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Abstract: Amyotrophic lateral sclerosis (ALS) is a rare and severe neurodegenera-
tive disease affecting the upper and lower motor neurons, causing diffuse muscle
paralysis. Etiology and pathogenesis remain largely unclear, but several environ-
mental, genetic, and molecular factors are thought to be involved in the disease
process. Emerging data identify a relationship between gut microbiota dysbiosis
and neurodegenerative diseases, such as Parkinson’s disease, Alzheimer’s disease,
and ALS. In these disorders, neuroinflammation is being increasingly recognized
as a driver for disease onset and progression. Gut bacteria play a crucial role in
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maintaining and regulating the immune system, and changes in gut microbial
composition can influence neural function by affecting neuro-immune interac-
tions, synaptic plasticity, myelination, and skeletal muscle function. This chapter
outlines the relationship between ALS and the human microbiota, discussing
whether an imbalance in intestinal microbiota composition through a
pro-inflammatory dysbiosis promotes a systemic immune/inflammatory response,
and has a role in ALS pathogenesis, clinical features, progression, and outcome.

Keywords: amyotrophic lateral sclerosis; gut-brain-axis; microbiota;
neuroinflammation; neurodegeneration

INTRODUCTION

The cause of amyotrophic lateral sclerosis (ALS) remains unknown for most
patients. An increasing number of susceptibility genes has been recently reported
(https://alsod.ac.uk [accessed on 17 June 2021]), but these account for only
10-15% of all cases. Most often, ALS has a sporadic nature, and the onset is the
final result of a combination of genetic and environmental factors. The latter
include occupational exposure to toxic substances, viral infections, lifestyle hab-
its, habitual diet, and body mass index. However, contrasting results have been
reported regarding environmental elements as being risk factors for disease pro-
gression (1).

The study of various dietary risk factors is a fascinating topic, but data
retrieved from these studies are hard to measure and standardize. A recent
Italian study (2), showed that some foods and nutrients, including red and pork
meat, proteins, sodium, and glutamic acid, may be risk factors for ALS, while
others such as coffee and tea, bread, and raw vegetables can act as protective
factors. It has been reported that a higher ALS risk is associated with increased
dietary uptake of fat and glutamate (3). Likewise, in the past decades, the imbal-
ance of gut microbiota (GM) has emerged as a new player connected to the
diet—Ilinking the type of diet with the potential of developing ALS. Similarly, all
reported environmental factors could theoretically impact GM and its functions.
This chapter focuses on GM and its potential imbalance as a risk factor for ALS,
highlighting the gastrointestinal and metabolic dysfunction, the gut microbiome
changes in motoneuron diseases, the possible clinical correlations, and lastly,
the potential therapeutic approaches.

THE MICROBIOTA BRAIN-GUT AXIS

The GM is a complex population of microorganisms residing in the intestine, with
the highest concentration in the colon (4). Diet is a significant factor influencing
microbiota in terms of composition and function. The GM changes throughout
various life phases, starting relatively simple, and increasing in complexity based
on various environmental and physiological influences (e.g., geographic location,
race, hormones, nutrition, diet, lifestyle). The GM includes hundreds of bacterial
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species, divided into six phyla: Firmicutes, Bacteroidetes, Proteobacteria,
Actinobacteria, Verrucomicrobia, and Fusobacteria. Viruses, protozoa, archaea,
and fungi are also involved in this environment.

