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As the world's population ages, neurodegenerative diseases (NDs) have brought a
great burden to the world. However, effective treatment measures have not been
foundtoalleviatethe occurrenceand developmentof NDs. Abnormalaccumulation
of pathogenic proteins is an important cause of NDs. Therefore, effective inhibition
of the accumulation of pathogenic proteins has become a priority. As the second
brain of human, the gut plays an important role in regulate emotion and cognition
functions. Recent studies have reported that the disturbance of gut microbiota
(GM) is closely related to accumulation of pathogenic proteins in NDs. On the one
hand, pathogenic proteins directly produced by GM are transmitted from the gut
to the central center via vagus nerve. On the other hand, The harmful substances
produced by GM enter the peripheral circulation through intestinal barrier and
cause inflammation, or cross the blood—brain barrier into the central center to
cause inflammation, and cytokines produced by the central center cause the
production of pathogenic proteins. These pathogenic proteins can produced by
the above two aspects can cause the activation of central microglia and further
lead to NDs development. In addition, certain GM and metabolites have been
shown to have neuroprotective effects. Therefore, modulating GM may be a
potential clinical therapeutic approach for NDs. In this review, we summarized
the possible mechanism of NDs caused by abnormal accumulation of pathogenic
proteins mediated by GM to induce the activation of central microglia, cause
central inflammation and explore the therapeutic potential of dietary therapy and
fecal microbiota transplantation (FMT) in NDs.

KEYWORDS

gut microbiota, pathogenic proteins, neurodegenerative diseases, inflammatory
factors, dietary therapy, fecal microbiota transplantation

Introduction

Neurodegenerative diseases (NDs) include Alzheimer’s disease (AD), Parkinson’s
disease (PD), Huntington’s disease (HD), and multiple sclerosis (MS) are characterized by
associated neuron damage resulting from a buildup of neurotoxic substances in the brain
(Zhang et al., 2022). And as the world’s population ages, so will the burden of NDs (Cottler
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etal., 2015; Ravindranath et al., 2015). The abnormal accumulation
of pathogenic proteins is considered to be common feature of
NDs, these abnormal accumulations can occur in a variety of
aggregates, including naturally unfolded monomers, B-rich
oligomers or fibrils, and stable pathogenic proteins fibrils (Lashuel
et al., 2002; Volles and Lansbury, 2003). Tau protein, amyloid
p-protein (AP) and a-synuclein (a-syn) abnormal accumulations
have been widely reported to be associated with the occurrence of
NDs (Giacomelli et al., 2017; Ryder et al., 2022). The abnormal
accumulation of these pathogenic proteins can over-activate
astrocytes and microglia leading to a range of neuron and synaptic
plasticity damage, etc., and that eventually led to the development
of NDs (Parhizkar and Holtzman, 2022; Zhu et al., 2018).

In recent years, microbial infections was regard as a risk factor for
NDs (Lotz et al., 2021). Gut microbiota (GM) have been reported to
be related to the occurrence and development of NDs (Fang et al.,
2020; Sun et al,, 2020; Singh et al., 2021). The GM is thought to
be critical for brain physiological processes such as myelination,
synaptic plasticity, neurogenesis and glial cell activation and regulate
mental processes such as emotion and cognition (Diaz Heijtz et al.,
2011; Pellegrini et al., 2018). GM can directly or indirectly affect the
abnormal accumulation of pathogenic proteins in the brain. On the
one hand, GM can directly cause the generation of pathogenic
proteins by acting on the gut and enter the brain through the vagus
nerve (Kim et al,, 2019). On the other hand, GM can trigger a
cytokine storm that causes abnormal accumulation of pathogenic
proteins in the brain by causing an excessive inflammatory response
in the body (Megur et al., 2020). And, these abnormal accumulation
of pathogenic proteins of different origins trigger a more severe
inflammatory and disease response. Therefore, the mechanism of
abnormal aggregation of pathogenic proteins in NDs directly or
indirectly mediated by GM in the brain is expected to provide a
theoretical basis for suppressing the accumulation of pathogenic
proteins in NDs by intestinal microorganisms in the future.

GM dysregulation is an important factor in the occurrence
and development of nervous system diseases (Ghezzi et al., 2022).
Therefore, GM targeting is expected to become a new treatment
for NDs, with great clinical research prospects. At present, studies
have proved that diet, antibiotics, stress, lifestyle and surrounding
environment are all factors affecting the composition of GM
(Sorboni et al., 2022). In this review, in addition to reviewing the
relationship between GM and pathogenic proteins in NDs, two
current approaches based on modulation of host GM to ameliorate
the pathological changes in NDs, namely dietary therapy and
FMT, will be described. It provides new ideas for future research
on clinical treatment strategies of NDs.

Is there a relationship between
gut microbiota and pathogenic
proteins of neurodegenerative

diseases?

In the past decade, it has been widely reported that GM not
only directly affect the host gut environment, but also indirectly
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affect the health of the host. GM is a complex community of
microorganisms colonizing the digestive tracts of humans. It
consists of more than 1,500 species, including more than 50
different phyla (Yang et al., 2020). Among them, Bacteroidetes and
Firmicutes are the most important, followed by Proteobacteria,
Fusobacteria, Tenericutes, Actinobacteria and Verrucomicrobia,
accounting for 90% of the total microbial population in humans
(Gomaa, 2020). In a healthy state, the GM is in ecological balance,
showing a high diversity and rich microbial population, which
plays a variety of important roles in host, such as digestion,
metabolism, immune regulation, anti-aging and emotional
cognition (Vera-Urbina et al., 2022).

Many studies have shown that there is a close correlation
between the GM and the brain, which can communicate with each
other directly and indirectly, including neural, immune and
endocrine pathways (Cryan et al., 2019). This links the gut to a
central brain region that controls emotion and cognition (Kesika
etal,, 2021). Therefore, the important concept of microbial-gut-brain
(MGB) axis was proposed, and it has become a research hot spot in
the field of neuroscience, even though the mechanism involved is
not completely clear (Maiuolo et al., 2021). The GM plays a key role
in early brain development and adult neurogenesis. It is well known
to have a significant impact on NDs (Kowalski and Mulak, 2019;
Nagu et al., 2021). GM dysbiosis and changes in the function and
structure contribute to the development of NDs, such as PD and AD
(Pistollato et al., 2016). Several studies now suggest a potential link
between GM, neuroinflammation, and cognitive impairment. GM
changes precede amyloidosis and neuroinflammation (Chen et al,,
2020). Cognitive impairment and amyloid deposition are associated
with increased abundance of pro-inflammatory bacteria (e.g.,
Escherichia, Shigella) and decreased abundance of anti-inflammatory
bacteria (e.g., Bacteroides fragilis) (O'Toole and Jeffery, 2015; Rogers
etal., 2016; Sharon et al., 2016). Furthermore, certain gut microbial
components may be actively involved in regulating
neuroinflammation and protein misfolding (Gonzalez-Sanmiguel
et al., 2020; Parker et al., 2020). GM have been shown to produce
amyloid, lipopolysaccharide (LPS), or other biological substances
that disrupt intestinal homeostasis, affect the central nervous system
through the MGB axis, and mediate the pathological process of NDs,
such as inflammation, amyloid, and Tau protein accumulation in the
brain (Friedland, 2015; Xu and Wang, 2016). Among them,
extracellular bacterial amyloid produced by Pseudomonas,
Salmonella, and EScherichia coli (E. coli) may contribute to the
pathological process of a-syn and inflammatory responses in the gut
and brain, or may mediate the formation of A} amyloid through the
blood-brain barrier (BBB), leading to NDs (Needham et al., 2020;
Sampson et al.,, 2020; Zhang et al., 2022).

For AD, A study of 40 AD patients also showed increased
abundance of the proinflammatory bacteria Escherichia and Shigella,
and decreased abundance of the anti-inflammatory bacteria
E. rectale, compared with healthy people and cognitive patients
without amyloid, and has been suggested to be associated with
peripheral inflammatory states. The relationship between them and
amyloidosis is worth further investigation (Cattaneo et al., 2017).
Endotoxins produced by GM may be involved in the inflammatory
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and pathological processes associated with amyloidosis and
AD. After long-term injection of LPS into the fourth ventricle of rats,
inflammatory responses and AD pathological features can be seen
in the brain. In addition, in vitro studies have found that E. coli
endotoxin can enhance the formation of AP fibrin, which may
be involved in the formation of pathogenic amyloid protein and
inflammatory response in the brain of AD patients (Blanco et al.,
2012). Interestingly, antimicrobial-induced intestinal dysbiosis can
exacerbate neuroinflammation and amyloid deposition in AD
models, while symptoms and pathological processes of amyloid
deposition in brain were alleviated in AD mice transplanted with
healthy mice or healthy human intestinal bacteria (Asti and Gioglio,
2014). In another mouse study, GM dysregulated pregnancy was
vertically transferred to offspring after antibiotic treatment, similarly
demonstrating that specific GM ameliorated memory impairment
and reduced AP aggregation in preclinical AD models (Bello-
Medina et al.,, 2022). In other studies, chronic H. pylori infection has
been shown to affect AD by releasing a large number of inflammatory
mediators. Plasma levels of $-amyloid peptide 1-40 and 1-42 were
increased in AD patients infected with H. pylori. Furthermore,
H. pylori filtrate can induce AD Tau hyperphosphorylation.
Treatment with probiotics, such as Lactobacillus and Bifidobacterium,
reduced amyloid beta formation and improved cognitive function
(Nimgampalle and Kuna, 2017; Sochocka et al., 2019).

In PD, One clinical study showed that the fecal abundance of
Prevotellaceae decreased by 77.6% in PD patients compared with
healthy volunteers, while the abundance of Enterobacteriaceae
increased, and was positively correlated with the severity of the
patients’ dyskinesia (Scheperjans et al., 2015). Forsyth et al. (2011)
also found that PD patients had an increase in intestinal
permeability accompanied by an increase in Enterobacteriaceae
abundance in the gut and an increase in pathological a-syn in the
gut and brain. Furthermore, GM has been found to promote
pathogenic a-syn accumulation, neuroinflammation, dopamine
neuronal degeneration, and motor dysfunction in PD mouse
models (Sampson et al., 2016). It may be mediated by substances
produced by GM. Recent studies have found that some
GM-derived amyloid proteins can cause abnormal changes of
a-syn in gut and brain, leading to motor dysfunction (Sampson
et al., 2020). Therefore, GM is closely related to NDs related
pathogenic proteins. However, questions remain about how
GM-derived amyloid affects NDs, In the future, the relationship
between intestinal and brain pathological proteins and the specific
mechanism of action need to be further studied.

Gut microbiota affects the
accumulation of pathogenic
protein in neurodegenerative
diseases by direct and indirect
pathways

The effects of GM on pathogenic proteins are complex. In
general, GM is closely related to NDs. Bacterial amyloid proteins,
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LPS and other components of GM can trigger NDs through a variety
of ways. We reviewed previous studies and summarized them into
two possibilities. One possibility is that it is taken up by the intestinal
epithelium and then retrograde transported to the central nervous
system through the vagus nerve. The Braak hypothesis (Braak et al.,
2003). Another possibility is to enter the brain through damaged
intestinal and BBB, causing corresponding pathophysiological
processes (Desplats et al., 2009). Therefore, we explored the immune
and vagal pathways will be used to elucidate the relationship between
GM, pathogenic Protein and NDs (Figure 1).

Gut microbiota directly stimulates
production of pathogenic proteins

NDs are associated with abnormal aggregates of pathogenic
proteins, of which humans encode about 30, while GM also produce
functional pathogenic proteins, such as curli, Tau, Ap, a-syn and
FapC (Kesika et al., 2021; Wang et al., 2021). Related studies have
shown that amyloid produced by GM may lead to the accumulation
of other pathogenic proteins with different structures through
“cross-seeding,” which leads to the misfolding of neuronal proteins
(Blanco et al., 2012; Friedland and Chapman, 2017). For example, a
variety of intestinal strains can express Curil protein, such as E. coli,
S. Typhimurium, Citrobacter SPP and Enterobacter SPP (Zogaj et al.,
2003; Dueholm et al., 2012). Sampson et al. (2020) found that curli
protein-producing E. coli can promote a-syn pathology and
inflammation in the gut and brain of mice, and purified CsgA of
curli protein subunit can accelerate a-syn aggregation in vitro. When
CsgA of curli subunit of E. coli was knocked out or inhibited, «-syn-
induced cell death was significantly reduced, and mitochondrial and
neuron functions were restored (Wang et al., 2021).

Whats more, In PD patients, accumulation of pathogenic
a-syn is observed in the intestinal tissue, which is thought to occur
before the onset of gastrointestinal motor symptoms (Hilton et al.,
2014). Pathogenic a-syn was found in both enteroendocrine cells
and intestinal neurons. It could reach the brain from the intestine
through the vagus nerve and cause pathological changes in the
central nervous system (Holmqvist et al., 2014; Chen and Lin,
2022). The study found that pathogenic a-syn was injected into the
duodenum and pylorus muscle layer in mice produced symptoms
similar to those of PD and successively in the vagus nerve dorsal
motor nucleus, after brain tail, the basolateral amygdala, dorsal
raphe nucleus and substantia nigra compacta found pathogenic
a-syn, and cut off the vagus nerve can inhibit the occurrence of this
phenomenon (Kim et al., 2019). A cohort study of vagotomy in PD
patients also found a reduction in PD risk after total trunk
vagotomy (Svensson et al., 2015). In addition, the pathological
development of a-syn from the gut to the brain is age-related, and
older mice are more susceptible than younger mice (Challis et al.,
2020). More severe forms of disease can occur in the gut,
asparaginyl endopeptidase (AEP) cleaved a-syn and tau protein at
N103 and N368 sites, respectively, and produced o-syn N103 and
Tau N368 in intestinal tract. a-syn N103 interacts with tau N368 to
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GM affect the production of pathogenic proteins in the brain directly and indirectly. GM can produce lipopolysaccharide and amyloid protein, and
these harmful substances enter the body and cause NDs when intestinal and blood-brain barriers are damaged. Bacterial amyloid directly cause
the accumulation of pathogenic a-syn in the gut in a “cross-seeding” manner, or the intestinal AEP cleaved a-syn and Tau proteins at N103 and
N368 sites, respectively, to form a-syn N103/Tau N368 complex. These pathogenic proteins then enter the brain through the vagus nerve, causing
cognitive dysfunction. Bacterial amyloid and lipolysaccharide pass through the damaged intestinal barrier and blood-brain barrier to cause
inflammation in the peripheral circulatory system, or cause inflammation in the brain to produce pro-inflammatory cytokines, indirectly leading to
the synthesis and deposition of pathogenic amyloid proteins. LPS, lipopolysaccharide; a-syn, a-synuclein; AB, p-amyloid; AEP, asparagine
endopeptidase; IL, interleukin; TNF-a, tumor necrosis factor-o; BAP, bacterial amyloid protein.

Brain

Enteric Nerve

promote each other’s fibrosis and transmission from the gut to the
brain, triggering the loss of dopaminergic neurons in the substantia
nigra. And the complex spreads faster and causes more severe
disease than the normal form of a-syn (Ahn et al,, 2020). Abnormal
accumulation of a-syn was found in the appendix of patients with
PD and appendectomy can affect the incidence of PD (Chen et al.,
2021). Therefore, the gut-derived a-syn play an important role in
the development of NDs. the vagus nerve is involved in the

Frontiers in Microbiology

04

transmission of intestinal pathogenic a-syn to the brain. However,
the underlying mechanism of how the pathogenic a-syn is
transmitted to the brain via the vagus nerve has not been clarified.

