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Abstract

Recent research has been uncovering the role of the gut microbiota for brain health and disease. These studies highlight the
role of gut microbiota on regulating brain function and behavior through immune, metabolic, and neuronal pathways. In
this review we provide an overview of the gut microbiota axis pathways to lay the groundwork for upcoming sessions on
the links between the gut microbiota and neurogenerative disorders. We also discuss how the gut microbiota may act as an
intermediate factor between the host and the environment to mediate disease onset and neuropathology. Based on the cur-
rent literature, we further examine the potential for different microbiota-based therapeutic strategies to prevent, to modify,

or to halt the progress of neurodegeneration.
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Introduction

Since the discovery of the enteric nervous system (ENS) in the
1900s, the scientific community has been trying to explain the
mechanisms underlying the connections between the gut and
the central nervous system (CNS) that may explain behavior
[1]. Over the past few decades, the gut microbiota—the trillion
symbiotic microbial cells that reside in our gut—has emerged
as a key player in this bidirectional communicatory pathway.
The gut microbiota is capable of interacting with various phys-
iological systems, the ENS to the CNS [1-3] (Figure 1). Most sci-
entific evidence to date comes from preclinical studies
involving animal models (Box 1), which are limited in nature

but had enabled the field to move forward by demonstrating
that the gut microbiota is essential for proper neurodevelop-
ment and neuronal function [4-8]. The connection between
the gut microbiota and the CNS is emphasized by studies that
implicate alterations in the gut microbiota composition in
neurodegenerative conditions [9].

Neurodegenerative conditions are characterized by progres-
sive degeneration of selective neuronal populations [10]. The ori-
gins of neurodegenerative disorders are mostly unknown, with
both genetic and environmental factors contributors [11-14].
There is evidence that potential key factors, including aging,
diet, lifestyle choices, and exposure to xenobiotics, can influence
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Box 1. Animal models of neurodegenerative diseases

Animal models are important tools for investigating the role of gut microbiota on cellular dysfunction and degeneration [256].
The most common disease models are rodents and non-human primates. They include transgenic lines, knockin/knockout
animals, viral-vector injections of purified recombinant proteins, toxins, and drug-induced models, among others. Animal
models of neurodegenerative disorders are engineered to reproduce key behavioral and molecular aspects of disease pathol-
ogy. There are several well-established behavioral tests designed to evaluate cognition, learning abilities, and motor function
that are based on evolutionary adaptive traits that may be similar between humans and animals. Some genetic-based models
of Alzheimer’s disease (AD) and Parkinson’s disease (PD) exhibit robust proteinopathy; however, the behavioral deficits and
neuronal loss can be subtle. As no animal model is complete, the research question should guide the choice of which animal
model to use [257]. Studies performed in model organisms should be carefully interpreted and the inherited microbiota, genet-
ics, lifespan, and cellular development differences between animals and humans considered. Great efforts are being made to
improve animal models of neurodegenerative diseases. In the meantime, researchers in the gut microbiota-brain field should
attempt to replicate their findings in multiple disease models and species [256]. This careful approach will ultimately increase
the chances of microbiota-based treatments reaching the clinic [3].

the likelihood of developing neurodegenerative disorders.
Interestingly, the gut microbiota is capable of interacting with
these factors, acting as an intermediate element between the
host and the environment in the etiology of neurodegenerative
disorders (Figure 2).

The most prevalent neurodegenerative disorders are charac-
terized by the accumulation of aggregated forms of proteins,
e.g. alpha-synuclein (a-syn) and amyloid-beta (A), that have a
major impact on disease pathology [15]. Alzheimer’s disease
(AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis
(ALS), multiple sclerosis (MS), and more recently Huntington’s
disease (HD) are the most widely studied in the context of
microbiota gut-brain axis research (Table 1).

Here we will discuss some of the convergent mechanisms by
which the gut microbiota may interact with the host to influ-
ence the development and progression of neurodegenerative
conditions.

The pathways between gut microbiota and
nervous system

The gut microbiota synthesizes and sends chemical messen-
gers to its mammalian host [16]. These signals can trigger not
only cellular events such as expression of enzymes, receptors,
and transcription factors, but also the release of bioactive sub-
stances that are critical for regulating the host’s physiology
and health [9]. Recently, the impact of the gut microbiota on
physiological systems was extended to include their effects on
the nervous system [17, 18]. Communication between the gut
microbiota and nervous system may be driven by gut-brain
axis pathways that include the ENS, vagus nerve neuronal con-
nections, the immune system, and metabolism [1, 3] (Figure 1).

ENS

The ENS is a neuronal network composed of ~100 million motor
neurons, interneurons, and sensory neurons that spread
throughout the gastrointestinal tract. These neurons are auton-
omous and can control motility, fluid homeostasis, and blood
flow, in addition to exchanging information in real time be-
tween cells of the intestinal epithelium, the immune system,
and the CNS [19, 20]. The ENS belongs to an intrinsic part of the
autonomic nervous system. In this context, primary intrinsic
neuronal afferents of the ENS were shown to propagate stimuli
triggered by the gut microbiota to the brain using the vagus
nerve and the sympathetic nervous system [21]. Intestinal epi-
thelial cells are laid out in sheets that grow as monolayers and

are responsive to gut microbiota in different ways [22]. Among
these cells, enteroendocrine cells are believed to be the key cell
type connecting the gut microbiota to the nervous system as
they act as luminal sensors monitoring the availability of
nutrients and the presence of non-nutrient chemicals, toxins,
and microorganisms [23]. Furthermore, these cells can form
synapses with linked nodose neurons, propagating intrinsic sig-
nals within milliseconds [24]. The gut microbiota can directly
signal to enteroendocrine cells and induce secretion of circula-
tory hormones that may cross the blood-brain barrier (BBB) and
subsequently affect CNS cells. This communication between
the gut microbiota and the ENS is facilitated by the synthesis
and release of a number of molecules, including neuropeptides
and neurotransmitters (e.g. gamma-aminobutyric acid (GABA),
glutamate, active bioamines, catecholamines), cytokines [25],
and microbial metabolites [21].

Vagus nerve

The vagus nerve is linked to enteroendocrine cells and may
represent the most direct link between the gut microbiota
and the brain [23, 26]. Sensory vagal inputs arrive to the nu-
cleus of the solitary tract and are widely spread to areas of the
CNS, including the cerebral cortex and medulla oblongata
[27]. Roughly 80% of vagus fibers transmit signals to the CNS
via afferent pathways and 20% of vagus fibers transmit sig-
nals from the CNS to peripheric organs via efferent fibers [28].
The latter is associated with anti-inflammatory reflex, gastric
secretions, and gut motility. Vagotomy, a surgery procedure
that removes part of the nerve, is a valid tool used in the field
to investigate communication between the gut and the brain
[27]. In animal models, the use of vagotomy demonstrated
that specific bacterial strains use the vagus nerve to commu-
nicate with the brain, thereby altering behavior performance
[29, 30]. In mice, Lactobacillus rhamnosus JB1 modulates the
GABAergic system in the brain and improves anxiety-related
and depressive-like behavior via vagus nerve pathways [29].
These findings contextualize the importance of the vagus
nerve as a conduit for propagation of the sensory information
from the gut microbiota to the brain. In humans, surgical va-
gotomy is extensively used to treat refractory peptic ulcer dis-
ease [31]. In the context of brain health, epidemiological
studies involving patients who underwent vagotomy have
provided insights into the relative contribution of the vagus
nerve to the neuropathology of neurodegenerative disorders,
as will be discussed later.
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Figure 1.The gut microbiota-brain axis and neurodegenerative disorders. The gut microbiota-brain axis encompasses neuronal, immune, and metabolism pathways
that mediate gut-to-brain communication. The gut microbiota may act as an intermediate factor between the host and the environment to mediate disease onset and
neuropathology. ENS, enteric nervous system; DC, dendritic cell. (The images were purchased and adapted from Servier Medical Art by Servier, licensed under a

Creative Commons Attribution 3.0 Unported License.)

