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ABSTRACT

The human gastrointestinal tract contains numerous microorganisms. This intestinal microbiota (IM)
has a mutualistic relationship with the human organism, and it plays a fundamental role in
regulating metabolic, endocrine, and immunological functions. Intestinal dysbiosis is associated
with phenotypes of many chronic and inflammatory diseases. This association is explained by the
functions of the IM and the existing bi-directional communication of the microbiota-intestine-brain
axis. Studies have uncovered new evidence between the IM and neurodegenerative diseases
recently, including amyotrophic lateral sclerosis (ALS). Given this, the present narrative review
discusses didactically about IM, its functions, its relationship with the neuroimmune-endocrine
system, and its association with neurodegenerative diseases, with emphasis on ALS.

RESUMO

O trato gastrintestinal humano é povoado por uma grande quantidade de microrganismos. Essa
microbiota intestinal (MI) tem uma relacao de mutualismo com o organismo humano e desempenha
papel fundamental na regulacdo de funcées metabdlicas, enddcrinas e imunoldgicas. A disbiose
intestinal esta associada a fenotipos de varias doencas cronicas e inflamatorias. Essa associacao é
explicada pelas funcdes da Ml e a existente comunicacao bidirecional do eixo microbiota-intestino-
cérebro. Nos Ultimos anos, estudos tém mostrado novas evidéncias entre a Ml e as doencas
neurodegenerativas, incluindo a esclerose lateral amiotrofica (ELA). Diante disso, essa revisao
narrativa discorre de forma didatica sobre a MI, suas funcdes, sua relacdo com o sistema neuro-
imuno-endocrino e sua associacao com as doencas neurodegenerativas, com énfase na EL
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INTRODUCTION

The term intestinal microbiota (IM) indicates the
set of microorganisms that inhabit the intestine. When
the microorganisms within a particular habitat and their
genetic material are considered, it is termed the
microbiome. Recently, IM has been the target of several
studies. Although this field still lacks clarification, the
functions of IM and its interaction with the host have
promising potential in determining an individual's state
of health or disease. This information has widened the
range for etiological understanding and new therapeutic
targets. The microorganisms that populate the human
intestine have a mutualistic relationship with the host
and regulate innumerable processes related to its
metabolism, immunity, and neuroendocrine system.
Intestinal dysbiosis is a condition where there is an
imbalance between beneficial and pathogenic
microorganisms, resulting in the pathogenesis of
innumerable diseases, which influences the composition
of the IM (bidirectional cause-effect relationship)'.
Here, we discuss the IM, its functions, role in the neuro-
immuno-endocrine system, relationship with
amyotrophic lateral sclerosis (ALS), and IM modulation in
the ALS clinical condition.

INTESTINAL MICROBIOTA AND HUMAN MICROBIOME

The human microbiota is the set of
microorganisms (bacteria, fungi, viruses, protozoa),
with a predominance of bacteria (95%), that live
symbiotically (mutualistic relationship) in various sites
of the human body: oral cavity, genital organs,
respiratory tract, gastrointestinal tract, etc®®. Each of
these sites is populated by a predominant profile of
bacteria. Although there is stability in the profile of
taxonomic phyla at specific sites, there is substantial
variance among individuals?. It is estimated that the
human gut contains more than 1 kg of bacteria*and its
microbiota comprises approximately 10" to 10" cells,
representing a close to 1:1 ratio of microorganism cells
to human cells. Thus, we are as much bacteria as we are
humans">¢. However, each individual has a unique
microbial signature.

Bacterial taxonomy classification follows the
hierarchical system of phyla, classes, orders, families,
genera, and species (Figure 1). A single phylum may
contain several types of bacteria. The dominant phyla of
human IM are Firmicutes, Bacteroidetes, Actinobacteria,
Proteobacteria, Fusobacteria, and Verrucomicrobia.
Firmicutes and Bacteroidetes represent 90% of the IM’.
An appropriate ratio of the abundance of Firmicutes to
Bacteroidetes can be a parameter of gut health. This
ratio varies during different life stages and in certain
diseases. We previously estimated this ratio in children,
adults, and older adults to be 0.4, 10.9, and 0.6,
respectively®. An increased Firmicutes/Bacteroidetes
abundance ratio has been associated with intestinal
dysbiosis, type 2 diabetes mellitus, obesity, irritable
bowel syndrome, and autism’. A decreased ratio was
related to weight loss®.