The GM has multiple functions. First, it constitutes the intestinal barrier, pro-
motes itself, stimulates intestinal epithelial cell regeneration, produces mucus,
and feeds the mucosa by producing short-chain fatty acids (SCFAs). GM is
involved in the maturation of the immune system in childhood, maturation of
intestinal lymphoid tissue, development of effective mechanism against patho-
gens, stimulation of the acquired immune system, intestinal synthesis and metab-
olism of certain nutrients, inhibition of growth of pathogenic microorganisms,
and detoxification of drugs (5). The GM can communicate with the central ner-
vous system (CNS) through the gut-brain axis (GBA), which is a bidirectional
communication between the central and the enteric nervous system, linking the
brain’s higher-order capacities with peripheral intestinal functions (6, 7). Based on
these anatomical backgrounds, for the first time, in 2013, the National Institute of
Mental Health, USA, launched a project on exploring the mechanisms involved in
gut microbiota-brain communication to develop new medications or noninvasive
treatments for mental diseases. Since then, studies on the GM’s influence on the
brain have been increasing, and the gut microbiota-brain axis has become one of
the focuses of neurosciences.

ALS AND GASTROINTESTINAL SYMPTOMS

ALS patients may present a wide range of gastroenteric symptoms and other
autonomic and non-motor symptoms. Among these, sialorrhea is a well-known
and disabling manifestation that may affect up to 50% of patients during the
disease course (8). Sialorrhea may be associated with mucous secretions and
saliva and an impairment of the ability to swallow secretions, but not due to an
increase in saliva production. Tongue spasticity, orofacial and palatino-lingual
muscle control failure, facial muscular weakness, and an inability to maintain
oral and buccal competence contribute to sialorrhea (9). Sialorrhea can cause
skin maceration, worsening of dysarthria, psychological stress, social embarrass-
ment, and worsening of quality of life. Furthermore, throat and bronchial secre-
tion and ineffective cough may impair non-invasive ventilation and may increase
the risk of aspiration pneumonia (10), representing a frequent cause of death in
ALS (11). Treatment of sialorrhea can include medical interventions like anti-
cholinergics and the tricyclic antidepressant amitriptyline, which is effective in
about 70% of patients with mild to moderate sialorrhea. If those treatments are
ineffective or scarcely tolerated, more invasive therapy with botulinum toxin A,
B, and radiotherapy may be an option (12). Physiologically 1-1.5 liters/day of
saliva are produced, constituted by water, electrolytes, antimicrobials, enzymes,
and growth factors. Since salivation facilitates mastication, deglutition, and the
beginning of digestion and protects the oral mucosa and teeth, a relationship
between oral microbiota composition and sialorrhea may be hypothesized, but
this is an unexplored field. Similarly, no studies explore why some patients are
unresponsive to treatment than others and the possible role of microbiota on
this topic.
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Concerning intestinal symptoms, constipation has been reported in up to half
of ALS patients during the disease course, while stool incontinence is a rare find-
ing (13). Previous studies have also reported delayed colonic transit time and
gastric emptying in ALS patients (14, 15). Some factors such as decreased fluid
intake due to dysphagia, dietary changes, medications, lack of physical exercise,
motor impairment, and psychological stress have to be considered, but an auto-
nomic involvement cannot be ruled out as well (16). Changes in the intermedio-
lateral columns and the Onuf nucleus in ALS have been detected, which could
provide an anatomical explanation for these clinical manifestations, as the enteric
nervous system and smooth muscle automatism may be unable to modulate the
motor functions of the digestive tract (15). Furthermore, roles for the microbiome
in luminal fluid, bile acid metabolism (17), generation of SCFAs (18), methane
production (19), and on the mucosal layer of the colon (20) for the regulation of
the absorption of fluids into the bloodstream have been proposed. Correspondingly,
the vagal nerve could be a route for GM and brain communication (16). Of note,
GM has been found to interact with ENS-vagus nerve pathways (21) because
bacterial-derived neurotransmitters and neuropeptides can directly activate myen-
teric neurons, which, through vagal nerve ascending fibers, deliver nerve inputs
to the brain (22).