Immune system

The gut microbiota has a crucial role in guiding the develop-
ment of the immune system and priming the host immune re-
sponse [32]. Immune-signaling mediators, including cytokines,
chemokines, and microbial-associated molecular patterns, can
facilitate communication between the gut microbiota and the
brain via direct and indirect pathways. As an example,
microbial-associated molecular patterns, which include bacte-
rial peptidoglycan and lipopolysaccharide (LPS), components of
gram-negative cell walls, are candidates mediating this com-
munication. The host immune system recognizes bacterial LPS
through Toll-like receptor 4 (TLR4). Among other cells, TLRs are
expressed in microglia, the primary resident-immune cells of
the brain. In pathological conditions, LPS can reach the brain via
blood circulation and act on central TLRs, initiating a cascade of
neuroinflammatory processes [33]. The gut microbiota was also
shown to influence microglia maturation and function via
bacterial-derived short-chain fatty acids (SCFAs), i.e. acetate,
butyrate, and propionate. Compared to conventionally colo-
nized controls, germ-free mice (GF) have increased the numbers

of immature microglia in several brain regions [17]. Further,
microbial-derived acetate was demonstrated to modulate the
microglial metabolic state and histone acetylation in mice [34].
Microbial influences on microglia maturation and function are
dependent on host sex [35], which can further explain sex dif-
ferences in the predisposition for developing certain CNS condi-
tions [36]. The relationship between gut microbiota and the
immune system in neurodegeneration will be discussed in de-
tail in the following sequence.

Microbial metabolism

Products of microbial metabolism serve as chemical signals to
the host’s cells, affecting cellular function. The gut microbiota
influences the metabolism of key molecules that are important
for proper neuronal function [29, 34, 37]. In this review, we will
focus on SCFAs and tryptophan (Trp) metabolism, which are
among the most widely studied microbial metabolites.

SCFAs (i.e. butyrate, propionate, and acetate) are the main
products of the bacterial fermentation of indigestible polysac-
charides and fibers. They can act locally by communicating
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Figure 2.Factors associated with the gut-brain axis and the development of cen-
tral nervous system diseases. (The images were purchased and adapted from
Servier Medical Art by Servier, licensed under a Creative Commons Attribution
3.0 Unported License, and created with BioRender.com.)

with epithelial cells and the ENS or be released into the blood
circulation and target the immune and neuronal cells and
SCFAs. Within the ENS, SCFAs are involved in epithelium cell
proliferation and differentiation, and gene expression among
other functions [38]. SCFAs are known for inducing epigenetic
modifications, influencing neurotransmission and regulating
inflammation [39].

Dietary-derived Trp can be used in the synthesis of seroto-
nin (5-HT) via Trp hydroxylase 1 (TPH1), expressed in entero-
chromaffin cells. Alternatively, Trp can be metabolized and
used as a substrate for the kynurenine pathway to produce the
coenzyme nicotinamide adenine dinucleotide (NAD™") [40]. The
gut microbiota can also catabolize Trp into kynurenine, kynur-
enic acid, quinolinate, indole, and indole derivatives, which are
key molecules connecting the gut with the immune and ner-
vous systems [41].

Leaky gut

The gut is formed by an epithelial barrier that allows the selec-
tive entry of nutrients and metabolites while retaining microor-
ganisms, conferring protection to the host against infections.
Thus, the integrity of the epithelial barriers is fundamental for
health [25]. The gut microbiota regulates the development and
function of the intestinal epithelium barrier using different
mechanisms including the expression of epithelial tight junc-
tions and proteins that regulate paracellular diffusion of sub-
stances. Microbiota depletion using antibiotics is shown to
decrease tight junction protein expression [42]. The intestinal
epithelium is dynamically renewed within days and the mucus
layer within hours [43, 44]. This capacity for and speed of regen-
eration are vital because the intestinal epithelium is constantly
exposed to environmental challenges, including high amounts
of xenobiotic substances [45, 46]. Damage to intestinal barrier
properties can increase intestinal permeability, the so-called
“leaky gut,” which can lead to the infiltration of pathobionts, or
toxic substances that can lead to detrimental effects on the host
[47]. For example, gut barrier disruption increases systemic LPS,

which in turn activates astrocytes and damages the BBB [45, 48—
50]. In certain neurodegenerative disorders, increased intestinal
permeability may lead to translocation of bacterial products
and/or pro-inflammatory cytokines into systemic circulation,
which has the potential to affect the brain [51].

The microbiota gut-brain axis mechanisms in
neurodegenerative disorders

The role of the gut microbiota on modulating
inflammation in neurodegenerative disorders

Despite different etiologies, AD, PD, MS, ALS, and HD (Table 1)
share a common pathological feature about the presence of in-
flammation—both systemic inflammation and neuroinflamma-
tion [52, 53]. Due to particularities of each neurodegenerative
disease mentioned, their courses, gravities, and roles of inflam-
mation can vary; however, there is a convergence in the mecha-
nisms responsible for the inflammatory process in these
diseases. Furthermore, a tight connection between the gut
microbiota and inflammation has been widely demonstrated
[54]. The regulation of the immune system by the host micro-
biota is the most widely studied microbiota gut-brain pathway
[2, 55] (Figure 1) and, unsurprisingly, gut inflammation has an
impact on brain disorders [56].

The inflammatory pathways involved in AD and the poten-
tial for gut microbiota mediation have been explored [57-60]. It
has been suggested that inflammation induced by gut micro-
biota dysbiosis can be a critical driving point for AD pathogene-
sis [57, 58]. Activation of NOD-like receptor family pyrin domain
containing 3 (NLRP3) inflammasome, which plays a crucial role
in innate immune response, is a rising mechanism of neuroin-
flammation in AD. More recently, a study in which gut micro-
biota was transplanted from AD patients to the APP/PS1 mouse
model of AD—a transgenic mice line that expresses a chimeric
mouse/human amyloid precursor protein—showed that the ex-
pression of NLRP3 was increased in the gut of the recipient
mice, which was associated with peripheral inflammation, cog-
nitive decline, and neuroinflammation. Following antibiotic
treatment and gut microbiota transplantation from healthy
donors, the described outcomes were improved [61]. More stud-
ies are needed, but there is a potential for therapies targeting
the gut microbiota to attenuate neuroinflammation in patients
with AD.

Similarly to that of AD, a gut microbiota-brain axis model
with an inflammation-driven component has been proposed for
PD. This model states that inflammatory triggers could initiate
an immune response in susceptible individuals, impacting the
gut microbiota, leading to leaky gut and the expression and ag-
gregation of o-syn, which in turn could reach the brain via the
vagus nerve. This profile could be associated with systemic in-
flammation and an increase in BBB permeability along with
neuroinflammation and neurodegeneration [62]. A recent meta-
analysis of 10 existing 16S microbiota data sets revealed altera-
tions in the gut microbiota composition of PD patients that may
be linked to systemic inflammation [63]. Interestingly, the same
study found similarities between the differences in the taxa
abundance of PD patients and controls with those in other in-
flammatory conditions, such as MS and inflammatory gastroin-
testinal diseases. Conversely, a study including 55 PD patients
and 56 controls showed that although there was an intestinal
inflammatory response in PD, which was correlated with the
gut microbiota and disease onset, their systemic inflammatory
profile remained the same [64]. A few hypotheses for the
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Table 1. Key features of neurodegenerative conditions

Neurodegenerative condition

Features

Alzheimer’s disease (AD)

AD is the most common cause of dementia worldwide. AD is a multifactorial disorder with most cases be-

ing sporadic and only 5% of cases are early-onset familial AD. The classic neuropathological hallmarks
of AD consist of amyloid-f (Af) peptides for plaques and tau for tangles. Drug search efforts have fo-
cused on reducing Af load in the brains of patients with AD; however, these treatments have failed in
slowing mild cognitive impairment or dementia in AD.