The gastrointestinal tract, particularly the
stomach, duodenum, jejunum, ileum, and colon, harbor
predominant bacterial genera, with a greater

concentration in the large intestine’. IM refers to the set
of microorganisms located only in the intestine. After
birth, the infant's gastrointestinal tract is quickly
colonized, but throughout life, several factors related to
the host influence the composition of the IM (Figure 2).
Thus, IM is dynamic and can be modulated in favor of
better health.

Scientific evidence indicates that early exposure
to IM in the male and female reproductive tracts at
conception, delivery, and gestation substantially
impacts child development during the first 1,000 days of
life’®. The prenatal, neonatal, and postnatal factors
have been discussed as proper windows of opportunity
for modulation of IM composition''. The type of delivery,
for instance, influences IM composition. Children born
via vaginal delivery present a higher concentration of
Lactobacillus in the first days of life, whereas those born
via cesarean section have depletion of this genus and, in
contrast, present a higher concentration of the genera
Bacteroides and/or Clostridium'.

Each bacterial strain harbors thousands of genes,
and the collective bacterial genome of the entire
bacterial population within a human contains
approximately 100 times more genes than the human
genome itself. The human microbiome refers to the
entire set of microorganisms and their respective genes®.
Genome sequencing projects of the human microbiome
such as the Human Microbiome Project (HMP) and
Metagenomics of the Human Intestinal Tract (MetaHIT)
have significantly advanced the knowledge in this field'.

FUNCTIONS OF THE INTESTINAL MICROBIOTA

The IM is a vital organ that participates in the
host's physiology through mutualistic participation. The
host provides nutrients that the intestinal
microorganisms need to survive and proliferate; in turn,
these microorganisms perform numerous functions in the
organism. Six of these functions are discussed below
(Figure 3). Most of these functions are mediated by
metabolites synthesized by the IM, such as short-chain
fatty acids (SCFAs), which exert pleiotropic effects.

Production of SCFAs

Dietary fibers are fermented by IM generating
SCFA as end products'. The main dietary fibers for
bacterial fermentation and SCFA production are
resistant to starch, inulin, oat bran, wheat bran,
cellulose, guar gum, and pectin. The SCFAs are
carboxylic acids with aliphatic tails of 1 to 6 carbons.
The most common SCFAs are acetate, propionate, and
butyrate, accounting for approximately 95% or more of
all SCFAs®. Other less common SCFAs are valeric and
caproic acids. Bacteroidetes (gram-negative) and
Firmicutes (gram-positive) are the most abundant phyla
in the gut. Members of Bacteroidetes produce more
acetate and propionate, whereas bacteria of Firmicutes
produce more butyrate. Acetate is the most abundant
SCFA in the gut and can be converted to butyrate™. The
SCFAs are used locally by enterocytes or transported by
the bloodstream to other organs.
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Figure 1 — Examples of the main bacterial phyla of the gut microbiota and their taxonomic

classification. Adapted from Rinninella et al.”.

Energy substrate supply

SCFAs are considered postbiotics and perform
several functions in the body'. One of the main
functions of SCFAs is to act as an energy substrate for
the host. They contribute approximately 10% of the daily
energy requirements used in metabolic processes.
Approximately 60%-70% of the energy used by
colonocytes originates from the oxidation of SCFAs, with
a preference for butyrate. Most of the SCFAs are taken
up by the liver, where they serve as energy substrates
for hepatic gluconeogenesis. Besides acting as an energy
source, butyrate also regulates processes such as
autophagy and cellular respiration’3,

Vitamin synthesis

The IM is responsible for synthesizing some
vitamins, independent of dietary intake. The IM
produces eight vitamins: niacin, biotin, riboflavin,
thiamin, pantothenic acid, folate, pyridoxine, and
cobalamin. Bacteroidetes is the major phylum of
bacteria that produce B-complex vitamins'. Vitamin K2
(menaquinone) is produced anaerobically by the
intestinal bacteria Bacteroides fragilis, Eubacterium
lentum, Enterobacter agglomerans, Serratia
marcescens, and Enterococcus faecium'. Thus, IM
indirectly influences several biochemical reactions and
metabolic pathways, depending on the functions
performed by each of these vitamins.
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Figure 2 — Factors influencing the intestinal microbiota. Adapted from Clarke et al.’.
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Figure 3 — Functions of the gut microbiota in humans.
SCFA: short chain fatty acids. Source: the authors.