Dysphagia is highly prevalent in ALS, being present in about one quarter at
onset (mainly in the bulbar phenotype) and in more than 80% of patients during
the disease course. Dysphagia is related to tongue atrophy, dysfunction in the
closure of the soft palate and the larynx due to the nuclear or supranuclear lesions
of the cranial nerves, IX, X, and XII, and diaphragm dysfunction. Dysphagia
should be assessed promptly in ALS to prevent complication (aspiration pneu-
monia, weight loss) and organize proper interventions. Physiological swallowing
is a crucial parameter for the proper intake of drugs. Since swallowing problems
are often underestimated in ALS patients due to the progressive adaptation to
slow deterioration of bulbar function (23), their recognition is an important task
in multidisciplinary disease management. Weight loss is strictly related to dys-
phagia and it is considered a negative prognostic factor for survival, where stud-
ies show that patients who had weight loss had a shorter survival time than those
who had stable weight (24). High caloric intake and enteral feeding are com-
monly used to sustain nutrition, but it has not been convincingly shown to
improve survival, nutritional outcomes, or quality of life (25). There is no study
on the relationship between dysphagia, weight loss, and microbiota composition,
although abundances of certain bacterial species (Akkermansia muciniphila and
Alistipes obesi) have been reported in lean individuals, and their abundance
increased during dieting. These, as well as others (Blautia wexlerae and Bacteroides
dorei), were the strongest predictors for weight loss when present in high abun-
dance at baseline in healthy people (26). Also, the effect of percutaneous endo-
scopic gastrostomy insertion on microbiota is unexplored as the only study nearly
approaching this topic established that the insertion sites of these catheters in
outpatients were frequently colonized (Candida albicans, Staphylococcus aureus,
and Escherichia coli), without clinical consequences, although microbiota compo-
sition was not studied (27).

In conclusion, gastrointestinal symptoms are part of the disease symptoms,
even if they may be underestimated in ALS. They are of clinical relevance since
they may reduce food intake and influence survival and quality of life (28).
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METABOLIC DYSFUNCTION IN ALS

Energy homeostasis results from a correct balance between caloric intake and
energy consumption. In ALS patients, the energy balance can be profoundly
altered, resulting in a higher consumption than calorie intake. Indeed, during the
disease course, patients tend to lose weight, muscle mass, and fat reserves (29).
This condition can be due to direct disease effects, such as dysphagia, loss of
appetite, and weakness in the upper limb limiting nutrition autonomy.
Furthermore, a second fundamental mechanism is also evident, characterized by
increased consumption of energy at rest, due to an increase in basal metabolism
and an increased resting energy expenditure (REE). This “hypermetabolic state”
can be present in about 50% of sporadic ALS cases (30), while it is higher in famil-
ial forms (31). Hypermetabolic patients with ALS have a greater level of lower
motor neuron involvement, faster functional decline, and shorter survival; despite
this, body weight and BMI changes did not differ between hypermetabolic and
normometabolic patients with ALS.

Skeletal muscles have been proposed as a site of origin of this alteration. Some
studies have shown that chronic denervation in ALS patients results in increased
oxygen consumption. In addition, the skeletal muscles’ increase in energy demand
can lead to a more significant fat mass depletion (32). These findings are sup-
ported by the higher prevalence of lower motoneuron involvement in hypermeta-
bolic patients, which also had a high prevalence of spinal onset disease (33). In
the terminal stages of the disease, increased metabolism may be due to higher
energy consumption by the respiratory muscles (34).

Several studies investigated the role of BMI in disease progression and survival,
suggesting that high-energy reserves at onset can mitigate the increased energy
demands occurring during the disease course. Two independent studies suggested
a high BMI before the disease was related to better functional outcomes, lower
incidence of the disease, and reduced mortality rate (35, 36). Patients with a BMI
between 30 and 35 had been found to have a better survival outcome than those
with a BMI out of this range (both higher and lower) during the early stages of the
disease (37). For patients with BMI lower than 30, higher initial BMI predicted
slower functional decline; on the contrary, for patients with BMI greater than 30,
higher initial BMI predicted more rapid decline (35).

