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ABSTRACT ARTICLE HISTORY
Deciphering the molecular communications along the gut-brain axis can help in understanding the Received 13 February 2024
pathophysiology of neurodegenerative diseases and exploiting the gut microbiome for therapeu- Revised 28 June 2024

tics. However, gut microbes and their metabolites have a multifaceted role in mediating both brain ~ Accepted 23 October 2024
physiology and neurodegenerative pathology. There is a lack of understanding of how and when KEYWORDS

this role is tipped in neurodegenerative diseases and what are those contributing factors, both at Gut-brain axis; microbiome;
local (gut) and distal (neuronal) levels, that drive this imbalance. Here we have reviewed the gut neurodegeneration; aging;
microbiome and its metabolites in the context of the gut-brain axis and summarized how different microbial metabolites;
factors such as gut-microbial diversity, their metabolites, the role of the native immune system and Alzheimer’s; Parkinson’s
the integrity of gut epithelial and blood-brain barriers are interconnected and collectively define

the involvement of gut-microbiome in neurodegenerative pathologies. It also underlines the need

for multidisciplinary tools and animal models to simultaneously reflect on many of these factors

and to better correlate with clinical observations and data obtained from human biopsies and fecal

samples. Harnessing the gut-brain axis will herald a paradigm shift in medicine for neurodegen-

erative diseases and aging, emphasizing the significance of the microbiome in the broader

spectrum of health and disease.

Gut-microbiome and its metabolites
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The physio-pathological balance of brain health

1. Introduction

Our understanding of the human-microbiome rela-  disciplines, the gut microbiome’s extensive influence
tionship is evolving with the involvement of multi-  touches upon various aspects of physiology, includ-
disciplinary research tools. Spanning numerous ing the development and functionality of the central
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nervous system (CNS), specifically the gut-brain
axis, an area that is gaining significant traction in
the biomedical field. The gut-brain axis is
a bidirectional communication pathway that ensures
gastrointestinal homeostasis and modulates brain
function and behavior."” Recent scientific advance-
ments have illuminated the gut’s function in the
context of neurodegenerative diseases (NDDs) - dis-
orders characterized by the progressive loss of neu-
ronal function or structure, including conditions
such as Parkinson’s disease (PD), Alzheimer’s dis-
ease (AD), Huntington’s disease (HD), motor neu-
ron diseases (MND), and various ataxias.>

The etiology of NDDs is complex, encompassing
an interplay of genetics, aging, environmental, and
lifestyle elements. Nevertheless, an increasing amount
of empirical data indicates that the gut microbiota
imbalance, known as dysbiosis, and the resulting dis-
turbance in the composition of microbial metabolites
may drive the neuroinflammatory and neurodegen-
erative mechanisms identified in these disorders.”®
The gut microbiome has been observed to generate
a diverse range of bioactive substances that can poten-
tially influence brain physiology. These effects can
occur through direct mechanisms, such as permeating
across the blood-brain barrier (BBB), impacting the
integrity of the gut, i.e., leaky gut, local intestinal
inflammation or indirect mechanisms, such as regu-
lating immune responses or neuronal signaling,”®

Gut-microbiome-derived metabolites such as
short-chain fatty acids (SCFAs) - including butyrate,
acetate, propionate and tryptophan metabolites are
of particular interest due to their neuroactive proper-
ties and potential to influence the gut-brain axis.”
SCFAs, for example, are known to possess anti-
inflammatory properties and modulate the BBB
integrity.'® Similarly, alterations in tryptophan meta-
bolism have been implicated in NDDs processes,
highlighting the intricate relationship between meta-
bolic byproducts of the gut microbiota and
neurodegeneration.''? Given the substantial preva-
lence and the significant burden of NDDs, under-
standing the potential contribution of gut microbiota
to their role in pathophysiology opens a window for
novel biomarkers and therapeutic interventions. The
modulation of the gut microbiome through diet,
probiotics, and prebiotics represents a promising
avenue for altering disease progression and possibly
developing preventive strategies. 1314
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Figure 1. The interacting partners in the gut-brain axis are
interconnected and collectively mediate the pathophysiological
role of the gut microbiome in the brain health vs disease state.

This review aims to explore the role of the gut
microbiome in NDDs, with a specific emphasis on
the biochemical interactions between microbial
metabolites and the pathophysiology of the gut-
brain axis. We discussed state-of-the-art gut-
microbiome-brain axis research to connect the
dots and summarize how the diversity of gut-
microbiome, their metabolic flux, pathophysiologi-
cal integrity of gut-blood and blood-brain barriers
and enteric innervations of the GIT (ENS) collec-
tively define the balance of gut-brain axis and
influence the development or progression of
NDDs (Figure 1). Moreover, this review will high-
light the fundamental mechanisms and leverage
this understanding to create innovative and
impactful treatments to mitigate the effects of
these severe conditions.

2. Gut-brain axis - the channels of crosstalk
between the gut and the brain

The gut-brain axis is a complex and two-way com-
munication channel that connects the gastrointest-
inal (GI) system and the CNS. This axis facilitates
bidirectional communication between the brain
and the gastrointestinal tract, allowing signals to
be transmitted from the brain to the gut and vice
versa. To fully grasp the impact of the gut on the
brain’s health and disease, it is crucial to



comprehend the mechanisms by which these con-
versations take place."” The gut microbiota — brain
axis facilitates bidirectional communication
between gut bacteria and the brain as represented
in Figure 2. This axis plays a vital role in maintain-
ing the homeostasis of GI, CNS and microbial
systems.'® Most of the understanding of host-
microbiota interactions, including the information
presented in Figure 2, is derived from animal mod-
els that enable control over experimental condi-
tions. The communication pathways encompass
the autonomic nervous system, including the
ENS, vagus nerve, neuroendocrine system,
hypothalamic-pituitary-adrenal ~ (HPA) axis,
immunological system, and metabolic ways. The
gut microbiota could generate neuroactive sub-
stances, including neurotransmitters like GABA,
noradrenaline, dopamine, and serotonin (5-hydro-
xytryptamine (5-HT)), as well as amino acids like
tyramine and tryptophan, and microbial metabo-
lites such as short-chain fatty acids (SCFA) and
4-ethylphenylsulfate. These metabolites can go
through the portal circulation and interact with
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the immune system of the host. They can also
have an impact on metabolism and affect the local
neuronal cells of the ENS and the afferent pathways
of the vagus nerve, which directly communicate
with the brain.

2.1. Vagus nerve is central in gut-brain axis
physiology and neuropathology

The enteric nervous system (ENS), commonly
known as the “second brain,” is comprised of
a complex network of neurons that can operate
autonomously from the CNS and vagus nerve is
the principal neuronal channel that connects the
GI tract with the CNS.'” It is essential for gut-brain
communications such as influencing the release of
neurotransmitters  (acetylcholine, = gamma-
aminobutyric acid (GABA), and serotonin) for
mood and anxiety'® and distinguishing between
symbiotic and pathogenic bacteria through an elec-
trophysiology that needs more investigation. For
instance, Tanida et al. demonstrated that injecting
Lactobacillus johnsonii into the rat duodenum
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Figure 2. The gut microbiota and the central nervous system (CNS) communicate with each other through various direct and indirect
channels of the gut-brain axis. CRH: corticotropin receptor hormone, ACTH: adrenocorticotrophic hormone. Created with BioRender.com
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raised the gastric vagal multiunit firing rate by
approximately 10% within 15 minutes, eventually
reaching a 90% increase an hour after injection.19
Certain gut bacteria can produce neurotransmitters
and other bioactive molecules that are detectable by
vagus nerve and effectively allow the gut micro-
biota to send signals that can impact mood, anxi-
ety, and overall brain function. For instance,
Carabotti et al. studied that the production of ser-
otonin (a neurotransmitter found mainly in the gut
and synthesized by gut bacteria) can influence
vagus nerve signaling, affecting emotional well-
being and gut motility.”” From the brain perspec-
tive, the vagus nerve is a channel through which it
can exert control over gut function. The vagus
nerve carries afferent (gut-to-brain) signals crucial
for maintaining homeostasis. Sensory neurons of
the vagus nerve detect changes in the gut, such as
stretching of the stomach walls, and the presence of
nutrients and metabolites produced by the micro-
biota. This information is then relayed to the brain,
influencing appetite, satiety, and a host of neuroen-
docrine responses.>*' Additionally, the vagus nerve
is involved in regulating the inflammatory reflexes
as reported by Pavlov et al. and upon activation, it
could stimulate the spleen’s ability to decrease the
secretion of pro-inflammatory cytokines.”*** This
pathway known as the “cholinergic anti-
inflammatory pathway” illustrates how communi-
cation between the gut and the brain through the
vagus nerve can regulate immune responses. This
mechanism holds potential implications for condi-
tions characterized by inflammation, including
specific NDDs.