Simultaneously, activation of the CCAAT/ EBPP/AEP
pathway in the gut and brain was also found in AD patients,
inducing AP and Tau fiber formation and propagation to the brain
via the vagus nerve (Chen et al., 2021). The GM of the aged AD
mice transfer to the young mice, which can activate the CCAAT/
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EBPp/ AEP pathway in the brain of the young mice and accelerate
the progression of AD. Moreover, prebiotic-enriched Lactobacillus
salivarius can significantly inhibit the CCAAT/ EBPp/ AEP
pathway and reduce generation of Tau protein and oxidative stress
(Chen et al, 2020). And, microbial prions in the human
microbiome may also be involved in protein misfolding that
initiates NDs (Flach et al.,, 2022). The Ap from gut may also
be involved in abnormal accumulation in the brain. After Ap 1-42
oligomer was injected into the gastrointestinal tract of mice, Af
migrated from the gastrointestinal tract to the vagus nerve and
brain after 1 year, and induced intestinal dysfunction and cognitive
impairment in mice (Sun et al., 2020). GM may through the gut
-derived pathogenic proteins take part in the development of NDs.

Gut microbiota indirectly stimulates
production of pathogenic proteins

The gut mucosal lymphatic tissue also has 70 to 80% of the
body’s immune system, so it is considered to be the largest and
most important immune organ in the body (Hooper et al., 2012).
These lymphatic tissues maintain continuous close contact with the
human GM. GM are known to secrete a range of compounds, such
as LPS and amyloid. It has been suggested that LPS and amyloid
can cause NDs by directly passing through the damaged
gastrointestinal tract and BBB, or indirectly through these
protective physiological barriers by LPS and amyloid triggered
cytokines or other pro-inflammatory factors (Kesika et al., 2021).
In addition, these compounds may also can increase the
permeability of the intestinal barrier, damage the immune system,
increase the production of proinflammatory cytokines (e.g., IL-6,
IL-1p, and TNF-a), and further enhance the gut and the
permeability of BBB, significantly increased inflammatory
response. Induced excessive synthesis and accumulation of Af and
a-syn amyloid proteins, and the Tau protein phosphorylation,
eventually leading to neurodegeneration (Quigley, 2017; Sochocka
etal, 2019; Zhao et al,, 2019; Rosario et al., 2021). Bacterial amyloid
can interact with Toll-like receptor 2 (TLR2) to activate NF-kB
signal and COX-2, promote the production of proinflammatory
cytokines, such as IL-17A and IL-22, and the production of amyloid
in brain neurons (Nishimori et al., 2012; Kesika et al., 2021).

Lipopolysaccharide is a major component of the cell wall of
Gram-negative bacteria and an endotoxin. When bacteria invade
the body, they release LPS. Recent studies have shown that high
levels of AP are present in brain tissues after LPS intervention. LPS
first binds to lipopolysaccharide binding proteins to transport LPS
to the membrane surface of immune cells, it binds to a protein on
the surface of the membrane, CD14, which then transport LPS to
toll-like receptor 4 (TLR4) and myeloid differentiation protein 2
(MD2) protein complex. As a special exocrine protein, MD2 helps
TLR4 recognize LPS. When LPS is combined with TLR4
extracellular groups, the conformation of the intracellular groups
changes, and the signal transduction into immune cells activates
signal molecules such as MyD88, IL-1R-associated protein kinase
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(IRAK), IRAK2 and tumor necrosis factor receptor-associated
factor 6 (TRAF6). Through a series of biochemical reactions, It
phosphorylates the inhibitory protein IB kinase (IK) complex,
degrades IkB, and eventually activates the transcription factor
NF-kB, which crosses the nuclear membrane and binds to specific
regions on chromosomes, promotes the expression of multiple
cytokines, and causes systemic inflammation, resulting in increased
AP levels and neuronal death, ultimately leading to cognitive
impairmen (Milosevic et al., 2019; Zhao et al., 2019; Kesika et al.,
2021). Morever, LPS enters the body through the damaged
intestinal barrier, causing an inflammatory response and increasing
the expression of amyloid precursor protein (APP). APP is a
transmembrane glycoprotein that plays an important role in the
pathogenesis of AD. At the same time, promotion of p/y-secretase
will abnormally cleat APP and induce the production of Ap
(Gonzalez-Sanmiguel et al., 2020). Similarly, in PD, GM ecology is
dysregulated, causing elevated levels of LPS, systemic inflammation
through the TLR4/NF-xB pathway, disruption of the BBB, and
triggering o-syn accumulation (Sorboni et al., 2022). Moreover,
LPS has been suggested to be a key mediator of a-syn aggregation
in the enteric nervous system (Bhattacharyya and Bhunia, 2021).

In addition, proteins of bacterial origin (e.g., curil, Ap, and
a-syn) produced by intestinal microorganisms were found to
initiate the accumulation of AP peptide in AD (Friedland and
Chapman, 2017. This process may be mediated by the innate
immune system or cross-seeding (Kesika et al, 2021;
Chidambaram et al., 2022). Bacterial amyloid protein has been
identified as pathogen-associated molecular pattern (PAMP), and
its communication messengers include TLR1/2, CD14, NF-kB and
iNOS (Chen et al.,, 2016). Therefore, these results suggest that the
immune pathway serves as an important bridge between GM and
NDs-related pathogenic proteins.

Pathogenic proteins activates
microglia to produce inflammatory
factors

Glial cells in the brain include astrocytes, oligodendrocytes,
and microglias. Microglia account for 5-15% of the total brain
cells (Pelvig et al., 2008). As central scavenger cells, microglia play
an important role in central immune defense and the regulation
of immune microenvironment. Microglia are closely related to
central NDs, such as AD, PD and Amyotrophic lateral sclerosis
(ALS) (Harms et al., 2021; Leng and Edison, 2021; Vahsen et al.,
2021; Figure 2).

AB in Alzheimer's disease
Studies have shown that a variety of receptors on microglias
mediate NDs caused by pathogenic proteins, such as class B

scavenger receptor CD36, integrin-associated protein/CD47, and
oPs-integrin (Bamberger et al.,, 2003) through pattern recognition

frontiersin.org


https://doi.org/10.3389/fmicb.2022.959856
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Wei et al. 10.3389/fmicb.2022.959856
Microglia cell
7
< Neurons injury and apoptosis;
I IL-1p Neurons Degeneration;
AB Q?S,/ Neurons necrosis;
< Activate NLRP3.
7 MyD88
Tau TQE% DAPI2 \ (caspases NE- x B
Tau Tyrop, EPK
e P NLRP3 IL1p Promote the accumulation of AP and Tau;
Promote the phosphorylation of Tau;
Tau 7 5
& TREMN TNF-a TNF-0. Mediating neurotoxicity; ) NDs
QBPI Nuvleus ) IL-6 Neurons injury; (AD/P D)
CGAS STIND Abnormal neuronal membrane potential.
NEF- kB
\_,y PIK3 J
NLRPS Mediating inflammation;
% IL-6 Induces the production of C-reactive protein;

Regulates glutamate neurotransmission;
Promotes reactive glial proliferation;
Neurons degeneration.

FIGURE 2

Pathogenic proteins activate signal transduction pathways in microglia leading to NDs. In AD, A can bind to TLR4/6 on microglia and induce the
release of inflammatory factors (IL-1p, TNF-a, and IL-6) through the downstream MyD88/NLRP3 and NF-kB signaling pathways. It also activates
TREM2 on microglia, causing DAP12 to enhance Syk and induce a cascade of protein tyrosine phosphorylation, which leads to apoptosis and
myelin damage through immune pathways. For Tau protein, it can activate microglia through PQBP1/CGAS/STING pathway, and 40% NF-xB can
amplify inflammatory response in this process, leading to a series of nerve damage. The rest is supplemented by TREM2/ERK/PIK3. In PD, a-syn
can stimulate microglia to secrete proinflammatory cytokines, such as ROS, TNF-q, IL-1p, COX2, and iNOS through TLR/MyD88/NLRP3 pathway. It
also binds to TLR2 to induce nuclear translocation of NF-kB, which triggers the production of NLRP3, pro-IL-1f and pro-IL-18, and ultimately IL-1p
secretion. TLR, toll-like receptors; MyD88, myeloid differentiation factor 88; NLRP3, NOD-like receptor thermal protein domain associated protein
3; NF-kB, nuclear factor kappa-B; TREM2, triggering receptor expressed on myeloid cells 2; DAP12, TYRO protein tyrosine kinase binding protein;

PQBP1, polyglutamine binding protein-1; CGAS, cyclic GMP-AMP synthase; STING, interferon gene stimulation protein; ERK, extracellular
regulated protein kinases; PIK3, phosphatidylinositide 3-kinases; ROS, reactive oxygen species; COX2, cyclooxygenase 2; iNOS, inducible nitric

oxide synthase.

receptors (PRR) of the innate immune system (Stewart et al.,
2010). Peptide interactions of Ap fibrils receptors with CD36,
scavenger receptors, CD47, and o,f}; integrin inhibit Ap-stimulated
Tyr kinase-based signaling cascades in THP-1 monocytes and
mouse microglias, as well as IL-1p production (Bamberger et al.,
2003). Ap fibrils can trigger microglial inflammation via Toll-like
receptors4/6 (TLR4/TLR6) (Stewart et al., 2010). Mice with TLR4
mutation were hybridized with AD transgenic mice and showed
more AP plaque deposition in the center (Tahara et al., 2006).
Activation of AP by caspase and signal-dependent transcription
factors (such as NF-kB and AP-1) leads to the production of a
large number of inflammatory cytokines, such as IL-1p, TNF-q,
and IL-6, which may act on neurons to induce apoptosis (McCoy
and Tansey, 2008). In addition, cytokines (such as TNF-a and
IL-1B) released by microglias can activate astrocytes, and
cytokines released by astrocytes can lead to further activation of
microglias (Saijo et al., 2009). Ap also promotes Nod-like receptor
(NLR) family pyrin domain containing 3 (NLRP3) inflammasome
activation and IL-1p secretion by acting on TLR/MyD88 (Terrill-
Usery et al., 2014; Friker et al., 2020). A recent study showed that
AP acts on the trigger receptor 2 (TREM2) expressed on bone
marrow cells on microglia, which transmits intracellular signals
through an associated adapter, DAP12, which enforces A protein
tyrosine kinase, Syk, leading to a cascade of protein tyrosine
phosphorylation. This cascade reaction can lead to the
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differentiation of microglia into disease-associated microglia,
which ultimately causes cell apoptosis and myelin sheath injury
through immune pathways (Ellwanger et al., 2021).

Tau in Alzheimer’s disease

In addition to AP, Tau is also an important pathogenic protein
in AD. A recent study showed that Tau can activate microglia
through the PQBP1-CGAS-STING pathway (Jin et al., 2021), and
the activated microglia can produce IL-1p, TNF-a, IL-6 and other
inflammatory factors through NF-kB transcription factor,
ultimately leading to cognitive impairment in mice (Wang et al.,
2022). TREM2 has been shown to be a risk factor for AD (Guerreiro
etal,, 2013), and activation of microglia in the brain of mouse AD
models and human AD patients can occur through TREM2-
dependent and TREM2-independent mechanisms (Keren-Shaul
etal, 2017), and NF-kB activation can also be induced by TREM2
signaling (Zhong et al., 2017). Jin et al. (2021) showed that Tau
activated 40% of NF-kB via the PQBP1-CGAS-STING pathway
and TREM2-ERK/PIK3 pathway complemented NF-kB activation
in the PQBP1-CGAS-STING pathway. A recent interesting study
found that Tau can produce phosphorylated modification in
microglia after being phagocytic by microglia, and phosphorylated
Tau can enhance Tau diffusion by secreting vesicles and aggravating
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central inflammatory response (Clayton et al., 2021). Another
study also showed that, Transmission of Tau pathology depends on
the underlying microglia circuit, supporting the hypothesis that
neuronal transmission of Tau is induced by activated microglia
(Pascoal etal., 2021). An in vitro and in vivo study showed that Tau
aggregation can activate NLRP3-ASC inflammatory bodies of
microglia and aggravate endogenous and non-exogenous Tau
pathology in vivo (Stancu et al., 2019).

a-Syn in Parkinson’s disease

Recent studies have shown that the serum and cerebrospinal
fluid of PD patients have proinflammatory characteristics,
suggesting cytotoxic microglial activity (Brodacki et al., 2008).
Microglia and misfolded a-syn are thought to be involved in a
vicious cycle: a-syn itself can elicit immune responses, since both
secreted and aggregated a-syn are known to activate microglia,
and inflammatory mediators can promote a-syn aggregation
(Zhang et al., 2005; Blandini, 2013). a-syn promotes NLRP3
inflammasome activation through TLR/MyD88 (Daniele et al.,
2015), and promotes the production of ROS, TNF-«, IL-1p,
COX2, iNOS and other inflammatory factors in microglia (Su
et al., 2008; Watson et al., 2012). Meanwhile, studies have shown
that FLZ, a novel phosphamide derivative, can improve the
inflammatory state of the brain in PD mouse models by inhibiting
TLR4/MyD88/NF-kB signaling pathway (Zhao et al., 2021a).
a-syn fibrils, but not monomers, activate the NLR family Pyrin
domain containing NLRP3 inflammasome and induce IL-1p and
cleaved Caspase-1 production and release. Pretreatment of mouse
microglia with the small molecule NLRP3 inhibitor MCC950
improved a-syn mediated inflammatory response (Pike et al.,
2021). Studies have shown that a-syn protein can lead to the
production of NLRP3, pro-IL-1p and pro-IL-18 through the
“a-syn-TLRS-NF-kB /NLRP3 inflammasome axis.” First, a-syn
binds to TLR2, and then induces the downstream nuclear
translocation of NF-kB, which triggers the production of NLRP3,
pro-IL-1p and pro-IL-18, and eventually leads to the production
of cytokines such as IL-1p (Li et al., 2021). In a recent study of
primary human microglia, a-syn protein was found to activate the
secretion of IL-1p by NLRP3 in microglia (Pike et al., 2021).

Inflammatory factors and
neurodegenerative diseases

Elevated IL-1p levels are often observed in NDs (Heneka
etal., 2018). IL-1p plays an important role in the central nervous
system, and many cells in the central nervous system can express
the IL-1f receptor, which can cause an inflammatory signaling
cascade, ultimately leading to neuron injury and cell death (Allan
et al., 2005). Apoptosis and necrotizing apoptosis are different
modes of cell death that have been shown to promote
neuroinflammation and neuronal degeneration in a variety of
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NDs, including multiple sclerosis (Zhang et al., 2017; Yuan et al.,
2019). Microglia are activated around amyloid plaques in AD,
and the activated microglia produce IL-1p, which can lead to
neuronal degeneration (Griffin and Mrak, 2002). The typical
mechanism of IL-1p production by microglia involves activation
of NLRP3 inflammasome (Mendiola and Cardona, 2018; Place
and Kanneganti, 2018), a multi-molecular scaffold whose primary
function is to sense the amplification and propagation of
pro-inflammatory signals from one cell to another by driving
cytokine secretion. The three traditional components of NLRP3
inflammasome are: (1) intracellular pattern recognition receptor
NACHT domain, leucine-rich repeat (LRR), and NLRP3 (Heneka
etal,, 2014); (2) ASC consists of a Pyrin domain and a caspase
activation and recruitment domain (CARD) (Latz et al., 2013);
(3) Caspase-1 (Cysteine-aspartate protease) (Boucher et al.,
2018). In the APP/PS1 mouse model, NLRP3 inflammasome
cleaves immature pro-IL-1 to produce mature IL-1p, which
mediates neuronal damage and cognitive dysfunction (Heneka
etal., 2013).