Lipids

Hyperlipidemia is frequently observed in ALS, but the causes are still unclear;
this condition could be partly explained by mitochondrial dysfunction (38) and
increased food intake. While weight loss and malnutrition are prognostic factors
that negatively impact ALS patients’ survival, hyperlipidemia is positively corre-
lated with survival. Dupuis et al. discovered that the frequency of hyperlipid-
emia, as revealed by increased plasma levels of total cholesterol or LDL, was
two-fold higher in patients with ALS than in control subjects, demonstrating that
abnormally elevated LDL/HDL ratio significantly increased survival by more than
12 months, as if the increased availability of lipids in circulation is a protective
factor (39). In line with the hypothesis of a protective role of elevated LDL/HDL
ratio, statins have been associated with worse ALS patients’ outcomes (40).
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Statins reduce LDL availability for skeletal muscles by inhibiting cholesterol syn-
thesis, leading to reduced muscle nutrients. Statins also reduce insulin resistance,
which increases nutrient support for neuromuscular health (39).

Neuroendocrine mechanisms

Metabolism changes in ALS patients can result from an incorrect response to cen-
tral and peripheral neuroendocrine mechanisms responsible for the entire body’s
metabolism (41). The hypothalamus plays an essential role in regulating calorie
intake and expenditure; indeed, the hypothalamus is affected by circulating hor-
mones and locally produced neuropeptides are able to mediate appetite and eat-
ing behavior. In this regard, a recent study (42) observed severe atrophy of the
anterior and posterior parts of the hypothalamus, both in patients with sporadic
ALS and symptomatic ALS mutations, unrelated to whole-brain volume atrophy
or disease stage. Furthermore, the hypothalamic volume was directly correlated
with BMI. For the hypothalamus’ physiological role, it has been proposed that its
atrophy in ALS patients can cause alterations in food intake, an increase in energy
expenditure, and, subsequently, a reduction in BML

CHANGES IN GUT MICROBIOME COMPOSITION IN
NEURODEGENERATION AND ALS

ALS is a very complex disease in which many conditions such as infections or
antibiotic exposure, dysphagia, food replacement, motor dysfunction, and lack of
movements, could impact the microbiome structure (43). Distinct microbial pro-
files have been found in many neurological disorders in which the modulation of
microbiota (with fecal microbiota transplantation or probiotics administration)
has proven to affect brain activity and disease progression (44—46). Evidence link-
ing GM and ALS, collected in animal models and humans, indicate a distinct
microbial signature in ALS. The first substantial proof came from the mutant
superoxide dismutase SOD1¢%** mouse model, which exhibits a leaky gut, an
increased number of abnormal intestinal Paneth cells, and altered microbial com-
munities with reduced levels of butyrate-producing bacteria (47). Interestingly,
intestinal dysbiosis was identified in SOD1%%** mice well before the onset of
motor dysfunction and immune cell activation (48). Zhang et al. demonstrated
that mice treated with butyrate restored intestinal microbial homeostasis and
decelerated ALS progression (49). Besides, studies on the C9orf72-mutant mice
provided insights into the microbiotas role in mediating neuroinflammation,
since broad-spectrum antibiotics treatment as well as transplanting gut microflora
attenuated inflammation and autoimmunity implicated in neural degeneration
(50). Recently, Blacher and colleagues confirmed a pre-symptomatic distinct
microbiome composition in transgenic SOD1 mice and identified commensals
such as, Parabacteroides distasonis and Ruminococcus torques adversely affected the
disease whereas Akkermansia muciniphila ameliorated the disease (51). Using a
combination of untargeted metabolomic profiling and metagenomics, they found
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that A. muciniphila increased nicotinamide (NAM) levels in the mice’s cerebrospi-
nal fluid, and NAM supplementation was able to improve the mice survival (43).
Furthermore, the authors confirmed a distinct microbiome and metabolite con-
figuration in a small group of ALS patients compared to healthy controls (51).