In the context of neuropathology, Braak et al.
suggested that the pathology of alpha-synuclein
(aSyn) might migrate from the GI tract to the
brain through the vagus nerve.** This was further
confirmed by Kim et al. using an innovative mouse
model designed to mimic the transmission of aSyn
from the gut to the brain as shown in Figure 3a-e.*
In this model, mice received injections of patho-
genic aSyn-preformed fibrils into their duodenal
and pyloric muscular layers. The progression of
aSyn pathology in the brain was tracked, beginning
with the phosphorylation of serine 129 at aSyn.
Initial signs were detected in the dorsal motor
nucleus, followed by the lower regions of the hind-
brain, including the locus coeruleus, and eventually

reaching areas like the basolateral amygdala, dorsal
raphe nucleus, and substantia nigra pars compacta.
Correspondingly, the loss of dopaminergic neurons
and both motor and non-motor symptoms devel-
oped over time. Performing a truncal vagotomy or
inducing aSyn deficiency in mice prevented the
spread of aSynucleinopathy from the gut to the
brain, along with the subsequent neurodegenera-
tion and behavioral issues. This study lends sup-
port to the Braak hypothesis regarding the origins
of idiopathic PD.

Siopi et al. proposed that the vagus nerve
might be a conduit for transmitting the impact
of stress-induced alterations in the gut micro-
biome to the plasticity and behavior associated
with the adult hippocampus (HPC) as presented
in Figure 3F-].>° Their methodology involved
using fecal matter from mice exposed to unpre-
dictable chronic mild stress (UCMS) to inocu-
late healthy mice. This process was followed by
evaluating anxiety and depression-like beha-
viors, conducting histological and molecular
assessments of adult HPC neurogenesis, and
examining neurotransmission pathways and
neuroinflammation. Specifically, they investi-
gated the vagus nerve’s role in the influence of
microbiome alterations on brain function and
behavior, employing mice that underwent sub-
diaphragmatic vagotomy before gut microbiota
transfer. The study found that introducing gut
microbiome from UCMS mice into healthy mice
triggered activation of the vagus nerve, leading
to early and persistent alterations in serotonin
and dopamine neurotransmission in the brain-
stem and HPC. These alterations were linked
with immediate and lasting impairments in
adult HPC neurogenesis and the onset of neu-
roinflammatory responses in the HPC. Notably,
performing a vagotomy negated the deficits in
adult HPC neurogenesis and neuroinflamma-
tion, as well as depressive-like behavior, indicat-
ing that the vagal afferent pathways are essential
for the gut’s influence on brain function.

2.2. Other enteric nervous systems

The two major components of ENS are the pri-
mary plexuses, i.e., the myenteric plexus predo-
minantly governs gastrointestinal motility while
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the submucosal plexus regulates the gastrointest-
inal tract’s enzyme secretion and blood flow.
These mechanisms collectively empower the
ENS to independently manage the intricate pro-
cesses of digestion, absorption of nutrients and
waste disposal. Physiologically, a notable conver-
gence exists in the neurotransmitter systems
employed by both the ENS and the CNS, includ-
ing serotonin, dopamine, and acetylcholine. The
existence of a common chemical language
enables efficient and uninterrupted communica-
tion between the two systems. Notably, approxi-
mately 95% of the serotonin in the human body
is located in the GI tract. This neurotransmitter
is generated by enterochromaffin cells, and its
activity is influenced by microbiota. Yano et al.
discovered that these interactions have signifi-
cant implications for the regulation of mood
and the potential development of diseases such
as irritable bowel syndrome (IBS).>””*® In this
study, they also demonstrated that the micro-
biota enhances the production of 5-HT from
colonic enterochromaffin cells in a way that can
be initiated after birth and reversed. Microbes
that form spores, specifically from the microbiota
of healthy humans and mice, are effective in
modulating 5-HT levels in the serum, colon,
and feces. The researchers discovered that certain
metabolites, increased by these spore-forming
microbes, likely interact directly with colonic
enterochromaffin cells to stimulate the produc-
tion of 5-HT. Crucially, alterations in colonic
5-HT levels due to the microbiota have an impact
on GI motility and blood clotting in the host.
This suggests that targeting the microbiota could
be a viable method for adjusting the availability
of peripheral 5-HT and addressing symptoms of
diseases related to 5-HT.

The literature indicates that dysfunction within
the ENS might contribute to a variety of gut-brain
axis disorders, including functional and inflamma-
tory bowel diseases, obesity, and even CNS disor-
ders such as PD. The discovery of aSyn and its
intracellular aggregates (Lewy bodies), within the
ENS provides compelling evidence for the inter-
connectedness of these two neural entities. It sug-
gests that neurodegenerative processes might begin
in the gut. Braak et al. provide findings showing the
presence of aSyn immune-reactive clumps in the
gastric myenteric and submucosal nerve networks
in samples categorized based on brain pathology
associated with sporadic Parkinson’s Disease
(sPD).?° The observation of these protein accumu-
lations just below the stomach’s epithelial layer
suggests that the changes in Meissner’s submucosal
plexus might mark the start of a continuous chain
of projecting neurons connecting the ENS to the
brain’s cerebral cortex.

2.3. Non-innervated pathways: systemic circulation
and immune system

Communication between the gut and the brain
through the circulatory system, independent of
direct neural innervation, involves a complex inter-
play of hormones, immune signals and gut-derived
metabolites. This complex signaling network shows
the importance of peripheral systems in modulat-
ing brain function and behavior, highlighting
potential new avenues for therapeutic intervention
in neurological and psychiatric disorders. Latorre
et al. discussed that the gut endocrine system con-
sists of a wide range of enteroendocrine cells that
release over 20 distinct hormones into the blood-
stream upon dietary intake. Hormones such as
peptide YY (PYY), glucagon-like peptide-1

aSyn PFF injection into the Gl tract. lllustrated through dual staining for pSer129-aSyn (green) and tyrosine hydroxylase (TH, red) in the
substantia nigra pars compacta (SNc). (f) Images showing c-fos immunostaining in the nucleus of the solitary tract (NTS) in mice,
following gut microbiota transplantation from either control (ct-tr group) or under chronic unpredictable mild stress (UCMS-tr group)
conditions, observed at 2 hours and 24 hours post-transplantation. (g) Comparative images of c-fos immunostaining in the NTS
2 hours after fecal transplantation from control (ct-tr group) and UCMS (UCMS-tr group) microbiota. (h) A graphical representation
illustrating the average number of c-fos positive cells in the dentate gyrus at 2 hours after inoculation with microbiota derived from CT
and UCMS groups. (i, j) visual representations of C-Fos and DCX immunostaining in the dentate gyrus of mice receiving transplants
from ct-tr and UCMS-tr groups. Accompanied by bar charts showing the quantification of positive cells. Panel A-E adapted with
permission from cell [25] and panel F-J adapted with permission from nature [26].



(GLP-1), and cholecystokinin (CCK) exert signifi-
cant influence on the regulation of hunger, main-
tenance of glucose balance and transmission of
signals related to satiety to the brain. The impact
of these hormones on the hypothalamus and brain-
stem nuclei, which play a vital role in regulating
energy balance, demonstrates a non-neural com-
munication pathway between the gastrointestinal
tract and the CNS.*

The gut-associated lymphoid tissue (GALT) is the
largest collection of immune cells associated with the
gut and it serves as a crucial venue for the reciprocal
communication between the host immune system
and the microbiota residing in the GI tract.
Cytokines and chemokines that are generated inside
the GALT can access the systemic circulation. Once
in circulation, they can communicate with the CNS
through two primary pathways: activation of the
vagus nerve or passage across the BBB. This passage
across the BBB can occur through active transport
mechanisms or by utilizing circumventricular
organs devoid of a BBB. This immune-to-brain
communication can influence neuroinflammatory
pathways and has been implicated in the pathophy-
siology of several neuropsychiatric disorders.*
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3. Gut microbiome: diversity and dynamics

The gut microbiome has a high degree of diversity,
encompassing a multitude of bacterial species, among
which Firmicutes and Bacteroidetes constitute the
predominant populations. Additional phyla, namely
Actinobacteria, Proteobacteria, and Verrucomicrobia,
are also observed in the microbial community
(Figure 4), though in lower proportions.”’ The pre-
sence of diverse microbial communities in the gut is
of utmost importance for preserving gut health.
These microorganisms play a crucial role in various
physiological processes such as digestion, vitamin
synthesis, and maintaining the protective mucosal
barrier. Qin et al. conducted an Illumina-based meta-
genomic sequencing study, assembling and analyzing
3.3 million unique microbial genes from 576.7 giga-
bases of sequence data obtained from fecal samples of
124 European subjects.’” This gene collection, about
150 times larger than the human genome, predomi-
nantly includes the more common microbial genes
found in the study group and likely represents
a significant portion of the typical human intestinal
microbial genes. Notably, over 99% of these genes are
of bacterial origin, suggesting that the entire group
carries between 1,000 and 1,150 common bacterial

Class

Family

Genus

Species

Phylum
(Fermicutes)

Clostridia

Clostridiaceae

Faecalibacterium,

Faecalibacterium

Clostridium prausnitzii,
Clostridium spp.
Lachnospiraceae Roseburia Roseburia intestinalis

Ruminococcaceae

Ruminococcus

Ruminococcus faecis

Negativicutes

Veillonellaceae

Dialister

Dialister invisus

Phylum
(Bacteriodetes)

Bacilli Lactobacillaceae Lactobacillus Lactobacillus reuteri
Enterococcaceae Enterococcus Enterococcus
faecium
Staphylococcaceae Staphylococcus Staphylococcus leei
Class Family Genus Species

Sphingobacteria

Sphingobacteriaceae

Sphingobacterium

Phylum
(Actinobacteria)

Bacteroidia Bacteroidaceae Bacteroides Bacteroides vulgatus
Tannerellaceae Tannerella, Parabacteroides
Parabacteroides distasonis
Rikenellaceae Alistipes Alistipes finegoldii
Prevotellaceae Prevotella Prevotella spp.
Class Family Genus Species

Actinobacteria

Corynebacteriaceae

Corynebacterium

Bifidobacteriaceae

Bifidobacterium

Bifidobacterium
longum,
Bifidobacterium
bifidum

Coriobacteria

Coriobacteriaceae

Atopobium

Figure 4. The composition of human gut microbiome. These bacteria represent around 90% of the gut microbiome.
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species, with each hosting at least 160 of these species,
which are also largely shared.