Tumor necrosis factor -a (TNF-«) is a 25kDa transmembrane
protein that can be produced by a variety of cells, including
microglia (Parameswaran and Patial, 2010). TNF-a binds to
tumor necrosis factor receptor (TNFR1/2) and plays a variety of
downstream roles, including immune stimulation, resistance to
infectious agents, malignant cell cytotoxicity, sleep regulation and
embryonic development (Idriss and Naismith, 2000). TNF-a-
mediated inflammation can also lead to AP plaques and Tau
protein accumulation in the brain of AD patients (Baj and Seth,
2018), and phosphorylated Tau can further aggravate the central
inflammatory response (Clayton et al., 2021). Production of
TNF-a in microglia stimulated by amyloid over time induces
neuroinflammatory responses associated with muscular atrophy
in AD, PD, and MS (Baj andSeth,2018). TNF-a inhibitors reduce
central AP and Tau levels and improve cognitive dysfunction in a
mouse model of dementia (Shi et al., 2011). In a clinical study,
curcumin reduced TNF-o and may reduce the accumulation of
AP plaques and Tau in the hypothalamus, and was also found to
improve cognitive dysfunction (Small et al., 2018). TNF-a can
enhance n-methyl-D-Aspartate (NMDA) receptor, mediate
neurotoxicity, increase glutamate, and cause nerve cell damage
(Zou and Crews, 2005). In addition, TNF-a can also affect
neuronal membrane potential, resulting in long-term disturbance
of intracellular Ca?* balance and abnormal cell function (Choi
etal.,, 2002).

IL-6 is a polypeptide composed of a and P chains (Kaur et al.,
2020). The change in central IL-6 concentration is mainly due to the
response of astrocytes and microglias to inflammation (Guo et al.,
2021). Dysregulation of IL-6 is associated with various cognitive
dysfunction, and individuals with high levels of IL-6 in the blood are
at a higher risk of cognitive impairment than individuals with low
Levels of IL-6 (Bradburn et al., 2017). IL-6 acts as an important
proinflammatory cytokine and a key mediator of the acute phase
response, and IL-6 induces c-reactive protein (CRP) production.
Typical IL-6 signaling involves the binding of IL-6 to its homologous
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receptor, causing the formation of a dimer of GP130 protein,
Intracellular signal transduction and transcriptional regulation are
then activated through the Janus kinase/signal transduction and
transcriptional activator (Jak/STAT) pathway and the transcription
factor cytokine signal transduction inhibitor 3 (SOCS3). Another
signaling pathway is IL-6 binding to IL-6R to produce soluble
SIL-6R, which then activates GP130 signaling (Dugan et al., 2009).
Increased levels of central IL-6 have been shown to mediate disease
behaviors, including lethargy, insanity, and cognitive deficits
(Cartmell et al., 2000). Newest study suggests that central IL-6 also
regulates glutamate neurotransmission (Qiu and Gruol, 2003), and
it has been found that IL-6 in transgenic mice promotes reactive glial
proliferation and further promote neuronal degeneration in acute
response (Chiang et al.,, 1994). Therefore, this storm of inflammatory
actived by glial cells is an important contributor to NDs.

Neurodegenerative diseases newly
treatment

With further research on GM and brain health, GM
communicates with the brain through the microbiota-gut-brain
axis, intestinal dysbiosis is thought to affect the development of
NDs (Kowalski and Mulak, 2019). Therefore, effective reversal or
alleviation of intestinal dysbiosis may be a potential strategy to
prevent and treat NDs. Regulating GM as a treatment for NDs is
a future direction with potential clinical practice. Current
approaches based on modulated GM for the treatment of NDs
(AD, PD) include diet therapy and fecal microbiota transplantation
(FMT; Lorente-Picén and Laguna, 2021; Mohammadi et al., 2019;
Westfall et al., 2018; Figure 3).

Diet therapy

Related studies have proved that diet may affect the occurrence
and development of NDs by regulating GM and its metabolite
composition, inflammatory response, metabolism, oxidative stress
and pathological protein production (Zhang et al., 2020). At
present, dietary therapy has shown potential in the treatment of
NDs. These include Mediterranean (MedD) and ketogenic (KD)
diets (Alfonsetti et al., 2022; Ding et al., 2022; Grochowska and
Przeliorz, 2022).

The MedD, a plant-based dietary pattern rich in antioxidants
and unsaturated fats. it can change the GM and metabolite
composition, modulates systemic inflammation, oxidative stress,
metabolic disturbances, neurodegeneration, and cognitive decline
(Zhang et al., 2020; Scoditti et al, 2022). It is affected by
geographical location and climate (Mattavelli et al., 2022). A cohort
study of the health of the Hispanic/Latino community showed that
subjects with high adherence to the MedD had better cognitive
performance and a lower risk of AD (Moustafa et al., 2022). In
addition, high adherence to MedD improved mediotemporal gray
matter volume and memory in AD patients, correlated with lower
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levels of amyloid (AP 42/40 ratio), and decreased pTaul8l
(Ballarini et al., 2021). Also, higher adherence to MedD in midlife
was associated with a lower risk of PD (Yin et al., 2021). Therefore,
MedD has been recognized worldwide as a good dietary pattern.
Olives, nuts, fruits, vegetables and red wine are important
components of MedD, because they are rich in nutrients such as
unsaturated fatty acids, phenols and vitamins (Petrella et al., 2021;
Lefevre-Arbogast et al., 2022). Treatment of human SH-SY5Y cells
transfected with neuronal amyloid precursor protein (APP695)
with walnut extract (rich in linoleic acid, oleic acid, a-linolenic
acid, and y-and 8-tocopherol) improved mitochondrial function,
increased ATP production, and decreased AB1-40 formation.
These changes may enhance neurite growth (Esselun et al., 2022).

In addition, dietary polyphenols in MedD have attracted
extensive attention due to their neuroprotective properties in NDs
(Kaakoush and Morris, 2017; Shishtar et al., 2020; Nargeh et al.,
2021). Most dietary polyphenols enter the body and are converted
into other microbial metabolites by GM, such as short-chain fatty
acids (SFCAs) and phenolic metabolites, thereby delaying the
development of NDs (Nargeh et al., 2021; Ticinesi et al., 2022).
Dietary polyphenols can exert neuroprotective effects by
modulating GM, improving the ubiquitin-proteasome system
(UPS) and GM-induced aggregation of pathogenic proteins
(Nargeh et al., 2021). Flavonoids belongs to polyphenols, especially
anthocyanins and flavono-3-alcohols, as well as flavonoid-rich
foods such as berries and red wine, reduce the risk of death in PD
patients (X. Zhang et al., 2022). This therapeutic effect may
be derived from its inhibition of inflammatory response and
reduction of oxidative stress (Zhao Y. et al.,, 2019). It also can
significantly down-regulate the activation of CCAAT/EBPB/AEP
pathway and inhibit the generation of pathogenic proteins in the
gut and brain, play an anti-AD effect (Flach et al, 2022).
Phosphorylation of a-syn was more pathogenic than a-syn in PD
(Penke et al, 2019). Long-term consumption of coffee has a
neuroprotective effect on PD, effectively dephosphorylating the
pathogenic a-syn by activating subunit protein phosphatase 2A
(Yan et al,, 2018). Morever, mitochondrial autophagy disorder is
also related to NDs (Gonzalez-Polo et al.,, 2015). Studies have
found that extra virgin olive oil (EVOO) has multiple benefits, such
as improving GM composition (Promote the growth of probiotics
Lactobacillus and Bifidobacterium) and cognitive function,
antibacterial, anti-inflammatory, antioxidant, lowering blood sugar
and insulin resistance (Millman et al., 2021). It can reduce the risk
of AD, reduce the abnormal accumulation of Ap and Tau in AD
mouse models, and improve cognition and memory (Millman
et al.,, 2021). Olive oil polyphenols are important components of
MedD, which have anti-inflammatory and antioxidant effects
(Bucciantini et al., 2021). Studies have shown that olive oil phenolic
compounds (olivin) can regulate mitophagy through AMPK/
SIRT1/mTOR pathway, and exert antioxidant and anti-cell death
effects (Blanco-Benitez et al., 2022). it can also improve the viability
of SH-SY5Y cells, reduce the levels of reactive oxide and
intracellular free Ca** induced by proinflammatory protein SI00A9
amyloid, and play a neuroprotective role (Leri et al., 2021). Finally,
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FIGURE 3

There are two dietary treatments for NDs, the Mediterranean diet (MedD) and the ketogenic diet (KD). MedD is a dietary pattern rich in antioxidants
and unsaturated fatty acids, which has neuroprotective effects such as regulating GM and metabolite composition, anti-inflammatory, antioxidant
and reduce pathological proteins. And there are different intake strategies for different foods. KD is a high fat, low carbohydrate, appropriate
protein and nutrients dietary pattern. Neuroprotective mechanisms may involve regulation of GM and metabolite composition, anti-inflammatory,
antioxidant, and epigenetic. However, long-term low carbon water intake can cause certain side effects, such as gastrointestinal, weakness,
inattention, myodynia and decreased bone density. HbAlc, hemoglobin A1C. CRP, C-reactive protein.
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in AD mice fed EVOO, autophagy was induced through AMPK/
UNC-51-like kinase 1 (ULK1) pathway, NLRP3 inflammasome
was inhibited to reduce neuroinflammation, clear Af, and restore
BBB function (Al Rihani et al., 2019). In addition, grapes are also
a rich source of polyphenols. Grape extracts have anti-
inflammatory, anti-oxidative and protective dopamine neuron
functions in PD models in vivo and in vitro (Ben Youssef et al.,
2021). Interestingly, moderate drinking of red wine is also part of
MedD, which is rich in polyphenolic compounds (quercetin,
myricetin, catechins, tannins, anthocyanidins, resveratrol, ferulic
acid). It has a certain antioxidant and neuroprotective effect on AD
and PD (Caruana et al., 2016). Finally, MedD may also play a
neuroprotective role by modulating GM, and high adherence to
MedD is associated with a lower risk of AD and PD. It was found
that MedD could increase the level of bacteria associated with AD/
PD (2 family, 17 genera, 6 species) and reduce related bacteria (1
family, 17 genera, and 3 species) (Solch et al., 2022). For example,
Lachnoclostridium, Parabacteroides and Ruminococcus were
increased in AD with MedD, while Bilophila and Streptococcus
were decreased. Clostridiaceae 1, Facealibacterium and Prevotella
were increased and Acidaminococcus and Enterococcus were
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decreased in PD MedD (Solch et al., 2022). Moreover, MedD can
also increase the abundance of beneficial bacteria Bifidobacterium
and exert anti-inflammatory activity (Lopez-Legarrea et al., 2014).
Therefore, MedD show great potential in regulating GM and host
homeostasis, and has a good prospect in the field of NDs research.

For KD, it is a high-fat, low-carbohydrate, and recombinant
protein diet pattern that has potential neuroprotective effects in
NDs, Among them, p-hydroxybutyrate (BHB) and acetoacetate
(ACA) are considered to be the most neuroprotective ketone bodies
(Lietal., 2020; Gough et al,, 2021). The neuroprotective mechanism
may involve regulation of GM and metabolism, anti-inflammatory,
antioxidant and epigenetic (Gough et al., 2021). A clinical study of
26 AD patients showed significant improvement in quality of life
and daily functioning after 12weeks of modified KD treatment
(Phillips et al., 2021). Fortier et al. (2021) also demonstrated that
ketone bodies (medium chain triglyceride) can improve mild
cognitive impairment in AD patients. In addition, inflammation
and Tau aggregation mediated by GM and metabolite changes
(such as SCFAs) can be reduced by increasing brain ketone uptake,
energy supply, and AP clearance, and the same time, it affects the
expression of AP precursor protein (APP) and o/y-secretase,
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thereby improving cognitive impairment, memory, and the ability
and quality of daily living (Rebello et al., 2015; Croteau et al., 2018;
Nagpal et al,, 2020; Neth et al.,, 2020). A randomized controlled trial
of 47 PD patients showed that maintaining KD for 8 weeks was
reasonable and safe, with improvements in motor and cognitive
function (Phillips et al., 2018). Long-term KD, however, can lead to
inadequate carbohydrate intake and certain side effects (known as
keto flu), including gastrointestinal distress, weakness, poor
concentration, muscle pain, and reduced bone density (especially
in children) (Grochowska and Przeliorz, 2022).

In 5XFAD transgenic mice (a mouse model of AD that
recapitulates the pathological features of amyloid), 4-month KD can
restore the number of neurons and synapses in hippocampus and
cortex, reduce microglial activation and amyloid accumulation,
reduce neuroinflammation, and improve spatial learning, memory
and cognitive function in mice. Shorter KD (2months) was found to
be less effective, while KD in late AD (9months) had no effect on
cognitive improvement (Xu et al., 2022). In addition, based on
RNA-seq technology, KD has different effects on neurons and
astrocytes, which involve mitochondrial and endoplasmic reticulum
function, insulin signal transduction and inflammation related
pathways, and is closely related to NDs such as AD (Koppel et al.,
2021). Exogenous administration of BHB to AD model mice reduces
AP plaque formation, increased microglia, apoptosis-associated
speck-like protein containing a caspase recruitment domain (Asc)
speck and caspase-1 activation and is dependent on inhibition of the
NLRP3 inflammasome (Shippy et al., 2020). For PD, a case study
showed that after 24weeks of KD (70% fat, 25% protein, 5%
carbohydrate), patients had decreased glycated hemoglobin (HbA1c),
CRP, triglycerides, and fasting insulin levels, and improved PD
symptoms and anxiety and depression (Tidman, 2022). Morever, KD
can also inhibit the reduction of tyrosine hydroxylase (TH) -positive
neurons and the activation of microglia in the substantia nigra (SN)
of MPTP mice, reduce the levels of proinflammatory cytokines
(IL-1p, IL-6, TNF-a), play a neuroprotective and anti-inflammatory
role, and alleviate motor dysfunction (Yang and Cheng, 2010). And
KD can play a neuroprotective role by regulating glutathione activity
against the toxicity of 6-hydroxydopamine (Cheng et al., 2009).
Finally, GM including Lactobacillus, Akkermansia, Christensenellaceae
and Enterobacteriaceae will change after KD intervention, affecting
brain function (Varesi et al.,, 2022). In conclusion, KD may also be a
new adjuvant therapy for NDs, which needs further study.

To summarize, Dietary habits interventions have shown a
therapeutic effect on pathogenic proteins-induced NDs. The
formulation of accurate nutrition plan plays an important role in
the prevention and treatment of NDs. In the future, more effective
dietary habits can be explored to prevent the occurrence of NDs
through large population studies.

Fecal microbiota transplantation

GM plays an important role in NDs, so remodeling dysregulated
GM may be one of the therapeutic strategies. As a new therapeutic
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approach, FMT transfers fecal microorganisms from healthy donors
to the gut of diseased recipients, regulates GM homeostasis, and
aims to restore body health (Biazzo and Deidda, 2022). The
methods of transplantation include oral live bacteria capsule, upper
gastrointestinal intubation, rectal enema and endoscopy (Cold
et al,, 2021). At present, FMT has been a recognized treatment
method for C. difficile infection (CDI), and is currently the most
effective intervention for regulating GM (Surawicz et al., 2013;
Varesi et al., 2022). In addition, many clinical experiments have
clearly proved that FMT has shown good effects in the treatment of
gastrointestinal diseases, metabolic diseases and malignant tumors,
and the potential regulatory mechanisms may involve the regulation
of GM and metabolite composition, immune response and so on
(Qu et al,, 2022). Therefore, this section will also focus on reviewing
the potential application of FMT in NDs (AD and PD; Table 1).

