotective effects of caloric
restriction on memory (Witte et al., 2009). In summary, dietary
interventions are generally safer and more advantageous than
drug-based therapies because they are cheap and easy to handle,
thus reducing the burden on caregivers of patients with AD.

Probiotics

As an effective strategy to modulate gut microbiota, probiotics
have been used to restore gut microbiota to a healthy status
and maintain gut homeostasis, thereby improving human health
and preventing diseases. According to the definition of the
WHO in 2002, underscored by the International Scientific
Association for Probiotics and Prebiotics in 2013, probiotics
are live microorganisms that, when administered in adequate
amounts, confer health benefits to the host (Hill et al., 2014).
Probiotics have recently attracted attention in brain function
and health because they improve gut microbiota by positively
affecting the gut-brain axis. These probiotics attempt to correct
imbalances in the microbiota—gut-brain axis are referred to as
psychobiotics, which can release neuroactive substances directly
influencing the human brain, psyche, and behavior (Sarkar et al.,
2016). Animal studies indicate that probiotic supplementation
can restore gut microbiota, improve the integrity of the gut
barrier and BBB, reduce neuroinflammation, improve oxidative
stress, reduce cognitive decline, and reduce insulin resistance
(Kobayashi et al., 2017; Athari Nik Azm et al., 2018; Tamtaji
et al., 2019). The most commonly used probiotics belong to
the genera Lactobacillus and Bifidobacterium. Shamsipour et al.
(2021) found that B. bifidum combined with L. plantarum with
exercise training can alleviate neurotoxicity of AB and spatial
learning via acetylcholine in an AD rat model. Liu M. et al
(2020) found that L. reuteri SLOO1 plays a positive role in
adjusting the gut microbiota structure in AD model mice. In
male 5 x FAD-transgenic (6 months old) and aged (18 months
old) mice, oral administration of B. longum NK46 can suppress
gut dysbiosis and LPS production, resulting in the attenuation
of cognitive decline with the regulation of neuroinflammation
via the microbiota-gut-brain axis (Lee et al., 2019). Recently,
Yang et al. (2020) found that ProBiotic-4 (including B. lactis,
L. casei, B. bifidum, and L. acidophilus) can modulate gut
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microbiota dysbiosis and microbiota—gut-brain axis deficits in
AD mice via inhibition of both TLR4- and RIG-I-mediated NF-
kB signaling pathway and inflammatory responses, resulting in
improvement of cognitive dysfunction. In addition, 12-weeks
of treatment with memantine plus L. plantarum ameliorated
cognitive deterioration, decreased Ap levels in the hippocampus,
protected neuronal integrity and plasticity, and reduced TMAO
synthesis and neuroinflammation (Wang Q. J. et al, 2020).
In addition to Lactobacillus and Bifidobacterium, our previous
study demonstrated that Clostridium butyricum can prevent
cognitive impairment, AP deposits, microglial activation, and
production of TNF-a and IL-1P by regulating the microbiota-
gut-brain axis, which is mediated by the metabolite butyrate
(Sun et al., 2020a). Butyrate is beneficial for proper vagal afferent
signals in patients with AD and participates in learning and
memory, regulating neuronal growth and survival as well as
synaptic differentiation via intracellular Ca?* signaling and by
maintaining BDNF levels (Barichello et al., 2015; Goswami
et al., 2018). Agathobaculum butyriciproducens SR79, a strict
anaerobic and butyrate-producing bacterium, can improve
cognitive impairment by decreasing microglial activation and
reducing AP plaque deposition in APP/PS1 mice (Go et al., 2021).
To date, most of the existing evidence has been based on in vitro
and in vivo experimental studies (Wang F. et al., 2020). Recently,
a randomized, double-blind, placebo-controlled, multicenter
trial in Korea found that B. bifidum BGN4 and B. longum
BORI supplementation is beneficial for improving cognitive
and mental health in community-dwelling healthy older adults
with changes in gut microbial composition (Kim et al., 2021).
Another clinical trial showed that B. breve Al supplementation
may have beneficial effects on cognitive function in elderly
Japanese subjects with memory complaints (Kobayashi et al,
2019). In three clinical randomized controlled trials, clinically
confirmed patients with AD treated with probiotics (mainly
Lactobacillus and Bifidobacterium strains) for 12 weeks showed
no beneficial effect on cognitive function (Akbari et al., 2016;
Kriiger et al., 2021). This may be due to insufficient intervention
period, different disease severity, and changes in dietary patterns.
However, Tamtaji et al. (2019) found that probiotics (including
L. acidophilus, B. bifidum, and B. longum) and selenium co-
supplementation for 12 weeks in patients with AD improved
cognitive function and some metabolic profiles. These facts reveal
that psychobiotics have demonstrated significant potential in the
deceleration of AD progression when consumed as a lone or
combination supplement, whereas the appropriate strains, doses,
time of treatment, routes of administration, and safe use of
probiotics for AD need to be studied in the future.