Dominguez-Bello et al. studied that the initiation
of the gut microbiome commences throughout the
process of birth.”> They found that babies born
through vaginal delivery tend to have a collection of
bacteria similar to those found in their mother’s
vagina, primarily including types like Lactobacillus,
Prevotella, and Sneathia. This implies that the unique
mix of vaginal bacteria in each mother is directly
passed down to the baby. In most cases of vaginal
births (three out of four), the bacteria found in the
mother’s vagina closely matched the bacteria in her
own baby’s microbiota, more so than the bacteria in
other babies born vaginally. On the other hand,
babies born via Cesarean section (C-section) often
have bacteria resembling those typically present on
the skin, such as Staphylococcus, Corynebacterium,
and Propionibacterium. Unlike vaginal births, the
skin bacteria of mothers who had C-sections didn’t
show a closer resemblance to their babies than to
other babies also born by C-section. This indicates
that the mode of birth plays a significant role in
determining the initial types of bacteria that colonize
a newborn’s body. The diversity of bacterial commu-
nities in different body habitats of mothers. It shows
the distinct bacterial assemblages in various body
parts of mothers, highlighting how each habitat -
the oral cavity, skin, and vagina - harbors unique
bacterial groups. Furthermore, it details the predomi-
nant bacteria in each area, such as Streptococcus in the
oral cavity, a mix of Staphylococcus, Corynebacterium,
and Propionibacterium on the skin, and Lactobacillus
or Prevotella in the vaginal area, demonstrating the
specialized nature of bacterial communities in differ-
ent body regions.

Factors that influence the diversity of gut-
microbiome composition predominantly include
diet, medications and aging. Chitosan in the diet
increases the presence of Bacteroides, a group of
bacteria known for their ability to break down com-
plex carbohydrates into SCFAs.***> Chitosan also
appears to support the growth of beneficial probio-
tics while inhibiting harmful bacteria like
Enterobacteria and Enterococcus.”® High-sugar
diets have been linked to increased Proteobacteria,
which are often associated with inflammation, and
decreased Bacteroidetes, which are known for their
beneficial roles in gut health.”” Anticancer drugs are

known to affect the composition of gut bacteria. Li
et al. reported that 5-FU treatment led to a reduction
in the richness and diversity of the gut bacterial
community, causing a decrease in the abundance
of Firmicutes and a lower Firmicutes/Bacteroidetes
ratio in the feces and cecum.”® Additionally, 5-FU
decreased the proportion of Proteobacteria,
Tenericutes, Cyanobacteria, and TM7 bacteria,
while increasing the presence of Verrucomicrobia
and Actinobacteria in these areas. The diversity of
the microbiome has been observed to diminish with
aging, potentially playing a role in age-related health
losses. Bosco et al. studied that age-associated dys-
biosis in human beings, termed here as microbiome-
aging, is marked by a decrease in Clostridiales and
Bifidobacterium populations, coupled with an
increase in Proteobacteria and a higher presence of
potentially harmful bacteria like Enterobacteriaceae.

4, Microbial metabolites and their
pathophysiological significance

4.1. Short-chain fatty acids

Short-chain fatty acids are important microbial meta-
bolites that significantly impact the physiology of the
host organism. In the gut, over 95% of Short-Chain
Fatty Acids (SCFA) are made up of acetate, propio-
nate, and butyrate, as stated by Van et al” Other
SCFAs, such as valerate, iso-valerate, valproate,
caproate, isocaproate, succinate, iso-butyrate, and
hexanoate, are present but in smaller amounts.*’
According to the current literature, SCFAs can
influence the brain by direct impacts on body
fluids, and indirect effects on hormones, immuno-
logical pathways, and neuronal pathways.*' They
can also impact psychological function by interact-
ing with G-protein-coupled receptors or histone
deacetylases as shown in Figure 5. SCFAs, which
are produced by gut microbiota, are absorbed by
colonocytes and other available cells through H
tdependent  monocarboxylate  transporters
(MCTs) or sodium-dependent monocarboxylate
transporters (SMCTs). Alternatively, they can
bind to G protein-coupled receptors (GPCRs)
such as free fatty acid receptors 2 and 3 (FFAR2
and FFAR3), as well as GPCR109A and GPCR164.
Intracellular SCFAs could hinder the function of
histone deacetylases, inhibiting the removal of
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up by colonocytes and other cells using either Htdependent or sodium-dependent monocarboxylate transporters, or by binding to
G protein-coupled receptors. Once inside cells, SCFAs can either inhibit histone deacetylases, leading to more active chromatin and
gene expression, or boost histone acetyltransferase activity, resulting in histone acetylation and gene expression. SCFAs affect the gut-
brain axis and brain function through diverse pathways including humoral, immune, endocrine, and vagal routes. Through the
humoral path, SCFAs can traverse the BBB using monocarboxylate transporters on endothelial cells, influencing the barrier’s integrity
by increasing tight junction protein expression. Immunologically, SCFAs impact gut mucosal immunity by activating FFARs or
hindering histone deacetylation. They strengthen intestinal barrier integrity by upregulating tight junction proteins and increasing
transepithelial electrical resistance. SCFAs also regulate immune cells such as neutrophils, dendritic cells, macrophages, monocytes,
and T cells, maintaining bodily balance. Endocrinologically, SCFAs interact with receptors on enteroendocrine cells, triggering the
release of hormones like GLP1 and PYY, which signal the brain indirectly via systemic circulation or vagal pathways. They also directly
signal the brain through the vagal route. Created with BioRender.com

acetyl groups from histones. This leads to the for-  4.2. Tryptophan metabolites

mation of chromatin which is more active in tran- Tryptophan (Trp), a vital amino acid, can undergo

metabolism by gut bacteria, resulting in the forma-
tion of several chemicals that have substantial con-
addition of acetyl groups to histones and promot- sequences for human health. A particular

Ing gene expression. mechanism involves the enzymatic conversion of

scription. Alternatively, SCFAs can enhance the
activity of histone acetyltransferases, causing the
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tryptophan into indole and its derivatives. These
compounds have been demonstrated to enhance
the integrity of the epithelial barrier, regulate the
immunological response, and exert effects on the
CNS. Zelante et al. have outlined a metabolic pro-
cess where these Trp metabolites, derived from gut
microbiota, regulate mucosal reactivity in mice. In
scenarios where Trp becomes the primary energy
source instead of sugar (such as when Trp is abun-
dantly available), there’s an expansion of highly
adaptive lactobacilli that produces a compound
called indole-3-aldehyde. This compound acts as
a ligand for the aryl hydrocarbon receptor (AhR)
and aids in the AhR-dependent transcription of IL-
22 that helps maintain a balanced mucosal
response. This balance is crucial for the survival
of diverse microbial populations while simulta-
neously offering resistance against Candida albi-
cans colonization and protecting the mucosa from
inflammation.

There 1is substantial evidence suggesting
a correlation between the modulation of immuno-
logical tolerance and the pathogenesis of various
disorders, including depression and neurodegen-
erative conditions, through the involvement of
kynurenine (Kyn) and other metabolites of Trp."'
Elevated levels of Kyn and increased activity of the
enzyme indoleamine 2,3-dioxygenase 1 (IDO1)
have been observed not only in inflammatory
bowel diseases (IBD) and irritable bowel syndrome
(IBS) but also in neurodegenerative diseases such
as AD and PD.

In neurodegenerative conditions, the Kyn path-
way’s activation leads to the production of several
neuroactive metabolites, including quinolinic acid
(QA) and kynurenic acid (KYNA), which have
been implicated in neuroinflammation and neuro-
toxicity. QA, for example, is an excitotoxin that can
induce oxidative stress and neuronal death, while
KYNA has neuroprotective properties and its dys-
regulation can contribute to cognitive deficits.***’
In AD, increased levels of IDO1 and Kyn have been
associated with enhanced amyloid-beta (AP)
deposition and tau hyperphosphorylation, two
hallmark features of AD pathology. The pro-
inflammatory environment in the brain, partly dri-
ven by peripheral and central IDO1 activity, may
exacerbate the neurodegenerative process by

promoting AP aggregation and tau phosphoryla-
tion. Similarly, in PD, elevated IDO1 activity and
Kyn levels have been linked to dopaminergic neu-
ron degeneration in the substantia nigra. The neu-
roinflammatory milieu, characterized by increased
levels of pro-inflammatory cytokines and micro-
glial activation, can enhance the production of
neurotoxic kynurenine metabolites, thereby contri-
buting to neuronal damage and the progression of
PD.*

Thus, the dysregulation of the kyn pathway in
the gut-brain axis underlines the critical role of gut
microbiota in modulating neuroinflammatory and
neurodegenerative processes. Understanding these
mechanisms can open potential therapeutic ave-
nues, such as targeting the kynurenine pathway
with specific inhibitors to mitigate neurodegenera-
tion and improve cognitive and motor functions in
affected individuals.