A case report of an 82-year-old man with CDI and AD showed
a cure of CDI and reversal of AD symptoms after FMT (Hazan,
2020). This was also the case in a recent case report where GM
composition, metabolite production, and cognitive function
improved after FMT (Park et al., 2021). A study of six men with PD
showed improvement in motor and nonmotor symptoms after
6weeks of FMT in five patients and adverse effects in only one
patient (Segal et al., 2021). Another study of 15 PD patients showed
similar results, five of whom had gastrointestinal discomfort
(abdominal pain, diarrhea, and flatulence; Xue et al., 2020).
Therefore, the FMT study of NDs is only in the preliminary stage of
animal models. Multiple studies on animal models of AD have
shown that after FMT, SCFAs-producing GM increase, Af and pTau
aggregation and inflammation levels decrease, synaptic plasticity is
enhanced, and cognitive function is improved (Sun et al., 2019; Kim
etal, 2020; Soriano et al., 2022). A recent study also demonstrated
improvements in intestinal barrier, Ap plaques and neurofibrillary
tangles, glial responsiveness, and cognitive impairment in ADLP**
mice (transgenic AD mouse model) after transplantation of fecal
microorganisms from healthy mice (Kim et al., 2020). In addition,
another study showed that when APP/PS1 transgenic mice were
transplanted with GM from AD patients, increased NLRP3
expression in the gut, systemic inflammation, microglial activation,
and cognitive impairment were observed. However, GM
composition can be improved after transplantation of GM from
healthy people or administration of antibiotics (minocycline), and
all of the above adverse reactions are improved (Shen et al., 2020).

For PD mice with FMT, GM dysregulation was restored,
TLR4/TNF-« inflammatory pathway was inhibited in gut and
brain, the activation of SN microglia and astrocytes was decreased,
and the levels of striatal dopamine (DA) and 5-HT were increased,
which played a role in neuroprotection and alleviating physical
injury (Sun et al., 2018). Zhao et al. (2021b) also demonstrated
that PD mice treated with FMT significantly restored GM
structure, reduced LPS levels in colon, serum and SN, thus
inhibited TLR4/MyD88/NF-kB inflammatory signaling pathway,
alleviated systemic inflammatory response, restored intestinal
barrier and BBB, and played a neuroprotective role. In addition,
FMT has been shown to inhibit the expression of a-syn and block
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TABLE 1 Application of FMT in AD and PD.

10.3389/fmicb.2022.959856

Disease Sample gealthy Transplantation Main results References
onor way
AD A 82-year-old male  Patient’s 85-year- Single infusion of 300 mL CDI was eradicated, the Mini-Mental State Scale (MMSE) score was 29, and Hazan (2020)
patient old wife FMT (according to Borody memory and mood improved significantly 6 months later
method)
A 92-year-old femal A 27-year-old Due to change of the disease, ~ FMT ameliorated GM dysregulation, with significant differences in alpha diversity Park et al. (2021)
patient healthy male FMT was performed twice (p =0.04), Bacteroidales, Bacteroidia, Tannerellaceae, and Actinobacteria were the
with 60 g fecal suspension, more enriched taxonomy, involving the pentose phosphate pathway; Orientation,
3 months apart attention and short-term memory improved
Short-term side effects: diarrhea, abdominal pain, and fever
FMT-young mice 3xTg-AD (FMT-  Gavage FMT-AD can increase the relative abundance of Muribaculum and reduce the Soriano et al.
(TBI model), FEMT-  AD) mice, WT relative abundance of Lactobacillus Johnsonii, significantly impair motor ability, (2022)
AD mice mice increased microglia/macrophage activation and aggravate neuroinflammation and
neurological dysfunction
ADLP*"" mice Healthy WT mice  After 4 weeks of ABX After FMT, the intestinal barrier was restored, and Af plaque burden, Tau Kim et al. (2020)
pretreatment, FMT was pathology, reactive glial activation, and cognitive impairment were alleviated.
administered by gavage for Reversed aberrant colonic expression of genes associated with intestinal macrophage
16 weeks activity and inflammatory monocytes
APPswe/PS1dE9 Healthy WT mice ~ Gavage of 0.2mL/d fecal After FMT, the GM composition and SFCAs of Tg mice was improved. At the Sun et al. (2019)
transgenic (Tg) mice solution for 4 weeks phylum level, Bacteroidetes increased, Proteobacteria and Verrucomicrobia
decreased. Cognitive impairment was improved, Tau phosphorylation and Ap40/42
were decreased, COX-2 and CD11b levels were decreased, and synaptic plasticity
(PSD, synaptophysin I) was increased
PD Six patients with PD  Two healthy male  Colonoscopic infusion of PD-related motor and nonmotor symptoms (including constipation) improved, and ~ Segal et al. (2021)

(age range 47-73, 3

patients (ages 38

300 ml fecal suspension was

men) and 50) performed in sections (100 ml
at the terminal ileum, 100 ml
at the cecum and 100 ml along
the rest of the colon)

Fifteen PD patients  Five healthy Ten cases were infused by

(11 males and 4

females, median age

Chinese Han

volunteers (3

colonoscopy, and 5 cases were

infused by nasojejunal tube

61years) males, 2 females,
mean age 22 years)
MPTP PD mouse Healthy C57BL/6  Gavage of 1x10° CFU/MI
model mice fecal suspension for 7 days
Rotenone-induced ~ Healthy C57BL/6 A total of 100uL fecal
PD mouse model mice suspension, force-feeding
method
MPTP PD mouse Healthy C57BL/6 1% 10° CFU/MI fecal
model mice suspension for 7 days, force-

feeding method

one patient developed adverse symptoms and needed to be admitted for observation

FMT relieved both motor and non-motor symptoms of PD (PSQI, HAMD, HAMA,
PDQ-39, NMSQ and UPDRS-III scores were significantly decreased (p <0.05)), and
colonoscopic infusion seemed to be more effective than nasointestinal FMT.

Five cases had adverse reactions: abdominal pain, diarrhea, and flatulence

FMT could improve the ecological imbalance of GM, increase the abundance of
Firmicutes, decrease the abundance of Proteobacteria, and reduce SCFAs. Striatal
DA and 5-HT were increased, TLR4/TNF-a pathway was inhibited, SN microglia
and astrocytes activation was decreased, and neuroinflammation was inhibited
After FMT, the abundance of Verrucomicrobia decreased and Proteobacteria
increased at the phylum level. At the genus level, Akkermansia and Desulfovibrio
have decreased in abundance and Barnesiella, Butyricicoccus, Helicobacter and
Roseburia have increased in abundance. Intestinal barrier injury, BBB injury and
systemic inflammation were reduced, LPS level in vivo was decreased, TLR4/
MyD88/ NF-kB pathway was inhibited, and dopaminergic neuron injury was
alleviated

After FMT, motor dysfunction was improved, fecal SFCAs decreased, a-Syn
expression decreased, microglial activation was inhibited, the number of dopamine
neurons was increased, and TLR4/PI3K/NF-kB signal transduction was inhibited in

SN and striatum

Xue et al. (2020)

Sun et al. (2018)

Zhao et al. (2021b)

Zhong et al. (2021)

Here we can see the subjects or animal models, healthy fecal donors, fecal microbiota transplantation methods, and the main results after transplantation. CDI, C. difficile infection; GM,
gut microbiota.

the TLR4/PI3K/AKT/NF-kB pathway in the brain (SN and
striatum) to exert anti-PD effects (Zhong et al., 2021).

The above contents indicate that FMT has certain feasibility in
the future treatment strategy of NDs, but the detailed mechanism
still needs to be clarified. Short-term adverse effects (such as
gastrointestinal discomfort and fever) have also occurred after
FMT, but the exact cause has not been elucidated (Choi and Cho,

Frontiers in Microbiology

11

2016). All in all, the dysbiosis of GM is closely related to NDs.
FMT, as a means to rapidly regulate GM, has great potential for
neurotherapy and is economical, which is worthy of further study
and provides more options for future prevention and treatment.
Morever, in addition to the potential regulatory mechanisms of
FMT, future studies need to involve standardized protocols, safety
assessments, and increases in sample size and scope.
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Conclusion

Impaired GM structure may be involved in the accumulation
of pathogenic proteins in NDS through direct or indirect pathways,
and this accumulation may trigger a more severe inflammatory
storm through the overactivation of microglia, leading to the
development of disease. Overall, GM play a role in the accumulation
of pathogenic proteins in the brain, but evidence remains limited.
This brain-gut signal crosstalk still requires further study. A large
number of clinical trials have shown that dietary therapy and FMT
have shown great potential in the treatment of NDs. A stable GM
can effectively reduce the occurrence of NDs, but the pathogenesis
of each NDs is still different from others. Therefore, the specific
mechanism remains to be clarified in the future to tailor a specific
diet or GM structure according to different NDs diseases.

Author contributions

KL and LH initiated and designed the project. SW and WW
provided suggestions. CX, XL, and XZ collected the references. All
authors contributed to the article and approved the submitted version.

References

Ahn, E. H,, Kang, S. S, Liu, X,, Chen, G., Zhang, Z., Chandrasekharan, B., et al.
(2020). Initiation of Parkinson's disease from gut to brain by &-secretase. Cell Res.
30, 70-87. doi: 10.1038/541422-019-0241-9

Al Rihani, S. B,, Darakjian, L. I., and Kaddoumi, A. (2019). Oleocanthal-rich
extra-virgin olive oil restores the blood-brain barrier function through NLRP3
Inflammasome inhibition simultaneously with autophagy induction in TgSwDI
mice. ACS Chem. Neurosci. 10, 3543-3554. doi: 10.1021/acschemneuro.9b00175

Alfonsetti, M., Castelli, V., and d'Angelo, M. (2022). Are we what we eat?
Impact of diet on the gut-brain Axis in Parkinson's disease. Nutrients 14:380.
doi: 10.3390/nu14020380

Allan, S. M., Tyrrell, P. J., and Rothwell, N. J. (2005). Interleukin-1 and neuronal
injury. Nat. Rev. Immunol. 5, 629-640. doi: 10.1038/nril1664

Asti, A., and Gioglio, L. (2014). Can a bacterial endotoxin be a key factor in the
kinetics of amyloid fibril formation? J. Alzheimers Dis. 39, 169-179. doi: 10.3233/
jad-131394

Baj, T., and Seth, R. (2018). Role of curcumin in regulation of TNF-a mediated
brain inflammatory responses. Recent Patents Inflamm. Allergy Drug Discov. 12,
69-77. doi: 10.2174/1872213x12666180703163824

Ballarini, T., Melo van Lent, D., Brunner, J., Schréder, A., Wolfsgruber, S., Altenstein, S.,
etal. (2021). Mediterranean diet, Alzheimer disease biomarkers and brain atrophy in old
age. Neurology 96, €2920-€2932. doi: 10.1212/wnl.0000000000012067

Bamberger, M. E., Harris, M. E., McDonald, D. R, Husemann, J., and Landreth, G. E.
(2003). A cell surface receptor complex for fibrillar beta-amyloid mediates microglial
activation. J. Neurosci. 23, 2665-2674. doi: 10.1523/jneurosci.23-07-02665.2003

Bello-Medina, P. C., Corona-Cervantes, K., Zavala Torres, N. G., Gonzalez, A.,
Pérez-Morales, M., Gonzalez-Franco, D. A., et al. (2022). Chronic-antibiotics
induced gut microbiota dysbiosis rescues memory impairment and reduces
B-amyloid aggregation in a preclinical Alzheimer's disease model. Int. J. Mol. Sci. 23.
doi: 10.3390/ijms23158209

Ben Youssef, S., Brisson, G., Doucet-Beaupré, H., Castonguay, A. M., Gora, C,,
Amri, M,, et al. (2021). Neuroprotective benefits of grape seed and skin extract in a
mouse model of Parkinson's disease. Nutr Neurosci. 24, 197-211. doi:
10.1080/1028415x.2019.1616435

Bhattacharyya, D., and Bhunia, A. (2021). Gut-brain axis in Parkinson's disease
etiology: the role of lipopolysaccharide. Chem. Phys. Lipids 235:105029. doi:
10.1016/j.chemphyslip.2020.105029

Biazzo, M., and Deidda, G. (2022). Fecal microbiota transplantation as new therapeutic
avenue for human diseases. J. Clin. Med. 11: 4119. doi: 10.3390/jcm11144119

Frontiers in Microbiology

12

10.3389/fmicb.2022.959856

Funding

This work was supported by the Medical and Health Science
and Technology Project of Kunming Health Committee (No.
2021-03-09-001).

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.

Blanco, L. P, Evans, M. L., Smith, D. R., Badtke, M. P, and Chapman, M. R.
(2012). Diversity, biogenesis and function of microbial amyloids. Trends Microbiol.
20, 66-73. doi: 10.1016/j.tim.2011.11.005

Blanco-Benitez, M., Calderon-Fernandez, A., Canales-Cortés, S.,
Alegre-Cortés, E., Uribe-Carretero, E., Paredes-Barquero, M., et al. (2022).
Biological effects of olive oil phenolic compounds on mitochondria. Mol. Cell.
Oncol. 9:2044263. doi: 10.1080/23723556.2022.2044263

Blandini, E (2013). Neural and immune mechanisms in the pathogenesis of
Parkinson's disease. J. Neuroimmune Pharmacol. 8, 189-201. doi: 10.1007/
s11481-013-9435-y

Boucher, D., Monteleone, M., Coll, R. C., Chen, K. W,, Ross, C. M., Teo, J. L., et al.
(2018). Caspase-1 self-cleavage is an intrinsic mechanism to terminate
inflammasome activity. J. Exp. Med. 215, 827-840. doi: 10.1084/jem.20172222

Braak, H., Del Tredici, K., Riib, U., de Vos, R. A, Jansen Steur, E. N., and Braak, E.
(2003). Staging of brain pathology related to sporadic Parkinson's disease. Neurobiol.
Aging 24, 197-211. doi: 10.1016/s0197-4580(02)00065-9

Bradburn, S., Sarginson, J., and Murgatroyd, C. A. (2017). Association of Peripheral
Interleukin-6 with global cognitive decline in non-demented adults: a meta-analysis
of prospective studies. Front. Aging Neurosci. 9:438. doi: 10.3389/fnagi.2017.00438

Brodacki, B., Staszewski, J., Toczylowska, B., Kozlowska, E., Drela, N.,
Chalimoniuk, M., et al. (2008). Serum interleukin (IL-2, IL-10, IL-6, IL-4), TNFalpha,
and INFgamma concentrations are elevated in patients with atypical and idiopathic
parkinsonism. Neurosci. Lett. 441, 158-162. doi: 10.1016/j.neulet.2008.06.040

Bucciantini, M., Leri, M., Nardiello, P., Casamenti, E, and Stefani, M. (2021). Olive
polyphenols: antioxidant and anti-inflammatory properties. Antioxidants (Basel).
10:1044. doi: 10.3390/antiox10071044

Cartmell, T, Poole, S., Turnbull, A. V., Rothwell, N. J., and Luheshi, G. N. (2000).
Circulating interleukin-6 mediates the febrile response to localized inflammation in
rats. J. Physiol. 526, 653-661. doi: 10.1111/j.1469-7793.2000.00653.x

Caruana, M., Cauchi, R., and Vassallo, N. (2016). Putative role of red wine
polyphenols against brain pathology in Alzheimer's and Parkinson's disease. Front.
Nutr. 3:31. doi: 10.3389/fnut.2016.00031

Cattaneo, A., Cattane, N., Galluzzi, S., Provasi, S., Lopizzo, N., Festari, C., et al.
(2017). Association of brain amyloidosis with pro-inflammatory gut bacterial taxa
and peripheral inflammation markers in cognitively impaired elderly. Neurobiol.
Aging 49, 60-68. doi: 10.1016/j.neurobiolaging.2016.08.019

