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Abstract: Amyotrophic lateral sclerosis is a devastating neurodegenerative disease characterized by
the gradual loss of motor neurons in the brain and spinal cord, leading to progressive motor func-
tion decline. Unfortunately, there is no effective treatment, and its increasing prevalence is linked
to an aging population, improved diagnostics, heightened awareness, and changing lifestyles. In
the gastrointestinal system, the gut microbiota plays a vital role in producing metabolites, neuro-
transmitters, and immune molecules. Short-chain fatty acids, of interest for their potential health
benefits, are influenced by a fiber- and plant-based diet, promoting a diverse and balanced gut mi-
crobiome. These fatty acids impact the body by binding to receptors on enteroendocrine cells, influ-
encing hormones like glucagon-like peptide-1 and peptide YY, which regulate appetite and insulin
sensitivity. Furthermore, these fatty acids impact the blood-brain barrier, neurotransmitter levels,
and neurotrophic factors, and directly stimulate vagal afferent nerves, affecting gut-brain commu-
nication. The vagus nerve is a crucial link between the gut and the brain, transmitting signals related
to appetite, inflammation, and various processes. Dysregulation of this pathway can contribute to
conditions like obesity and irritable bowel syndrome. Emerging evidence suggests the complex in-
terplay among these fatty acids, the gut microbiota, and environmental factors influences neuro-
degenerative processes via interconnected pathways, including immune function, anti-inflamma-
tion, gut barrier, and energy metabolism. Embracing a balanced, fiber-rich diet may foster a diverse
gut microbiome, potentially impacting neurodegenerative disease risk. Comprehensive under-
standing requires further research into interventions targeting the gut microbiome and fatty acid
production and their potential therapeutic role in neurodegeneration.

Keywords: short-chain fatty acids; SCFA; gut microbiota; ALS; amyotrophic lateral sclerosis; gut-brain
axis

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a severe neurodegenerative disease character-
ized by progressive degeneration of motor neurons from the brain and spinal cord. This
degeneration leads to a gradual decline in motor functions, often with rapid progression
and no effective treatment available. Over the past few decades, there has been an ob-
served increase in the prevalence of certain neurodegenerative diseases, including ALS.
This increase could be attributed to various factors, including an aging population, im-
proved diagnostic techniques, increased awareness, and last but not least, changes in life-
style (diet, physical activity) and exposure to toxic environmental factors (certain toxins,
heavy metals, pesticides) [1-3].
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Over the past years, researchers have shown increasing interest in understanding the
role of the gut microbiota, often referred to as the “second brain”, in various aspects of
human health. This includes its potential impacts on neurodegenerative diseases [4,5]. The
bidirectional communication between the gut and the central nervous system, known as
the gut-brain axis (GBA), encompasses multiple signaling pathways. The gut microbiota
stands out as a key modifiable factor that shapes the biochemical profile of the diet,
thereby impacting neurodegeneration.

Gut microbiota can produce a wide array of metabolites, neurotransmitters, and im-
mune molecules that can traverse into the brain, influencing the function of both neuronal
and glial cells. Short-chain fatty acids (SCFAs) have garnered attention among the molecules
produced by the gut microbiota due to their potential health benefits. Maintaining a diverse
and balanced gut microbiota is crucial for producing SCFAs. A fiber- and plant-based diet
can promote the growth of beneficial gut bacteria responsible for SCFA production [6].

Emerging research suggests that SCFAs play a role in influencing the GBA, poten-
tially having effects on brain health and function. Modulation of the microbiota—gut-brain
axis could prove to be a pivotal treatment strategy for neurodegenerative diseases in the
context of the modern medicine era.

2. Methods

The primary objective of this systematic review is to explore the connection between
ALS, the gut microbiota, and SCFAs. Other objectives included understanding how these
factors can offer potential strategies for better understanding the different pathways in-
volved in ALS, and how they can influence potential therapies in the future.

We undertook a systematic review following PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-analyses) guidelines [7].

The search strategy included searches from two journal databases, NCBI PubMed
and Google Scholar.

We performed a query using combinations of the following search terms: “SCFA”,
“short-chain fatty acids”, “gut microbiota”, “brain”, “ALS”, “amyotrophic lateral sclerosis”.

No data or language restrictions were applied to the search engines.

Studies on humans, experimental studies on animals, and in vitro studies were in-
cluded. Duplicate findings were removed by manual revision.

After screening and duplicate removals, 134 studies were identified and included in
our review (Figure 1).
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Figure 1. PRISMA flow diagram for the systematic review.

3. Results and Discussion
3.1. Short-Chain Fatty Acids’ Synthesis, Metabolism and Relationship with the Gut—Brain Axis

Short-chain fatty acids (SCFAs) are aliphatic monocarboxylic acids containing one to
six carbon atoms. They are produced through anaerobic fermentation of indigestible poly-
saccharides, namely dietary fibers, by the bacterial populations existing in the large intestine
[8-11]. The most commonly encountered representatives are acetate (C2), propionate (C3),
and butyrate (C4) [12]. Dietary habits and the gut microbiota primarily influence the quan-
tity of each SCFA [9]. Uncommon sources of SCFAs include amino acid metabolism, which
has the drawback of producing potentially toxic metabolites such as ammonia. Another
source is butyrate synthesis, obtained from glycolysis-derived acetyl-Coenzime A [10,13].

After their production, SCFAs are predominantly absorbed by colonocytes through
active transport mediated by monocarboxylate transporters (MCTs) [14]. Most SCFAs en-
ter the citric acid cycle within the mitochondria, providing energy for cellular use. An-
other portion enters the portal circulation and serves as an energy substrate for hepato-
cytes, except for acetate, which is utilized for cholesterol and fatty acid synthesis [9,15,16].
Consequently, only a small quantity of SCFAs are available in systemic circulation [9].

Studies have demonstrated that brain-blood barrier (BBB) endothelial cells contain
MCTs that facilitate BBB permeability to SCFAs [14]. Despite the ability of SCFAs to trav-
erse the BBB, their brain uptake appears negligible [17]. Nevertheless, SCFAs play a sig-
nificant role in the pathogenesis of various neurodegenerative disorders by locally and
systemically modulating the gut-brain axis (GBA).
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3.2. Short-Chain Fatty Acids’ Local (Intestinal) Effects

SCAFs are essential in maintaining and even improving the proper functioning of the
gut. They achieve this by enhancing the integrity of the intestinal barrier, stimulating mucus
production and gastrointestinal tract mobility, as well as exerting anti-inflammatory and anti-
tumorigenic effects [18-20]. For instance, butyrate has demonstrated its value in strengthening
the tight junctions between the intestinal cells, thereby preventing the harmful paracellular
leakage of pathogens and potentially dangerous contents within the lumen [21].

Furthermore, butyrate not only stimulates the expression of the MUC2 gene, which is
responsible for mucus production in the gut, but it also has the potential to modify the struc-
ture and the quality of mucin. As a result, SCAFs play a paramount role in protecting the
intestinal mucosa against luminal substances such as pathogens, chemicals, and toxins [22].

Beyond its barrier function, mucus serves as a nutritive resource for specific microbio-
logical species [23]. SCFAs have also demonstrated their role in shaping the inflammatory
and immune environment of the gastrointestinal tract. Notably, butyrate possesses anti-in-
flammatory features by inhibiting mitogen-activated protein kinase (MAPK) pathways and
nuclear factor-kB, resulting in a reduction of pro-inflammatory mediators such as tumor
necrosis factor a (TNF av), interferon y (IFN v), interleukin (IL)-1, IL-2, IL-6, IL-8 [24].