Prebiotics

Prebiotics are short-chain carbohydrates that alter the
composition and metabolism of gut microbiota in a beneficial
manner. Prebiotics can act as specific fermentation substrates
for SCFA-producing probiotic genera such as Bifidobacteria
and Lactobacilli, leading to an increase in anti-inflammatory
metabolites. Recent studies in animal models and healthy
volunteers have evaluated the effects of prebiotics on psychiatric
symptoms. Sun et al. (2019b) found that fructooligosaccharides

can reverse the altered microbial composition, ameliorate
cognitive deficits and pathological changes, upregulate the
expression levels of synapsin I, and decrease phosphorylated
levels of JNK in APP/PS1 transgenic mice by regulating the
gut microbiota-GLP-1/GLP-1R pathway. Lactulose, the first
commercially available prebiotic and commonly used as a
food additive, can attenuate short-term memory and learning
retrieval in AD mice. Recently, the therapeutic mechanism of
lactulose in AD has been uncovered. Lee et al. (2021) found that
pretreatment with lactulose can modulate the gut microbiome
and insulin sensitivity, decrease neuroinflammation, and increase
the levels of autophagy pathways. These findings suggest that
the neuroprotective effect of lactulose is partially caused by
autophagy activity. Another prebiotic, sodium oligomannate
(GV-971), received its first approval in November 2019 in
China for the treatment of mild to moderate AD to improve
cognitive function. GV-971 is an orally administered mixture
of acidic linear oligosaccharides derived from marine brown
algae. GV-971 can reconstitute the dysbiosis of gut microbiota,
reduce metabolite-driven peripheral infiltration of immune cells
into the brain, inhibit neuroinflammation, and reverse cognitive
impairment (Wang et al.,, 2019). In addition, GV-971 can easily
penetrate the BBB to directly bind to AP and inhibit A fibril
formation (Wang et al, 2007). Synbiotics (a combination of
probiotics and prebiotics) and postbiotics (functional bioactive
compounds such as SCFAs) can also be used to treat AD
by modulating the gut microbiota. Taken together, these
studies suggest that personalized prebiotic administration, by
modulating the gut microbiota, may represent a new therapeutic
strategy for AD.

FMT

Fecal microbiota transplantation is considered a safe therapeutic
procedure with minor and transient side effects because of the
introduction of live microorganisms and associated metabolites.
It has been proven to be an effective treatment for recurrent
Clostridium difficile infections (Khanna et al., 2017). In addition
to its direct therapeutic effect in gastrointestinal diseases, FMT
has also been shown to improve neurological and psychological
symptoms by modulating the gut-brain axis. Hazan found that
FMT can rapidly improve AD symptoms in a patient with AD
with recurrent Clostridium difficile infection (Hazan, 2020). Using
humanized mice by transplanting germ-free C57BL/6N mice
with fecal samples from a patient with AD, Fujii et al. (2019)
observed that these mice reproduce the characteristics of the
donor microbiota, which affects mouse behavior. Zhan et al.
(2018) found that cognitive dysfunction in SAMP8 mice can
be attenuated by modulating the gut microbiota through FMT.
In an APPswe/PS1dE9 transgenic (Tg) mouse model, Sun et al.
(2019¢) found that FMT treatment can improve cognitive deficits
and reduce brain deposition of AP, which is accompanied by
decreased phosphorylation of tau protein and the levels of AB40
and AB42, increased synaptic plasticity, and reversed changes in
gut microbiota and SCFAs. Kim et al. (2020) also found that the
transfer of a healthy microbiota alleviates AP, tau, and reactive
glial pathology in the brain in an AD animal model. These
studies indicate that FMT can correct gut microbiota dysbiosis
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and brain dysfunction in patients with AD rapidly and effectively,
suggesting that restoration of gut microbial homeostasis by FMT
may have beneficial effects on AD treatment. However, it is
extremely important to properly screen the donor and fecal
material to avoid contamination of the patient with pathogens
that can lead to serious infections.

CONCLUSION AND PERSPECTIVES

There is no doubt that gut dysbiosis plays a vital role
in modulating the microbiota-gut-brain axis and actively
participates in the etiopathogenesis of AD. With the advent
of multi-omics techniques, an increasing number of key
functional bacteria associated with AD pathology and altered
brain functions have been identified. These bacteria can be
used as targets for the noninvasive diagnosis of AD and
for further treatment. Gut microbiota interacts with AD
pathogenesis via various pathways, such as Af abnormality,
tau phosphorylation, neuroinflammation, neurotransmitter
dysregulation, and oxidative stress. However, the exact roles
and mechanisms of gut microbiota in patients with AD
remain elusive. Most microbiome studies can only provide the
associations between gut microbiota and AD, whereas the causal
relationship between specific bacteria and AD pathology and
brain dysfunctions cannot be illustrated. Thus, it is important to
move microbiome studies from associations back to cultures to
demonstrate causality. Clearly, culturomics have provided a novel
strategy to obtain new bacterial taxa identified from microbiome
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