POSSIBLE MECHANISMS UNDERLYING THE EFFECT OF GUT
MICROBIOME ON THE PATHOGENESIS OF ALS

Microbiota may influence the CNS and neuronal health either directly via the
production of neuroactive metabolites (6) and toxins (7) or indirectly through
modulation of immune response (52), dietary compounds, or drugs metabolism
(53, 54) (Figure 1). For instance, gut microbes and their metabolites (e.g., SCFASs)
can directly stimulate enterochromaffin cells to produce several neuropep-
tides (e.g., peptide YY, neuropeptide Y, cholecystokinin) or neurotransmitters
(e.g., serotonin), which can diffuse into the bloodstream, reach the brain, and
influence CNS functions. The intestinal epithelium regulates the translocation of
specific bacterial products (e.g., SCFAs, vitamins, or neurotransmitters) into the
bloodstream, which, in turn, through the circulatory system, can spread to the
CNS (55). In this way, circulating microbiota-derived metabolites, neuropeptides
and neurotransmitters can enter the CNS and directly influence its neurobiology.

Blecher et al. recently provided strong evidence for the microbial modulation
of metabolites in ALS (51). Noting that the administration of A. muciniphila could
improve the disease’s course in mice, the authors applied an untargeted serum
metabolomic profiling to identify a possible mediator. Interestingly, A. muciniphila
treated mice displayed increased serum levels of NAM, whose direct administra-
tion showed beneficial effects, probably through modulation of mitochondrial
function and oxidative stress pathways. NAM is a precursor of coenzymes required
in energy transduction, signaling pathways, and antioxidant mechanisms that
may be impaired in ALS-related neurodegeneration (56). Notably, the authors
confirmed their findings in ALS patients, showing lower NAM concentration in
their serum and CSE and reduced expression of NAM synthesis bacterial genes in
their stool when compared with healthy subjects (51), supporting the idea that
GM can produce compounds capable of permeating the blood-brain barrier and
influence neuronal function (57).

Another possible role of GM in ALS pathogenesis is the transformation of
dietary and environmental compounds into neurotoxins. Beta-methylamino-I-
alanine (BMAA), a well-known neurotoxic amino acid found in the brains of ALS/
PDC patients from Guam (58), is thought to be produced in the gut from standard
dietary compounds. For example, Cyanobacteria and other bacteria with anaero-
bic methylation functions can biosynthesize BMAA by methylation of L-serine
and L-alanine. Enteric microbes can also convert amino acids such as L-tryptophan
into bioactive molecules, such as indole, that once sulfonated can induce neuro-
inflammation and neuronal damage (59). GM can metabolize choline and
L-carnitine into trimethylamine (TMA), and subsequently demethylate them into
in dimethylamine (DMA) and formaldehyde (60). According to in vitro and in
vivo studies, formaldehyde induces mitochondrial membrane damage, the
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production of dangerous free radicals, and neuronal Tau protein misfolding and
accumulation, thus contributing to ALS pathogenesis (61). Besides, the microbi-
ota can bring on the negative effect of environmental pollutants. Exposure to
polycyclic aromatic hydrocarbons (PAHs) is considered a risk factor for ALS
(62, 63), and gut microbes can reverse the endogenous detoxification process of
PAHs regenerating them as Benzo[a]pyrene (BaP), whose neurotoxic effect has
been demonstrated in zebrafish (64). Further, gut dysbiosis may be the cause of
metabolic alterations observed in ALS (65). Interestingly, gut dysbiosis and, in
particular, the reduction in Firmicutes has been associated with greater REE (66),
a possible explanation for the increased energy use displayed by ALS patients.