Furthermore, butyrate stimulates the production of glutathione, thereby reducing the
anti-inflammatory response triggered by reactive oxygen species. Butyrate also affects in-
nate and adaptive immune systems by exerting anti-inflammatory effects. It does so by
impeding the recruitment and pro-inflammatory activity of macrophages, dendritic cells,
and effector T cells while simultaneously stimulating the regulatory T cells (Treg) popu-
lation [25]. Lastly, SCFAs possess anti-tumourigenic features. They stimulate differentia-
tion and cell death and create an inhospitable environment for the development, prolifer-
ation, and migration of tumor cells [19].

The gut-brain axis defines the interconnected relationship between the gut microbi-
ota and the central nervous system. On one hand, the signals from the brain influence the
sensory, motor, and secretory functions of the gastrointestinal tract. On the other hand,
the microbiological population typically residing in the gut and their main metabolites,
SFCAs, can modulate brain function through different pathways, including immune, en-
docrine, and neural routes [26].

Two major mechanisms underpin the SCFA-mediated interaction between the gut and
the brain. Firstly, SCFAs function as endogenous ligands for various G protein-coupled recep-
tors (GPCRs), with GPR43 and GPR41 (also known as FFAR2 and FFAR3) being the most
extensively studied. Additionally, butyrate-sensing olfactory receptors are dispersed among
the cells involved in the gut-brain axis, including neurons, immune cells, and enteroendocrine
cells. Activation of these receptors leads to actions specific to their localization [27,28].

Furthermore, another crucial mechanism involves inhibiting histone deacetylase
(HDAC:S) activity. This inhibition results in a larger quantity of transcriptionally active
chromatin and significantly enhanced gene expression in targeted cells [29].

3.3. Immune Pathways

An organism’s immune and inflammatory statuses are closely intertwined with the
pathogenesis of various neurodegenerative disorders. These connections involve interac-
tions among pro-inflammatory molecules, immune cells, and neural pathways [30].

As mentioned earlier, SCFAs derived from the gut microbiota establish a local anti-
inflammatory environment by reinforcing the intestinal barrier. This reinforcement limits
bacterial translocation, modulates the maturation of diverse immune cells, and reduces
pro-inflammatory markers by inhibiting different molecular pathways [31].

Given the demarcation between gut and systemic immunity relies on a single layer
of epithelial cells, SCFAs can easily exert control over the peripheral immune system, lead-
ing to direct repercussions for the central nervous system (CNS) [32]. Strengthening the
intestinal barrier’s integrity reduces systemic inflammation [9].
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Moreover, SCFAs play a pivotal role in modulating both innate and adaptive im-
mune systems. Notably, neutrophils, which are the first to arrive at the site of injury and
mobilize other immune cells through cytokine secretion, are vital components of the in-
nate immune response. SCFAs exert their influence via HDAC inhibition, thereby regu-
lating the production of inflammatory cytokines and chemokines. In addition to this mo-
lecular process, SCFAs bind to FFAR2 receptors located on neutrophils, altering their
chemotactic properties [33].

Regarding the adaptive immune response, SCFAs play a role in preventing the trans-
formation of monocytes into macrophages and dendritic cells within the damaged tissue
via HDAC inhibition. They also disrupt the ability of phagocytic cells to capture antigens
and generate pro-inflammatory molecules [34]. SCFAs also influence T-cell development.
Mainly, butyrate interacts with GPR109A located on dendritic cells, indirectly stimulating
the production of different enzymes (e.g., indoleamine 2,3-dioxygenase 1, aldehyde dehy-
drogenase 1A2) with immunosuppressive features. This process leads to the maturation
of naive T cells into T regs [35]. Moreover, the direct inhibition of HDAC stimulates mTOR
activity, producing T helper (Th)1 and Th17 cells [36].

Oral administration of SCFA reduces neutrophil recruitment and inflammation in
various experimental models of induced colitis and T-cell dependent colitis. Notably, neu-
trophil recruitment and inflammation were decreased in mice with induced colitis who
received butyrate enemas. It remains uncertain whether this reduction directly stems from
SCFAs’" impact on neutrophils or if it is an indirect effect. SCFAs influence the production
of reactive oxygen species by neutrophils, and their phagocytic capability against micro-
organisms and particles. Both acetate and butyrate result in an increase in reactive oxygen
species production. Additionally, SCFAs modulate the production of inflammatory me-
diators, such as cytokines and chemokines, by immune and non-immune cells. SCFAs are
shown to decrease the production of TNF-a [34].

Interactions between the microbiota and the immune system are bidirectional. Intes-
tinal epithelial cells capture SCFA through both passive and active mechanisms. Once
within the cells, SCFAs serve as an energy source and also enhance the expression of an-
timicrobial peptides secreted on the surface of epithelial cells. They additionally modulate
the production of immune mediators, including IL-18. SCFA regulates the differentiation,
recruitment, and activation of neutrophils, dendritic cells, macrophages, and T lympho-
cytes. Generally, they exhibit anti-inflammatory effects, such as reducing the production
of TNF-a and IL-12 by macrophages and dendritic cells. Furthermore, SCFAs alter cells’
capacity to capture antigens and stimulate T cells [37].

Beginning with the hypothesis that fatty acids modulate macrophage function—the
most prevalent immune cell in the lamina propria of the intestinal mucosa—an experi-
mental model was employed. In this model, macrophages derived from bone marrow
were stimulated with lipopolysaccharides and exposed to butyrate, propionate, or acetate.
The subsequent measurement focused on the secretion of nitric oxide and pro-inflamma-
tory cytokines. The outcome revealed that among the SCFAs, butyrate exhibited the most
potent action. Notably, nitric oxide, IL-6, and IL-12p40 levels were considerably reduced
in a dose-dependent manner in the presence of butyrate. No significant effects were ob-
served on other pro-inflammatory cytokines, such as TNF-a or MCP1.

Interestingly, these effects remained unaffected by the GPR receptors that SCFAs are
known to influence. Instead, these mechanisms seem to be linked to the inhibitory effect
of butyrate on HDACs. This could prove useful in reducing pro-inflammatory effectors in
the lamina propria, potentially mitigating exaggerated responses seen in pathologies like
ulcerative colitis or Crohn’s disease [34].

The connection between these compounds and systemic inflammation biomarkers in
humans was examined in a review focusing on the effects of SCFAs determined using prebi-
otics or synbiotics regardless of the administration route. Meta-analysis findings indicate
that prebiotics lead to a reduction in C-reactive protein (CRP), while synbiotics bring about
reductions in both CRP and TNF-a. Moreover, a noteworthy observation emerged: rectal
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acetate administration via an enema significantly reduces systemic inflammation. Similar
results are observed when acetate is administered at the distal colonic level [38].

Administration of butyrate to mice produced by commensal microorganisms during
starch fermentation facilitated the generation of extra-thymic Treg cells. Additionally, propio-
nate, but not acetate, potentiated the de novo generation of Treg cells. These findings imply
that bacterial metabolites facilitate communication between the microbiota and the immune
system, influencing the equilibrium between pro- and anti-inflammatory mechanisms [39].

Butyrate produced by intestinal microbiota regulates the functions of colonic Treg and
T CD4* cells. While the action of SCFAs through surface receptors like GPR 43 has been
reported to contribute to some functions, this is unlikely to be the mechanism of butyrate’s
effect on Treg cells. Notably, acetate, a potent GPR 43 ligand, did not induce Th CD4 differ-
entiation into Treg cells. The suppression of the butyrate transporter in the colonic mucosa
of patients with inflammatory bowel disease (IBD) has been observed. Furthermore, a re-
duction in butyrate-producing bacteria within the intestinal microbiota of IBD patients sug-
gests that butyrate deficiency could be implicated in IBD pathogenesis. Supporting this notion,
butyrate enemas have been shown to improve colonic inflammation in IBD patients, though
their underlying pathophysiological mechanism remains incompletely understood [35].