Amyotrophic lateral
sclerosis (ALS)

ALS is a rare neurodegenerative disorder that affects motor neurons that extend from the brain to the spi-
nal cord and to muscles throughout the body. Mutations in the SOD1 gene have been implicated in

some cases of familial ALS. There is no treatment that reverses the disease and approved drugs can
only slower the progression and ameliorate the symptoms

Huntington’s disease (HD)

HD is a genetic neurodegenerative disorder with an autosomal dominance inheritance, caused by the ex-

pansion of the trinucleotide (CAG) tandem repeat in the huntingtin (HTT) gene, encoding an expanded
polyglutamine tract in the huntingtin protein. There are no disease-modifying therapies so far and the
progression of the disease is ~15 years from diagnosis to death. The symptomatology is complex with
the presence of progressive cognitive, psychiatric, and motor impairments

Multiple sclerosis (MS)

MS is considered an autoimmune disease that affects the central nervous system (CNS) including brain

and spinal cord cells. Here, autoreactive T-cells enter the CNS from the peripheral circulation and in-
duce an inflammatory cascade leading to demyelination. There is no cure for MS. However, FDA-ap-
proved medications alleviate exacerbations and accelerate recovery

Parkinson’s disease (PD)

PD is the second most common neurodegenerative disorder after AD. The cause of PD is not known, but

several genetic and environmental risk factors have been shown to be associated with disease etiology.
PD is characterized by classic motor symptoms and the neurodegeneration of dopaminergic neurons of
the substantia nigra and reduction of dopaminergic content in the striatum. Another pathological hall-
mark is the accumulation of aggregates of a-synuclein, in the form of Lewy bodies and Lewy neurites

mediation of the gut microbiota-brain axis in PD have been
raised recently, including the role of microbiota-induced T-cell-
driven inflammation on the regulation of «-syn in the gut mu-
cosa and later affecting the brain [65]. Also, a role for the TLR4-
mediated inflammation has been pointed out, as a study has
demonstrated attenuated gut and brain inflammation, gut and
motor dysfunction, and neurodegeneration in rotenone-treated
TLR4-knockout mice [66]. Taken together, these studies call for
further investigation on the complex communication between
the gut microbiota and the immune system in PD.

The link between the gut microbiota and ALS is also being
investigated. A recent clinical study involving 19 ALS patients
and 9 cohabiting controls (sex-matched and age-aligned)
showed differential systemic and intestinal inflammatory pro-
files in ALS patients as well as the presence of gut dysbiosis
with a decrease in butyrate-producing bacteria and the
Firmicutes/Bacteroidetes ratio [67]. While interesting and prom-
ising, these findings should be interpreted cautiously due to a
limited sample size and design limitations. Interestingly, it was
shown that mice with a chromosome 9 open reading frame 72
(C9orf72) mutation (the most common genetic variation ob-
served in ALS) had a longer lifespan and less severe disease
phenotype depending on their housing facility conditions, ex-
plicitly having a more diverse gut microbiota with fewer inflam-
matory molecules and consequently less systemic and central
inflammation, compared with mice without the C9orf72 muta-
tion [68]. Thus, they showed that gut microbiota and associated
inflammatory markers could modulate how an ALS-related
phenotype manifests in C9orf/2-mutated mice. In addition, a
long-term study using the transgenic SOD1%°** mouse model of
ALS (a mouse line that contains mutations at superoxide dis-
mutase 1 and displays neurodegeneration of spinal motor neu-
rons and motor impairments) identified that gut dysbiosis
precedes motor dysfunction, muscle atrophy, and peripheral
and central inflammation—all characteristics of the ALS

phenotype, with positive correlations between the gut micro-
biota profile and the immune system [69].

Potential roles for gut microbiota and immune system inter-
actions have also been considered in MS [70, 71]. The adminis-
tration of antibiotics from weaning to adulthood in an
experimental-autoimmune encephalomyelitis (EAE) mouse
model induced by administration of myelin oligodendrocyte
glycoprotein peptide—which is relevant to MS—delayed the on-
set of the disease phenotype and decreased systemic inflamma-
tion. Conversely, the antibiotic treatment decreased levels of
hippocampal brain-derived neurotrophic factor (BDNF), and in-
creased hippocampal inflammatory cytokines, anxiety and de-
pression behavior, and cognitive impairment in the EAE-
induced mice [72]. It is important to note that the cocktail of
antibiotics used in this study may have crossed the BBB, having
a central action per se independent of the effects on the gut
microbiota. The relationship between the gut microbiota, in-
flammation, and MS is promising but very complex and further
studies with better and more controlled models of gut micro-
biota modulation are needed. Central and systemic inflamma-
tion markers in HD pathology appear before the onset of classic
symptoms [73]. Recently, a study enrolling 33 HD patients and
33 sex-matched and age-matched healthy individuals detected
differences in microbiota diversity and composition in HD
patients. Further this study revealed positive correlations be-
tween Intestinimonas spp. abundance with total functional ca-
pacity scores and plasma interleukin 4 (IL-4) levels. As plasma
IL-4 levels were decreased in patients with HD, these data sug-
gest a potential role for the gut microbiota and inflammatory re-
sponse in HD [74]. Further studies should be performed to
confirm this relationship and to investigate the presence of gut
inflammation in patients with HD.

More studies are needed to clarify the role of inflammation
and the position that the gut microbiota plays in neurodegenera-
tive diseases. The potential applications for new and adjunctive
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therapeutics are tremendous since they expand the therapeutic
target possibilities for these devastating diseases.

Microbial-host metabolism interactions in the
neurodegenerative disorders

A SCFAs

The gut microbiota was shown to influence the metabolism of
several neuroactive compounds that have been implicated in
neurodegenerative disorders, including SCFAs [9]. The contribu-
tion of SCFAs to neurodegenerative conditions in clinical set-
tings remains relatively unexplored with only a few human
studies examining this relationship. For instance, in PD, individ-
uals’ fecal SCFAs concentrations seem to be lower compared
with those of healthy controls [75, 76], which may reflect the de-
crease in SCFA-producing bacteria (i.e. Faecalibacterium prausnitzii)
in their gut microbiota [77]. In MS patients, the concentration of
SCFAs producers is depleted in comparison to that of healthy
individuals [78]. In line with this, the levels of circulating SCFAs
are also lower [79]. A recent study demonstrated that individuals
with MS have fewer species and lower levels of genes involved in
butyrate production [80]. However, compared with healthy con-
trols, MS patients have increased acetate levels, which correlated
with greater disability and increased T helper 17 (Ty17) cells [81].
The therapeutic potential of SCFAs to MS was also investigated
in a cohort of 300 MS patients and it was demonstrated that
treatment with propionate for 14 days was able to restore regula-
tory T-cell (Treg)/Tyl7 cells imbalance, normalize Tregs mito-
chondrial respiration, and improve long-term clinical symptoms
[78]. These proof-of-concept studies strengthen the link between
the gut microbiota and neurological diseases and highlight the
potential use of microbial-based therapies in the management of
neurodegenerative disorders. In ALS, the abundance of SCFAs
producers in the fecal microbiota is also reduced; however, this
does not result in decreased fecal SCFAs concentrations [82].
These discrepancies may be due to genetic heterogeneity of the
subjects or differences in dietary habits. Thus, future studies
should consider the role of host genetics and diets when investi-
gating microbial-host metabolism interactions.