Challis, C., Hori, A., Sampson, T. R., Yoo, B. B., Challis, R. C., Hamilton, A. M.,
et al. (2020). Gut-seeded a-synuclein fibrils promote gut dysfunction and brain

frontiersin.org


https://doi.org/10.3389/fmicb.2022.959856
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1038/s41422-019-0241-9
https://doi.org/10.1021/acschemneuro.9b00175
https://doi.org/10.3390/nu14020380
https://doi.org/10.1038/nri1664
https://doi.org/10.3233/jad-131394
https://doi.org/10.3233/jad-131394
https://doi.org/10.2174/1872213x12666180703163824
https://doi.org/10.1212/wnl.0000000000012067
https://doi.org/10.1523/jneurosci.23-07-02665.2003
https://doi.org/10.3390/ijms23158209
https://doi.org/10.1080/1028415x.2019.1616435
https://doi.org/10.1016/j.chemphyslip.2020.105029
https://doi.org/10.3390/jcm11144119
https://doi.org/10.1016/j.tim.2011.11.005
https://doi.org/10.1080/23723556.2022.2044263
https://doi.org/10.1007/s11481-013-9435-y
https://doi.org/10.1007/s11481-013-9435-y
https://doi.org/10.1084/jem.20172222
https://doi.org/10.1016/s0197-4580(02)00065-9
https://doi.org/10.3389/fnagi.2017.00438
https://doi.org/10.1016/j.neulet.2008.06.040
https://doi.org/10.3390/antiox10071044
https://doi.org/10.1111/j.1469-7793.2000.00653.x
https://doi.org/10.3389/fnut.2016.00031
https://doi.org/10.1016/j.neurobiolaging.2016.08.019

Wei et al.

pathology specifically in aged mice. Nat. Neurosci. 23, 327-336. doi: 10.1038/
$41593-020-0589-7

Chen, C., Ahn, E. H, Kang, S. S, Liu, X,, Alam, A,, and Ye, K. (2020). Gut
dysbiosis contributes to amyloid pathology, associated with C/EBPP/AEP signaling
activation in Alzheimer's disease mouse model. Sci. Adv. 6:eaba0466. doi: 10.1126/
sciadv.aba0466

Chen, Y., Fang, L., Chen, S., Zhou, H., Fan, Y,, Lin, L., et al. (2020). Gut
microbiome alterations precede cerebral amyloidosis and microglial pathology in a
mouse model of Alzheimer's disease. Biomed. Res. Int. 2020:8456596. doi:
10.1155/2020/8456596

Chen, S.]., and Lin, C. H. (2022). Gut microenvironmental changes as a potential
trigger in Parkinson's disease through the gut-brain axis. J. Biomed. Sci. 29:54. doi:
10.1186/512929-022-00839-6

Chen, S. G, Stribinskis, V., Rane, M. J., Demuth, D. R., Gozal, E., Roberts, A. M.,
et al. (2016). Exposure to the functional bacterial amyloid protein curli enhances
alpha-synuclein aggregation in aged Fischer 344 rats and Caenorhabditis elegans.
Sci. Rep. 6:34477. doi: 10.1038/srep34477

Chen, Y., Wu, W,, Zhao, S., Lv, X., Hu, J., Han, C,, et al. (2021). Increased
accumulation of a-synuclein in inflamed appendices of Parkinson's disease patients.
Mov. Disord. 36, 1911-1918. doi: 10.1002/mds.28553

Chen, C., Zhou, Y., Wang, H., Alam, A., Kang, S. S., Ahn, E. H,, et al. (2021). Gut
inflammation triggers C/EBPf/8-secretase-dependent gut-to-brain propagation of
AP and tau fibrils in Alzheimer's disease. EMBO J. 40:106320. doi: 10.15252/
embj.2020106320

Cheng, B., Yang, X,, An, L., Gao, B,, Liu, X,, and Liu, S. (2009). Ketogenic diet
protects dopaminergic neurons against 6-OHDA neurotoxicity via up-regulating
glutathione in a rat model of Parkinson's disease. Brain Res. 1286, 25-31. doi:
10.1016/j.brainres.2009.06.060

Chiang, C. S., Stalder, A., Samimi, A., and Campbell, I. L. (1994). Reactive gliosis
as a consequence of interleukin-6 expression in the brain: studies in transgenic mice.
Dev. Neurosci. 16,212-221. doi: 10.1159/000112109

Chidambaram, S. B, Essa, M. M., Rathipriya, A. G., Bishir, M., Ray,
B., Mahalakshmi, A. M., et al. (2022). Gut dysbiosis, defective autophagyand altered
immune responses in neurodegenerative diseases: Tales of a vicious cycle. Pharmacol.
Ther. 231:107988. doi: 10.1016/j.pharmthera.2021.107988

Choi, H. H., and Cho, Y. S. (2016). Fecal microbiota transplantation: current
applications, effectiveness, and future perspectives. Clin. Endosc. 49, 257-265. doi:
10.5946/ce.2015.117

Choi, H. B.,, Khoo, C., Ryu, J. K., Van Breemen, E., Kim, S. U, and
McLarnon, J. G. (2002). Inhibition of lipopolysaccharide-induced
cyclooxygenase-2, tumor necrosis factor-a and Ca®" responses in human
microglia by the peripheral benzodiazepine receptor ligand PK11195. J.
Neurochem. 83, 546-555. doi: 10.1046/j.1471-4159.2002.01122.x

Clayton, K., Delpech, J. C., Herron, S., Iwahara, N., Ericsson, M., Saito, T., et al.
(2021). Plaque associated microglia hyper-secrete extracellular vesicles and
accelerate tau propagation in a humanized APP mouse model. Mol. Neurodegener.
16:18. doi: 10.1186/513024-021-00440-9

Cold, E, Baunwall, S. M. D., Dahlerup, J. E, Petersen, A. M., Hvas, C. L., and
Hansen, L. H. (2021). Systematic review with meta-analysis: encapsulated faecal
microbiota transplantation - evidence for clinical efficacy. Ther. Adv. Gastroenterol.
14:1004. doi: 10.1177/17562848211041004

Cottler, L. B., Zunt, J., Weiss, B., Kamal, A. K., and Vaddiparti, K. (2015). Building
global capacity for brain and nervous system disorders research. Nature 527, S207-
S213. doi: 10.1038/nature16037

Croteau, E., Castellano, C. A., Richard, M. A., Fortier, M., Nugent, S.,
Lepage, M., et al. (2018). Ketogenic medium chain triglycerides increase brain
energy metabolism in Alzheimer's disease. J. Alzheimers Dis. 64, 551-561. doi:
10.3233/jad-180202

Cryan, J. E, O'Riordan, K. J., Cowan, C. S. M., Sandhu, K. V., Bastiaanssen, T. F.
S., Boehme, M., et al. (2019). The microbiota-gut-brain Axis. Physiol. Rev. 99,
1877-2013. doi: 10.1152/physrev.00018.2018

Daniele, S. G., Béraud, D., Davenport, C., Cheng, K., Yin, H., and
Maguire-Zeiss, K. A. (2015). Activation of MyD88-dependent TLR1/2 signaling by
misfolded a-synuclein, a protein linked to neurodegenerative disorders. Sci. Signal.
8:ra45. doi: 10.1126/scisignal.2005965

Desplats, P, Lee, H. J., Bae, E. J,, Patrick, C., Rockenstein, E., Crews, L., et al.
(2009). Inclusion formation and neuronal cell death through neuron-to-neuron
transmission of alpha-synuclein. Proc. Natl. Acad. Sci. U. S. A. 106, 13010-13015.
doi: 10.1073/pnas.0903691106

Diaz Heijtz, R., Wang, S., Anuar, E, Qian, Y., Bjérkholm, B., Samuelsson, A., et al.
(2011). Normal gut microbiota modulates brain development and behavior. Proc.
Natl. Acad. Sci. U. S. A. 108, 3047-3052. doi: 10.1073/pnas.1010529108

Ding, H., Reiss, A. B., Pinkhasov, A., and Kasselman, L. J. (2022). Plants, plants,
and more plants: plant-derived nutrients and their protective roles in cognitive

Frontiers in Microbiology

13

10.3389/fmicb.2022.959856

function, Alzheimer's disease, and other dementias. Medicina 58:1025. doi: 10.3390/
medicina58081025

Dueholm, M. S., Albertsen, M., Otzen, D., and Nielsen, P. H. (2012). Curli
functional amyloid systems are phylogenetically widespread and display large
diversity in operon and protein structure. PLoS One 7:e51274. doi: 10.1371/journal.
pone.0051274

Dugan, L. L., Alj, S. S., Shekhtman, G., Roberts, A. J., Lucero, J., Quick, K. L., et al.
(2009). IL-6 mediated degeneration of forebrain GABAergic interneurons and
cognitive impairment in aged mice through activation of neuronal NADPH oxidase.
PLoS One 4:¢5518. doi: 10.1371/journal.pone.0005518

Ellwanger, D. C., Wang, S., Brioschi, S., Shao, Z., Green, L., Case, R, et al. (2021).
Prior activation state shapes the microglia response to antihuman TREM2 in a
mouse model of Alzheimer's disease. Proc. Natl. Acad. Sci. U. S. A. 118:2017742118.
doi: 10.1073/pnas.2017742118

Esselun, C., Dieter, E, Sus, N., Frank, J., and Eckert, G. P. (2022). Walnut oil
reduces AP levels and increases neurite length in a cellular model of early Alzheimer
disease. Nutrients 14:1694. doi: 10.3390/nu14091694

Fang, P, Kazmi, S. A., Jameson, K. G., and Hsiao, E. Y. (2020). The microbiome as
a modifier of neurodegenerative disease risk. Cell Host Microbe 28, 201-222. doi:
10.1016/j.chom.2020.06.008

Flach, M., Leu, C., Martinisi, A., Skachokova, Z., Frank, S., Tolnay, M., et al.
(2022). Trans-seeding of Alzheimer-related tau protein by a yeast prion. Alzheimer’s
Dement. 1-12. doi: 10.1002/alz.12581

Forsyth, C. B., Shannon, K. M., Kordower, J. H., Voigt, R. M., Shaikh, M.,
Jaglin, J. A., et al. (2011). Increased intestinal permeability correlates with
sigmoid mucosa alpha-synuclein staining and endotoxin exposure markers in
early Parkinson's disease. PLoS Omne 6:€28032. doi: 10.1371/journal.
pone.0028032

Fortier, M., Castellano, C. A., St-Pierre, V., Myette-Coté, E., Langlois, E,
Roy, M., et al. (2021). A ketogenic drink improves cognition in mild cognitive
impairment: results of a 6-month RCT. Alzheimers Dement. 17, 543-552. doi:
10.1002/alz.12206

Friedland, R. P. (2015). Mechanisms of molecular mimicry involving the microbiota in
neurodegeneration. J. Alzheimers Dis. 45, 349-362. doi: 10.3233/jad-142841

Friedland, R. P,, and Chapman, M. R. (2017). The role of microbial amyloid in
neurodegeneration. PLoS Pathog. 13:e1006654. doi: 10.1371/journal.ppat.1006654

Friker, L. L., Scheiblich, H., Hochheiser, I. V., Brinkschulte, R., Riedel, D., Latz, E.,
et al. (2020). B-Amyloid clustering around ASC fibrils boosts its toxicity in
microglia. Cell Rep. 30, 3743-3754.¢6. doi: 10.1016/j.celrep.2020.02.025

Ghezzi, L., Cantoni, C., Rotondo, E., and Galimberti, D. (2022). The gut
microbiome-brain crosstalk in neurodegenerative diseases. Biomedicine 10:1486.
doi: 10.3390/biomedicines10071486

Giacomelli, C., Daniele, S., and Martini, C. (2017). Potential biomarkers and novel
pharmacological targets in protein aggregation-related neurodegenerative diseases.
Biochem. Pharmacol. 131, 1-15. doi: 10.1016/j.bcp.2017.01.017

Gomaa, E. Z. (2020). Human gut microbiota/microbiome in health and diseases: a
review. Antonie Van Leeuwenhoek 113, 2019-2040. doi: 10.1007/s10482-020-01474-7

Gonzélez-Polo, R. A., Pizarro-Estrella, E., Yakhine-Diop, S. M,
Rodriguez-Arribas, M., Gémez-Sanchez, R., Pedro, J. M., et al. (2015). Is the
modulation of autophagy the future in the treatment of neurodegenerative diseases?
Curr. Top. Med. Chem. 15, 2152-2174. doi: 10.2174/1568026615666150610130645

Gonzalez-Sanmiguel, J., Schuh, C., Mufioz-Montesino, C., Contreras-Kallens, P,
Aguayo, L. G., and Aguayo, S. (2020). Complex interaction between resident
microbiota and misfolded proteins: role in neuroinflammation and
neurodegeneration. Cells 9:2476. doi: 10.3390/cells9112476

Gough, S. M., Casella, A., Ortega, K. J., and Hackam, A. S. (2021). Neuroprotection
by the ketogenic diet: evidence and controversies. Front. Nutr. 8:782657. doi:
10.3389/fnut.2021.782657

Griffin, W. S., and Mrak, R. E. (2002). Interleukin-1 in the genesis and progression
of and risk for development of neuronal degeneration in Alzheimer's disease. J.
Leukoc. Biol. 72, 233-238. doi: 10.1189/j1b.72.2.233

Grochowska, K., and Przeliorz, A. (2022). The effect of the ketogenic diet on the
therapy of neurodegenerative diseases and its impact on improving cognitive
functions. Dement. Geriatr. Cogn. Dis. Extra. 12, 100-106. doi: 10.1159/000524331

Guerreiro, R., Wojtas, A., Bras, J., Carrasquillo, M., Rogaeva, E., Majounie, E.,
etal. (2013). TREM2 variants in Alzheimer's disease. N. Engl. J. Med. 368, 117-127.
doi: 10.1056/NEJMoal211851

Guo, Y., Wang, B., Wang, T., Gao, L., Yang, Z. ]., Wang, E. E, et al. (2021). Biological
characteristics of IL-6 and related intestinal diseases. Int. J. Biol. Sci. 17, 204-219.
doi: 10.7150/ijbs.51362

Harms, A. S., Ferreira, S. A., and Romero-Ramos, M. (2021). Periphery and brain,
innate and adaptive immunity in Parkinson's disease. Acta Neuropathol. 141,
527-545. doi: 10.1007/s00401-021-02268-5

frontiersin.org


https://doi.org/10.3389/fmicb.2022.959856
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1038/s41593-020-0589-7
https://doi.org/10.1038/s41593-020-0589-7
https://doi.org/10.1126/sciadv.aba0466
https://doi.org/10.1126/sciadv.aba0466
https://doi.org/10.1155/2020/8456596
https://doi.org/10.1186/s12929-022-00839-6
https://doi.org/10.1038/srep34477
https://doi.org/10.1002/mds.28553
https://doi.org/10.15252/embj.2020106320
https://doi.org/10.15252/embj.2020106320
https://doi.org/10.1016/j.brainres.2009.06.060
https://doi.org/10.1159/000112109
https://doi.org/10.1016/j.pharmthera.2021.107988
https://doi.org/10.5946/ce.2015.117
https://doi.org/10.1046/j.1471-4159.2002.01122.x
https://doi.org/10.1186/s13024-021-00440-9
https://doi.org/10.1177/17562848211041004
https://doi.org/10.1038/nature16037
https://doi.org/10.3233/jad-180202
https://doi.org/10.1152/physrev.00018.2018
https://doi.org/10.1126/scisignal.2005965
https://doi.org/10.1073/pnas.0903691106
https://doi.org/10.1073/pnas.1010529108
https://doi.org/10.3390/medicina58081025
https://doi.org/10.3390/medicina58081025
https://doi.org/10.1371/journal.pone.0051274
https://doi.org/10.1371/journal.pone.0051274
https://doi.org/10.1371/journal.pone.0005518
https://doi.org/10.1073/pnas.2017742118
https://doi.org/10.3390/nu14091694
https://doi.org/10.1016/j.chom.2020.06.008
https://doi.org/10.1002/alz.12581
https://doi.org/10.1371/journal.pone.0028032
https://doi.org/10.1371/journal.pone.0028032
https://doi.org/10.1002/alz.12206
https://doi.org/10.3233/jad-142841
https://doi.org/10.1371/journal.ppat.1006654
https://doi.org/10.1016/j.celrep.2020.02.025
https://doi.org/10.3390/biomedicines10071486
https://doi.org/10.1016/j.bcp.2017.01.017
https://doi.org/10.1007/s10482-020-01474-7
https://doi.org/10.2174/1568026615666150610130645
https://doi.org/10.3390/cells9112476
https://doi.org/10.3389/fnut.2021.782657
https://doi.org/10.1189/jlb.72.2.233
https://doi.org/10.1159/000524331
https://doi.org/10.1056/NEJMoa1211851
https://doi.org/10.7150/ijbs.51362
https://doi.org/10.1007/s00401-021-02268-5

Wei et al.