Metabolism of bile salts

IM participates in the metabolism of bile salts in
the host. In humans, 95% of bile acids are reabsorbed in
the distal ileum. The remaining 5% that are not absorbed
are bioconverted or deconjugated into secondary bile
acids by hydrolases secreted by colonic bacteria such as
Clostridium spp. to be partially reabsorbed and
transported back to the liver for the conjugation
process. Primary and secondary bile acids can activate
farnesoid X receptor signaling, regulating bile acid
production, glucose metabolism, and hepatic
autophagy. Additionally, secondary bile acids activate

the TCR5 gene, which, in turn, activates the cyclic
adenosine 3',5'-monophosphate signaling pathway that
induces the expression of several genes with great
physiological importance. Furthermore, secondary bile
acids exert antimicrobial effects that help modulate the
composition of IM and protect the host against infectious
microorganisms’.

Maintenance of the integrity of the intestinal barrier

The IM also participates in maintaining the
integrity of the intestinal barrier. The mucus layer forms
the intestinal defense system, a strong junction between
the cells, secretion of antimicrobial peptides, and the
gut-associated lymphoid tissue (GALT). The mucus layer
in the intestine is formed by glycoproteins called
mucins. The deficiency of these proteins generates
inflammation in the mucosa and increases intestinal
permeability'. Butyrate can increase the expression of
genes encoding mucins (e.g., MUC2 gene) and other
proteins associated with the strong junctions between
intestinal cells. Furthermore, butyrate stimulates the
production of antimicrobial peptides, contributing to the
integrity of the intestinal barrier'', During intestinal
dysbiosis, there is an increase in intestinal permeability,
resulting in the translocation of pathogenic
microorganisms and metabolites into the bloodstream,
generating inflammatory and immune-mediated
responses’.

Signaling and receptor activation

The two primary signaling mechanisms of SCFAs
comprise inhibition of histone deacetylases (HDACs) and
activation of G protein-coupled receptors (GPCRs).
SCFAs, especially butyrate and propionate, inhibit HDAC
activity, causing increased histone acetylation,
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loosening of DNA/chromatin, and activation of gene
expression'’. This epigenetic control is associated with
an anti-inflammatory phenotype and is reviewed in other
articles'-1%29, GPCRs are sensors of various nutrients,
including fatty acids, and act in several signaling
pathways. GPR43 is the primary receptor for SCFAs and
is expressed throughout the gastrointestinal tract and
adipose tissue. The GPR43 receptor is involved in the
mechanisms by which SCFAs regulate intestinal
immunity and inflammatory response in the body via the
chemotaxis of neutrophils and cytokine expression?'.
The uptake of SCFAs by GPR43 receptors regulates the
release of peptide YY and glucagon-like peptide 1,
indirectly contributing to the anorexigenic effect and
insulin release, respectively'. Thus, CBFA may play an
essential role in body weight regulation. Our previous
study concluded that the activation of GPCRs by SCFAs
helps physiological functions such as colonic motility,
colonic blood irrigation, and uptake of fluids and
electrolytes?.

INTESTINAL MICROBIOTA AND NEURO-IMMUNO-
ENDOCRINE SYSTEM

The IM plays an essential role in the immune
system, which has been demonstrated in germ-free
mice. These animals present reduced immunoglobulin A
(IgA) production in the GALT, reduced Peyer's patches,
and altered expression of toll-like receptors, which
recognize metabolites of IM and are involved in the
innate immune response. In addition, approximately 45%
of the genes induced by IM participate in immune
response?’,

The IM is also important in the development of the
enteric nervous system. Germ-free mice have fewer
enteric neurons, low neuronal excitability, and low
intestinal motility. This was also observed in mice with
toll-like receptor genes 2 and 4 (TLR2 and TLR4)
silenced?. TLR2 gene expression in enteric glial cells is
increased by certain microorganisms, indicating a
relationship between IM and toll-like metabolic
pathways with diseases associated with the nervous
system?4,