Butyrate has potent effects on various functions of the colonic mucosa, including in-
flammation and carcinogenesis inhibition, reinforcement of specific components of the
colonic defense barrier, and reductions in oxidative stress. The mechanism involves in-
hibiting the activation of NFKB and histone deacetylation. The effects observed vary
based on the concentration and models used, although human data are limited [40].

Microglia-generated neuroinflammation is now recognized as a hallmark of neuro-
degenerative diseases. Microglial cells, prominent components of the CNS immune sys-
tem, play a crucial role in shaping appropriate neural circuits [41]. Studies conducted in
mice have revealed that SCFAs possess the capacity to stimulate the normal structural and
functional development of microglial cells [42].

Alterations in the microbial ecosystem, such as those resulting from antibiotic use,
lead to changes in microglial morphology that promote neuroinflammation [43]. Moreo-
ver, supplementation with SCFAs promotes microglial cells” anti-inflammatory and neu-
roprotective behavior, most likely achieved through the acetate and butyrate-induced in-
hibition of HDAC [10,44].

Global deficiencies in microglia properties and an immature phenotype associated
with poor immune response were observed in germ-free mice. The microbiota’s limited
complexity also led to defective microglia. Partial restoration of microglia properties was
observed after recolonization with complex microbiota. Notably, mice lacking the FFAR2
receptor for SCFA displayed similar microglial defects, suggesting that the microbiota
plays a role in regulating microglia maturation. Additionally, complex microbiota can
partially correct microglial dysfunction [42].

3.4. Hormonal Pathways

Two specialized neuroendocrine intestinal epithelial cell types secrete gut peptides on
the basolateral side in close proximity to blood vessels and afferent fibers that innervate the
intestinal mucosa. Firstly, the enteroendocrine cells (EECs) constitute the largest endocrine
organ in the body and are distributed throughout the entire gastrointestinal tract, with their
density increasing distally [45,46]. EECs are notably equipped with highly expressed
chemosensory receptors machinery, comprising GPCRs and nutrient transporters. This en-
ables them to detect and respond to the intestinal environment, leading to the release of
various peptides, including cholecystokinin (CCK) and intestinal peptide YY (PYY), as well
as the incretin hormones glucagon-like peptide-1 (GLP-1) and glucose-dependent insulino-
tropic polypeptide (GIP) [45-47]. These incretin hormones are released in response to a
surge of nutrients during a meal, subsequently stimulating insulin secretion [48,49].

The second type of neuroendocrine intestinal cell, known as the enterochromaffin cell
(ECs), is responsible for producing approximately 95% of the body’s serotonin [5-
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hydroxytryptamine (5-HT)]. This serotonin acts on 5-HT receptors expressed on local gut
neurons [47,50]. Gastric endocrine X/A-like cells (also called P/D1 cells) are accountable for
the production of ghrelin, which binds to its receptor known as the growth hormone secret-
agogue receptor la (GHSR1a), now also recognized as the ghrelin receptor (GRLN) [51,52].

Gut peptides induced by nutrients can exert their effects through two distinct mech-
anisms. Firstly, they can act in a paracrine manner by activating vagal afferent fibers that
innervate the intestinal epithelium. These fibers then transmit signals to the brainstem in
the nucleus tractus solitaries (NTS), which subsequently relays signals to higher-order
brain regions, such as the arcuate nucleus. Alternatively, gut peptides can also enter cir-
culation and directly affect the brain in an endocrine fashion, transmitting signals directly
to the NTS in the brainstem [53,54].

SCFAs bind to specialized receptors GPCR43, GPCR41, and olfactory receptor 558,
which are localized on EECs and regulate EEC activity [55,56]. SCFAs induce the release
of gut hormones such as GLP-1 and PYY, as well as y-aminobutyric acid (GABA) and
serotonin (5-HT), through a pathway that is at least partially dependent on the GPR43
receptor [55-58]. Notably, the gut microbiota acting through SCAFs significantly influ-
ences serotonin production. Butyrate, for instance, is recognized to stimulate 5-HT secre-
tion by upregulating colonic mRNA levels of tryptophan hydroxylase 1 in ECs [59,60].
Germ-free mice exhibit lower serotonin levels compared to conventional mice, and these
reduced levels are reversed upon gut microbiota transplantation [61].

3.4.1. Glucagon-Like Peptide-1 and Peptide YY

Administration of propionate and acetate in cell cultures extracted from mice re-
sulted in increased GLP-1 secretion in control mice compared to mice with FFAR2 dele-
tion. Notably, in mice lacking FFAR2, the response to propionate was diminished, and the
response to acetate was completely abolished. A similar trend was observed in mice with
FFAR3 deficiency, albeit to a lesser extent. Furthermore, mice with FFAR2 deficiency ex-
hibited a lower concentration of GLP-1. The basal level of active GLP-1 was reduced in
mice with FFAR2 deficiency and in those with FFAR3 deficiency, albeit to a smaller de-
gree. These findings highlight the significant influence of the activity of these receptors on
GLP-1 secretion [58].

Oral administration of sodium butyrate to mice significantly elevated plasma levels
of GLP-1 and GIP and moderately increased peptide YY (PYY) levels. Sodium propionate
administration also increased GIP, while GLP-1 or PYY remained unaffected. In contrast,
sodium acetate administration did not lead to similar modifications in gut hormone se-
cretion. Interestingly, GLP-1 and PYY levels were observed to increase in the portal ve-
nous system, and their precursors were also detected in the ileum and colon. Despite the
strong correlation between leptin and GLP-1, it is noteworthy that an increase in GLP-1
secretion due to a rise in SCFAs’ value can potentially enhance leptin’s action [62].

Cani et al. investigated the impact of prebiotics on gut microbiota and their correla-
tion with the secretion of GLP-1 and PYY. Despite the relatively small sample size (n=10),
their study demonstrated that prebiotic treatment notably elevated hydrogen excretion in
the breath and reduced appetite. Notably, GLP-1 and PYY levels measured 60 min after a
meal exhibited a significant increase in patients who received prebiotic treatment [63].

Chambers et al. conducted a study to examine the effects of propionate on energy
metabolism and the concentration of GLP-1 and PYY. After administering 10g of inulin
ester daily over 24 weeks, the study observed a reduction in the intraabdominal distribu-
tion of adipose tissue and a decrease in intrahepatocellular lipid content. Furthermore, the
study demonstrated that intracolonic administration increased GLP-1 and PYY levels [64].

PYY is produced in the colon, particularly in areas with high concentrations of SCFAs
resulting from fiber fermentation by the gut microbiota. GLP-1 and PYY exhibit an immedi-
ate increase after consuming digestion-resistant fibers, a phenomenon demonstrated in ex-
perimental studies involving both mice and human subjects. This response is attributed to
various mechanisms of action, including the activation of the FFAR2 receptor. Activation of
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this receptor triggers an acute elevation in gut hormone secretion and leads to increased
enteroendocrine cells, particularly those responsible for producing GLP-1 and PYY [55].

FFAR?2 receptor-deficient mice were compared to a control group in an experimental
study. The study revealed that propionate administration resulted in a substantial in-
crease in the plasmatic levels of GLP-1 and PYY, observed both in the jugular and portal
veins for the control group. However, this effect was significantly diminished in subjects
with FFAR?2 receptor deficiency. These findings demonstrated that FFAR?2 deficiency can
alter gut hormone production induced by SCFAs [57].