EFFECTS OF MICROBIOTA-INDUCED INFLAMMATION ON
THE PATHOGENESIS OF ALS

An established key point of ALS pathogenesis is neuro-inflammation; it is related
to a complex dysregulation of resident and peripheral immune cells (e.g., microg-
lia and astrocytes activation, T cells infiltration, and increased pro-inflammatory
mediators) (67). The GM communicates with the intestinal immune system, con-
tributing to maintenance of immune tolerance and shaping immune responses
during inflammation (68). Upon pathogen invasion or dysbiotic leaky gut,
microbe-associated molecular patterns can stimulate innate cells to produce pro-
inflammatory cytokines that, in turn, activate adaptive immune cells, thus con-
tributing to the breakdown of immune homeostasis (69). Besides innate immune
cells, intestinal microbes can directly affect the development and differentiation of
the adaptive immune system’s main components, the CD4* and CD8* T cells (70).
In addition, GM dysbiosis affects several brain biological processes. Germ-free
mice and antibiotic-treated mouse models display a broad range of immunologi-
cal abnormalities, including altering density, morphology, and maturity of microg-
lia, suggesting that GM can influence both CNS immune cells” development and
functions (71).

Interestingly, treatment with SCFAs restored the microglia density and mor-
phology in “depletion of regulatory T cells (DEREG)” mice. SCFAs such as butyric,
propionic, and acetic acids are dietary fiber’s end-metabolism microbial products,
mainly by Bacteroides and Firmicutes (72). They are known to mediate regulatory
T cell (Tregs) induction through histone deacetylase inhibition. ALS is character-
ized by simultaneous activation of distinct lymphocyte subsets, Th1l and Th17,
and a decrease of Tregs (73) that have a protective role as demonstrated in both
mice and humans; a greater number of Tregs is associated with slow disease pro-
gression (74, 75). Tregs have been shown to directly differentiate macrophages
from M1 to M2 state (76), and M2 microglia has been associated with the stable
disease phase, whereas Thl and M1 microglia predominate during the rapidly
progressing phase suggesting a shift from protection to toxicity (Figure 1). Zhang
et al. confirmed it, where butyrate supplementation appeared to reduce the clini-
cal features of ALS and the immunology abnormalities found in the G93A mice’s
gut (49). Moreover, the longitudinal study by Figueroa-Romero et al. confirmed
dysbiosis and spinal cord inflammation in SOD1%%# mice, defining the

149



150

Mazzini L et al.

chronological timeline, in which GM alterations precede circulating and CNS
immune system expansion and activation, and symptom onset and progression
(48). The study of Burberry et al. on C90rf72 null mice suggested that a dysbiosis
characterized by immune-stimulating bacteria reduces mice survival by inducing
detrimental peripheral inflammation and microglia activation, whereas antibi-
otic or the microbiota transplantation improved symptoms (50). Intestinal
microbiota-driven proinflammatory signals may be essential for glia’s physiologi-
cal functioning, preserving neuronal health. Indeed, the gut microbiome regulates
astrocyte activity through an aryl hydrocarbon receptor (AHR)-mediated mecha-
nism involving type I interferon signaling (77).

CLINICAL EVIDENCE THAT GUT MICROBIOME
MODULATION IMPACTS ALS

Studies in patients have begun to find a possible link between GM and ALS
(Table 1), reporting controversial conclusions (78-87). The first studies conducted
were characterized by small and select patient cohorts, with less than ten
individuals, although they provided relatively consistent data in favor of dysbiosis
in ALS (78-80). In these studies, the cause of pro-inflammatory dysbiosis is asso-
ciated with the microbial imbalance that could compromise the intestinal epithe-
lial barrier and promote immune/inflammatory responses with consequent
alterations and a role in ALS pathogenesis.