Gut bacteria can produce and regulate several
neurotransmitters. Bifidobacterium infantis increases
plasma levels of tryptophan, a precursor of serotonin;
Candida, Streptococcus, Escherichia, and Enterococcus
spp. can produce serotonin; Lactobacillus and
Bifidobacterium spp. can produce gamma-aminobutyric
acid (GABA); Escherichia, Bacillus, and Saccharomyces
spp. can produce noradrenaline; Bacillus can produce
dopamine, and Lactobacillus can produce acetylcholine.
Due to the difficulty in crossing the blood-brain barrier,
these neurotransmitters produced by the MI act on the
enteric nervous system?,

SCFAs also directly influence immune cells
(intestinal epithelial cells, neutrophils, monocytes and
macrophages, dendritic cells) and markedly impact the
innate and acquired immune response. This influence
occurs via signaling pathways, such as, for example,
activation of GPCRs and inhibition of HDACs. Thus, SCFAs
possess the capacity to modulate several cellular
processes, such as gene expression, chemotaxis,
phagocytosis, differentiation, proliferation, and

apoptosis?.

From the above-described features of the
microbial species in the gut and the effect of the
products of their metabolism (such as SCFAs), a broad-
scale interaction between the IM and neuroimmune-
endocrine system is evident. The gut-brain axis has been
extended to the microbiota-intestine-brain axis?4.
Communication in this axis occurs via the vagus nerve
and the hypothalamic-pituitary-adrenal axis. However,
this communication is quite complex and encompasses
several pathways. The authors inferred that there are
possibly five communication routes between the IM and
the brain? (Figure 4).

INTESTINAL MICROBIOTA AND ALS

Intestinal dysbiosis is associated with the
pathogenesis of various diseases related to the
gastrointestinal tract and other organs as well?”’. The
composition of the IM affects the intestine and distant
organs such as the brain. Gut dysbiosis interferes with
nervous system function through the microbiota-
intestine-brain axis communication pathways and has
been associated with several neurological diseases, such
as autistic spectrum disorder, multiple sclerosis,
Alzheimer's disease, Parkinson's disease, and ALS?%%8,
Interestingly, animal models or individuals with these
neural diseases present a dysbiotic IM compared to
healthy controls. Even more intriguing is that the type
of dysbiotic IM was similar among patients with the same
neural disorder?+2%3,

ALS is a neurodegenerative disease that affects
the upper and lower motor neurons. It occurs in 1 to 3
cases per 100,000 people and is slightly more frequent
in men than in women (ratio 1.2-1.5:1)3'. The cause of
ALS is multifactorial and includes genetic and
environmental factors. More than 30 genes may be
involved in the pathogenesis of ALS. This reflects its
clinical and phenotypic heterogeneity. Traditionally,
ALS is divided into familial (5%-15% of cases) and
sporadic (85%-95% of cases) forms. The pathophysiology
of ALS is not yet fully understood, but several
mechanisms may be involved in neurodegeneration
(Figure 5). This disease has an unfavorable prognosis,
and its survival rate after the onset of symptoms is, on
average, 3 to 5 years’'. The role of IM in ALS was
indicated in studies during recent years; much, however,
still needs to be unveiled. IM may be involved in the
pathophysiology of ALS and may be an important
therapeutic target.

Animal models of ALS have been fundamental in
investigating ALS pathophysiology and its molecular,
cellular, and physiological mechanisms. The most
explored among several existing models is the G93A
mouse with the SOD1 gene mutation2. Although this
point mutation represents only 15 to 20% of the cases of
familial ALS, authors agree that G93A mice clearly
reproduce most of the pathological mechanisms of ALS
observed in human patients®.