Building on the hypothesis that the SCFAs produced through the colonic fermentation
of dietary fibers play a protective role against diabetes, Tarini et al. conducted a study in-
vestigating the impact of inulin on postprandial glucose, insulin, and gut hormone levels.
The study found that consuming 24 g of inulin led to a significant increase in GLP-1 levels
after 30 min. This increase was also associated with a negative feedback response that influ-
enced the plasmatic concentration of ghrelin. Furthermore, the study observed a substantial
rise in colonic SCFAs production immediately after fiber ingestion, accompanied by a post-
prandial decrease in free fatty acids. Notably, the suppression of fatty acids was temporary,
as a rebound effect appeared later, returning levels to their pre-ingestion state [65].

In a study involving human subjects, two groups of patients were examined: one
comprising normal-weight individuals, and the other comprising overweight/obese indi-
viduals. The study aimed to explore the impact of acute SCFA administration on gut hor-
mone levels. After an overnight fast, the patients were given different beverages; the con-
trol group received water with glucose, while the other groups received water with glu-
cose, 24 g of inulin, or 28.2 g of resistant starch. The findings indicated that neither inulin
nor resistant starch resulted in a significant reduction in ghrelin levels during the initial
4-6 h when compared to the control group. However, after 6 h, the group consuming
inulin exhibited notably lower ghrelin levels than the control group. The study also noted
a significant increase in fatty acid levels among patients who received inulin but not re-
sistant starch compared to the control group.

Interestingly, no discernible differences were observed between the over-
weight/obese patients” group and the normal-weight group. In conclusion, the acute ele-
vation of colonic SCFAs did not appear to influence the response of gut hormones like
GLP1 or PYY. However, it did lead to a reduction in ghrelin levels [66].

In a double-blind, randomized study, researchers investigated the effects of colonic
administration of SCFA mixtures on energy metabolism. The study revealed that SCFA
mixtures led to increased fat oxidation, elevated energy consumption, and higher PYY
levels. Additionally, they reduced lipolysis in overweight patients. The concentrations of
SCFA mixtures used in the study were comparable in both ratio and value to those
achieved after fiber consumption. This mechanistic insight could aid in comprehending
the potential long-term advantages of SCFA administration in terms of body weight con-
trol and insulin sensitivity, particularly among overweight patients with resistance [67].

3.4.2. Leptin

Leptin is synthesized in white adipose tissue, a significant endocrine tissue that pro-
duces hormones called adipokines. These hormones primarily target the hypothalamus
[68,69]. The GPR1 receptor (also known as FFAR3) has propionate acid as a specific ligand.
Activation of the GPR41 receptor increases leptin release and expression [70-72]. Both
propionate and acetate stimulate GPCR43 (also known as FFAR?2) in differentiated adipo-
cytes, leading to fat accumulation. Acetate demonstrated higher selectivity for GPCR43,
whereas butyrate exhibited greater activity for GPCR41. However, propionate remains
the most potent agonist for both receptors. The GPCR41 receptor (also known as FFAR3)
has been noted for its high expression in adipose tissue, particularly in white adipose tis-
sue, whereas its presence in brown adipose tissue is less detectable. Leptin, an intestinal
hormone, is recognized for its potent ability to suppress appetite [73].
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Acute propionate administration in murine models resulted in a twofold increase in
plasma leptin concentration. However, this change did not significantly alter the differ-
ence in food intake between the propionate-treated and the control groups. Interestingly,
studies conducted on other animal species, such as chickens or sheep, revealed a noticea-
ble effect on food intake following increased leptin levels. This discrepancy suggests the
presence of race-specific mechanisms at play. The concentration of SCFAs required to
stimulate the elevation of leptin levels falls within physiological limits, indicating the po-
tential relevance of this pathway for future studies in humans [72].

Propionic acid stimulates leptin expression and mitigates resistance in adipose tissue.
This implies that propionate plays a role in energy and inflammatory metabolism, poten-
tially influencing the development of obesity and type 2 diabetes. Notably, propionate
significantly enhances messenger RNA expression of leptin while not affecting adiponec-
tin. Additionally, propionate reduces messenger RNA expression of resistance. Interest-
ingly, messenger RNA levels of GPCR 41 and GPCR 43 were significantly higher in sub-
cutaneous adipose tissue compared to the omentum [74].

An unrecognized factor contributing to obesity is increased resistance to leptin. Mod-
ifying the gut microbiota composition using probiotics has shown an enhanced sensitivity
to leptin in mice with diet-induced obesity and type 2 diabetes mellitus. Additionally, this
alteration increased the available concentration of SCFAs. Notably, this change also led to
a reduction in the inflammation status, which in turn improved leptin sensitivity [62].

3.4.3. Other Effects

In another experimental study conducted on mice, the animals were divided into two
groups: one with deletion of the GPCR1 receptor gene and a control group. The first group
exhibited a significantly lower weight and a leaner constitution. Both groups were then
colonized with two types of bacteria from the Saccharolytic bacterium family, typically
found in the human intestine. Additionally, two identical groups, mirroring the first two,
were not colonized with this bacterium. Interestingly, the differences observed between
the groups of mice that were not colonized with GPR41 deletion and the non-deletion
colonized group were not as significant. This finding indicated that the GPCR41 receptor
plays a role in regulating energy balance, but its effects depend on the presence of intesti-
nal microbiota [75]. In mice with FFAR3 deficiency subjected to a rich fatty diet, it was
proven that administration of butyrate and propionate limited weight gain despite an in-
crease in food consumption compared to the control group. This strongly suggests that
SCFAs can effectively mitigate diet-induced obesity [76].

In a probiotics review, Le Blanc et al. highlighted various isolated bacterial strains
capable of producing metabolites beyond SCFAs through food fermentation. Among
these strains, L. rhamnosus GG, naturally present in the adult human gut microbiota, has
shown the ability to synthesize vitamins B1, B2, and B9 in culture media. While the levels
of these synthesized vitamins remain low, this strain stands out for its unique capacity to
produce thiamine. Another bacterium, Bifidobacterium lactis BB12, found in dairy prod-
ucts, is one of the well-documented probiotics that exhibits biosynthesis potential for vit-
amin B1, though not for other B vitamins. The review also revealed several strains with
reported B vitamin production abilities, albeit with significantly lower capacity. The re-
view concluded that these specific bacterial strains might impact energy metabolism by
enhancing ATP production. Additionally, they could play a role in investigating the rela-
tionship between chronic fatigue syndrome and alterations in the gut microbiota [77].

3.5. Neural Pathways

Beyond immune and endocrine pathways, the neurohumoral mechanisms through
which SCFAs influence brain structure and function are equally significant. They can im-
prove BBB integrity, regulate levels of diverse neurotransmitters and neurotrophic markers,
modulate the brain neurochemistry, and, importantly, exert direct and indirect effects on
the vagal nerve, which is an essential neuroanatomical link between the gut and brain [78].
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The vagus nerve (VN) boasts the widest distribution throughout the human body,
originating in the brainstem and extending down to the gastrointestinal system, with its
nerve branches reaching all parts except the rectum. Through its sensory and motor
branches, the VN plays a crucial role in vital functions like breathing, cardiovascular ac-
tivity, and digestion [79]. It operates as a parasympathetic nerve, encompassing both af-
ferent and efferent fibers. The afferent fibers constitute 80% of the VN and serve distinct
functions based on their morphology and location within the intestinal layers [80].

The intraganglionar laminar endings in the myenteric plexus function as tension re-
ceptors. The intramuscular arrays in the muscle layer act as stretch or length receptors.
The mucosal endings emerge around the intestinal crypt lumen or atop the villi, serving
as chemoreceptors that can synapse with enteroendocrine cells using glutamate as a neu-
rotransmitter [81].