4.3. Secondary bile acids

Bile acids are derived from cholesterol through
hepatic synthesis and subsequently undergo meta-
bolism by the gut microbiota, forming secondary
bile acids. These secondary bile acids engage with
multiple receptors and signaling pathways, includ-
ing the farnesoid X receptor (FXR) and the
G-protein-coupled bile acid receptor (GPBARI or
TGR5). These interactions play a crucial role in
lipid and glucose metabolism, energy balance, and
immune regulation.*>*® Moreover, there is
a correlation between dysregulation in bile acid
metabolism and the occurrence of liver disorders
and colorectal cancer.”’

Recent studies have highlighted the significant
impact of bile acid dysregulation on neurodegen-
erative diseases such as AD and PD. In neurode-
generative conditions, altered bile acid metabolism
has been linked to changes in the gut-brain axis
that can influence disease progression. For
instance, bile acids can cross the BBB and interact
with neural cells, thereby modulating neuroinflam-
matory responses and neuronal survival.*®

In AD, alterations in bile acid profiles have been
associated with AP aggregation and tau hyperpho-
sphorylation. Elevated levels of certain bile acids,
such as deoxycholic acid (DCA), have been found



to correlate with increased neuroinflammation and
oxidative stress, which are key factors in AD patho-
genesis. Conversely, bile acids like ursodeoxycholic
acid (UDCA) have shown neuroprotective effects
by reducing AP toxicity and improving mitochon-
drial function.*’

Similarly, bile acid dysregulation has been linked
to the degeneration of dopaminergic neurons in
PD. Studies have shown that changes in bile acid
metabolism can affect the gut microbiota composi-
tion, leading to increased gut permeability and
systemic inflammation. This “leaky gut” condition
allows pro-inflammatory cytokines and microbial
metabolites to enter the bloodstream and reach the
brain, where they can exacerbate neuroinflamma-
tion and neuronal damage. Bile acids like taurour-
sodeoxycholic acid (TUDCA) have demonstrated
potential in protecting dopaminergic neurons and
mitigating PD symptoms by modulating endoplas-
mic reticulum stress and mitochondrial
dysfunction.

Furthermore, bile acids can influence the gut
microbiota’s composition and function, creating
a feedback loop that impacts both peripheral and
central nervous system health. Insights of the pre-
cise mechanisms through which bile acids contri-
bute to neurodegeneration could open new
beneficial ways for modulating bile acid pathways
to treat or prevent NDDs.

4.4. Phenolic compounds

These are a varied collection of secondary metabo-
lites becoming more acknowledged for their capa-
city to nourish the neurological system, specifically
concerning AD and PD. The substances men-
tioned, namely flavonoids, phenolic acids, tannins,
and lignans, all play a role in regulating oxidative
stress, inflammation, and the functioning of
neurons.

Flavonoids, including quercetin, catechins,
and anthocyanins, are renowned for their potent
antioxidant properties. Their function involves
the removal of ROS and the enhancement of the
body’s antioxidant defenses. Moreover, flavo-
noids can regulate signaling pathways that play
a vital role in inflammation and cell survival,
therefore producing neuroprotective effects.
Recent research has shown that these substances
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have the potential to enhance cognitive perfor-
mance and decrease neuroinflammation, making
them intriguing candidates for treating AD and
PD.SI,SZ

Phenolic acids, such as caffeic acid, ferulic acid,
and chlorogenic acid, also possess strong antioxi-
dant effects. They have the ability to hinder the
process of lipid peroxidation and regulate the path-
ways involved in neuroinflammation by reducing
the activity of pro-inflammatory cytokines and
enzymes. Phenolic acids have been shown to pro-
vide evidence of protection against neuronal
damage and enhancement of cognitive deficits in
animal models of neurodegeneration.

Tannins, such as ellagitannins and proanthocya-
nidins, are acknowledged for their antioxidative and
anti-inflammatory characteristics. They can form
complexes with metal ions, which stops the creation
of free radicals and hence safeguards nerve cells
from oxidative harm. Empirical research has
emphasized the neuroprotective properties of tan-
nins in models of AD and PD, indicating their
capacity to potentially decelerate the advancement
of both conditions.”

Lignans, such as secoisolariciresinol and matair-
esinol, possess both antioxidant and anti-
inflammatory properties. These chemicals can reg-
ulate hormonal activity by interacting with estro-
gen receptors, which can provide defense against
neurodegenerative disorders.”* The consumption
of dietary lignans has been linked to a decreased
likelihood of experiencing cognitive decline and
neurodegeneration. This is achieved by regulating
oxidative stress and inflammation.

4.5. Trimethylamine N-oxide

Trimethylamine N-oxide (TMAO) is a compound
that is formed in the gut by the oxidation of
trimethylamine (TMA). TMA is derived from
certain nutrients in the diet, such as choline,
carnitine, and betaine. TMAO has attracted con-
siderable interest due to its probable involvement
in multiple neurodegenerative disorders, such
as AD and PD.”

TMAO has the ability to pass through the BBB,
and its higher concentrations in the blood have
been linked to greater neuroinflammation and oxi-
dative stress, which are important factors in the
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development of neurodegenerative conditions.
Elevated levels of TMAO in the bloodstream have
been associated with cognitive decline and the
accumulation of AP plaques, as well as the excessive
phosphorylation of tau proteins, in individuals
with AD. These pathogenic characteristics lead to
the degeneration of neurons and the advancement
of AD.”® Increased levels of TMAO have been
observed to worsen both neuroinflammation and
motor impairment in individuals with Parkinson’s
disease. Research conducted on animal models of
PD, such as the mouse model caused by MPTP, has
shown that TMAO can worsen motor impairments
and neuroinflammatory reactions. TMAO specifi-
cally enhances the activation of glial cells in the
striatum and hippocampus, hence stimulating the
release of pro-inflammatory cytokines that cause
additional harm to dopaminergic neurons.”’
Furthermore, TMAO has been linked to the
impairment of BBB integrity. This disruption
might enhance the penetration of additional detri-
mental substances into the brain, therefore intensi-
fying neuroinflammatory and neurodegenerative
processes. The adverse impact of TMAO on neuro-
nal well-being highlights its potential as a biomarker
for early identification and as a focal point for ther-
apeutic intervention in neurodegenerative disorders.
By focusing on reducing TMAO levels through
changes in diet or the use of drugs, we may have
new opportunities to slow down the advancement of
diseases such as AD and PD, as TMAO has been
found to worsen these ailments.”® Additional study
is required to completely understand the processes
by which TMAO affects neurodegeneration and to
create efficient strategies for therapeutic control.

4.6. Indoles

Indoles are a group of chemicals produced by gut
bacteria through the breakdown of the amino acid
tryptophan. They have a notable impact on the con-
nection between the stomach and the brain and have
been linked to different neurodegenerative illnesses.
Indole and its derivatives, including indole-3-pro-
pionic acid (IPA), indole-3-acetate, and indoxyl sul-
fate, can either have neuroprotective or neurotoxic
effects depending on their concentration and the
circumstances.”

4.6.1. IPA (indole-3-propionic acid)

IPA is a compound that has significant neuropro-
tective effects. It functions as a powerful antioxi-
dant, eliminating harmful free radicals and
decreasing oxidative stress, a significant contribu-
tor to the advancement of neurodegenerative dis-
orders. Research has demonstrated that IPA has the
ability to hinder the development of AP plaques
and tau tangles, which are the characteristic fea-
tures of Alzheimer’s disease. As a result, IPA safe-
guards neurons against oxidative stress.*’

4.6.2. Indole-3-acetate and indoxyl sulfate are
chemical compounds

These metabolites, albeit originating from trypto-
phan, can have varying impacts. Indole-3-acetate
has been demonstrated to affect the integrity of the
intestinal barrier and regulate immunological
responses. At elevated levels, Indoxyl sulfate can
have a neurotoxic effect, leading to inflammation
and oxidative stress in the brain. Increased concen-
trations of indoxyl sulfate have been associated
with cognitive decline and worsening of neurode-
generative disorders including Parkinson’s disease.

Indoles influence the communication between
the gut and the brain through many methods.
These substances could pass through the blood-
brain barrier and have a direct impact on brain
cells. They can also influence the creation of neu-
rotransmitters like serotonin and regulate the
immune system by interacting with AhR in both
the stomach and brain.®’ These interactions have
the potential to induce alterations in neuroinflam-
mation, neuronal well-being, and general cognitive
performance.

Recent investigations have provided additional
clarity on the involvement of indoles in the process
of neurodegeneration.’” Research has demon-
strated that indoles can reduce neuroinflammation
by decreasing the production of pro-inflammatory
cytokines and increasing the activation of anti-
inflammatory pathways. Furthermore, maintaining
a delicate equilibrium between helpful and detri-
mental indole metabolites is essential for preser-
ving the health of neurons. This implies that
adjusting the composition of gut microbiota to
promote the production of protective indoles
could be a viable therapeutic approach.