Mechanistic insights towards understanding how SCFAs
participate in neurodegenerative disorders are coming from
in vivo animal studies. SCFA concentrations are altered in ani-
mal models of AD induced by injection of AB [83] and are
restored following the administration of Bifidobacterium breve
Al—a bacterium that is known to produce SCFAs. One impor-
tant mechanism by which SCFAs seem to induce neuroprotec-
tion is via epigenetic modulation. Sodium butyrate improved
motor behavior and altered global H3 histone acetylation and
BDNF levels in the neurotoxin-based 6-hydroxidopamine
(6-OHDA) model of PD. Similar effects were observed in mice ad-
ministered with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), a neurotoxic compound known to induce dopaminergic
neurodegeneration and PD model [84]. In the G93A mouse model
of ALS, treatment with butyrate restored alterations in the gut
microbiota composition and intestinal barrier deficits, decreased
SOD1%%*4 protein aggregation in the intestine, and prolonged
mice lifespan [85]. The influence of SCFAs in HD is less explored;
however, administration of exogenous phenylbutyrate also in-
duced neuroprotection and increased survival in the N171-82Q
transgenic mouse model of HD via regulation of epigenetic
markers [86]. SCFAs were also shown to modulate neuroinflam-
mation and protein aggregation in animal models of neurode-
generative diseases. For example, SCFAs regulate motor deficits
in the Thyl-a-Syn transgenic mouse model of PD via microglia

activation and a-syn aggregation [87]. Further, SCFAs influence
AB plaque formation and the microglial transcriptomic profile,
including upregulation of apolipoprotein E in a GF amyloidosis
mouse model (APPPS1) relevant to AD [88]. Acetate was also
shown to affect microglial metabolism, function, and mitochon-
dria number in the 5XxFAD mice model of AD, which is based on
the accumulation of high levels of neuronal A4, [34].

These studies show that SCFAs can modulate disease or
induce neuroprotection in different animal models of neuro-
degenerative conditions. Identification of cell-type-specific
effects of microbial metabolites is essential for accessing the
contribution of the gut microbiota to cell vulnerability to
neurodegeneration.

4 Tryptophan metabolism

Several Trp-derived metabolites have been shown to regulate
inflammation, with implications for autoimmune and neurode-
generative disorders [41]. One of the largest integrated
metabolomics-metagenomic studies revealed that plasma indo-
lelactate, indolepropionate, and its producing bacteria are lower
in patients with MS compared with controls [80]. In the EAE
mouse model, dietary Trp is required for induction of autoim-
mune neuroinflammation as mice fed a free-Trp diet have de-
creased numbers of circulating myelin oligodendrocyte
glycoprotein (MOG) 35-55 reactive CD4" T-cells—a finding that
was dependent on the presence of an intact gut microbiota as
antibiotics-treated mice do not exhibit the phenotype [89]. In a
separate study using the EAE mouse model, supplementation
with indoxyl-3-sulfate, a microbial metabolite produced by die-
tary Trp, activated microglia and elevated transforming growth
factor alpha (TGF-a) and vascular endothelial growth factor beta
(VEGF-B) production, which in turn modulated astrocyte activity
and CNS inflammation through a mechanism mediated by the
aryl hydrocarbon receptor (AhR) [90]. AhRs signaling is largely
involved in peripheral immune system activation, maintenance
of the gut barrier integrity, and host defense against pathogens
and inflammatory insults [91]. In the CNS, the AhR pathway
impacts microglia and the function of astrocytes, and partici-
pates in adult neurogenesis [91]. Alterations in the Trp metabo-
lism have been linked to cognitive decline in AD patients [92]. A
recent study that investigated alterations in fecal metabolites
showed a decrease in hydroxytryptophan and DL-5-
methoxytryptophan in AD patients’ samples in comparison to
healthy controls’ samples [93]. In the same study, the abun-
dance of indole derivatives that participate in AhR signaling
were also decreased in the AD fecal metabolome whereas
kynurenine levels were unchanged [93]. In line, indolamine 2,3-
dioxygenase (IDO), a rate-limiting enzyme in the conversion of
Trp to kynurenine, is increased in AD and inhibition of this IDO
ameliorated anxiety and depression-like behaviors in 3xTg-AD
mice, a triple-transgenic mouse line that exhibit both Ap and
tau pathology [94]. Similarly, Trp metabolism is altered in PD
individuals and in animal models of disease [95]. Analysis of a
publicly available microbiota data set of PD patients and
healthy controls revealed an increase in indole-producing bac-
teria (i.e. Akkermansia, Alistipes, and Porphyromonas) in PD
patients [96-98]. In a rat model of PD induced by rotenone, die-
tary Trp improved motor deficits and attenuated neurodegen-
eration and neuroinflammation via AhR activation [99]. Thus,
the gut microbiota effect on Trp metabolism may have a signif-
icant impact on neurodegenerative disorders and warrants fur-
ther investigation.
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The vagus nerve at the interface of the microbiota and
neurodegeneration

The vagus nerve is strategically located in the body; thus, it has
become an emerging focus of studies that attempt to explain
the origins of neurodegenerative disorders. In this context,
Braak’s hypothesis postulates that an unknown pathogen (virus
or bacterium) present in the gut could trigger the propagation of
a-syn pathology from the gut to the brain, implicating the gut in
the origins of sporadic PD and other synucleinopathies [100]. PD
is associated with bilateral atrophy of the vagus nerve where
viscero-afferent and viscero-efferent vagal fibers, but not of the
spinal accessory, are affected [101]. Two epidemiological cohort
studies demonstrated that patients undergoing complete trun-
cal vagotomy have a reduced risk of developing PD, highlighting
the critical involvement of the vagus nerve in this pathology
[100, 102, 103].

Gut-to-brain propagation of pathogenic forms of a-syn via
the vagus nerve was demonstrated in different animal models
of PD [104-106]. In a study, injection of a-syn fibrils into the duo-
denal and pyloric muscularis layers in mice allowed pathogenic
forms of alpha-synuclein to reach the lower brainstem and
other brain areas that control motor behavior function via the
vagus nerve [105]. The Braak staging hypothesis of PD is still a
matter of extensive debate and investigation, and disease
spread may occur in different ways depending on the PD sub-
type. Given that the gut microbiota signals the brain via the va-
gus nerve and microbiota perturbations may be implicated in
PD, it is plausible that this dynamic interplay has an impact on
PD’s onset in some cases, but not in others. However, this hy-
pothesis needs to be further investigated.

Although autonomic nervous system alterations have been
described in other neurodegenerative conditions, there is scarce
evidence demonstrating the role of the vagus nerve in AD, ALS,
MS, and HD. Interestingly, vagus nerve stimulation is approved
for treating refractory depression and anxiety [107, 108].
Further, vagus nerve stimulation has shown beneficial effects
on improving cognition—a finding that is particularly relevant
to AD, as this is the most prominent cognitive disorder in aging.
In this sense, in a small cohort of patients with AD, vagus nerve
stimulation was shown to ameliorate cognitive deficits [109]
and/or prevent cognitive decline [110]. Likewise, vagus nerve
stimulation showed beneficial effects for MS patients [111]. A
study involving 10 patients with ALS detected atrophy in the
cervical nerve roots and peripheral nerves [112]. Although pre-
liminary, these studies call for an investigation into the role of
the gut microbiota on mediating gut-vagus nerve-brain com-
munication in neurodegeneration.