Mazzini et al., in 2020, published a prospective longitudinal study on the
microbiota composition in ALS (81, 82), demonstrating that the GM of ALS
patients are different compared to controls, independent of the degree of disabil-
ity. Moreover, they observed an increase of Cyanobacteria, noted for a neurotoxic
action. Members of the Cyanobacteria phylum were significantly higher in the
patients than in the controls, supporting the hypothesis that Cyanobacteria play a
fundamental role in the pathogenesis of neurodegenerative diseases such as the
ALS (84). Besides, Rowin et al. (79) and Nicholson et al. (85) observed that the
glutamate metabolizer bacteria and the dominant butyrate-producing bacteria
were, respectively, more abundant, and lower in ALS patients. In contrast, other
studies showed that the fecal microbiome of patients with motoneuron disease
was not significantly different from healthy controls (86, 87). However, a higher
Firmicutes/Bacteroidetes ratio was associated with an increased risk of death and
greater species diversity (87). These data support that the microbiota’s alterations
could modulate the disease’s clinical course rather than representing a risk factor
for its onset.

CLINICAL CORRELATIONS AND POTENTIAL THERAPEUTIC
APPROACHES

In the first longitudinal study assessing GM in ALS (82), disease progression coin-
cided with reduced microbial diversity, probably secondary to dietary changes,
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TABLE 1

Authors, year,
reference

Studies investigating ALS microbiota

Participants &
Methods

Results

Studies in favor of gut microbiota dysbiosis in ALS

Fang et al.,
2016 (78)

Rowin et al.,
2017 (79)

Zhai et al.,
2019 (80)

Mazzini et al.,
2018 (81);

Di Gioia et al.,
2020 (82)

Zeng, 2020 (83)

Nicholson
et al., 2020
(85)

case-control
(6Pand 5 C)

case-control
(5P and 96 C)

case-control
(8Pand 8 C)

prospective
longitudinal
study
case-control

(50 P and 50 ©)
probiotic
supplementation

case-control
(20 Pand 20 ©)

case-control
(66 P61 Cand
12 NC)

decreased Firmicutes/Bacteroidetes ratio at phylum level in P
significant increased genus Dorea (harmful microorganisms)
and significant reduced genus Oscillibacter, Anaerostipes,
Lachnospiraceae (beneficial microorganisms) in P

the genera Lactobacillus, Bifidobacterium, and Odoribacter
(glutamate metabolizers) are more abundant in P

the phylum Firmicutes/Bacteroidetes ratio, genus
Methanobrevibacter, showed an enhancive tendency in P
the relative abundance of beneficial micro-organisms
(genera Faecalibacterium and Bacteroides) presented a
significant decrease tendency in P

GM of P is characterized by some differences compared
to C, regardless of the disability degree

the GM composition changed over the disease course
(significant decrease in the number of the observed
operational taxonomic units during the follow-up)
probiotic supplementation has no effect on disease
progression

over-representation of Bacteroidetes phylum and other
bacterial genera in P

Firmicutes and Megamonas genus down-regulated in P,
with reduced Firmicutes/Bacteroidetes ratio

increased species diversity associated with P compared to C

relative abundance of the dominant butyrate-producing
bacteria Eubacterium rectale and Roseburia intestinalis was
lower in P compared to C

total abundance of 8 dominant species capable of
producing butyrate was lower in P, independently from age,
sex or presence of constipation

Studies not in favor of gut microbiota dysbiosis in ALS

Brenner et al.,
2018 (86)

Ngo et al., 2020
(87)

case-control
(25Pand 32 O)

case-control
(49 P and 50 C)

no substantial alteration of the GM composition
significant differences only in the overall number of
microbial species and the abundance of uncultured
Ruminococcaceae in P

no correlation between metabolic and clinical features of P
and the composition of their fecal microbiome

greater risk for earlier death in P with increased richness
and diversity of the microbiome and in those with greater
Firmicutes to Bacteroidetes ratio

Overall, ALS seems to be characterized by the reduction of butyrate-producing bacteria, which are important for gut
integrity and regulation of inflammation. However, some discrepancies are present. ALS, amyotrophic lateral sclerosis;
C, controls; GM, gut microbiota; NC, neurodegenerative controls; P, ALS patients.