4.7. Microbial amyloids

Microbial amyloids are self-assembled nano-fibers
of proteins made by bacteria and they are analog in
structure to the pathogenic amyloids of AP and
aSyn.”> As the gut is the largest reservoir of
microbes, it is hypothesized that microbial amy-
loids from the gut can access extra-intestinal tissues
such as the brain and have a role in AD pathology
or overall aging.** We have demonstrated for the
first time on this hypothesis that FapC amyloids
made by P. aeruginosa can accelerate the fibriliza-
tion and exacerbate the toxicity of Ap triggering the
early onset of AD.® Similarly, Matthew Chapman’s
team has demonstrated CsgA amyloids by E. coli
can exacerbate aSyn fibrilization.®® Given the bio-
physical aspects of feasible interaction between
microbial amyloids and pathogenic amyloids, the
next question is whether there are amyloids in the
gut and how they can make their way to the brain.
It has been recently demonstrated that the human
gut microbiome has at least 30 genes (in silico
analysis) that can produce proteins with
a sequence similar to the amyloidogenic sequence
of Staphylococcus aureus only.®”” Computational
analysis showed these sequences can self-assemble
into amyloids and further analysis of human fecal
samples showed the presence of amyloid struc-
tures. These amyloid structures isolated from
human fecal samples triggered aSyn aggregation
and Parkinson’s symptoms in PD mice models,
upon cerebral injection. Considering the shared
cross-P sheet architecture of microbial amyloids
and prion amyloids, it is reasonable to hypothesize
that microbial amyloids can propagate from the gut
to the brain in a prion-like mechanism through the
enteric nervous system. This has also been shown
in the context of aSyn where transgastric propaga-
tion of aSyn amyloids was observed in mice and
this propagation was inhibited upon vagotomy,
indicating a role of the enteric nervous system in
facilitating gut-to-brain propagation of amyloid-
like structures to provide a potential window for
them to participate in NDDs. Microbial amyloids
are majorly produced by microbes to support their
biofilm structure. We have recently discovered an
anti-biofilm and anti-microbial amyloid role of AP
peptide where stoichiometric low concentrations of
AP peptide were able to remodel microbial
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amyloids and disintegrate the biofilms made by
microbial culture.®® This resulted in sensitizing
the underlying microbial cells to lower concentra-
tions of antibiotics. Considering this anti-biofilm
physiology of AP, repeated or sustained exposure
to microbial biofilms either through gut dysbiosis
or through direct infection in the central nervous
system can also lead to AP production beyond
a level that can be managed by proteostasis and
thus leading to AD pathogenesis.

5. Gut microbiome in neurodegenerative
diseases

5.1. Alzheimer’s disease

Alzheimer’s disease (AD) is a most common neu-
rodegenerative condition predominantly charac-
terized by the progressive loss of cognitive
functions, primarily affecting memory, spatial
navigation, and executive functions. The accumu-
lation of AP plaques and neurofibrillary tangles
(Tau) within the brain histologically mark AD
pathogenesis.®” Dodiya et al. suggested shifting
the focus toward understanding the gut micro-
biome’s role in AD pathophysiology and postulated
a critical connection between microbial dysbiosis
and neuroinflammatory pathways involved in the
disease. This is based on the observations that in
individuals with AD, the gut microbiome often
exhibits a distinctive compositional shift. There
tends to be an increase in the abundance of pro-
inflammatory bacterial genera such as Bacteroides.
These microbes are known to influence the gut’s
permeability and may contribute to the systemic
and central inflammation observed in AD by facil-
itating the translocation of lipopolysaccharides
(LPS) and other inflammatory mediators into the
bloodstream.”

Conversely, there is a notable reduction in anti-
inflammatory and neuroprotective species, like
those belonging to the genus Faecalibacterium.
These bacteria are prolific producers of butyrate,
a short-chain fatty acid with potent anti-
inflammatory properties, essential for maintaining
gut barrier integrity and modulating immune
responses. Lower levels of butyrate-producing bac-
teria have been correlated with increased gut per-
meability, a phenomenon commonly referred to as
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“leaky gut,” and a higher systemic inflammatory
state, both of which have been associated with the
cognitive decline seen in AD.”!

This shift toward a pro-inflammatory microbial
milieu may exacerbate the neuroinflammation
inherent in Alzheimer’s pathogenesis. Pro-
inflammatory cytokines, potentially stemming
from microbial imbalance, can cross the compro-
mised BBB and activate microglia, the brain’s resi-
dent immune cells. Once activated, these cells can
perpetuate the cycle of neuroinflammation and neu-
rodegeneration by producing inflammatory media-
tors and reactive oxygen species, further
contributing to the pathology of AD.”? Jiang et al.
have reviewed studies indicating that germ-free ani-
mals, as well as those exposed to pathogenic
microbes, antibiotics, probiotics, or fecal microbiota
transplants, show evidence of the gut microbiota’s
influence on host cognitive functions and the devel-
opment of AD. They suggest that the disruption in
the microbiota can lead to increased permeability of
both the gut-blood and the blood-brain barrier,
which might play a role in the onset or progression
of AD and other NDDs, particularly those linked to
aging. Moreover, the gut microbiota’s bacterial
population can produce significant amounts of amy-
loids and lipopolysaccharides. These substances are
thought to affect signaling pathways and stimulate
the release of pro-inflammatory cytokines, which
are involved in the AD pathogenesis.””

Additionally, the gut microbiome’s altered
state in AD could influence the disease course
through its impact on the metabolism of amyloid
precursors and tau phosphorylation, thereby
affecting the aggregation of amyloid plaques and
the formation of neurofibrillary tangles, hallmark
features of Alzheimer’s pathology.”* Under this
hypothesis, the microbial dysbiosis can induce
an increase in generalized reactive oxygen species
generation, that activate NF-kB and proinflam-
matory mRNA-34a, eventually downregulating
TREM-2 receptors on microglial cells. TREM-2
receptors are involved in microglial/myeloid cells
recognition of misfolded/aggregated proteins and
therefore an impairment in its function leads to
the accumulation of Tau and AP plaques. Given
the associations between microbial dysbiosis
and AD, there is growing interest in modulating
the gut microbiome as a potential therapeutic

strategy.”” The administration of specific probio-
tics, prebiotics, or a combination known as syn-
biotics could help restore microbial balance,
reduce inflammation, and ultimately impact dis-
ease progression. The efficacy of such interven-
tions in altering the course of AD remains an
active and promising area of research.”® In brief,
the alterations in microbial composition found in
individuals with AD, which are marked by an
augmentation in inflammatory species and
a reduction in protective ones, provide valuable
insights into possible treatment targets and bio-
markers for AD pathology.”””®

5.1.1. Gut microbiome-derived metabolites and AD
Owing to the complexity of gut-microbial ecosys-
tem, an imbalance in microbial metabolites has
been implicated in the neuropathological manifes-
tations that are commonly observed in AD. These
manifestations include the deposition of AP pla-
ques and phosphorylation of Tau, which play cru-
cial roles in the onset and progression of AD. The
accumulation of AP peptide in the brain, which
leads to the formation of plaques, is a leading
hypothesis for AD therapeutics, i.e., monoclonal
antibodies such as Donanemab that have shown
cognitive improvement in early AD.”” Microbial
metabolites, specifically SCFA, have been observed
to exert an influence on immunological responses
and possess the potential to regulate inflammation
inside the CNS, hence altering the pathophysiology
of AP. Research findings have indicated that speci-
fic gut microbiota can modify the composition of
bile acids, thereby impacting the solubility and
clearance of AP. This, in turn, can influence the
formation of plaques.

In AD, the Tau, which plays a role in stabilizing
microtubules in neurons, undergoes hyperpho-
sphorylation. This post-translational modification
of Tau contributes to the development of neurofi-
brillary tangles. Empirical evidence indicates that
metabolites produced by gut microbes can traverse
the BBB and engage with CNS pathways responsi-
ble for regulating Tau phosphorylation. Indoles
that are produced through the metabolic break-
down of Tryptophan by gut bacteria have demon-
strated neuroprotective characteristics and the
potential to influence the dynamics of tau
phosphorylation.”” In presenilin-1 and presenilin-