The gut microbiota during aging

Aging is one of the major contributors of neurodegenerative dis-
orders [113]. To illustrate this, it is estimated that one in nine
individuals aged >65 years has AD [113]. Among other factors, ag-
ing can be influenced by host genetics, lifestyle, diet, environ-
ment, and the gut microbiota [114]. Several independent studies
using 16S sequencing and metagenomics analysis demonstrate
that the gut microbiota structure undergoes significant transfor-
mation during aging. For example, in a study that investigated
the gut microbiota composition of semi-supercentenarians
(>105years old) and compared it to adult (22-48 years old), el-
derly (65-75years old), and centenarian (99-104years old)
microbiota, it was found that longevity is linked to changes in
the microbial ecosystem with enrichment of certain taxa [115].

The gut microbiota of centenarians and supercentenarians is
characterized by high abundance of health-associated microor-
ganisms such as Bifidobacteria and Christensenella [116]. In contrast,
others observed a decrease in Clostridiales and Bifidobacterium, and
enrichment in Proteobacteria and Enterobacteriaceae in frail, aged
individuals [117]. Although these findings seem to be replicated
in independent cohorts, the microbial signature seems to change
according to geographical and other individual factors [116, 118].

The gut microbiota composition varies according to lifestyle
and diet as individuals age. This concept has been further inves-
tigated using different approaches [116]. A study that evaluated
the microbiota composition of ELDERMET cohort individuals
revealed that diets rich in sugars and fats are linked to a frailer
microbiota [116]. In a more recent study investigating the gut
microbial patterns of 9,000 individuals from three independent
cohorts aging from 18 to 101 years, it was observed that a more
unique compositional gut microbiota status was associated
with a decrease in low-density lipoprotein cholesterol, higher
vitamin D, and lower triglycerides [118]. Altogether, these stud-
ies show that the maintenance of healthy aging may depend on
the interplay between gut microbes, host dietary habits, and
metabolism. Aging is also associated with chronic low-grade in-
flammation, known as “inflammaging” [119]. Age-related
changes in microbial composition affect the senescence of im-
mune cells and the entire cellular immune network [116]. It is
important to note that a wide range of chronic and metabolic
diseases is associated with aging. These comorbid conditions
can have an impact on the gut microbiota and on longevity per
se. A recent study compared the gut microbiota and metabolism
profiles of young (20-29years old), middle-aged (40-59years
old), and older individuals (>60years old) with five diseases (in-
flammatory bowel disease, type II diabetes, intestinal polyps,
colorectal cancer, and liver cirrhosis) with those of healthy indi-
viduals with similar ages. The authors demonstrated that the
gut microbiota of older individuals with type II diabetes, colo-
rectal cancer, and intestinal polyps was the most affected.
Taken together, these studies demonstrate that diet and disease
status are important co-variates for aging-linked microbiota
associations [120].

The gut microbiota can influence both the immune sys-
tem and the metabolome in aged mice. For instance, micro-
biota transplants from young (3-4 months) mice to aged
hosts (19-20months) reversed aging-associated differences
in the hippocampus metabolome and attenuated peripheral and
CNS inflammation [121]. The maturation of microfold cells (M-
cells) in the intestine is important for appropriate immunoglobu-
lin A (IgA) response and can deteriorate with aging [122]. This line
of defense helps to protect us against invading pathogens [122].
Importantly, the decline in M-cell maturation during aging can be
reversed by housing aged mice on used bedding of young mice or
exposing them to bacterial flagellin [123]. A better understanding
of the role of the gut microbiota during healthy aging and frailty
may help in preventing the development and progression of neu-
rodegenerative disorders.

Xenobiotics exposure, gut microbiota, and
neurodegenerative disorders

The gut microbiota is viewed as one of the main surfaces of con-
tact with the environment and is constantly receiving stimulus
from it. Recent research demonstrated that exposure to xenobi-
otics (exogenous substances that are not recognized by the body
including pesticides, pollutants, pathogens, and drugs) can
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alter the gut microbiota composition [124]. In return, gut bac-
teria can bio-transform and metabolize exogenous substances
[124]. There is growing concern that exposure to xenobiotics
may affect human health and lead to neurodegenerative con-
ditions [125, 126]. Exposure to xenobiotic substances alters the
gut microbiota composition in animal models of neurodegen-
erative conditions. For instance, prolonged exposure to rote-
none, a commonly used pesticide known to induce
mitochondrial dysfunction and PD in animals [127], was found
to increase Bifidobacterium spp., mucosal thickening, and gob-
let cell hyperplasia in adult rats [128]. Nonetheless, the detri-
mental effects of pesticides and other xenobiotics to the
microbiota and to the brain may depend on the dose and age
of exposure [129]. Early-life exposure to chlorpyrifos, an organ-
ophosphorus insecticide that inhibits acetylcholinesterase
thereby increasing the concentration of acetylcholine, is
linked to AD [130] and can alter the relative abundance of sev-
eral bacterial taxa including Anaerobranca, Borrelia,
Brevundimonas, Nitrincola, Paracoccus, and Vogesella, while
changing the cholinergic system and the GABAergic systems
in the mouse brain [131]. Thus, the gut microbiota may con-
tribute to chemical transformation of environmental toxins
modulating its effects. As the use of xenobiotics substances is
increasing worldwide, more research is needed to fully under-
stand the impact they could have to brain health to help in
informing policy makers.

Exposure to pathogens, including bacteria, viruses, and even
fungi that trigger the immune system, is associated with in-
creased risk of neurodegenerative diseases [132-135]. For exam-
ple, intestinal infection with gram-negative bacteria including
Citrobacter rodentium in a genetic model of PD, Pink1~/~ mice,
engages mitochondrial antigen presentation and autoimmune
mechanisms that elicit the establishment of CD8" T-cells in
the periphery and in the brain [136]. The epsilon toxin pro-
duced by Clostridium perfringens, a gram-positive, spore-form-
ing enteric pathogen, was found to be significantly higher in
the serum of MS patients than in that of healthy individuals
[137]. Interestingly, common MS treatments such as
Fingolimod-related compounds can inhibit the in vitro growth
of C. perfringens [138]. More recently, a large longitudinal study
involving US military recruits demonstrated that Epstein-Barr
virus infection is strongly associated with MS as it increases
the chances of developing MS by 32-fold. It is plausible to think
that certain gastrointestinal infections may affect the gut-
brain axis, influencing neuropathology. However, the long-
term effects of infections to neurodegenerative disorders are
difficult to disentangle and remain to be fully elucidated.

The gut microbiota was also shown to affect the metabo-
lism of drugs that are used for ameliorating the symptoms of
PD. For example, Levodopa (L-dopa), the primary medication
used to treat PD, is decarboxylated into dopamine by tyrosine
decarboxylase of Enterococcus faecalis [139] and also converted
into meta-tyramine by dopamine dehydroxylase of Eggerthella
lenta A2 [140]. Additionally, L-dopa accumulates in the surface
of Helicobacter pylori in vitro [141], which may be linked to a
lower concentration of L-dopa in PD patients and to motor
symptom fluctuations [142]. The complex interactions be-
tween gut microorganisms and drugs that are used for the
management of neurodegenerative conditions need further
investigation. Perhaps, in the future, the gut microbiome could
potentially be explored for increasing therapeutical effects of
pharmaceutical drugs.