Various gut hormones, including ghrelin, PYY, cholecystokinin (CCK), and GLP-1,
interact with these afferent fibers, thereby influencing food intake and overall energy reg-
ulation [82]. The afferent fibers ultimately converge in the nucleus tractus solitaries (NTS)
located in the medulla oblongata. The NTS is closely connected with the dorsal motor
nucleus of the vagus (DMNV), which serves as the origin of the main efferent fibers that
innervate the gastrointestinal tract [79].

The NTS acts as a relay station for the afferent information on its way to the central
automatic network (CAN), which encompasses key areas such as the paraventricular nu-
cleus of the hypothalamus, locus coeruleus, parabrachial nucleus, and the limbic system.
The CAN predominantly regulates the hypothalamic-pituitary-adrenal axis (HPA), which
is responsible for the stress response, as well as the autonomic nervous system (ANS) [79].

Indeed, the efferent fibers of the VN constitute about 20% of its total composition. As
mentioned earlier, these fibers arise from the DMNYV and play a pivotal role in regulating
the tone of the smooth muscle in the gastrointestinal tract. These efferent fibers engage in
two distinct pathways with contrasting effects on gut function. The excitatory pathway
comprises cholinergic preganglionic efferent neurons located within the intermuscular
plexus of the enteric nervous system (ENS). Ultimately, this pathway stimulates gut
movement, promoting peristaltic and enhanced motility of the digestive tract.

Conversely, the inhibitory pathway involves cholinergic preganglionic neurons that
emerge from the caudal DMNV. These preganglionic neurons synapse with non-cholinergic
postganglionic neurons that release signaling molecules such as adenosine triphosphate
(ATP), nitric oxide (NO), and vasoactive intestinal peptide (VIP). This pathway results in
the relaxation of the smooth muscles and the dilatation of blood vessels, contributing to the
inhibition of gut motility and a reduction in the tone of the gastrointestinal tract [83].

Vagal afferents are not in direct contact with gut microbiota or their intraluminal
compounds under normal circumstances, unless there is a pathological alteration in the
integrity of gut epithelium [79]. However, the VN can sense and relay signals from micro-
biota to the brain through mechanisms involving enteroendocrine cells (EECs) [84].
Firstly, when SCFAs bind to their respective receptors on EECs, these cells release various
mediators: serotonin, GLP-1, PYY, and CCK. These mediators then act on receptors within
VN, influencing various autonomic responses. These responses include modulation of gut
motor and secretory functions, inflammatory response regulation, and mucosal defense
mechanism enhancement [85]. Secondly, as previously mentioned, EECs can form direct
synaptic connections with vagal afferent fibers, giving rise to specialized structures
known as neuropods. These neuropods play a crucial role in mediating communication
between the gut and the brain, contributing to the intricate brain—gut axis network [86].
Lastly, EECs are the first cells to encounter intraluminal components, allowing them to
release various molecules such as hormones, neurotransmitters, and metabolites. The re-
lease of these molecules is guided by signals received from gut microbiota, further high-
lighting the dynamic interaction between EECs and the microbiota [84].

EECs are equipped with various types of receptors on their surface that allow them
to interact with bacterial structural components or metabolites. For instance, Toll-like
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receptors (TLRs) are present for recognizing microbe-associated molecular patterns
(MAMPS), including lipopolysaccharide (LPS), while G protein-coupled receptors
(GPCRs) are responsible for binding SCFAs. These interactions play a role in stimulating
vagal afferents and relaying signals to the brain [87,88]. Furthermore, the enteric neurons
that constitute the enteric nervous system (ENS), often referred to as the “second brain”
of the body, can sense both structural and chemical disturbances within the gastrointesti-
nal tract. This sensory information can lead to the activation of the vagus nerve (VN) [84].

Additionally, when there is impairment in the integrity of the intestinal barrier, bacte-
rial antigens from the gut lumen can trigger an immune response involving immune cells;
these activated immune cells release pro-inflammatory molecules, such as TNF-a. Vagal af-
ferents contain cytokine receptors for cytokines, allowing them to detect the inflammatory
state of the gut. They then transmit signals to the CNS, initiating an anti-inflammatory re-
sponse through a pathway known as the cholinergic anti-inflammatory pathway. This path-
way helps to regulate and mitigate inflammation [89]. Indeed, apart from indirect stimula-
tion of VN through the intricate interactions among EECs, ENS, and the gut immune system,
ithas been demonstrated that vagal afferents can also be directly activated by gut microbiota
and their respective metabolites. Lal et al., have provided evidence that SCFAs, particularly
butyrate, can directly stimulate vagal afferents in a manner independent of CCK [90].

In addition to their direct and indirect effects on the VN, SCFAs also regulate normal
brain function and structure through various neuro-humoral pathways. The endothelial
cells forming the BBB are equipped with monocarboxylate (MCTs) on their surfaces, al-
lowing SCFAs to easily penetrate the BBB. Research indicates that both butyrate and pro-
pionate can enhance BBB integrity through distinct mechanisms [91].

These SCFAs not only enhance the expression of tight junction proteins, such as Oc-
cludin, claudin-5, and zona occludens-1, which are crucial for maintaining BBB integrity,
but they also reduce the inflammatory response to microbial infections within the brain [92].
Furthermore, SCFAs stimulate the nuclear factor erythroid 2-like 2 (NFE2L2) pathway, an
important component in protecting against inflammation-induced oxidative damage [93].

In addition to neurotransmitter modulation, SCFAs also regulate the level of neu-
rotrophic factors essential for proper neuronal and neural network development in both the
central and peripheral nervous systems. These factors, including nerve growth factor (NGF),
glial cell line-derived neurotrophic factor (GDNF), and brain-derived neurotrophic factor
(BDNF), contribute to functions such as memory formation and learning abilities [94-96].

A decrease in vagal tone attributed to dysautonomia has been observed in the context of
dysbiosis associated with irritable bowel syndrome. The assessment of vagal tone can serve as
an indicator of the status of the microbiota—gut-brain axis. Strategies aiming to enhance vagal
tone through methods like vagus nerve stimulation and interventions to modulate the micro-
biota such as prebiotics, probiotics, dietary changes, and drugs targeting the cholinergic sys-
tem could hold promise for restoring equilibrium within the microbiota—gut-brain axis [97].

SCFAs and long-chain fatty acids can stimulate vagal afferents in the intestines
through distinct mechanisms. Specifically, butyrate exerts a direct effect on terminal af-
ferent fibers. Since vagal nerve fibers do not extend into the intestinal lumen, the action of
SCFAs occurs immediately after absorption through the epithelial mucosa, reaching the
nerve endings situated in the lamina propria [90].

To elucidate the impact of acetate on the GBA, Peri et al., conducted an experimental
study involving rats subjected to a high-fat diet. Their findings revealed that parasympa-
thetic nervous system activation in these subjects resulted in heightened secretion of
ghrelin and glucose-stimulated insulin release. This phenomenon can be characterized as
a detrimental cycle that predisposes individuals to hyperphagia, perpetuating the loop of
excessive food intake. Furthermore, the study identified additional consequences, includ-
ing hypertriglyceridemia, increased accumulation of lipids in the liver and the skeletal
muscles, and elevated insulin resistance within these regions. These observations under-
score the notion that exposure to a hypercaloric diet with surplus food consumption
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fosters the development of obesity and its associated complications, potentially mediated
by the actions of the brain—gut-microbiota axis [98].