Wu et al.34 demonstrated, for the first time, the
occurrence of intestinal permeability and dysbiosis in
mice with ALS (G93A). These animals presented damage
in the barrier function, with reduced expression of two
proteins (ZO1 protein and Cadherin-E) involved in the
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occluder and adherent junctions of the intestinal
epithelium. Additionally, the authors also observed a
marked increase in Paneth cells, specialized in secreting
antimicrobial peptides in the presence of pathogens. For

IM, reduced levels of Butyrivibrio fibrisolvens,
Firmicutes peptostreptococcus, and Escherichia coli
were found in the mice with ALS*.
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Figure 4 — Five possible communication pathways of the microbiota-gut-brain axis. Adapted

from Wang and Wang?6.
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Figure 5 — Possible mechanisms involved in the
pathophysiology of ALS, implicated in neurodegeneration.
Source: the authors.

Chinese researchers found interesting results
when comparing the MI of six patients with ALS with five
healthy individuals. Despite the small sample size, the
researchers observed that 37% of the operational

bacterial taxonomic units differed between these
groups. Among healthy individuals, increased Firmicutes
(phylum), Clostridia (class), Clostridiales (order),
Lachnospiraceae, and Family_XIII (family), Oscillibacter,
Anaerostipes, and Lachnospiraceae (genera) abundances
were observed. In patients with ALS, an increase in
Bacteroidetes (phylum), Bacteroidia (class),
Bacteroidales (order), and Dorea (genus) abundance was
observed®. Furthermore, the IM of patients with ALS
showed a low Firmicutes/Bacteroidetes abundance ratio
and decreased number of Oscillibacter, Anaerostipes,
and Lachnospiraceae members (beneficial bacteria).
This dysbiosis may influence the pathogenesis process of
ALS via mechanisms or pathways involving the
production of nitric oxide, GABA, SCFA, and
lipopolysaccharide (LPS)®. Considering that bacteria of
the genus Anaerostipes and members Lachnospiraceae
are butyrate producers, we can assume that butyrate
production by patients with ALS may be reduced?.

In a longitudinal study, Di Gioia et al.30 also
observed differences in IM composition among patients
with ALS compared to that of healthy individuals. The
phylum Cyanobacteria was more abundant in patients
and appeared to be involved in the pathogenesis of ALS.
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Furthermore, the authors observed interdependence
between the relative abundance of some families of
bacteria and clinical parameters of body mass index,
functional scale, and forced vital capacity in the group
of patients.

Butyrate and its derivatives have been considered
multifunctional molecules with therapeutic potential for
several neurological diseases. The neuroprotective
effects of butyrate are explained by its action on
mitochondrial activity, GPCRs, histone acetylation, and
homeostasis of the intestinal microbiome. In a study on
mice, butyrate was found to exert anti-inflammatory
activity in the primary culture of microglia cells with
LPS-induced inflammation. Its anti-inflammatory action
resulted from inhibiting the nuclear factor kappa beta
signaling pathway. This is probably related to the
capacity of butyrate to inhibit HDAC activity and
promote the expression of genes related to anti-
inflammatory pathways¥.

Ryu et al.38 demonstrated that phenylbutyrate
administration in mice with ALS (G93A) could slow the
death of motor neurons by modulating several
transcriptional and post-translational pathways. An
example of these pathways is the inhibition of HDACs. In
another study, mice with ALS (G93A) were found to have
intestinal dysbiosis and weakened junctions between
intestinal epithelial cells. Mice treated with sodium
butyrate (2% concentration in water) lost less weight and
survived longer than the control group. Furthermore, a
correction of dysbiosis, a decrease in intestinal
permeability of mice treated with butyrate, and an
increase in the abundance of butyrate-producing
bacteria in the IM were observed®.

In a phase 2 clinical study conducted on 26
patients with ALS, during 20 weeks of treatment, sodium
phenylbutyrate, an SCFA, was shown to be safe and
tolerated at doses of 9 to 21 g/day“°. Additionally, it was
observed that the lower dose of 9 g/day was efficient to
increasing the histone acetylation pattern®. A
multicenter, randomized, double-blind study on 177
patients with defined ALS demonstrated that the oral
supplementation of sodium phenylbutyrate with
tauroursodeoxycholic acid for 24 weeks contributed to
the slowing of functional decline in patients with ALS, as
evaluated by the revised functional scale, ALSFRS-R*'.