152

Mazzini L et al.

highlighting that the interpretation of the results cannot be separated from diet
monitoring and other factors that influence the microbiota (e.g., drug use, like
antibiotics), and the stage of the disease. Furthermore, antibiotics alter the bal-
ance of intestinal microbial species (88); this opens a window on correlations
between antibiotic use and unrelated diseases. Retrospective epidemiological
studies in Swedish national registries showed that antibiotics, especially if
repeated, were associated with an increased risk of developing ALS (89). These
results, generated independently of the type of infection and the antibiotics, sug-
gest that this relation was not specific to a particular organ system. After testing
several antibiotics classes, only beta-lactamase-sensitive penicillin use was signifi-
cantly associated with increased odds of developing ALS. The authors concluded
that the most probable pathogenic mechanism was antibiotic-induced perturba-
tions of the intestinal microflora (89).

Although evidence on the GM’s role in ALS is increasing, the available studies
are primarily exploratory; the number of cohorts remains small, which, in consid-
eration of the significant inter-individual variability and clinical heterogeneity that
characterizes ALS, could preclude the identification of the relevant characteristics
of the microbiome. These results show the importance of large cohorts and mul-
ticenter studies, allowing to consider intra-group differences in the ALS popula-
tion (genetically or phenotypically determined and concerning disease stage) as
well as changes between groups between ALS and controls. Microbiota’s specific
signature may be protective or toxic in different individuals and for diverse genetic
backgrounds.

Regarding the implications for ALS patients’ treatment, a longitudinal analy-
sis of the microbiota composition after supplementation with placebo or probi-
otic treatment revealed a significant decrease in the observed operational
taxonomic units number during the follow-up, with the predominance of neu-
rotoxic or pro-inflammatory microbial groups such as Cyanobacteria (82).
Supplementation with probiotics, though having some effects on the intestinal
microflora of ALS patients, did not substantially bring the composition closer to
that of healthy subjects (82), implying more drastic interventions are required
to reach such a target, as this type of treatment remains a minimal intervention
in time and quantitative terms, concerning the abundance of species hosted by
the intestine. In this regard, we are coordinating a multicenter controlled clinical
trial in Italy that involves transplantation of fecal microbiota in 42 patients with
ALS. Fecal microbiota transplantation is planned at baseline and after six
months; an extensive immunological profile and microbiota characterization are
ongoing (90).

Another relatively unexplored issue regards the fact that microbiota may also
influence specific drug availability in ALS. Riluzole is significantly metabolized by
GM (54, 90), which may explain interpatient variability in the drug plasma levels
(92). It may be argued that similar effects would also be found for experimental
drugs tested in ALS patients, which may contribute to hurdles in finding a cure
for ALS. Finally, GM may influence non-motor symptoms in ALS such as depres-
sion, anxiety, and constipation through peptides and neurotransmitters that could
directly impact mood (93), opening the possibility for treatment to improve at
least the quality of life of ALS patients.
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CONCLUSION

This chapter highlights the possible role of gut microbiome in the pathogenesis of
ALS. Many studies on animal models of ALS have revealed changes in the intesti-
nal flora; however, most of the experimental evidence in humans has come from
correlation research; many studies mainly describe the alterations of intestinal
florain ALS patients. Emerging evidence shows that GM can influence ALS through
hypermetabolism and gastrointestinal abnormalities. Other interesting associa-
tions have been reported based on which microbiota could play a role in the inter-
face between environmental and lifestyle factors, and ALS. By studying these
associations, we may gain more insight into the complex network of microbiome-
host interactions underlying the observed changes in ALS. Longitudinal studies
integrating metagenomic, transcriptomic, and metabolomic approaches with clini-
cal parameters may elucidate the relationships between established risk modifiers,
gut microbiota, and ALS. Although we still need to establish a “cause and effect”
relationship between GM and ALS, the strategy of regulating intestinal microbial
flora to treat this devastating disease is intriguing. Further rigorous studies target-
ing GM may develop novel approaches for the prevention and treatment of ALS.
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