2 conditional double knockout (cDKQO) mice mod-
els, treatment with sodium butyrate (intraperitone-
ally, 1.2 g/kg body weight dose once a day for 21
days) improved contextual memory and reduced
Tau hyperphosphorylation (Ser-199, Ser-202) and
inflammatory glial fibrillary acidic protein (GFAP)
(Figure 6a). These neuroprotective effects of
sodium butyrate were relatable with the restoration
of histone acetylation in cDKO mice.*
Govindarajan et al., studied the effect of sodium
butyrate (1.2 g/kg, once daily for 6 weeks) in double
transgenic APP/PS1 mice models (15 months old)
where treatment with sodium butyrate didn’t
induce any effect in AP levels in the cortex and
hippocampus of the mice (Figure 6b). However,
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there was some improvement in the contextual
memory of the mice.*’ No improvement in the
histopathology of the mice can be attributed to
the advanced stage of the disease at 15 months of
age where histopathology was beyond recovery.
Fernando et al. provided complementary results
with 5XFAD mice of 2 months age, ie., early
stage of the AD.** Sodium butyrate at the dose of
5 and 15mg/kg/day for 12 weeks resulted in
a reduction of AP plaque burden from 1619.88
pg/mg of brain tissue (control) to 852.87 and 756
pg/mg of brain tissue, respectively. This was
accompanied by an improvement in cognitive
function (Cue Fear test) of the mice. These inves-
tigations were explained by the hypothesis that the
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Figure 6. Neuroprotective effect of SFCA in AD: sodium butyrate (NaB) reduced the levels of phosphorylated tau in the cortex of
forebrain presenilin-1 and presenilin-2 conditional double knockout (cDKO) mice, in contrast to the vehicle (Veh) control (a). In 15
months, old APP/PS1 mice with an advanced stage of AD disease and AP burden, no reduction in A burden was observed with NaB
treatment (b). As compared to the vehicle control (panel |, Ill), valeric acid (panel Il, IV) inhibited fibrillar aggregation of AB by direction
interactions. Scale bars indicate 100 nm (c). In 3xTg-ad mice, intracerebroventricular (icv) injection of streptozotocin (STZ) induced AD
histopathology, specifically higher expression of ABPP and BACE1 that was mitigated with oral gavage of lactobacillus plantarum
PS128 (d). Panel A, B, C, and D were adapted with permissions from frontiers [59], I0S press [60], Taylor & Francis [62], and BMC [63],

respectively.
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histone acetylation mechanism of SCFA can pro-
tect against AD pathology. Ho et al., presented
a direct inhibition of A fibrillization, for both AP
40 and 42 variants, in the presence of valeric acid,*
however, an insignificant effect of aggregation
kinetics was observed (Figure 6c). Huang et al,,
used 6-7 months 3xTg-AD mice and reversed
streptozotocin-induced AD histopathology and
cognitive decline through gut-microbiota modula-
tion with SCFA producing Lactobacillus plantarum
PS128%* (Figure 6d). Inoculation of gut-microbiota
with PS128 via oral gavage for 33 days (100 pL of
10" CFU/mL) reduced APPP (AP precursor pro-
tein) and AP metabolic enzyme BACE1.

This may indirectly represent a reduced AP bur-
den in the brain in relation to SCFA, however,
results from Colombo et al., indicate otherwise.®
Based on the discussion above, indicating
a neuroprotective effect of gut microbial-derived
SCFA, Colombo et al,, included the role of micro-
glial cells and observed an increased A cerebral
burden when germ-free APP/PS1 transgenic mice
were supplemented with SCFA (through drinking
water). Germ-free and specific pathogen-free mice
presented a lower AP burden and plasma SCFA
levels, which upon supplementation with SCFA or
recolonization of germ-free mice led to higher AP
plaques (Figure 7a, b). Western blots showed
a higher AP burden in SFCA-supplemented mice
(Figure 7c) while ThT assay didn’t present any
difference in fibrilization kinetics of AP in SCFA
presence (Figure 7d). The role of SCFA in increas-
ing AP plaques burden was explained based on
higher microglial activation and recruitment at
the site of AP plaques in SCFA-supplemented
germ-free mice (Figure 7e). In APP/PSI transgenic
mice, both butyric and isobutyric acid levels were
reduced in feces and brain, with a positive correla-
tion between brain and fecal butyric acid levels as
studied by Zhang et al.’® Another study using
stable isotope labeling and liquid chromatography-
tandem mass spectrometry found lower propionic
acid and higher lactic acid levels in APP/PS1 mice
compared to wild-type mice.®” Syeda et al.
observed that the discrepancies in SCFA concen-
trations in AD and wild-type mice were present at
various ages and life stages. For instance, 11-month
-old 3xTg-AD mice showed a more significant
decrease in SCFA than younger 3xTg-AD mice,

a pattern emerging later in wild-type mice.®®
Additionally, AD-model Drosophila exhibited
a notable reduction in acetate concentrations,
alongside  diminished  Acetobacter ~ and
Lactobacillus populations.®” This evidence for the
role of gut-microbial derived SCFA can be sum-
marized into an understanding that SCFA can have
a role in protecting AD-related histopathology,
specifically phosphorylated Tau, in the early stages
of AD mice models. However, they didn’t show any
promise in mitigating the histopathology in late-
stage AD or by directly inhibiting AP fibrilization.
Also, when considering the role of microglial cells,
SCFA increased AD pathology and AP plaque bur-
den in mice models through microglial activation
and recruitment at the site of AP plaque. This
indicates a multifaceted paradigm of AD pathology
in relation to gut-microbiome-derived SCFA.

In terms of human data, differences are observed
in the diversity of gut microbiota in both AD
patients and animal models, affecting the levels of
SCFA.” In a study by Yilmaz et al., saliva samples
from AD patients, analyzed using'H-NMR meta-
bolomics, showed higher propionate levels com-
pared to healthy individuals.” Another study by
Figueira and coworkers found increased levels of
propionate and acetic acid in saliva from AD
patients, being 1.35 and 1.25 times higher, respec-
tively, than in controls.”> Conversely, Cui et al.
noted lower acetate levels in AD patient serum,
correlating with an intensified AD risk.”® In fecal
samples, decreases in seven SCFA, including for-
mic, acetic, propionic, butyric, 2-methylbutyric,
isovaleric, and valeric acids, were observed across
healthy controls, those with amnestic mild cogni-
tive impairment, and AD patients.”*

Other microbial metabolites that are emerging
to have a strong correlation with AB aggregation
and AD pathology are microbial amyloids and LPS.
Similar to AP, certain opportunistic gut pathogens
secret specific proteins that self-assemble into simi-
lar amyloid-like structures and provide a scaffold
for microbial biofilm formation. Examples include
FapC from Pseudomonas and CsgA from E. coli.””
The literature indicates the role of LPS and micro-
bial amyloids in AP induced AD pathology through
a combination of different mechanisms such as
reactive oxygen species generation, innate immune
activation, neuroinflammation and feasibility of
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Figure 7. Pathological role of SFCAs in AD: germ-free (GF) APP/PS1 mice presented lower burden of AB. However, when GF mice were
recolonized (rec) or supplemented with SFCAs (GF + SFCA) they presented a higher AP plaque burden (a). Similarly, specific pathogen-
free (SPF) mice presented a higher AB plaque burden upon SFCA supplementation (b). Western blot analysis (c) presented a high A
load with SFCA supplementation. in vitro incubation of SFCA with AP presented that SFCA do not interfere with AR aggregation
kinetics (d). Increased microglial recruitment at the site of AB plaque in SCFA-supplemented germ-free mice (e). Adapted with

permission from eLife science publications [64].

direct molecular mimicry that can facilitate cross-
seeding.”® Our team presented evidence of direct
interaction between LPS and microbial amyloids of
FapC from Pseudomonas aeruginosa that cross-
seed the aggregation of AP into neurotoxic species
and participated in the pathogenesis of AD.*>” In
zebrafish models of A induced AD-like pathology,
the introduction of seeds from FapC amyloids,
triggered an early onset and accelerated the cogni-
tive decline in zebrafish larvae and led to higher
histopathological deterioration.

The investigation of microbial metabolites and
their correlation with AD presents unique

opportunities for comprehending the pathology of
the disease. It emphasizes the prospects for inno-
vative therapeutic interventions that focus on mod-
ulating the gut microbiota. Nevertheless, further
investigation is required to clarify these intricate
associations comprehensively and apply these dis-
coveries effectively in a clinical setting.

5.2. Parkinson’s disease (PD)

Parkinson’s Disease (PD) ranks as the second most
prevalent neurodegenerative condition that is dis-
tinguished by the degeneration of dopaminergic
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neurons in the substantia nigra region of the brain.
This degeneration results in motor control impair-
ments, including tremors, rigidity, and bradykine-
sia. It mainly impacts older adults, and its
occurrence is expected to increase two-fold from
2005 to 2030.”® The causes of PD are believed to
involve multiple factors, although they remain lar-
gely unclear.”

A growing amount of research indicates that
changes in the gut microbiome may be associated
with the development and manifestation of PD.
Several studies have identified an over-
representation of the Helicobacter genus — known
for its pathogenic species Helicobacter pylori, in
individuals with PD. This bacterium has been asso-
ciated with increased inflammation and has been
hypothesized to contribute to the neuroinflamma-
tory processes observed in PD.'%

Conversely, a reduction in members of the
Prevotellaceae family, which are typically involved
in mucin production and maintaining a healthy
gut mucosal barrier, has been reported in PD
patients. This leads to enhanced gut permeability,
also referred to as “leaky gut,” allowing potentially
harmful substances to permeate into the circula-
tory system and possibly trigger immune
responses that could affect the brain.'°’ These
observations are consistent with the hypothesis
that gut dysbiosis may contribute to the onset
and progression of PD via several potential
mechanisms, such as 1) directly through migrat-
ing pathogenic bacterial metabolites from the gut
to the brain, 2) indirectly through the modulation
of systemic and neuroinflammation which can
affect neuronal health, 3) impacting the produc-
tion and regulation of neurotransmitters, some of
which are synthesized in the gut and have been
implicated in PD.