Diet and gut microbiota

Diet is one of the major modulators of the gut microbiota com-
position, directly interacting with the gut microbial population
to modulate the gut community within days of intervention
[143, 144]. Diet can affect microbiota diversity and the abun-
dance of different types of bacteria that will reflect changes in
the production of metabolites, protect the intestinal barrier,
and ultimately influence the host health [145]. The effects of
diet on the gut microbiota have been investigated not only in
healthy individuals [146], but also in the context of aging [147]
and various diseases, including neurodegenerative diseases
[148, 149]. A promising role for diet intervention in neurode-
generative diseases has been hypothesized, especially for AD
and PD [150-155].

Amongst the different diets, the Mediterranean diet is con-
sidered one of the most balanced options, with no caloric re-
striction and increased intake of fibers, antioxidants,
polyunsaturated fatty acids (PUFAs), and polyphenols (found in
fruits, vegetables, legumes, cereals, olive oil, nuts), and low con-
sumption of meat, saturated fatty acids, low or moderate intake
of fish, dairy products, and alcohol [156]. The Mediterranean
diet positively modulates the gut microbiota [157] and a system-
atic review and meta-analysis found that the Mediterranean
diet associates inversely with cognitive disorders [158], with
great potential for neurodegenerative diseases. A study involv-
ing a large cohort of non-frail or pre-frail with 602 individuals
from five European countries demonstrated that anti-
inflammatory effects of the Mediterranean diet paralleled the
increased SCFAs production by the gut microbiota [159], with
great potential for neurodegenerative diseases. A randomized,
double-blind, cross-over pilot study in older adults at risk for AD
(11 subjects with and 6 subjects without cognitive impairment)
comparing a modified Mediterranean-ketogenic diet (MMKD)
with the American heart association diet (AHAD) found that
MMKD modulated the gut microbiota and SCFAs associated
with AD markers in subjects with mild cognitive impairment
[160]. A ketogenic diet is characterized by high fats, moderate
proteins, and very low carbohydrates [161]. Similarly, in another
pilot study, the same group showed that the combination of
these two diets (MMKD and AHAD) was able to modulate the
gut mycobiome in association with AD markers and uncovered
an association between mild cognitive impairment with a fun-
gal-bacterial co-regulation network [162].

Polyphenols (phytochemicals found in fruits and vegetables)
are not only a significant part of the Mediterranean diet, but
have also been reported to have their own beneficial effects on
aging and on several diseases, including neurodegenerative dis-
eases [163, 164]. The gut microbiota plays a central role in the
conversion of dietary polyphenols into phenolic acids [165] and
these were shown to increase gut microbiota diversity, decrease
the Firmicutes/Bacteroidetes ratio, and modulate metabolic ac-
tivity, leading the gut microbiota to a healthier profile [166, 167].
The administration of lemon polyphenols in drinking water
improved aging-related scores and locomotor activity, and
increased the ratio of Bacteroidetes/Firmicutes senescence-
accelerated mouse prone 1 (SAMP1) [168]. Curcumin, a polyphe-
nolic substance, improved cognition and reduced amyloid pla-
que in APP/PS1 mice while modulating the relative abundance
of bacteria involved in AD development [169]. Mediated by the
gut microbiota, polyphenols were already shown to effectively
attenuate AD Apoligomerization [170] and the gut microbiota
has been hypothesized as one of the potential contributions for
resveratrol in mediating neuroprotection and promoting
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cognition. While the impact of the gut microbiota on ALS and
the potential benefits of polyphenols seem promising [171], so
far, no study has directly investigated them.

The omega-3 PUFAs include eicosapentaenoic acid (EPA),
alpha-linolenic acid (ALA), and docosahexaenoic acid (DHA).
Besides their well-known effects of contributing to membrane
integrity, cell signaling, an anti-inflammatory state, and neuro-
transmission [172], they have also been shown to influence the
human gut microbiota towards a healthier profile by promoting
commensal and SCFA-producing bacteria, decreasing inflam-
mation, and by modulating the intestinal-blood barrier [173,
174]. In mice, plant-derived ALA attenuated aging-linked throm-
bosis by modulating trimethylamine-N-oxide (TMAO; an impor-
tant gut microbial metabolite) and SCFAs [175]. Interestingly, a
decrease in peripheral and central omega-3 fatty acid levels is
observed in patients with AD, which was shown to be linked to
disease progression [176, 177]. A systematic review described
beneficial effects of omega-3 supplementation to mild cognitive
impairments at the prodromal AD stage [174]. While promising,
the direct effect of the gut microbiota in this process has not
been investigated.

A preliminary small case—-control study assessed the gut
microbiota of 54 PD patients (16 of them submitted to a bowel-
cleansing procedure for 8 days plus an ovo-lacto vegetarian in-
tervention for 14 days and 6 of them submitted to the diet inter-
vention only) and 32 healthy individuals, and found an effect of
the combined intervention on the clinical PD outcomes and in
the gut microbiota profiles of the patients [178]. However, this
study must be interpreted cautiously due to the small sample
size, the significant age difference between the groups, and the
lack of proper controls, including an enema-only group. The
beneficial effects of diet mediated through the microbiota must
be confirmed in both preclinical and clinical studies.

Recently, a study found that differences in gut microbiota
composition between patients with autism spectrum disorder
and neurotypical individuals were mostly due to reduced die-
tary diversity [179]. As neurodegenerative disorders are debili-
tating conditions that can have drastic effects on diet, it is
important to consider dietary data when analysing and inter-
preting findings in this field. There is a critical need for random-
ized, double-blind, controlled clinical trials, with adequate
sample sizes, adequate controls, and gut microbiota analysis for
the diet interventions.

Exercise and gut microbiota

Physical exercise has been demonstrated to have positive effects
on general health and on preventing and improving a wide range
of diseases, including brain disorders [180]. Exercise acts as
whole-body therapeutics, with its benefits targeting various
organs and biological systems, including the gut microbiota [181].
A systematic review including 25 studies found that exercise was
associated with changes in gut microbial composition, with a
specific increase in butyrate-producing bacteria and fecal buty-
rate levels in humans and rodents [182]. Additionally, a more re-
cent systematic review included 18 clinical studies with healthy
adults and identified a positive association between high levels of
exercise and fecal bacterial alpha diversity and fecal SCFAs con-
centrations [183]. Of the beneficial effects of exercise on health
and disease, the impact on the brain is remarkable, with promi-
nent cognitive enhancement induced by exercise observed in a
wide range of brain disorders [181]. Not surprisingly, the gut
microbiota was already suggested as the possible link between
exercise and neurodegenerative diseases [184].

Recently, a direct link between exercise and microbiota gut-
brain communication has been proposed, with the immune sys-
tem acting as an essential modulator [184]. This is a topic of in-
creased relevance for AD [185]. Using the A;_40 mouse model of
AD, mice were subjected to a 4-week treadmill exercise, which
could prevent depressive-like behavior, gut dysfunction, and
the increase in the Firmicutes/Bacteroidetes ratio induced by
the AD model [186]. Interestingly, young (but not middle-aged)
APP/PS1 mice exposed to 16 weeks of running wheels exhibited
an increase in cognition and an improvement in their gut
microbiota profiles, indicating a need to start exercise interven-
tion earlier, in a pre-symptomatic phase, to prevent AD-
associated decline [187]. Another possibility of intervention is
the combination of exercise and probiotics. Rats injected with
AB,-4» as an AD model were subjected to a probiotic mixture
and moderate-intensity interval training using a rodent tread-
mill for 8weeks and the study demonstrated neuroprotective
effects of the combined intervention on cognition neurodegen-
eration synaptic plasticity [188]. Similarly, in the APP/PS1 mouse
model, a mixture of probiotics and an interval treadmill running
protocol was administered for 20 weeks; this study showed that
the combination of interventions improved cognition and
markers of neurodegeneration, and that exercise was able to
shift the gut microbiota profile observed in the AD mice, mainly
towards butyrate-producing species [189].