Although studies regarding IM in patients with ALS
are scarce”, McCombe et al.® published a narrative
review discussing the possible role of IM in the
pathogenesis of ALS (Figure 6). This review made the
following observations: 1) Some IM bacteria can produce
toxins, such as LPS. These toxins can cross the intestinal
barrier and enter the body in intestinal dysbiosis and
increase permeability. Some of them reach the nervous
system where they have neurotoxic actions; 2) patients
with ALS may present with changes in the energy
homeostasis, such as hypermetabolism and more
substantial weight loss. Studies show that resting energy
expenditure has a positive relationship with the number
of intestinal bacteria and a negative relationship with
the abundance of Firmicutes®. This suggests that
reducing Firmicutes contributes to higher energy
expenditure and more substantial weight loss in these
patients; 3) Dysphagic patients with ALS have low food
intake. Deficiency of energy and essential nutrients may
modify the composition of the IM, as already seen in

patients with anorexia nervosa; 4) Chronic activation of
the microglia and progressive neuroinflammation are
part of the pathogenesis of ALS. Dysbiosis leads to an
inflammatory state and may influence the immune
system of patients with ALS, contributing to disease
progression; 5) Patients with ALS may present with
gastrointestinal alterations (delayed gastric emptying,
delayed intestinal transit, constipation). It is possible
that intestinal dysbiosis affects enteric neurons and
contributes to the onset or worsening of these changes;
6) The IM produces circulating neurotransmitters that,
with the microbiota-intestine-brain axis, can contribute
to depression and cognitive and behavioral changes,
which is observed in ALS patients®.

TOXINS.

ENERGY EXPENDITURE

NEUROINFLAMMATION——p- ALS
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Gut
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NEUROTRANSMITTERS

Figure 6 — Possible associations of gut microbiota in the
pathogenesis and progression of ALS. Source: the authors.

MODULATION OF INTESTINAL MICROBIOTA IN ALS

ALS is a multifactorial disease, and alternative
therapies may be helpful in its treatment*. Considering
the function and interaction of IM with the host and its
possible relation in the pathogenesis and progression of
ALS, the modulation of IM in patients with ALS seems to
be an important therapeutic target, which can be
achieved by diet, prebiotics, probiotics, postbiotics, and
fecal transplantation.

Diet

Diet has an immediate impact on the composition
of IM. However, the dietary approach to modulating IM
must be instituted long-term. This is because short-term
dietary modifications cause rapid changes in IM
composition, but the magnitude of these changes is still
insufficient to change the enterotype of the individual?’.
Generally, it is said that a diet rich in vegetables and low
in refined carbohydrates and fast foods favors a
balanced IM (eubiosis). There is also evidence that a diet
rich in fruits and vegetables is associated with a better
functional state in ALS patients*. However, it is
essential to remember that in patients with ALS, the
implementation of any diet that favors IM should also be
associated with an adequate energy intake’.
Hypercaloric diets may benefit ALS patients®, and
dietary variety contributes to a more diverse
microbiome*.
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Prebiotics

Prebiotics are nondigestible food compounds that
confer health benefits to the host by modulating the
IM¥. These compounds are selectively fermentable by
gut bacteria, inducing the growth of beneficial bacteria
and the production of CBFA. The most common
prebiotics are oligofructose, inulin,
galactooligosaccharides, breast milk oligosaccharides,
and lactulose. They are present in wheat, onions,
bananas, honey, garlic, leeks, and chicory and can also
be added to food®. Legumes such as peas and chickpeas
are also rich in fermentable fiber and improve the
intestinal barrier and IM*. The use of prebiotics may be
a useful nutritional strategy in patients with ALS, despite
the lack of clinical trials on prebiotics in this
population3.