Increases in appetite and growth hormone appear to be instigated by the influence of
ghrelin on the central nervous system. Initially, it was hypothesized that ghrelin could
traverse the BBB; however, subsequent investigations have shown that signals propagated
via the afferent pathway of the vagus nerve might also serve as a route through which
peripheral ghrelin communicates with the brain. Notably, interference with the afferent
vagal pathway dampens both the ghrelin-induced feeding response and the release of
growth hormone induced by ghrelin. Moreover, the modulation of the firing frequency of
vagal afferent fibers after ghrelin administration underscores the direct correlation be-
tween ghrelin activity and the afferent vagal pathway [99].

The administration of acetate, propionate, and butyrate, along with the consumption
of fermented carbohydrates, has been observed to curb food intake in the short term.
While the exact mechanism underlying this phenomenon is not yet fully understood,
SCFAs apparently achieve this by activating vagal afferents, transmitting information
from the gastrointestinal tract to the brain. Moreover, the intraperitoneal injection of
SCFAs leads to the suppression of food intake, with the potency of this effect varying
based on the specific fatty acid injected, wherein butyrate demonstrates the most robust
effect, followed by propionate and then acetate. This effect on food intake is dampened
upon performing hepatic branch vagotomy, and it is entirely abolished when administer-
ing capsaicin, indicating that the vagus nerve serves as the mediator through which
SCFAs influence food intake [100].

Chronic treatment with Lactobacillus strains has been shown to induce alterations in
the expression of GABA receptors within specific brain regions, particularly cortical regions.
Notably, these changes in receptor expression were accompanied by reductions in the hip-
pocampus and amygdala when compared to control mice. Moreover, the observed behav-
ioral and neurochemical effects were not found in mice that underwent vagotomy, high-
lighting the significance of the vagus nerve as a pivotal modulator of the communication
between the gut and the brain. These findings suggest that certain microorganisms have the
potential to offer assistance in addressing stress-related conditions such as depression and
anxiety [101]. In instances of chronic colitis, which is linked to anxiety-like behavioral dis-
turbances, these symptoms were not present in mice that had undergone vagotomy.

Furthermore, the administration of probiotics containing Bifidobacterium longum
led to normalizing these behavioral patterns. Importantly, the anxiolytic effect was absent
in mice experiencing anxiety disorders that had also undergone vagotomy. These obser-
vations underscore the vagus nerve’s role in mediating the gut microbiota’s effects on
mood behavior [102].

An interesting observation has been made regarding BBB permeability in the context
of germ-free mice. Germ-free mice exhibit heightened BBB permeability compared to mice
harboring normal gut microbiota. This increased permeability in germ-free mice is asso-
ciated with a reduction in the expression of tight junction proteins, including Occludin
and Claudin 5, which are essential for maintaining the barrier function of the BBB. How-
ever, exposure of germ-free mice to normal microbiota has been found to mitigate BBB
permeability, concurrently increasing the expression of these critical tight junction pro-
teins. This suggests a potential role for gut microbiota in regulating BBB integrity [92].

Serotonin, derived from intestinal enterochromaffin cells, activates the 5-HT3 and 5-
HT?2 receptors on vagal afferents to mediate the stimulation of pancreatic secretion. Vagal
electrical stimulation induces pancreatic secretion, and administration of 5-HT3 and 5-
HT2 receptor antagonists did not affect the pancreatic response when the vagus nerve was
electrically stimulated [103].

Butyrate has been demonstrated to benefit mice exposed to chronic stress. It effec-
tively counteracts depressive behavior induced by prolonged stress exposure. Addition-
ally, butyrate administration leads to an elevation in serotonin levels within the hippo-
campus and an increase in the expression of brain-derived neurotrophic factor (BDNF).
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Notably, it also appears to modulate the levels of Occludin, suggesting its potential to
rectify any defects that may be present within the BBB [104].

Although the uptake of SCFAs by the brain is limited, their passage across the BBB
allows them to influence neurotransmitter and neurotrophic factor levels [9,10]. SCFAs
have been found to reduce the concentration of glutamine, glutamate, and GABA in the
hypothalamus while increasing the level of anorexigenic neuropeptides [105]. Moreover,
SCFAs play a role in modulating the synthesis of neurotransmitters like serotonin, dopa-
mine, noradrenaline, and adrenaline by promoting the expression of enzymes such as
tryptophan 5-hydroxylase 1 and tyrosine hydroxylase [106,107].

A decrease in hippocampal neurogenesis and memory retention was observed in adult
mice treated with antibiotics. Reconstitution with normal intestinal flora did not reverse the
deficits unless the mice received probiotics. Additionally, there was an increase in the num-
ber of Ly6Chi monocytes. Depleting these monocytes using antibodies decreased neurogen-
esis, while the transfer of monocytes restored neurogenesis after antibiotic treatment [108].

3.6. Short-Chain Fatty Acids’ Involvement in Amyotrophic Lateral Sclerosis Pathogenesis

An undeniable relationship between microbiota-induced disturbances in intestinal ho-
meostasis and the neurological system has already been described in various neurodegenera-
tive disorders, such as Alzheimer’s disease, Parkinson’s disease, and multiple sclerosis [109].
It is clear that microbiota metabolites, namely SCFAs, can modulate the gut-brain axis. How-
ever, the exact mechanisms underlying their importance in ALS pathogenesis and their ther-
apeutic potential among ALS treatment options are still under investigation.

ALS is a devastating disorder primarily characterized by neurodegeneration and mus-
cular weakness. However, Rowin et al. [110] demonstrated that gastrointestinal symptoms,
such as prolonged gastric emptying and constipation, might precede neurological symp-
toms. Studies conducted on both human subjects and SOD1G93A mouse models have
shown that ALS is associated with gut dysbiosis, leading to decreased amounts of beneficial
bacteria and a detrimental shift in the microbial profile. Consequently, there is an increase
in intestinal inflammation and permeability [110-112]. For instance, Wu et al. [111] reported
abnormally high intestinal permeability due to a considerable reduction in the expression
of tight and adherens junction proteins (zonula occludens-1 and E-cadherin, respectively).
This gut leakage leads to disturbances in microbiome homeostasis by decreasing the bene-
ficial bacterial metabolites (e.g., SCFAs) while increasing the circulating toxic products (e.g.,
LPS), which eventually results in monocyte activation [113]. There is also an augmentation
in systemic inflammation, as indicated by increased levels of intestinal and serum IL-17
[111]. Both the BBB and brain—spinal cord barrier (BSCB) exhibit abnormal permeability in
ALS patients, allowing spinal cord and brain penetration with immune cells (e.g., macro-
phages, mast cells) and increased expression of COX2 [113,114].

Furthermore, they also observed an increased number of pathological Paneth cells,
which are key components of the gut’s innate immune response responsible for releasing
antimicrobial peptides (AMPs) and shaping the intestinal microbial profile through
AMPs. In SOD1G93A mouse models, a significant reduction is seen in both AMP defensin
5 alpha and in butyrate-producing bacteria (e.g., Butyrivibrio fibrisolvens, Escherichia coli,
Firmicutes), and this occurs before the onset of ALS [111].

Brenner and colleagues studied the fecal microbiome in individuals with ALS. Their
findings indicated that distinctions between ALS patients and those in good health were
evident solely in terms of the number of microbial species and the prevalence of unchar-
acterized Ruminococcaceae, with no significant change in the gut microbiota composition
in ALS patients [115].

However, Di Gioia’s research revealed that ALS is linked to fluctuations in certain
gut microbial elements when compared to control subjects, even in patients with minimal
disability. This study has illustrated that the composition of the gut microbiota undergoes
modifications throughout the progression of the disease, as evidenced by notable changes
in specific microbial groups during the follow-up period. An imbalance has been observed
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between potentially beneficial microbial groups, like Bacteroides, and those with the po-
tential for neurotoxic or pro-inflammatory effects, such as Cyanobacteria [116]. In a similar
investigative vein, Zeng (2020) analyzed fecal community diversity and revealed an obvi-
ous alteration in the microbial composition of the gut microbiome in ALS patients. Specif-
ically, at the phylum level, Bacteroidetes exhibited an increase, whereas Firmicutes (with
protective effects) demonstrated a decrease when compared to healthy controls [117].