Hazan, S. (2020). Rapid improvement in Alzheimer's disease symptoms following
fecal microbiota transplantation: a case report. J. Int. Med. Res. 48:5930. doi:
10.1177/0300060520925930

Heneka, M. T., Kummer, M. P, and Latz, E. (2014). Innate immune activation in
neurodegenerative disease. Nat. Rev. Immunol. 14, 463-477. doi: 10.1038/nri3705

Heneka, M. T., Kummer, M. P, Stutz, A., Delekate, A., Schwartz, S.,
Vieira-Saecker, A., et al. (2013). NLRP3 is activated in Alzheimer's disease and
contributes to pathology in APP/PS1 mice. Nature 493, 674-678. doi: 10.1038/
naturell729

Heneka, M. T., McManus, R. M., and Latz, E. (2018). Inflammasome signalling in
brain function and neurodegenerative disease. Nat. Rev. Neurosci. 19, 610-621. doi:
10.1038/s41583-018-0055-7

Hilton, D., Stephens, M., Kirk, L., Edwards, P., Potter, R., Zajicek, J., et al. (2014).
Accumulation of a-synuclein in the bowel of patients in the pre-clinical phase of
Parkinson's disease. Acta Neuropathol. 127, 235-241. doi: 10.1007/
s00401-013-1214-6

Holmgyist, S., Chutna, O., Bousset, L., Aldrin-Kirk, P, Li, W,, Bjorklund, T., et al.
(2014). Direct evidence of Parkinson pathology spread from the gastrointestinal
tract to the brain in rats. Acta Neuropathol. 128, 805-820. doi: 10.1007/
s00401-014-1343-6

Hooper, L. V, Littman, D. R., and Macpherson, A.J. (2012). Interactions between
the microbiota and the immune system. Science 336, 1268-1273. doi: 10.1126/
science.1223490

Idriss, H. T., and Naismith, J. H. (2000). TNF alpha and the TNF receptor
superfamily: structure-function relationship(s). Microsc. Res. Tech. 50, 184-195. doi:
10.1002/1097-0029(20000801)50:3<184::Aid-jemt2>3.0.Co;2-h

Jin, M., Shiwaku, H., Tanaka, H., Obita, T., Ohuchi, S., Yoshioka, Y., et al. (2021).
Tau activates microglia via the PQBP1-cGAS-STING pathway to promote brain
inflammation. Nat. Commun. 12:6565. doi: 10.1038/s41467-021-26851-2

Kaakoush, N. O., and Morris, M. J. (2017). More flavor for flavonoid-based
interventions? Trends Mol. Med. 23, 293-295. doi: 10.1016/j.molmed.2017.02.008

Kaur, S., Bansal, Y., Kumar, R., and Bansal, G. (2020). A panoramic review of IL-6:
structure, pathophysiological roles and inhibitors. Bioorg. Med. Chem. 28:115327.
doi: 10.1016/j.bmc.2020.115327

Keren-Shaul, H., Spinrad, A., Weiner, A., Matcovitch-Natan, O,
Dvir-Szternfeld, R., Ulland, T. K., et al. (2017). A unique microglia type associated
with restricting development of Alzheimer's disease. Cells 169, 1276-1290.e17. doi:
10.1016/j.cell.2017.05.018

Kesika, P, Suganthy, N., Sivamaruthi, B. S., and Chaiyasut, C. (2021). Role of gut-
brain axis, gut microbial composition, and probiotic intervention in Alzheimer's
disease. Life Sci. 264:118627. doi: 10.1016/j.1fs.2020.118627

Kim, M. S., Kim, Y., Choi, H., Kim, W,, Park, S., Lee, D., et al. (2020). Transfer of
a healthy microbiota reduces amyloid and tau pathology in an Alzheimer's disease
animal model. Gut 69, 283-294. doi: 10.1136/gutjn]-2018-317431

Kim, S., Kwon, S. H., Kam, T. I, Panicker, N., Karuppagounder, S. S., Lee, S., et al.
(2019). Transneuronal propagation of pathologic a-synuclein from the gut to the
brain models Parkinson's disease. Neuron 103, 627-641.e7. doi: 10.1016/j.
neuron.2019.05.035

Koppel, S.J., Pei, D., Wilkins, H. M., Weidling, I. W., Wang, X., Menta, B. W,, et al.
(2021). A ketogenic diet differentially affects neuron and astrocyte transcription. J.
Neurochem. 157, 1930-1945. doi: 10.1111/jnc.15313

Kowalski, K., and Mulak, A. (2019). Brain-gut-microbiota Axis in Alzheimer's
disease. J. Neurogastroenterol. Motil. 25, 48-60. doi: 10.5056/jnm18087

Lashuel, H. A, Hartley, D., Petre, B. M., Walz, T., and Lansbury, P. T. Jr. (2002).
Neurodegenerative disease: amyloid pores from pathogenic mutations. Nature
418:291. doi: 10.1038/418291a

Latz, E., Xiao, T. S., and Stutz, A. (2013). Activation and regulation of the
inflammasomes. Nat. Rev. Immunol. 13, 397-411. doi: 10.1038/nri3452

Lefévre-Arbogast, S., Thomas, A., and Samieri, C. (2022). Dietary factors and
brain health. Curr. Opin. Lipidol. 33, 25-30. doi: 10.1097/mol.0000000000000803

Leng, E, and Edison, P. (2021). Neuroinflammation and microglial activation in
Alzheimer disease: where do we go from here? Nat. Rev. Neurol. 17, 157-172. doi:
10.1038/541582-020-00435-y

Leri, M., Chaudhary, H., Iashchishyn, I. A., Pansieri, J., Svedruzi¢, 7. M., Gémez
Alcalde, S., et al. (2021). Natural compound from olive oil inhibits SI00A9 amyloid
formation and cytotoxicity: implications for preventing Alzheimer's disease. ACS
Chem. Neurosci. 12, 1905-1918. doi: 10.1021/acschemneuro.0c00828

Li, R. J,, Liu, Y, Liu, H. Q,, and Li, J. (2020). Ketogenic diets and protective
mechanisms in epilepsy, metabolic disorders, cancer, neuronal loss, and muscle and
nerve degeneration. J. Food Biochem. 44:e13140. doi: 10.1111/jfbc.13140

Li, Y, Xia, Y., Yin, S., Wan, E, Hu, ], Kou, L., et al. (2021). Targeting microglial
a-synuclein/TLRs/NF-kappaB/NLRP3 inflammasome axis in Parkinson's disease.
Front. Immunol. 12:719807. doi: 10.3389/fimmu.2021.719807

Frontiers in Microbiology

14

10.3389/fmicb.2022.959856

Lopez-Legarrea, P, Fuller, N. R,, Zulet, M. A, Martinez, J. A., and Caterson, L. D.
(2014). The influence of Mediterranean, carbohydrate and high protein diets on gut
microbiota composition in the treatment of obesity and associated inflammatory
state. Asia Pac. J. Clin. Nutr. 23, 360-368. doi: 10.6133/apjcn.2014.23.3.16

Lorente-Picon, M., and Laguna, A. (2021). New avenues for Parkinson's disease
therapeutics: disease-modifying strategies based on the gut microbiota. Biomolecules
11:433. doi: 10.3390/biom11030433

Lotz, S. K., Blackhurst, B. M., Reagin, K. L., and Funk, K. E. (2021). Microbial
infections are a risk factor for neurodegenerative diseases. Front. Cell. Neurosci.
15:691136. doi: 10.3389/fncel.2021.691136

Maiuolo, J., Gliozzi, M., Musolino, V., Carresi, C., Scarano, E, Nucera, S., et al.
(2021). The contribution of gut microbiota-brain axis in the development of brain
disorders. Front. Neurosci. 15:616883. doi: 10.3389/fnins.2021.616883

Mattavelli, E., Olmastroni, E., Bonofiglio, D., Catapano, A. L., Baragetti, A.,
and Magni, P. (2022). Adherence to the Mediterranean diet: impact of
geographical location of the observations. Nutrients 14:2040. doi: 10.3390/
nul4102040

McCoy, M. K., and Tansey, M. G. (2008). TNF signaling inhibition in the CNS:
implications for normal brain function and neurodegenerative disease. J.
Neuroinflamm. 5:45. doi: 10.1186/1742-2094-5-45

Megur, A., Baltriukiené, D., Bukelskiené, V., and Burokas, A. (2020). The
microbiota-gut-brain Axis and Alzheimer's disease: Neuroinflammation is to blame?
Nutrients 13:37. doi: 10.3390/nu13010037

Mendiola, A. S., and Cardona, A. E. (2018). The IL-1p phenomena in
neuroinflammatory diseases. J. Neural Transm. (Vienna) 125, 781-795. doi: 10.1007/
s00702-017-1732-9

Millman, J. E, Okamoto, S., Teruya, T., Uema, T., Ikematsu, S., Shimabukuro, M.,
et al. (2021). Extra-virgin olive oil and the gut-brain axis: influence on gut
microbiota, mucosal immunity, and cardiometabolic and cognitive health. Nutr. Rev.
79, 1362-1374. doi: 10.1093/nutrit/nuaal48

Milosevic, 1., Vujovic, A., Barac, A., Djelic, M., Korac, M., Radovanovic
Spurnic, A,, et al. (2019). Gut-liver Axis, gut microbiota, and its modulation in the
Management of Liver Diseases: a review of the literature. Int. J. Mol. Sci. 20:395. doi:
10.3390/ijms20020395

Mohammadi, G., Dargahi, L., Peymani, A., Mirzanejad, Y., Alizadeh, S. A,,
Naserpour, T., et al. (2019). The effects of probiotic formulation pretreatment
(lactobacillus helveticus R0052 and Bifidobacterium longum R0175) on a
lipopolysaccharide rat model. J. Am. Coll. Nutr. 38, 209-217. doi:
10.1080/07315724.2018.1487346

Moustafa, B., Trifan, G., Isasi, C. R., Lipton, R. B., Sotres-Alvarez, D., Cai, J., et al.
(2022). Association of mediterranean diet with cognitive decline among diverse
hispanic or latino adults from the hispanic community health study/study of
Latinos. JAMA Netw. Open 5:¢2221982. doi: 10.1001/jamanetworkopen.2022.21982

Nagpal, R., Neth, B. ], Wang, S., Mishra, S. P, Craft, S., and Yadav, H. (2020). Gut
mycobiome and its interaction with diet, gut bacteria and alzheimer's disease
markers in subjects with mild cognitive impairment: a pilot study. EBioMedicine
59:102950. doi: 10.1016/j.ebiom.2020.102950

Nagu, P, Parashar, A., Behl, T., and Mehta, V. (2021). Gut microbiota composition
and epigenetic molecular changes connected to the pathogenesis of Alzheimer's
disease. J. Mol. Neurosci. 71, 1436-1455. doi: 10.1007/s12031-021-01829-3

Nargeh, H., Aliabadi, E, Ajami, M., and Pazoki-Toroudi, H. (2021). Role of
polyphenols on gut microbiota and the ubiquitin-proteasome system in
neurodegenerative diseases. J. Agric. Food Chem. 69, 6119-6144. doi: 10.1021/acs.
jafc.1c00923

Needham, B. D., Kaddurah-Daouk, R., and Mazmanian, S. K. (2020). Gut
microbial molecules in behavioral and neurodegenerative conditions. Nat. Rev.
Neurosci. 21, 717-731. doi: 10.1038/s41583-020-00381-0

Neth, B. ], Mintz, A., Whitlow, C., Jung, Y., Solingapuram Sai, K., Register, T. C.,
et al. (2020). Modified ketogenic diet is associated with improved cerebrospinal fluid
biomarker profile, cerebral perfusion, and cerebral ketone body uptake in older
adults at risk for Alzheimer's disease: a pilot study. Neurobiol. Aging 86, 54-63. doi:
10.1016/j.neurobiolaging.2019.09.015

Nimgampalle, M., and Kuna, Y. (2017). Anti-Alzheimer properties of probiotic,
lactobacillus plantarum MTCC 1325 in Alzheimer's disease induced albino rats. J.
Clin. Diagn. Res. 11:428. doi: 10.7860/jcdr/2017/26106.10428

Nishimori, J. H., Newman, T. N., Oppong, G. O., Rapsinski, G. J., Yen, J. H,,
Biesecker, S. G., et al. (2012). Microbial amyloids induce interleukin 17A (IL-17A)

and IL-22 responses via toll-like receptor 2 activation in the intestinal mucosa.
Infect. Immun. 80, 4398-4408. doi: 10.1128/iai.00911-12

O'Toole, P. W, and Jeffery, I. B. (2015). Gut microbiota and aging. Science 350,
1214-1215. doi: 10.1126/science.aac8469

Parameswaran, N., and Patial, S. (2010). Tumor necrosis factor-a signaling in
macrophages. Crit. Rev. Eukaryot. Gene Expr. 20, 87-103. doi: 10.1615/
critreveukargeneexpr.v20.i2.10

frontiersin.org


https://doi.org/10.3389/fmicb.2022.959856
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1177/0300060520925930
https://doi.org/10.1038/nri3705
https://doi.org/10.1038/nature11729
https://doi.org/10.1038/nature11729
https://doi.org/10.1038/s41583-018-0055-7
https://doi.org/10.1007/s00401-013-1214-6
https://doi.org/10.1007/s00401-013-1214-6
https://doi.org/10.1007/s00401-014-1343-6
https://doi.org/10.1007/s00401-014-1343-6
https://doi.org/10.1126/science.1223490
https://doi.org/10.1126/science.1223490
https://doi.org/10.1002/1097-0029(20000801)50:3<184::Aid-jemt2>3.0.Co;2-h
https://doi.org/10.1038/s41467-021-26851-2
https://doi.org/10.1016/j.molmed.2017.02.008
https://doi.org/10.1016/j.bmc.2020.115327
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1016/j.lfs.2020.118627
https://doi.org/10.1136/gutjnl-2018-317431
https://doi.org/10.1016/j.neuron.2019.05.035
https://doi.org/10.1016/j.neuron.2019.05.035
https://doi.org/10.1111/jnc.15313
https://doi.org/10.5056/jnm18087
https://doi.org/10.1038/418291a
https://doi.org/10.1038/nri3452
https://doi.org/10.1097/mol.0000000000000803
https://doi.org/10.1038/s41582-020-00435-y
https://doi.org/10.1021/acschemneuro.0c00828
https://doi.org/10.1111/jfbc.13140
https://doi.org/10.3389/fimmu.2021.719807
https://doi.org/10.6133/apjcn.2014.23.3.16
https://doi.org/10.3390/biom11030433
https://doi.org/10.3389/fncel.2021.691136
https://doi.org/10.3389/fnins.2021.616883
https://doi.org/10.3390/nu14102040
https://doi.org/10.3390/nu14102040
https://doi.org/10.1186/1742-2094-5-45
https://doi.org/10.3390/nu13010037
https://doi.org/10.1007/s00702-017-1732-9
https://doi.org/10.1007/s00702-017-1732-9
https://doi.org/10.1093/nutrit/nuaa148
https://doi.org/10.3390/ijms20020395
https://doi.org/10.1080/07315724.2018.1487346
https://doi.org/10.1001/jamanetworkopen.2022.21982
https://doi.org/10.1016/j.ebiom.2020.102950
https://doi.org/10.1007/s12031-021-01829-3
https://doi.org/10.1021/acs.jafc.1c00923
https://doi.org/10.1021/acs.jafc.1c00923
https://doi.org/10.1038/s41583-020-00381-0
https://doi.org/10.1016/j.neurobiolaging.2019.09.015
https://doi.org/10.7860/jcdr/2017/26106.10428
https://doi.org/10.1128/iai.00911-12
https://doi.org/10.1126/science.aac8469
https://doi.org/10.1615/critreveukargeneexpr.v20.i2.10
https://doi.org/10.1615/critreveukargeneexpr.v20.i2.10

Wei et al.