Identifying specific microbial patterns in PD has
driven the initial interest in the potential for micro-
biome-targeted therapies, such as probiotics, diet-
ary interventions, and fecal microbiota
transplantation as adjuvant treatments for PD.

5.2.1. Gut microbiome-derived metabolites and PD
The pathophysiology of PD is closely associated
with the misfolding and aggregation of the aSyn

protein in the brain, which forms Lewy bodies and
leads to neuronal degeneration.'”” In terms of the
involvement of gut bacteria, Helicobacter pylori
(H. pylori) — a gastric pathogen involved in peptic
ulcers, was initially found to correlate with PD
where motor symptoms appeared to get worse in
association with H. pylori infection.'® The notion
that H. pylori infection can lead to PD as
a predisposing factor needs investigation.
However, there is a strong association between
chronic gastric infection of H. pylori and exacerba-
tion of motor PD symptoms. The most relevant
hypothesis for exacerbation of PD is through
H. pylori neurotoxins such as vacuolating cytotoxin
VacA and cytotoxic associated gene encoding
CagA.'"* Weller et al. predicted a correlation
between parkinsonism and CagA immunoblot
seropositivity.'*> Additionally, H. pylori infestation
of the gut alters the oral pharmacokinetics of levo-
dopa - a medication for PD, through consumption
of orally administered levodopa by H. pylori in
niche competition.'’® Eradicating H. pylori infec-
tion improves the patient’s response to
levodopa.'”” Other gut microbiome-derived meta-
bolites, particularly SCFA can also influence PD
pathogenesis. Unger et al. found a reduction in
SECA levels, bacterial phylum Bacteroidetes and
family  Precotellaceae while abundance of
Enterobacteriaceae in the fecal samples from PD
patients in comparison to age-matched
controls.'”® They conducted a detailed analysis of
SCFA concentrations using gas chromatography
and assessed the microbiota composition through
quantitative PCR in fecal samples from 34 PD
patients and 34 age-similar controls. Their findings
revealed a significant decrease in fecal SCFA levels,
specifically acetate, propionate and butyrate in the
fecal samples of PD patients compared to the age-
matched healthy control group. Additionally, they
noted a reduction in the Bacteroidetes phylum and
Prevotellaceae family, while the Enterobacteriaceae
family was more prevalent in the fecal samples of
PD patients. A significant reduction in the SCFA
levels was correlated to the Lewy body formation in
the enteric nervous system and sporadic PD.
Although, different clinical histopathological



investigations reported Lewy body formation in the
enteric nervous system of PD patients,'”
correlation of enteric Lewy body formation due to
a reduction in gut microbiome-derived SCFA is yet
to be established. Rayman et al. recently proposed
a mechanism for the early disease process through
enteric Lewy body formation."'® Dysbiosis,
together with a reduction in SFCA production,
leads to an increase in gram-negative bacteria that
produce LPS, curli protein (E. coli) and hydrogen
sulfide production. These triggers facilitate damage
to the intestinal barrier, initiate proinflammatory
responses and mediate aSyn aggregation that may
propagate from enteric neurons to the brainstem
(Figure 8).

Sun et al. discovered that gut microbiota from
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
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(MPTP) induced PD mice models caused motor
deficits and a decrease in striatal neurotransmitters,
in comparison to healthy mice.''" Their 16S rRNA
sequencing showed a decline in the Firmicutes
phylum and Clostridiales order, while there was
an increase in the Proteobacteria phylum, and
Turicibacterales and Enterobacteriales orders in
the fecal samples of PD mice, accompanied by
elevated levels of fecal SCFA. Notably, fecal micro-
biota transplantation in PD mice led to a reduction
in gut microbial imbalance, lowered fecal SCFA,
improved motor function, and increased levels of
striatal dopamine (DA) and 5-HT. Interestingly,
the results of Sun et al. for PD are in agreement
with Colombo et al. who also observed increased
SCFA in AD mice models, as discussed above.®
Higher levels of SCFA were accompanied by
microglial and astrocytic activation that can be
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attributed to SCFA-induced microglia-mediated
neuroinflammation and neurodegeneration
(Figure 9). Therefore, the multifaceted nature of
SCFA in PD can be attributed to multiple path-
ways. SCFA can influence the immune system,
potentially reducing neuroinflammation,
a contributor to PD progression. By binding to
GPCRs on immune cells, SCFA can attenuate the
production of pro-inflammatory cytokines.''?
SCFA can strengthen the BBB, potentially prevent-
ing harmful substances from entering the brain’s
environment. A compromised BBB is a proposed
risk factor for aSyn pathology.''”> The gut micro-
biome, through metabolites like SCFA, plays a role
in the synthesis of neurotransmitters such as dopa-
mine, which is deficient in PD.® Studies have

indirectly suggested that SCFA might induce aSyn
aggregation, however, it needs further investiga-
tion. Higher levels of SCFA can trigger astrocytes
and microglia that localize to substantia nigra
could promote neurodegeneration, as studied in
MPTP-induced mice models.

5.3. Motor neuron disease

Motor neuron disease (MND) refers to
a collection of degenerative neurological condi-
tions that specifically target motor neurons,
which are the cells responsible for regulating
voluntary muscular movements, including speak-
ing, walking, breathing, and swallowing.
Amyotrophic Lateral Sclerosis (ALS), also referred
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to as Lou Gehrig’s illness, is the most prevalent
type of MND. It is named after the renowned
baseball player who was diagnosed with this
condition."'* Motor neurons can be categorized
into two types: upper motor neurons, which ori-
ginate from the brain and travel to the spinal
cord, and lower motor neurons, which originate
in the spinal cord and directly connect with mus-
cles. MND can impact both upper motor neurons
and lower motor neurons. The gradual deteriora-
tion of motor neurons results in muscle weakness
and atrophy, greatly hindering the patient’s capa-
city to regulate voluntary movements.''”

5.3.1. Gut microbiome-derived metabolites and MND
Emerging evidence suggests that the gut micro-
biome may play a role in MND pathogenesis,
although this relationship is still being actively
explored. Butyrate, for example, has neuroprotec-
tive effects, reducing neuroinflammation and oxi-
dative stress, which are critical in protecting motor
neurons. Similarly, elevated levels of neurotoxic
metabolites such as quinolinic acid can contribute
to motor neuron damage in ALS. TMAOQO’s role in
promoting inflammatory pathways is particularly
relevant in ALS, where inflammation is a key com-
ponent of disease progression.''® Patients with
MND often exhibit distinct microbial profiles com-
pared to healthy individuals. Rowin et al. analyzed
stool samples from five patients with ALS and
MND, assessing for infection and indicators of
intestinal inflammation.""” All five patients exhib-
ited changes in their gut microbiome, notably
a reduced diversity compared to healthy indivi-
duals with a relatively normal abundance. The
microbiome predominantly consisted of bacteria
from the Firmicutes and Bacteroidetes phyla.
A low presence of Ruminococcus spp. was observed
in three patients, which correlated with a decreased
Firmicutes/Bacteroidetes (F/B) ratio. Furthermore,
these patients showed evidence of intestinal inflam-
mation and low SCFA levels.

Similar gut-dysbiosis and associated leaky gut
epithelia were studied by Wu et al. in superoxide
dismutase (SOD®***) mice models.''® The mice
presented decreased Butyrivibrio Fibrisolvens,
E. coli, and Fermicus together with reduced levels
of E-cadherin and ZO-1 in the intestinal epithelia.
The antimicrobial peptide defensin 5a was also
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decreased and these changes led to increased sys-
temic and intestinal levels of IL-17. McCombe et al.
highlighted that the changes observed are linked
with alterations in the microbiota composition,
specifically noting decreased levels of Butyrivibrio,
Fibrisolvens, Fermicus, and E. coli.""* Similar to AD
and PD, SFCAs were concluded to be one of the
key factors contributing to ALS neuropathology
through microglia activation. Another gut micro-
biome-derived metabolite includes f-Methylamino
-L-alanine (BMAA) which is produced by
Cyanobacteria and Archaea. BMAA is a toxic
amino acid that has structural similarity to
L-serine, permeates across the gut-blood and BBB
barriers and is found to be incorporated in differ-
ent neuronal peptides in AD, PD, and ALS."*

Gut microbiome-derived metabolites modulate
neuroinflammatory pathways, either promoting or
mitigating inflammation in the CNS."*" Chronic
neuroinflammation is a significant driver of
motor neuron degeneration in MND. Metabolites
like SCFAs and certain indoles possess antioxidant
properties that help reduce oxidative stress, a key
factor in motor neuron damage. These metabolites
interact with the immune system, influencing both
peripheral and central immune responses, which
are crucial in the pathology of MND.