The C9orf72 gene mutation stands out as one of the prevalent genetic mutations linked
to familial ALS. This mutation results in the production of abnormal RNA and protein aggre-
gates within cells, which can contribute to the process of neurodegeneration [118,119]. A re-
cent study by Burberry et al.,, has uncovered a potentially significant influence of the microbi-
ome on the initiation and progression of symptoms in patients carrying C90RF72 mutations.
This research supplies compelling evidence that the composition of the gut microbiome plays
a crucial role in maintaining brain health, and can engage in unexpected interactions with es-
tablished genetic risk factors associated with neurodegenerative disorders [120].

Zhang et al. [112] focused their research on 2% butyrate diet supplementation in G93A
ALS mice, and have demonstrated a significant improvement in gut structure-enhanced in-
testinal barrier integrity and function, including a decreased percentage of abnormal Paneth
cells, as well as reduced aggregation of G93A superoxide dismutase 1 mutated protein. A few
years later, Zhang et al. [109] demonstrated that manipulating the microbiome through butyr-
ate and antibiotic administration also improves muscle performance in murine ALS models,
delays disease onset, and might even prolong patients’ lifespan. Ryu et al. [121] showed that
phenylbutyrate activates transcriptional and post-translational molecular pathways that sup-
port motor neuron survival and alleviate ALS progression in G93A ALS mice.

According to various studies that have tested its efficiency, butyrate possibly pos-
sesses characteristics that can improve ALS prognoses. These include the inhibition of his-
tone deacetylation, which prevents abnormal genes from being turned on; the reduction
of neuroinflammation through the effects mentioned above of SCFAs on innate and adap-
tive immune response; and enhancement of energy metabolism by upregulating genes
associated with mitochondrial metabolism [122]. Only two clinical trials have examined
the efficiency of butyrate administration on ALS progression. The first trial, conducted by
Cudkowicz et al. [123], involved 40 ALS patients treated with increasing doses of sodium
phenylbutyrate (NaPB) for 20 weeks. This trial showed no clinical improvement com-
pared to general findings on ALS development. The second trial was a randomized, dou-
ble-blind, placebo-controlled phase 2 study that included 89 ALS patients treated with a
combination of NaPB and tauroursodeoxycholic acid (TUDCA), known as AMX0035,
along with 48 ALS patients receiving placebo over 24 weeks [122,124,125]. Disease evolu-
tion and survival were better in the first group; however, it is impossible to conclude
which of the two components of the treatment contributed to these results [13,124,125]. A
randomized, double-blind, placebo-controlled phase 3 trial to evaluate the safety and ef-
ficacy of AMX0035 for ALS treatment is currently ongoing [126].

Nonetheless, the appropriate dosage and formula of butyrate are yet to be decided.
Cudkowicz et al. [123] concluded that 9 g per day is sufficient to modulate the histone
deacetylation pathway, and further dose increases are pointless. The desired form in
which to administer butyrate has to minimize possible adverse events (dizziness, diar-
rhea, nausea, dry mouth, peripheral edema, rash, fatigue, anxiety, abdominal pain) while
maximizing patients’ tolerance of the drug [122]. Butyrate itself has a sour milk taste, is
rapidly absorbed in the upper gastrointestinal tract, and poorly penetrates the BBB; there-
fore, it can be delivered via enemas, microencapsulated formulations, or cation-conju-
gated molecules (e.g., NaPB) [122,127,128].

The brain and spinal cord are highly insulin-sensitive organs, and glucose intolerance
with insulin resistance has been linked to ALS [129]. The agonist for the GLP-1 receptor
increases insulin levels, consequently lowering blood glucose levels. Insulin plays an im-
portant role in CNS-mediated regulation of glucose and energy homeostasis. Manzo et al.
demonstrated in murine TDP-43 ALS models that upregulation of glycolysis by increasing
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motor neuron expression of phosphofructokinase and GLUT3 acts to exert neuroprotec-
tive effects [130].

Incretin hormone GLP-1 receptors (GLP-1R) are widely expressed on neurons and re-
active glial cells in the spinal cord and the brain. Activation of GLP-1R exerts neurotrophic
and neuroprotective effects in neurodegenerative murine models [131]. Li et al. demon-
strated in a SOD1 G93A ALS murine model that treatment with exedin-4 (Ex-4), which is a
long-acting agonist of GLP-1R, improved motor neuronal viability after hydrogen peroxide-
induced oxidative stress in NSC19 neurons. This treatment also reduced caspase-3-positive
neurons in the lumbar spine and improved motor clinical parameters [132].

In another study, Keerie et al. showed that using the GLP-1 receptor agonist Lirag-
lutide in a SOD1 G93A ALS mouse model did not influence the astrocyte reactivity, as
indicated by glial fibrillary acidic protein (GFAP) staining. This agonist did not alter the
progression of ALS, but it might influence synaptic connectivity and plasticity, as demon-
strated in other neurodegenerative models [133,134].

4. Conclusions

Growing evidence suggests that SCFAs, the gut microbiota, and environmental fac-
tors may collectively influence neurodegenerative processes through various intercon-
nected pathways, including immune function, anti-inflammatory effects, gut barrier func-
tion, and energy metabolism.

It is important to emphasize that the interaction between environmental factors, gut
microbiota, SCFAs, and neurodegeneration is complex, and our understanding of the
pathways contributing to neurodegenerative diseases is still incomplete. External factors
such as dietary nutrients and toxin or pollutant exposures can affect the composition of
gut microbiota and the production of SCFA. Dysbiosis and decreased SCFA production
can influence the neurodegenerative process through complex signaling pathways involv-
ing the gut-brain axis. While compelling data supports the implication of the gut-brain
axis and the microbiota in neurodegenerative pathologies, establishing direct causative
links will require further research.

Adopting a healthy lifestyle, including a balanced diet rich in fiber and plant-based
foods, may promote a beneficial and diverse gut microbiome, potentially impacting the
risk of neurodegenerative diseases. Further research is required to comprehensively com-
prehend how specific interventions targeting the gut microbiome and SCFA production
might influence neurodegeneration, particularly in ALS patients. Additionally, exploring
whether these interventions could be developed into therapeutic strategies is necessary.

Author Contributions: Conceptualization, A.M.; methodology, A.M.; software, S.A.; validation,
AM.,, S.A. and G.S.; formal analysis, A.M.; investigation, A.M., S.A. and G.$.; resources, A.M.; data
curation, G.$.; writing—original draft preparation, A.M., S.A. and G.S.; writing—review and edit-
ing, A M., S.A. and G.$.; visualization, S.A.; supervision, A.M.; project administration, A.M.; fund-
ing acquisition, A.M. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a grant of the Ministry of Research, Innovation and Digiti-
zation, CNCS—UEFISCD], project number PN-III-P1-1.1-TE-2021-0960, within PNCDI III.

Data Availability Statement: Data is unavailable due to privacy.

Conflicts of Interest: The authors declare no conflict of interest.

1. Zheng, ].C.; Chen, S. Translational Neurodegeneration in the Era of Fast Growing International Brain Research. Transl. Neuro-
degener. 2022, 11, 1. https://doi.org/10.1186/s40035-021-00276-9.