Parhizkar, S., and Holtzman, D. M. (2022). APOE mediated neuroinflammation
and neurodegeneration in Alzheimer's disease. Semin. Immunol. 26:101594. doi:
10.1016/j.smim.2022.101594

Park, S. H,, Lee, J. H,, Shin, J., Kim, J. S., Cha, B,, Lee, S., et al. (2021). Cognitive
function improvement after fecal microbiota transplantation in Alzheimer's
dementia patient: a case report. Curr. Med. Res. Opin. 37, 1739-1744. doi:
10.1080/03007995.2021.1957807

Parker, A., Fonseca, S., and Carding, S. R. (2020). Gut microbes and metabolites
as modulators of blood-brain barrier integrity and brain health. Gut Microbes 11,
135-157. doi: 10.1080/19490976.2019.1638722

Pascoal, T. A., Benedet, A. L., Ashton, N. J,, Kang, M. S., Therriault, J.,
Chamoun, M., et al. (2021). Publisher correction: microglial activation and tau
propagate jointly across Braak stages. Nat. Med. 27, 2048-2049. doi: 10.1038/
$41591-021-01568-3

Pellegrini, C., Antonioli, L., Colucci, R., Blandizzi, C., and Fornai, M. (2018).
Interplay among gut microbiota, intestinal mucosal barrier and enteric neuro-
immune system: a common path to neurodegenerative diseases? Acta Neuropathol.
136, 345-361. doi: 10.1007/s00401-018-1856-5

Pelvig, D. P, Pakkenberg, H., Stark, A. K., and Pakkenberg, B. (2008). Neocortical
glial cell numbers in human brains. Neurobiol. Aging 29, 1754-1762. doi: 10.1016/j.
neurobiolaging.2007.04.013

Penke, B., Bogar, F, Paragi, G., Gera, J., and Fiil6p, L. (2019). Key peptides and
proteins in Alzheimer's disease. Curr. Protein Pept. Sci. 20, 577-599. doi: 10.217
4/1389203720666190103123434

Petrella, C., Di Certo, M. G., Gabanella, E, Barbato, C., Ceci, F. M., Greco, A., et al.
(2021). Mediterranean diet, brain and muscle: olive polyphenols and resveratrol
protection in neurodegenerative and neuromuscular disorders. Curr. Med. Chem.
28, 7595-7613. doi: 10.2174/0929867328666210504113445

Phillips, M. C. L., Deprez, L. M., Mortimer, G. M. N., Murtagh, D. K. J., McCoy, S.,
Mylchreest, R., et al. (2021). Randomized crossover trial of a modified ketogenic
diet in Alzheimer's disease. Alzheimers Res. Ther. 13:51. doi: 10.1186/
$13195-021-00783-x

Phillips, M. C. L., Murtagh, D. K. J., Gilbertson, L. J., Asztely, E J. S., and
Lynch, C. D. P. (2018). Low-fat versus ketogenic diet in Parkinson's disease: a pilot
randomized controlled trial. Mov. Disord. 33, 1306-1314. doi: 10.1002/mds.27390

Pike, A. E, Varanita, T., Herrebout, M. A. C,, Plug, B. C,, Kole, J., Musters, R.]. P,
et al. (2021). a-Synuclein evokes NLRP3 inflammasome-mediated IL-1p secretion
from primary human microglia. Glia 69, 1413-1428. doi: 10.1002/glia.23970

Pistollato, F,, Sumalla Cano, S., Elio, 1., Masias Vergara, M., Giampieri, F, and
Battino, M. (2016). Role of gut microbiota and nutrients in amyloid formation and
pathogenesis of Alzheimer disease. Nutr. Rev. 74, 624-634. doi: 10.1093/nutrit/
nuw023

Place, D. E., and Kanneganti, T. D. (2018). Recent advances in inflammasome
biology. Curr. Opin. Immunol. 50, 32-38. doi: 10.1016/j.c0i.2017.10.011

Qiu, Z., and Gruol, D. L. (2003). Interleukin-6, beta-amyloid peptide and NMDA
interactions in rat cortical neurons. J. Neuroimmunol. 139, 51-57. doi: 10.1016/
s0165-5728(03)00158-9

Qu, Z., Tian, P, Yang, B., Zhao, J., Wang, G., and Chen, W. (2022). Fecal
microbiota transplantation for diseases: therapeutic potential, methodology,
risk management in clinical practice. Life Sci. 304:120719. doi: 10.1016/j.
1f5.2022.120719

Quigley, E. M. M. (2017). Microbiota-brain-gut Axis and neurodegenerative
diseases. Curr. Neurol. Neurosci. Rep. 17:94. doi: 10.1007/s11910-017-0802-6

Ravindranath, V., Dang, H. M., Goya, R. G., Mansour, H., Nimgaonkar, V. L.,
Russell, V. A, et al. (2015). Regional research priorities in brain and nervous system
disorders. Nature 527, $198-5206. doi: 10.1038/nature16036

Rebello, C. ], Keller, J. N, Liu, A. G., Johnson, W. D., and Greenway, F. L. (2015).
Pilot feasibility and safety study examining the effect of medium chain triglyceride
supplementation in subjects with mild cognitive impairment: a randomized
controlled trial. BBA Clin. 3, 123-125. doi: 10.1016/j.bbacli.2015.01.001

Rogers, G. B., Keating, D. J., Young, R. L., Wong, M. L., Licinio, J., and
Wesselingh, S. (2016). From gut dysbiosis to altered brain function and mental
illness: mechanisms and pathways. Mol. Psychiatry 21, 738-748. doi: 10.1038/
mp.2016.50

Rosario, D., Bidkhori, G., Lee, S., Bedarf, J., Hildebrand, E, Le Chatelier, E., et al.
(2021). Systematic analysis of gut microbiome reveals the role of bacterial folate and
homocysteine metabolism in Parkinson's disease. Cell Rep. 34:108807. doi: 10.1016/j.
celrep.2021.108807

Ryder, B. D., Wydorski, P. M., Hou, Z., and Joachimiak, L. A. (2022). Chaperoning
shape-shifting tau in disease. Trends Biochem. Sci. 47, 301-313. doi: 10.1016/j.
tibs.2021.12.009

Saijo, K., Winner, B., Carson, C. T., Collier, J. G., Boyer, L., Rosenfeld, M. G., et al.
(2009). A Nurrl/CoREST pathway in microglia and astrocytes protects

Frontiers in Microbiology

15

10.3389/fmicb.2022.959856

dopaminergic neurons from inflammation-induced death. Cells 137, 47-59. doi:
10.1016/j.cell.2009.01.038

Sampson, T. R., Challis, C., Jain, N., Moiseyenko, A., Ladinsky, M. S., Shastri, G. G.,
et al. (2020). A gut bacterial amyloid promotes a-synuclein aggregation and motor
impairment in mice. elife 9:¢53111. doi: 10.7554/eLife.53111

Sampson, T. R., Debelius, . W,, Thron, T., Janssen, S., Shastri, G. G., Ilhan, Z. E.,
et al. (2016). Gut microbiota regulate motor deficits and neuroinflammation in a
model of Parkinson's disease. Cells 167, 1469-1480.e12. doi: 10.1016/j.
cell.2016.11.018

Scheperjans, E, Aho, V., Pereira, P. A., Koskinen, K., Paulin, L., Pekkonen, E., et al.
(2015). Gut microbiota are related to Parkinson's disease and clinical phenotype.
Mov. Disord. 30, 350-358. doi: 10.1002/mds.26069

Scoditti, E., Tumolo, M. R., and Garbarino, S. (2022). Mediterranean diet on sleep:
a health Alliance. Nutrients 14:2998. doi: 10.3390/nu14142998

Segal, A., Zlotnik, Y., Moyal-Atias, K., Abuhasira, R., and Ifergane, G. (2021).
Fecal microbiota transplant as a potential treatment for Parkinson's disease - a
case series. Clin. Neurol. Neurosurg. 207:106791. doi: 10.1016/j.clineuro.
2021.106791

Sharon, G., Sampson, T. R., Geschwind, D. H., and Mazmanian, S. K. (2016). The
central nervous system and the gut microbiome. Cells 167, 915-932. doi: 10.1016/j.
cell.2016.10.027

Shen, H., Guan, Q., Zhang, X., Yuan, C,, Tan, Z., Zhai, L., et al. (2020). New
mechanism of neuroinflammation in Alzheimer's disease: the activation of NLRP3
inflammasome mediated by gut microbiota. Prog. Neuro-Psychopharmacol. Biol.
Psychiatry 100:109884. doi: 10.1016/j.pnpbp.2020.109884

Shi, J. Q., Shen, W, Chen, J., Wang, B. R., Zhong, L. L., Zhu, Y. W,, et al. (2011).
Anti-TNF-a reduces amyloid plaques and tau phosphorylation and induces CD11c-
positive dendritic-like cell in the APP/PSI transgenic mouse brains. Brain Res. 1368,
239-247. doi: 10.1016/j.brainres.2010.10.053

Shippy, D. C., Wilhelm, C., Viharkumar, P. A, Raife, T. J., and Ulland, T. K. (2020).
B-Hydroxybutyrate inhibits inflammasome activation to attenuate Alzheimer's
disease pathology. J. Neuroinflammation 17:280. doi: 10.1186/5s12974-020-01948-5

Shishtar, E., Rogers, G. T., Blumberg, J. B., Au, R, and Jacques, P. F. (2020). Long-
term dietary flavonoid intake and risk of Alzheimer disease and related dementias
in the Framingham offspring cohort. Am. J. Clin. Nutr. 112, 343-353. doi: 10.1093/
ajcn/nqaa079

Singh, A., Dawson, T. M., and Kulkarni, S. (2021). Neurodegenerative disorders
and gut-brain interactions. J. Clin. Invest. 131:¢143775. doi: 10.1172/jci143775

Small, G. W, Siddarth, P, Li, Z., Miller, K. J., Ercoli, L., Emerson, N. D, et al.
(2018). Memory and brain amyloid and tau effects of a bioavailable form of
curcumin in non-demented adults: a double-blind, placebo-controlled 18-month
trial. Am. J. Geriatr. Psychiatry 26, 266-277. doi: 10.1016/j.jagp.2017.10.010

Sochocka, M., Donskow-Lysoniewska, K., Diniz, B. S., Kurpas, D., Brzozowska, E.,
and Leszek, J. (2019). The gut microbiome alterations and inflammation-driven
pathogenesis of Alzheimer's disease-a critical review. Mol. Neurobiol. 56, 1841-1851.
doi: 10.1007/s12035-018-1188-4

Solch, R. J, Aigbogun, J. O. Voyiadjis, A. G., Talkington, G. M.,
Darensbourg, R. M., O'Connell, S., et al. (2022). Mediterranean diet adherence, gut
microbiota, and Alzheimer's or Parkinson's disease risk: a systematic review. J.
Neurol. Sci. 434:120166. doi: 10.1016/j.jns.2022.120166

Sorboni, S. G., Moghaddam, H. S., Jafarzadeh-Esfehani, R., and Soleimanpour, S.
(2022). A comprehensive review on the role of the gut microbiome in human
neurological disorders. Clin. Microbiol. Rev. 35:¢0033820. doi: 10.1128/cmr.00338-20

Soriano, S., Curry, K., Wang, Q,, Chow, E., Treangen, T. ]., and Villapol, S. (2022). Fecal
microbiota transplantation derived from Alzheimer's disease mice worsens brain trauma
outcomes in wild-type controls. Int. J. Mol. Sci. 23:4476. doi: 10.3390/ijms23094476

Stancu, I. C., Cremers, N., Vanrusselt, H., Couturier, J., Vanoosthuyse, A.,
Kessels, S., et al. (2019). Aggregated tau activates NLRP3-ASC inflammasome
exacerbating exogenously seeded and non-exogenously seeded tau pathology
in vivo. Acta Neuropathol. 137, 599-617. doi: 10.1007/s00401-018-01957-y

Stewart, C. R., Stuart, L. M., Wilkinson, K., van Gils, J. M., Deng, ]., Halle, A., et al.
(2010). CD36 ligands promote sterile inflammation through assembly of a toll-like
receptor 4 and 6 heterodimer. Nat. Immunol. 11, 155-161. doi: 10.1038/ni.1836

Su, X., Maguire-Zeiss, K. A., Giuliano, R., Prifti, L., Venkatesh, K., and
Federoff, H. J. (2008). Synuclein activates microglia in a model of Parkinson's
disease. Neurobiol. Aging 29, 1690-1701. doi: 10.1016/j.neurobiolaging.2007.04.006

Sun, M., Ma, K., Wen, ]., Wang, G., Zhang, C., Li, Q, et al. (2020). A review of the
brain-gut-microbiome Axis and the potential role of microbiota in Alzheimer's
disease. J. Alzheimers Dis. 73, 849-865. doi: 10.3233/jad-190872

Sun, Y, Sommerville, N. R,, Liu, J. Y. H., Ngan, M. P,, Poon, D., Ponomarev, E. D.,
et al. (2020). Intra-gastrointestinal amyloid-B1-42 oligomers perturb enteric

function and induce Alzheimer's disease pathology. J. Physiol. 598, 4209-4223. doi:
10.1113/jp279919

frontiersin.org


https://doi.org/10.3389/fmicb.2022.959856
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.smim.2022.101594
https://doi.org/10.1080/03007995.2021.1957807
https://doi.org/10.1080/19490976.2019.1638722
https://doi.org/10.1038/s41591-021-01568-3
https://doi.org/10.1038/s41591-021-01568-3
https://doi.org/10.1007/s00401-018-1856-5
https://doi.org/10.1016/j.neurobiolaging.2007.04.013
https://doi.org/10.1016/j.neurobiolaging.2007.04.013
https://doi.org/10.2174/1389203720666190103123434
https://doi.org/10.2174/1389203720666190103123434
https://doi.org/10.2174/0929867328666210504113445
https://doi.org/10.1186/s13195-021-00783-x
https://doi.org/10.1186/s13195-021-00783-x
https://doi.org/10.1002/mds.27390
https://doi.org/10.1002/glia.23970
https://doi.org/10.1093/nutrit/nuw023
https://doi.org/10.1093/nutrit/nuw023
https://doi.org/10.1016/j.coi.2017.10.011
https://doi.org/10.1016/s0165-5728(03)00158-9
https://doi.org/10.1016/s0165-5728(03)00158-9
https://doi.org/10.1016/j.lfs.2022.120719
https://doi.org/10.1016/j.lfs.2022.120719
https://doi.org/10.1007/s11910-017-0802-6
https://doi.org/10.1038/nature16036
https://doi.org/10.1016/j.bbacli.2015.01.001
https://doi.org/10.1038/mp.2016.50
https://doi.org/10.1038/mp.2016.50
https://doi.org/10.1016/j.celrep.2021.108807
https://doi.org/10.1016/j.celrep.2021.108807
https://doi.org/10.1016/j.tibs.2021.12.009
https://doi.org/10.1016/j.tibs.2021.12.009
https://doi.org/10.1016/j.cell.2009.01.038
https://doi.org/10.7554/eLife.53111
https://doi.org/10.1016/j.cell.2016.11.018
https://doi.org/10.1016/j.cell.2016.11.018
https://doi.org/10.1002/mds.26069
https://doi.org/10.3390/nu14142998
https://doi.org/10.1016/j.clineuro.2021.106791
https://doi.org/10.1016/j.clineuro.2021.106791
https://doi.org/10.1016/j.cell.2016.10.027
https://doi.org/10.1016/j.cell.2016.10.027
https://doi.org/10.1016/j.pnpbp.2020.109884
https://doi.org/10.1016/j.brainres.2010.10.053
https://doi.org/10.1186/s12974-020-01948-5
https://doi.org/10.1093/ajcn/nqaa079
https://doi.org/10.1093/ajcn/nqaa079
https://doi.org/10.1172/jci143775
https://doi.org/10.1016/j.jagp.2017.10.010
https://doi.org/10.1007/s12035-018-1188-4
https://doi.org/10.1016/j.jns.2022.120166
https://doi.org/10.1128/cmr.00338-20
https://doi.org/10.3390/ijms23094476
https://doi.org/10.1007/s00401-018-01957-y
https://doi.org/10.1038/ni.1836
https://doi.org/10.1016/j.neurobiolaging.2007.04.006
https://doi.org/10.3233/jad-190872
https://doi.org/10.1113/jp279919

Wei et al.