Exercise in PD, ALS, MS, or HD has been widely explored and
its promising beneficial effects have been demonstrated [190-
197]. A systematic review and meta-analysis of randomized-
controlled trials including 15 studies indicated that exercise
could improve muscle strength in patients with PD and has the
potential to improve movement and quality of life [198].
Exercise has also been shown to improve motor and non-motor
outcomes of PD in both human and rodent models, including
neuroplasticity and cognition [199, 200]. In ALS, a systematic re-
view and meta-analysis including 322 patients showed in-
creased functionality and vital capacity with no effect on
muscle strength or quality of life [195]. A more recent system-
atic review corroborated the effect of exercise on functional
abilities in patients with MS in the short, medium and long
terms [201]. In the context of HD, a preclinical model of HD exer-
cise was able to delay the onset of the disease and cognitive im-
pairment [202]. Recently, a study revealed the main bacterial
signature (the orders of Bacteroidales, Lachnospirales, and
Oscillospirales) that discriminates the effect of exercise and en-
vironmental enrichment in wild-type and HD mice, suggesting
a promising role for the gut microbiome in mediating the posi-
tive effects of these interventions in HD [203].

For MS, a systematic review including 54 studies indicated
that exercise could increase aerobic capacity and muscular
strength as well as improve health-related quality of life, mobil-
ity, and fatigue [204]. The effects of exercise on brain function in
patients with MS are also promising [205], including on cogni-
tion [206]. A few studies have investigated the role of the gut
microbiota in mediating the beneficial effects of exercise in MS.
A study investigating the effect of five sessions of home-based
exercise (or no exercise) for 6 months in 42 people with MS
showed that the exercise intervention eased anxiety and de-
pression scores as well as modulated the gut microbiota profile,
especially towards increasing Prevotella and decreasing
Akkermansia muciniphila [207]. Still, in an animal model of EAE,
4weeks of strength exercise training before the immunization
and 7days after showed that the exercise intervention in-
creased the gut microbiota abundance and diversity, decreased
the Firmicutes/Bacteroidetes ratio, intestinal permeability, and
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SCFA-producing bacteria, and reduced the Tyl7 and Treg im-
mune responses. Also, when mice received fecal microbiota
transplantation from exercised mice, lower disease severity and
neuropathology phenotype were observed [208].

While some mechanisms for the positive effect of exercise
on these neurodegenerative diseases have been pointed out in
the studies mentioned above, the role of the gut microbiota in
mediating this effect is still poorly explored.

Microbiota-based interventions

Probiotics

Probiotics are live microorganisms (e.g. Lactobacillus spp.,
Bifidobacterium spp.) that, when administered in adequate
amounts, confer a health benefit to the host [209]. While they
can be delivered in food as supplements or drugs, their effi-
cacy or ability to successfully engraft has been a topic of con-
cern [145, 210]. Their proposed mechanisms of action include
modulation of the immune system, support of microbiota sta-
bility, production of SCFAs, and improvement in the gut bar-
rier function, amongst others [211]. Several studies have
analysed the role of probiotics in human health. The compila-
tion of 313 trials, including 43,826 participants, has identified
an overall positive benefit, from gastrointestinal to cardiome-
tabolic parameters [145]. Not surprisingly, the role of probiot-
ics in the context of neurodegenerative disorders has been
explored and neurological factors, endocrine pathways, and
immune signals have been suggested as their main potential
mechanisms of action [212, 213].

A recent review summarizing the clinical data has revealed
a promising role in using probiotic interventions for cognition,
inflammation, and oxidative stress in AD patients and individu-
als with middle cognitive impairment [214]. A randomized,
double-blind, and controlled trial with 60 AD patients (30 receiv-
ing milk and 30 receiving a mixture of probiotics in milk for
12 weeks) showed a positive effect of probiotics on cognitive
and metabolic outcomes [215]. In a smaller, uncontrolled ran-
domized trial, 20 AD patients received a mixture of probiotics
for 28days and cognitive, microbial, and inflammatory out-
comes were tested in comparison with their baselines before
the intervention, leading to the discovery of changes in the gut
microbiota and the Trp metabolism in serum [216]. On the other
hand, a randomized, double-blind, and controlled trial with 46
AD patients administered a probiotic mixture for 12 weeks did
not find any significant difference in any of the outcomes mea-
sured that included cognitive, inflammatory, and oxidative bio-
markers [217]. Still, a recent systematic review and meta-
analysis revealed an effect of probiotics on cognitive function in
people with mild cognitive impairment and to a lesser extent in
AD patients, associated with the number of microorganisms
added to the probiotic mixture, the dosage and duration of the
intervention, and the severity of the disease [218].

Preclinical studies have corroborated this promising effect of
probiotics on cognition in AD animal models (reviewed in [84])
[219]. Using an intracerebroventricular injection of the Af AD
rat model, a mixture of probiotics was administered orally for
56days and was shown to alleviate spatial cognitive perfor-
mance, restore synaptic plasticity, and balance the antioxidant/
oxidant biomarkers [220]. APP/PS1 double-transgenic mice fed
standard chow or a high-fat diet received A. muciniphila or vehi-
cle orally for 6 months. Apart from the metabolic improvement
that A. muciniphila showed, reduction of AB deposits in the cor-
tex of APP/PS1 mice and improved spatial cognitive outcomes

and anxiety-related behavior of these mice were also demon-
strated [221]. Using the same AD animal model, a study recently
showed that 12 weeks of co-treatment of Lactobacillus plantarum
with memantine potentiated the effect of the latter by decreas-
ing hippocampal AP deposits, improving neuronal plasticity,
ameliorating neuroinflammation, attenuating cognitive impair-
ments, and promoting the reduction in TMAO [222]. Also, sup-
plementation with SLAB51 probiotic formulation for 10 weeks
was able to counteract the cognitive decline observed in these
mice as well as brain damage and gut hormone plasma levels in
3xTg-AD mice [222]. When administered for 16 weeks, this for-
mulation showed a reduction in oxidative stress in AD mice via
the activation of Sirtuin 1 (SIRT1)-dependent mechanisms [223]
and <48 weeks of administration could restore impaired glucose
metabolism [224]. In addition, probiotics (VSL#3) have also been
shown to alleviate intestinal pathophysiology [225] and to in-
crease SCFA levels in the App™~“F mouse, a knockin mouse
model of AD [226].

A role for probiotics in PD has also been suggested and re-
cently reviewed [227-229]. A randomized placebo-controlled
trial recruiting 48 PD patients (22 receiving a multi-strain probi-
otic and 26 receiving placebo over 8 weeks) demonstrated an
improvement induced by probiotics in gut motility and consti-
pation in PD patients, which are common and very incapacitat-
ing non-motor symptoms of PD [230]. Still, a randomized,
double-blind, placebo-controlled trial administered either a mix
of probiotics (30 PD patients) or placebo (30 PD patients) for
12 weeks. It showed a decrease in motor and non-motor impli-
cations of PD as well as in metabolic outcomes related to PD, in-
cluding oxidative stress, insulin levels, and resistance [231].