Probiotics

Probiotics are live strains of selected
microorganisms that confer health benefits to the host
when administered in adequate amounts. Probiotic
strains must meet established criteria for safety,
functionality, and technological utility”’. Although some
strains have unique properties that confer certain
neurological, immunological, and antimicrobial
activities, it has been recognized that different strains
may act similarly and synergistically, especially
concerning resistance to colonization, the regulation of
intestinal transit, or normalization of dysbiosis*.
Probiotic supplementation can be a coadjuvant strategy
in preventing or treating neurodegenerative diseases®.
In ALS, probiotics have been highlighted as one of the
innovative therapies®'. There is still no evidence on
which probiotic strains would be the most suitable for
supplementation in patients with ALS. Clinical trials
need to be conducted, considering the pathophysiology
of the disease, the specific efficacy of the probiotic
strain(s), and the quality, formulation, and dosage of the
product??,

Postbiotics

Postbiotics are by-products or metabolites
generated by the fermentation of probiotic bacteria,
such as those of the genus Lactobacillus and
Bifidobacterium. Examples of probiotics are SCFAs,
enzymes, peptides, teichoic acids, peptidoglycan
muropeptides, endopolysaccharides,
exopolysaccharides, cell surface proteins, vitamins,
plasmalogens, and organic acids. These by-products are
also believed to promote host health and are a safe
therapeutic alternative'. Although the mechanisms of
action of postbiotics are not yet fully understood, it is
hypothesized that these by-products may influence
various host cellular pathways, including proliferation,
differentiation, migration, and cell death.

With prebiotics and probiotics, postbiotics assist
in treating intestinal dysbiosis and, consequently,
promote better functioning of the gastrointestinal tract,
immune system, and nervous system*. Butyrate SCFA,
considered a postbiotic, had a beneficial effect in

restoring intestinal dysbiosis and increasing survival in
mice with ALS (G93A)*. Therefore, it may be plausible
to add butyrate to the diet of ALS patients®. The
beneficial effects of postbiotic phenylbutyrate have
been demonstrated in some clinical trials conducted
with animal models or ALS patients3®4041,

The IM is capable of producing and metabolizing
secondary bile  salts. One of these is
tauroursodeoxycholic acid (TUDCA), also considered a
postbiotic. TUDCA improves intestinal barrier function,
alters the composition of IM* and exerts anti-apoptotic,
anti-inflammatory, antioxidant, and neuroprotective
effects®. In a randomized, double-blind clinical trial on
patients with ALS, it was observed that the use of TUDCA
was well tolerated and was associated with less
deterioration of the functional status of patients
compared to that seen for the placebo®. This fact also
demonstrates another therapeutic possibility of a
postbiotic in ALS.

Fecal Microbiota Transplantation (FMT)

FMT transfers fecal microbiota from healthy
donors to affected recipients. Although fecal transfer
from one individual to another is reported in ancient
Chinese medicine, this practice only resurfaced
centuries later as a more efficient therapeutic possibility
in pseudomembranous enterocolitis’’ and recurrent C.
difficile infection®®. Currently, TMF has been the target

of several clinical trials involving neurological,
psychiatric, neoplastic, autoimmune/inflammatory,
infectious, gastrointestinal, and cardiometabolic

disorders®. The trial master file has emerged as a
promising strategy to restore the gut dysbiosis involved
with the pathophysiology of neurodegenerative
diseases®®. Research involving TMF still faces numerous
challenges regarding the form of administration,
recipient colonization resistance, adverse effects, cost-
effectiveness, and protocol standardization®®. In our
recent review of TMF in neurological disorders, we
discussed 34 studies with human or animal models®'. We
noted several animal studies supported by some case
reports affirming the positive effects of TMF for multiple
sclerosis and Parkinson's disease.

There are still limitations of studies and evidence
regarding epilepsy, Tourette's syndrome, diabetic
neuropathy, stroke, Alzheimer's disease, and Guillain-
Barré syndrome. There are still no clinical trials on TMF
in patients with ALS, although this treatment has already
been proposed for this population®. The protocol of the
first clinical trial (multicenter, randomized, double-
blind; FETR-ALS Study Protocol) was published®?, using
TMF as a therapeutic intervention in early-stage ALS but
with results yet to be published.

CONCLUSION

IM can individually modulate several physiological
and behavioral activities from the microbiota-intestine-
brain axis. The study of IM in neurodegenerative
diseases, such as ALS, is an important field of research.
Evidence shows signs of dysbiosis in patients or animal
models with ALS. However, it is unknown whether
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dysbiosis is a primary condition of ALS or secondary to
dietary changes (anorexia, dysphagia, low food intake,
enteral diet). IM may be a factor involved in the

pathogenesis of ALS and,

therefore, a promising

therapeutic target; it can be modulated by diet, using
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