Sun, J,, Xu, J., Ling, Y., Wang, E, Gong, T., Yang, C., et al. (2019). Fecal microbiota
transplantation alleviated Alzheimer's disease-like pathogenesis in APP/PS1
transgenic mice. Transl. Psychiatry 9:189. doi: 10.1038/s41398-019-0525-3

Sun, M. E, Zhu, Y. L., Zhou, Z. L., Jia, X. B,, Xu, Y. D,, Yang, Q,, et al. (2018).
Neuroprotective effects of fecal microbiota transplantation on MPTP-induced
Parkinson's disease mice: gut microbiota, glial reaction and TLR4/TNF-« signaling
pathway. Brain Behav. Immun. 70, 48-60. doi: 10.1016/j.bbi.2018.02.005

Surawicz, C. M., Brandt, L. ], Binion, D. G., Ananthakrishnan, A. N., Curry, S. R,,
Gilligan, P. H,, et al. (2013). Guidelines for diagnosis, treatment, and prevention of
Clostridium difficile infections. Am. J. Gastroenterol. 108, 478-498. doi: 10.1038/ajg.2013.4

Svensson, E., Horvath-Puhé, E., Thomsen, R. W, Djurhuus, J. C., Pedersen, L.,
Borghammer, P, et al. (2015). Vagotomy and subsequent risk of Parkinson's disease.
Ann. Neurol. 78, 522-529. doi: 10.1002/ana.24448

Tahara, K., Kim, H. D,, Jin, J. J., Maxwell, J. A., Li, L., and Fukuchi, K. (2006). Role
of toll-like receptor signalling in Abeta uptake and clearance. Brain 129, 3006-3019.
doi: 10.1093/brain/awl249

Terrill-Usery, S. E., Mohan, M. J., and Nichols, M. R. (2014). Amyloid-p(1-42)
protofibrils stimulate a quantum of secreted IL-1p despite significant intracellular
IL-1f accumulation in microglia. Biochim. Biophys. Acta 1842, 2276-2285. doi:
10.1016/j.bbadis.2014.08.001

Ticinesi, A., Mancabelli, L., Carnevali, L., Nouvenne, A., Meschi, T., Del Rio, D.,
et al. (2022). Interaction between diet and microbiota in the pathophysiology of
Alzheimer's disease: focus on polyphenols and dietary fibers. . Alzheimers Dis. 86,
961-982. doi: 10.3233/jad-215493

Tidman, M. (2022). Effects of a ketogenic diet on symptoms, biomarkers,
depression, and anxiety in Parkinson's disease: a case study. Cureus 14:e23684. doi:
10.7759/cureus.23684

Vahsen, B. E, Gray, E., Thompson, A. G., Ansorge, O., Anthony, D. C., Cowley, S. A.,
etal. (2021). Non-neuronal cells in amyotrophic lateral sclerosis—from pathogenesis
to biomarkers. Nat. Rev. Neurol. 17, 333-348. doi: 10.1038/s41582-021-00487-8

Varesi, A., Pierella, E., Romeo, M., Piccini, G. B., Alfano, C., Bjerklund, G., et al.
(2022). The potential role of gut microbiota in Alzheimer's disease: from diagnosis
to treatment. Nutrients 14:668. doi: 10.3390/nu14030668

Vera-Urbina, F, Dos Santos-Torres, M. F, Godoy—VitorinD, E, and
Torres-Hernédndez, B. A. (2022). The gut microbiome may help address mental
health disparities in Hispanics: a narrative review. Microorganisms 10:763. doi:
10.3390/microorganisms10040763

Volles, M. J., and Lansbury, P. T. Jr. (2003). Zeroing in on the pathogenic form of
alpha-synuclein and its mechanism of neurotoxicity in Parkinson's disease.
Biochemistry 42, 7871-7878. doi: 10.1021/bi030086;

Wang, C., Fan, L., Khawaja, R. R,, Liu, B., Zhan, L., Kodama, L., et al. (2022).
Microglial NF-kB drives tau spreading and toxicity in a mouse model of tauopathy.
Nat. Commun. 13:1969. doi: 10.1038/s41467-022-29552-6

Wang, C., Lau, C. Y., Ma, E, and Zheng, C. (2021). Genome-wide screen identifies
curli amyloid fibril as a bacterial component promoting host neurodegeneration.
Proc. Natl. Acad. Sci. U. S. A. 118:€2106504118. doi: 10.1073/pnas.2106504118

Watson, M. B, Richter, E, Lee, S. K., Gabby, L., Wu, J., Masliah, E,, et al. (2012).
Regionally-specific microglial activation in young mice over-expressing human wildtype
alpha-synuclein. Exp. Neurol. 237, 318-334. doi: 10.1016/j.expneurol.2012.06.025

Westfall, S., Lomis, N., and Prakash, S. (2018). A novel polyphenolic prebiotic and
probiotic formulation have synergistic effects on the gut microbiota influencing

Drosophila melanogaster physiology. Artif. Cells Nanomed. Biotechnol. 46, 441-455.
doi: 10.1080/21691401.2018.1458731

Xu, Y, Jiang, C., W, J,, Liu, P, Deng, X, Zhang, Y., et al. (2022). Ketogenic diet
ameliorates cognitive impairment and neuroinflammation in a mouse model of
Alzheimer's disease. CNS Neurosci. Ther. 28, 580-592. doi: 10.1111/cns.13779

Xu, R., and Wang, Q. (2016). Towards understanding brain-gut-microbiome
connections in Alzheimer's disease. BMC Syst. Biol. 10:63. doi: 10.1186/
$12918-016-0307-y

Xue, L. ], Yang, X. Z., Tong, Q., Shen, P, Ma, S. J., Wu, S. N,, et al. (2020). Fecal
microbiota transplantation therapy for Parkinson's disease: a preliminary study.
Medicine 99:€22035. doi: 10.1097/md.0000000000022035

Yan, R., Zhang, ], Park, H. ], Park, E. S., Oh, S., Zheng, H., et al. (2018). Synergistic
neuroprotection by coffee components eicosanoyl-5-hydroxytryptamide and

Frontiers in Microbiology

16

10.3389/fmicb.2022.959856

caffeine in models of Parkinson's disease and DLB. Proc. Natl. Acad. Sci. U. S. A. 115,
E12053-E12062. doi: 10.1073/pnas.1813365115

Yang, X., and Cheng, B. (2010). Neuroprotective and anti-inflammatory activities
of ketogenic diet on MPTP-induced neurotoxicity. J. Mol. Neurosci. 42, 145-153. doi:
10.1007/s12031-010-9336-y

Yang, J., Yang, Y., Ishii, M., Nagata, M., Aw, W,, Obana, N, et al. (2020). Does the
gut microbiota modulate host physiology through Polymicrobial biofilms? Microbes
Environ. 35:ME20037. doi: 10.1264/jsme2.ME20037

Yin, W, Lof, M., Pedersen, N. L., Sandin, S., and Fang, F. (2021). Mediterranean
dietary pattern at middle age and risk of Parkinson's disease: a Swedish cohort study.
Mov. Disord. 36, 255-260. doi: 10.1002/mds.28314

Yuan, J., Amin, P, and Ofengeim, D. (2019). Necroptosis and RIPK1-mediated
neuroinflammation in CNS diseases. Nat. Rev. Neurosci. 20, 19-33. doi: 10.1038/
s41583-018-0093-1

Zhang, H., Chen, Y., Wang, Z., Xie, G., Liu, M., Yuan, B,, et al. (2022). Implications
of gut microbiota in neurodegenerative diseases. Front. Immunol. 13:785644. doi:
10.3389/fimmu.2022.785644

Zhang, X., Molsberry, S. A., Yeh, T. S., Cassidy, A., Schwarzschild, M. A,,
Ascherio, A., et al. (2022). Intake of flavonoids and flavonoid-rich foods and
mortality risk among individuals with Parkinson disease: a prospective cohort study.
Neurology 98, €1064-¢1076. doi: 10.1212/wnl.0000000000013275

Zhang, S., Tang, M. B,, Luo, H. Y,, Shi, C. H., and Xu, Y. M. (2017). Necroptosis in
neurodegenerative diseases: a potential therapeutic target. Cell Death Dis. 8:€2905.
doi: 10.1038/cddis.2017.286

Zhang, W,, Wang, T., Pei, Z., Miller, D. S., Wu, X., Block, M. L., et al. (2005). Aggregated
alpha-synuclein activates microglia: a process leading to disease progression in
Parkinson's disease. FASEB J. 19, 533-542. doi: 10.1096/f].04-2751com

Zhang, M., Zhao, D., Zhou, G., and Li, C. (2020). Dietary pattern, gut
microbiota, and Alzheimer's disease. J. Agric. Food Chem. 68, 12800-12809.
doi: 10.1021/acs.jafc.9b08309

Zhao, J., Bi, W, Xiao, S., Lan, X., Cheng, X., Zhang, J, et al. (2019).
Neuroinflammation induced by lipopolysaccharide causes cognitive impairment in
mice. Sci. Rep. 9:5790. doi: 10.1038/s41598-019-42286-8

Zhao, Y., Guo, Q., Zhu, Q,, Tan, R., Bai, D., Bu, X,, et al. (2019). Flavonoid VI-16
protects against DSS-induced colitis by inhibiting Txnip-dependent NLRP3
inflammasome activation in macrophages via reducing oxidative stress. Mucosal
Immunol. 12, 1150-1163. doi: 10.1038/s41385-019-0177-x

Zhao, Z., Li, E, Ning, ], Peng, R., Shang, J., Liu, H., et al. (2021a). Novel compound
FLZ alleviates rotenone-induced PD mouse model by suppressing TLR4/MyD88/
NEF-kB pathway through microbiota-gut-brain axis. Acta Pharm. Sin. B 11,
2859-2879. doi: 10.1016/j.apsb.2021.03.020

Zhao, Z., Ning, J., Bao, X. Q., Shang, M., Ma, J,, Li, G., et al. (2021b). Fecal
microbiota transplantation protects rotenone-induced Parkinson's disease mice via
suppressing inflammation mediated by the lipopolysaccharide-TLR4 signaling
pathway through the microbiota-gut-brain axis. Microbiome 9:226. doi: 10.1186/
540168-021-01107-9

Zhong, Z., Chen, W, Gao, H., Che, N,, Xu, M., Yang, L., et al. (2021). Fecal
microbiota transplantation exerts a protective role in MPTP-induced Parkinson's
disease via the TLR4/PI3K/AKT/NF-«kB pathway stimulated by a-synuclein.
Neurochem. Res. 46, 3050-3058. doi: 10.1007/s11064-021-03411-0

Zhong, L., Chen, X. E, Wang, T., Wang, Z., Liao, C., Wang, Z., et al. (2017). Soluble
TREM2 induces inflammatory responses and enhances microglial survival. J. Exp.
Med. 214, 597-607. doi: 10.1084/jem.20160844

Zhu, L. N., Qiao, H. H,, Chen, L., Sun, L. P, Hui, J. L., Lian, Y. L., et al. (2018).
SUMOylation of alpha-Synuclein influences on alpha-Synuclein aggregation
induced by methamphetamine. Front. Cell. Neurosci. 12:262. doi: 10.3389/
fncel.2018.00262

Zogaj, X., Bokranz, W., Nimtz, M., and Romling, U. (2003). Production of
cellulose and curli fimbriae by members of the family Enterobacteriaceae isolated
from the human gastrointestinal tract. Infect. Immun. 71, 4151-4158. doi: 10.1128/
iai.71.7.4151-4158.2003

Zou, J. Y., and Crews, E T. (2005). TNF alpha potentiates glutamate neurotoxicity
by inhibiting glutamate uptake in organotypic brain slice cultures: neuroprotection
by NF kappa B inhibition. Brain Res. 1034, 11-24. doi: 10.1016/j.brainres.2004.11.014

frontiersin.org


https://doi.org/10.3389/fmicb.2022.959856
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1038/s41398-019-0525-3
https://doi.org/10.1016/j.bbi.2018.02.005
https://doi.org/10.1038/ajg.2013.4
https://doi.org/10.1002/ana.24448
https://doi.org/10.1093/brain/awl249
https://doi.org/10.1016/j.bbadis.2014.08.001
https://doi.org/10.3233/jad-215493
https://doi.org/10.7759/cureus.23684
https://doi.org/10.1038/s41582-021-00487-8
https://doi.org/10.3390/nu14030668
https://doi.org/10.3390/microorganisms10040763
https://doi.org/10.1021/bi030086j
https://doi.org/10.1038/s41467-022-29552-6
https://doi.org/10.1073/pnas.2106504118
https://doi.org/10.1016/j.expneurol.2012.06.025
https://doi.org/10.1080/21691401.2018.1458731
https://doi.org/10.1111/cns.13779
https://doi.org/10.1186/s12918-016-0307-y
https://doi.org/10.1186/s12918-016-0307-y
https://doi.org/10.1097/md.0000000000022035
https://doi.org/10.1073/pnas.1813365115
https://doi.org/10.1007/s12031-010-9336-y
https://doi.org/10.1264/jsme2.ME20037
https://doi.org/10.1002/mds.28314
https://doi.org/10.1038/s41583-018-0093-1
https://doi.org/10.1038/s41583-018-0093-1
https://doi.org/10.3389/fimmu.2022.785644
https://doi.org/10.1212/wnl.0000000000013275
https://doi.org/10.1038/cddis.2017.286
https://doi.org/10.1096/fj.04-2751com
https://doi.org/10.1021/acs.jafc.9b08309
https://doi.org/10.1038/s41598-019-42286-8
https://doi.org/10.1038/s41385-019-0177-x
https://doi.org/10.1016/j.apsb.2021.03.020
https://doi.org/10.1186/s40168-021-01107-9
https://doi.org/10.1186/s40168-021-01107-9
https://doi.org/10.1007/s11064-021-03411-0
https://doi.org/10.1084/jem.20160844
https://doi.org/10.3389/fncel.2018.00262
https://doi.org/10.3389/fncel.2018.00262
https://doi.org/10.1128/iai.71.7.4151-4158.2003
https://doi.org/10.1128/iai.71.7.4151-4158.2003
https://doi.org/10.1016/j.brainres.2004.11.014

	Gut microbiota, pathogenic proteins and neurodegenerative diseases
	Introduction
	Is there a relationship between gut microbiota and pathogenic proteins of neurodegenerative diseases?
	Gut microbiota affects the accumulation of pathogenic protein in neurodegenerative diseases by direct and indirect pathways
	Gut microbiota directly stimulates production of pathogenic proteins
	Gut microbiota indirectly stimulates production of pathogenic proteins

	Pathogenic proteins activates microglia to produce inflammatory factors
	Aβ in Alzheimer’s disease
	Tau in Alzheimer’s disease
	α-Syn in Parkinson’s disease

	Inflammatory factors and neurodegenerative diseases
	Neurodegenerative diseases newly treatment
	Diet therapy
	Fecal microbiota transplantation

	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