5.4. Huntington’s disease

Huntington’s disease (HD) is a genetic neurode-
generative condition marked by motor impair-
ment, cognitive decline, and psychiatric issues; the
gut microbiome has gained attention for its poten-
tial contributory role in the disease progression.
The pathology of HD is primarily associated with
an expanded CAG repeat in the huntingtin gene,
but emerging research suggests that gut micro-
biome composition may influence disease manifes-
tation and severity.'*

5.4.1. Gut microbiome-derived metabolites and HD

Studies have identified distinct microbial patterns
in individuals with HD compared to healthy con-
trols. For instance, there tends to be a notable
decrease in overall microbial diversity.'> Certain
microbial populations, such as those belonging to
the phyla Firmicutes and Bacteroidetes, often exhi-
bit altered abundances. Specifically, a decline in the
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abundance of butyrate-producing bacteria, which
are pivotal for colonic health and systemic anti-
inflammatory effects, has been observed.'** These
associations suggest that microbial dysbiosis in HD
may not only be a marker of the disease but could
also participate in its pathophysiology by modulat-
ing peripheral inflammation and potentially influ-
encing central neuroinflammatory processes.'*’

Du et al. conducted a study demonstrating gut
dysbiosis, associated clinical manifestations and
increased inflammatory cytokines of TNFa, ILs
and interferons in 33 human patients with HD
and 33 age-matched controls.'*® They discovered
that Bilophila were negatively correlated with
proinflammatory cytokine IL-6, while a positive
correlation was observed with Intestinimonas
genus and anti-inflammatory cytokine IL-4.
Intestinimonas was higher in HD patients which
could be explained as a countermeasure to reduce
inflammatory burden, however, future studies are
required to further explain this observation.

Altered levels of gut-derived metabolites, such as
SCFA, have also been implicated in HD. SCFA like
butyrate is known for its role in maintaining gut
barrier integrity and modulating immune
responses, and reduced levels of butyrate-
producing bacteria in HD patients might contri-
bute to systemic inflammation.'*” Moreover, meta-
bolites such as quinolinic acid, a neurotoxin
produced by certain gut bacteria, are found in
elevated levels in the brains of HD patients and
could be correlated to neurodegeneration.'®
These metabolites can cross the BBB and directly
affect neuronal health and function.'*
Understanding how these metabolites contribute
to the pathophysiology of HD could open new
therapeutic avenues, such as microbiota-targeted
therapies that aim to restore the balance of bene-
ficial metabolites.

Tryptophan metabolites, particularly those pro-
duced through the Kyn pathway, have also been
implicated in HD."** These metabolites can perme-
ate across BBB and influence CNS functions.
Dysregulation of the Kyn pathway can lead to the
production of neurotoxic metabolites such as qui-
nolinic acid, which contributes to excitotoxicity
and neuronal death, exacerbating HD symptoms.
High TMAO levels are associated with increased
oxidative  stress and  neuroinflammation,

exacerbating neuronal damage and disease pro-
gression in HD.

5.5. Ataxia

Ataxia, a neurological sign characterized by
impaired balance or coordination, can be caused
by various conditions affecting the nervous system.
This condition affects various parts of the nervous
system, particularly the cerebellum, which is
responsible for coordinating movement. The
types of ataxias include cerebellar (linked to dys-
function or damage to the cerebellum), sensory
(results from the loss of proprioception), and ves-
tibular (caused by problems in the inner ear or the
vestibular system)."”!

5.5.1. Gut microbiome-derived metabolites and
ataxia

Recent studies indicate a potential link between
ataxia and alterations in the gut microbiome.
Changes in the gut microbial composition may
influence the central nervous system’s function
through various pathways, including the modula-
tion of systemic inflammation, the production of
neuroactive metabolites, and the alteration of the
gut-brain axis. Yu et al. explored the link between
gut microbiota and Ataxia."’> They randomly
selected 30 children with a history of intestinal
surgery (HOIS) and 12 children without such
a history (NHOIS) for their analysis. They identi-
fied significant differences in the abundance of
certain microbial genera and phyla between the
HOIS and NHOIS groups. This included five gen-
era - Acetivibrio, Catenibacterium, Comamonas,
Paraeggerthella, and Rothia - and the phylum
Candidatus Saccharibacteria. In comparison to
the HOIS group, the NHOIS group exhibited
higher abundances of Paraeggerthella, Rothia, and
Candidatus Saccharibacteria, while Acetivibrio,
Catenibacterium, and Comamonas were less abun-
dant. Between the NHOIS group and the control
group, no significant differences were observed in
any genus or phylum.

Specific microbial metabolites that play a role in
the gut-brain axis and could be involved in the
pathogenesis or progression of ataxia. For instance,
dysbiosis in the gut microbiota might reduce the
production of SCFA, which is known to exert



neuroprotective effects through anti-inflammatory
actions and serve as an energy source for colonic
cells. Deficiencies in these SCFA may contribute to
neuroinflammation and neurodegeneration asso-
ciated with ataxic disorders.">> Furthermore, dys-
regulation of tryptophan metabolism by gut
microbiota can affect the serotoninergic system
and potentially the cerebellar function, thus influ-
encing ataxic symptoms.13 *

Ongoing research is required to unravel the
complexities of how gut microbiome-derived
metabolites affect ataxic conditions, as these find-
ings could pave the way for microbiota-targeted
interventions in ataxia treatment.'®

6. Conclusion

This review has comprehensively examined the
complex association between the gut microbiota,
the multifaceted role of their metabolites and
pathologies of NDDs, emphasizing the intricate
nature and importance of the gut-brain axis. The
gut microbiome is composed of a wide range of
species, which interact with the host’s physiology
dynamically. This interaction has been extensively
studied, with particular attention given to the vari-
ables that affect the diversity and abundance of
these microbial species. The various roles of the
microbiome have been examined, encompassing
its contributions to metabolic processes, immune
system functionality, integrity of gut epithelial and
blood-brain barriers and its significant involve-
ment in the creation of neurotransmitters. The
interaction between the microbiome and pharma-
ceuticals, affecting drug efficacy and stability,
further demonstrates the microbiome’s pervasive
influence on human health.

The significance of microbial metabolites, such
as SCFA, tryptophan metabolites, and secondary
bile acids, has been illuminated, showcasing their
roles in gut-brain signaling and overall health. In
the context of NDDs, the review has delved into the
alterations in the gut microbiome and its metabo-
lites that may contribute to or exacerbate condi-
tions such as AD, PD, MND, HD and Ataxia.
Through the therapeutic implications chapter, we
have reviewed the future potential of various inter-
ventions, from diet and pharmacological modula-
tion to fecal microbiota transplantation and

GUT MICROBES (&) 23

personalized medicine, each holding promises for
modulating the gut microbiome to treat or prevent
NDDs.

Despite these advances, challenges remain in
studying the microbiome’s complexity, including
technological limitations, standardization of meth-
odologies, and the interpretation of vast datasets.
However, the ongoing research and experimental
tools within this domain are rapidly evolving, offer-
ing insights that are continuously refining our
understanding of the microbiome.

7. Future directions

As we look to the future, research will likely focus on
unraveling the causal relationships within the gut-
brain axis and establishing more personalized ther-
apeutic strategies. In particular, the cellular and
animal models used to study the impact of gut-
microbiome on neuropathologies, through the gut-
brain axis need to consider the multifaceted nature
of gut-microbes and metabolites. This will be
required to match the results observed with human
clinical observations and data obtained from biop-
sies and postmortem tissue samples. Advances in
high-throughput sequencing, bioinformatics and
integrative systems biology approaches are expected
to drive this field forward, elucidating the nuanced
interactions between microbial communities and
the host. Furthermore, the potential for developing
novel therapeutic techniques rooted in microbiome
modulation is substantial. The potential interven-
tions encompass a broad spectrum, spanning from
prebiotics, probiotics, and synbiotics to more
sophisticated methodologies, including genetic and
microbial engineering. The use of longitudinal and
interventional research will play a crucial role in
substantiating the effectiveness of these treatments
and comprehending the enduring consequences of
microbiome manipulation.

Fecal Microbiota Transplantation (FMT) is
a process where stool from a healthy donor is
transferred into a patient’s gastrointestinal tract to
restore a healthy, diverse microbiome.'*> However,
FMT carries risks such as introducing harmful
organisms or genetic material, necessitating strict
safety protocols.'*® Ethical concerns also arise in
donor selection and patient consent due to the
microbiome’s complex impact on health.
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Regulatory bodies are working on guidelines to
ensure FMT’s safety and effectiveness.>’
Additionally, new drugs are being developed to
target microbial metabolites, aiming to modulate
inflammatory responses and oxidative stress in
neurodegenerative diseases (NDDs). These drugs
work by affecting the gut-brain axis, potentially
altering disease progression in NDDs.'*®
Researchers are exploring ways to influence gut
permeability, vagus nerve signaling, and the
immune system’s interaction with the
microbiome."*® Moreover, probiotics may offer
neuroprotective effects by producing neurotrans-
mitters — for example, certain Lactobacillus strains
can generate GABA, and Bifidobacteria can pro-
duce acetylcholine.® These neurotransmitters can
directly or indirectly affect brain function.

There is increasing dissatisfaction with many of
the classical conceptualizations of NDDs, including
the role of AP in the course of dementia. Recent
work shows AP to be an antimicrobial that may be
excessively produced due to an aging-associated
change in negative feedback.'*® The impact of
changes in the microbiome in NDDs may require
a more detailed investigation of the cellular and
systemic processes modulating the production and
effects of inclusions such as AP, aSyn and TDP-43.

In summary, the gut microbiome constitutes
a novel area of exploration in comprehending
human biology, with significant promise for enhan-
cing human well-being. Through further investiga-
tion of this intricate ecosystem, there is potential to
unveil novel frameworks in the management of
NDDs and other related fields, thereby facilitating
the advent of a period characterized by enhanced
individualized and efficacious healthcare.
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