In the context of the effects of probiotics in MS, a systematic
review (five animal and two human studies included) has
pointed to an overall beneficial effect of probiotics in MS, mainly
on the immune system, with ultimate alleviation, prevention,
and ability to delay the onset of the disease [232]. More recently,
a meta-analysis of three clinical studies (173 MS patients receiv-
ing probiotics) has found an overall effect on mental health, in-
sulin resistance, and inflammatory and oxidative stress
markers [233]. They performed a systematic review of 22 pre-
clinical studies revealing positive effects of probiotics in the
progression of MS, including decreasing incidence, and amelio-
rating the severity of the disease and motor impairment [233].
This study also identified that formulation SLAB51 adminis-
tered for 2weeks prior and 3 weeks after 6-OHDA injection in
mice protected dopaminergic neurons and improved behavior
outcomes relevant to PD [228].

Similarly, a mixture of probiotics was administered for
4weeks prior to the MPTP and rotenone injection. Probiotics
prevented dopaminergic neurodegeneration and behavioral
impairments while attenuating glial activation induced by both
PD models [234]. Using the MPTP mouse model of PD, Clostridium
butyricum was administered for 4 weeks after the MPTP treat-
ment and was also able to improve motor deficits, dopaminer-
gic neurodegeneration, and glial activation. Importantly, this
study showed that probiotic interventions could reverse MPTP-
induced dysbiosis and suggested a role for the glucagon-like
peptide-1 (GLP-1) pathway [235].

In addition, a comprehensive review systematically evaluated
6 human and 22 animal studies of probiotics in MS and has
pointed to VSL#3, Lactobacillus paracasei, Bifidobacterium animalis,
Escherichia coli Nissle 1917, and Prevotella histicola as the most
promising candidates [236]. The administration of P. histicola
showed an inverse correlation with the severity of MS and poten-
tial ability to suppress the phenotype in preclinical models [237].
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As previously mentioned, there are numerous benefits of
the use of probiotics for neurodegenerative diseases; however,
there is still not a consensus regarding formulation, the use of
multi-strain probiotic vs one strain only, the dose, or even the
treatment length. The field would greatly benefit from research
focused on clarifying these points.

Prebiotics and symbiotics

A prebiotic is defined as “a substrate that is selectively utilized
by host microorganisms conferring a health benefit,” usually
carbohydrate-based, and other substances such as polyphenols
and PUFAs when converted to their respective conjugated fatty
acids [238]. Their mechanisms of action include microbial
growth and improvement in bowel habit, production of SCFAs,
and reduction in pH, altogether leading to the production of an-
timicrobial agents and consequent defense against pathogens,
reduced inflammation, and increased satiety [211]. The general
health benefits promoted by prebiotics vary from alleviating
constipation, irritable bowel syndrome, and metabolic disease
to psychiatric and neurodegenerative disorders [213, 238, 239].
Symbiotics, in turn, are a combination of prebiotic and probiotic
ingredients [240] that act synergically with the specific prebiotic
compound(s), favoring the probiotic organism(s) implantation,
survival, and ultimately overall beneficial effect [241]. However,
less is known about the impact of these combined compounds
on host physiological markers of health compared with those of
probiotics and prebiotics separately.

A few studies have investigated the effect of prebiotics on
AD [219]. An oligosaccharide from Morinda officinalis was admin-
istered to APP/PS1 transgenic mice for 6 months, demonstrating
positive effects on cognitive impairment, neurodegeneration,
and AP deposits while also modulating the gut microbiota [242].
Using the same APP/PS1 AD-like mice model, fructooligosac-
charides were administered for 6 weeks. Through the GLP-1
pathway, fructooligosaccharides ameliorated the observed cog-
nitive deficits and pathological processes related to AD and the
gut microbiota profile [243]. Lactulose and trehalose were ad-
ministered to mice before a bilateral intrahippocampal CA1 in-
jection of oligomeric Afys_3s, which attenuated cognitive
impairment induced by the model as well as neuroinflamma-
tion, with lactulose showing promising neuroprotective effects
of relevance to AD [244]. Still, AB;_4, AD-like mice were treated
with the yeast beta-glucan, which modulated the gut microbiota
and ameliorated cognitive deficits, neuroinflammation, and
brain insulin resistance [245]. In addition, 8 weeks of treatment
with the prebiotic mannan oligosaccharide was successful in
positively modulating several outcomes observed in the 5xFAD
transgenic AD-like mouse model, including brain-related effects
such as cognition, anxiety, Ap accumulation, neuroinflamma-
tion, oxidative stress, the hypothalamic-pituitary—-adrenal axis,
and gut microbiota associated with improvement in the gut
microbiota profile, intestinal barrier integrity, and the produc-
tion of SCFAs [246].

In PD studies, prebiotics targeting butyrogenic bacteria,
modulating the inflammatory response and improving gut in-
tegrity, have been proposed to have promising potential to alle-
viate the disease [247]. However, only a few studies have
addressed this point and it is essential to note that butyrate
also acts as a histone deacetylase inhibitor, having an epige-
netic role [248]. While oral administration of sodium butyrate
was already shown to positively modulate the PD motor and
non-motor phenotypes [249, 250], this delivery method does not
explicitly affect the gut microbiota since it is mostly absorbed in
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upper segments of the gut tract [251]. Among the non-motor
symptoms of PD, constipation has been one of the most ex-
plored symptoms, with a systematic review pointing to the use
of prebiotics as being promising for patients’ quality of life [252].
A randomized, double-blind, placebo-controlled trial was per-
formed in PD patients with constipation who received either
fermented milk (80 patients), containing both probiotics and
prebiotics, or a placebo (40 patients) for 4 weeks, showing a posi-
tive effect on constipation outcomes [253]. Using the preclinical
rat model of 6-OHDA, the probiotic AP-32 (considered prebiotics
by the authors but also containing other molecules including
SCFAs), the residual medium of the probiotics, and the symbi-
otic effect of both were evaluated over 8 weeks. They show a sig-
nificant prevention of dopaminergic loss, improvement of
motor function, restoration of fecal SCFAs levels, and mitochon-
drial and energy metabolism, with the probiotic AP-32 interven-
tion being superior to the general outcomes [254].

In the context of ALS, the prebiotic oligosaccharide was ad-
ministered in the SOD1°*# transgenic mouse model of ALS for
10 weeks and this showed an effect in delaying the onset of the
disease and prolonging the lifespan of the ALS mouse [255].
Preclinical and clinical evidence on the beneficial activities of
prebiotics and/or symbiotics in neurodegenerative diseases is
still limited. Similarly to probiotics, there is no consensus on
prebiotics and symbiotic formulation, dose, or treatment
length.

Conclusions and future perspectives

Despite huge research efforts, the cause of the various neurode-
generative disorders is mostly unknown with genetic and envi-
ronmental contributors. As noted in this review, the gut
microbiota may act as an intermediate factor between the host
and the environment, affecting key aspects in the neurodegen-
eration process such as inflammation and protein homeostasis.
However, a causal role for the gut microbiota in neurodegenera-
tion is missing. Many of these challenges are rooted in the limi-
tation of translating animal findings to humans (Box 1). Several
animal models have been used to study neurodegenerative con-
ditions, yet they fail to capture the complexity of multifactorial
disorders. Neurodegenerative disorders result from progressive
damage and loss of neuronal function. Thus, human studies in-
volving larger longitudinal cohorts are needed to understand
the relative contribution of the gut microbiota to neuropathol-
ogy. A better understanding of the role of the gut microbiota in
neurodegenerative disorders is essential and may lead to the
discovery of new therapeutical targets and/or disease-
modifying strategies.
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