2. Feigin, V.L.; Vos, T. Global Burden of Neurological Disorders: From Global Burden of Disease Estimates to Actions. Neuroepi-
demiology 2019, 52, 1-2. https://doi.org/10.1159/000495197.

3.  Motataianu, A.; Serban, G.; Barcutean, L.; Balasa, R. Oxidative Stress in Amyotrophic Lateral Sclerosis: Synergy of Genetic and
Environmental Factors. Int. |. Mol. Sci. 2022, 23, 9339. https://doi.org/10.3390/ijms23169339.



Int. ]. Mol. Sci. 2023, 24, 15094 16 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Rowland, I; Gibson, G.; Heinken, A.; Scott, K.; Swann, J.; Thiele, I.; Tuohy, K. Gut Microbiota Functions: Metabolism of Nutri-
ents and Other Food Components. Eur. J. Nutr. 2018, 57, 1-24. https://doi.org/10.1007/s00394-017-1445-8.

Martin, S.; Battistini, C.; Sun, J. A Gut Feeling in Amyotrophic Lateral Sclerosis: Microbiome of Mice and Men. Front. Cell. Infect.
Microbiol. 2022, 12, 839526. https://doi.org/10.3389/fcimb.2022.839526.

Zhang, H.; Chen, Y.; Wang, Z.; Xie, G.; Liu, M.; Yuan, B.; Chai, H.; Wang, W.; Cheng, P. Implications of Gut Microbiota in
Neurodegenerative Diseases. Front. Immunol. 2022, 13, 785644. https://doi.org/10.3389/fimmu.2022.785644.

PRISMA. Available online:http://www.prisma-statement.org/ (accessed on 7 August 2023).

Van Der Hee, B.; Wells, ].M. Microbial Regulation of Host Physiology by Short-Chain Fatty Acids. Trends Microbiol. 2021, 29,
700-712. https://doi.org/10.1016/j.tim.2021.02.001.

Dalile, B.; Van Oudenhove, L.; Vervliet, B.; Verbeke, K. The Role of Short-Chain Fatty Acids in Microbiota-Gut-Brain Commu-
nication. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 461-478. https://doi.org/10.1038/s41575-019-0157-3.

Silva, Y.P.; Bernardi, A.; Frozza, R.L. The Role of Short-Chain Fatty Acids From Gut Microbiota in Gut-Brain Communication.
Front. Endocrinol. 2020, 11, 25. https://doi.org/10.3389/fend0.2020.00025.

O'Riordan, K.J.; Collins, M.K.; Moloney, G.M.; Knox, E.G.; Aburto, M.R;; Fiilling, C.; Morley, S.J.; Clarke, G.; Schellekens, H.;
Cryan, J.F. Short Chain Fatty Acids: Microbial Metabolites for Gut-Brain Axis Signalling. Mol. Cell. Endocrinol. 2022, 546, 111572.
https://doi.org/10.1016/j.mce.2022.111572.

Rios-Covian, D.; Gonzalez, S.; Nogacka, A.M.; Arboleya, S.; Salazar, N.; Gueimonde, M.; De Los Reyes-Gavilan, C.G. An Over-
view on Fecal Branched Short-Chain Fatty Acids Along Human Life and as Related With Body Mass Index: Associated Dietary
and Anthropometric Factors. Front. Microbiol. 2020, 11, 973. https://doi.org/10.3389/fmicb.2020.00973.

Louis, P.; Flint, H.]. Formation of Propionate and Butyrate by the Human Colonic Microbiota. Env. Microbiol. 2017, 19, 29-41.
https://doi.org/10.1111/1462-2920.13589.

Vijay, N.; Morris, M. Role of Monocarboxylate Transporters in Drug Delivery to the Brain. CPD 2014, 20, 1487-1498.
https://doi.org/10.2174/13816128113199990462.

Schonfeld, P.; Wojtczak, L. Short- and Medium-Chain Fatty Acids in Energy Metabolism: The Cellular Perspective. J. Lipid Res.
2016, 57, 943-954. https://doi.org/10.1194/j1r.R067629.

Boets, E.; Gomand, S.V.; Deroover, L.; Preston, T.; Vermeulen, K.; De Preter, V.; Hamer, H.M.; Van Den Mooter, G.; De Vuyst,
L.; Courtin, C.M,; et al. Systemic Availability and Metabolism of Colonic-Derived Short-Chain Fatty Acids in Healthy Subjects:
A Stable Isotope Study: Short-Chain Fatty Acid Systemic Availability and Metabolism in Humans. . Physiol. 2017, 595, 541-555.
https://doi.org/10.1113/JP272613.

Song, W.S.; Nielson, B.R.; Banks, K.P.; Bradley, Y.C. Normal Organ Standard Uptake Values in Carbon-11 Acetate PET Imaging.
Nucl. Med. Commun. 2009, 30, 462—-465. https://doi.org/10.1097/MNM.0b013e32832aa7ce.

Lewis, K; Lutgendorff, F.; Phan, V.; S6derholm, J.D.; Sherman, P.M.; McKay, D.M. Enhanced Translocation of Bacteria across
Metabolically ~ Stressed Epithelia Is Reduced by Butyrate. Inflamm. Bowel Dis. 2010, 16, 1138-1148.
https://doi.org/10.1002/ibd.21177.

O’Keefe, S.].D. Diet, Microorganisms and Their Metabolites, and Colon Cancer. Nat. Rev. Gastroenterol. Hepatol. 2016, 13, 691—
706. https://doi.org/10.1038/nrgastro.2016.165.

McNabney, S.; Henagan, T. Short Chain Fatty Acids in the Colon and Peripheral Tissues: A Focus on Butyrate, Colon Cancer,
Obesity and Insulin Resistance. Nutrients 2017, 9, 1348. https://doi.org/10.3390/nu9121348.

Peng, L.; Li, Z.-R.; Green, R.S.; Holzmanr, L.R; Lin, J. Butyrate Enhances the Intestinal Barrier by Facilitating Tight Junction
Assembly via Activation of AMP-Activated Protein Kinase in Caco-2 Cell Monolayers. |. Nutr. 2009, 139, 1619-1625.
https://doi.org/10.3945/jn.109.104638.

Pelaseyed, T.; Bergstrom, J.H.; Gustafsson, ].K.; Ermund, A.; Birchenough, G.M.H.; Schiitte, A.; Van Der Post, S.; Svensson, F.;
Rodriguez-Pineiro, A.M.; Nystrom, E.E.L.; et al. The Mucus and Mucins of the Goblet Cells and Enterocytes Provide the First
Defense Line of the Gastrointestinal Tract and Interact with the Immune System. Immunol. Rev. 2014, 260, 8-20.
https://doi.org/10.1111/imr.12182.

Blaak, E.E.; Canfora, E.E.; Theis, S.; Frost, G.; Groen, A.K.; Mithieux, G.; Nauta, A.; Scott, K.; Stahl, B.; Van Harsselaar, J.; et al.
Short Chain Fatty Acids in Human Gut and Metabolic Health. Benef. Microbes 2020, 11, 411-455.
https://doi.org/10.3920/BM2020.0057.

Schwab, M.; Reynders, V.; Loitsch, S.; Steinhilber, D.; Stein, J.; Schroder, O. Involvement of Different Nuclear Hormone Recep-
tors in Butyrate-Mediated Inhibition of Inducible NFxB Signalling. Mol. Immunol. 2007, 44, 3625-3632.
https://doi.org/10.1016/j.molimm.2007.04.010.

Gongalves, P.; Aragjo, J.R.; Di Santo, J.P. A Cross-Talk Between Microbiota-Derived Short-Chain Fatty Acids and the Host Mu-
cosal Immune System Regulates Intestinal Homeostasis and Inflammatory Bowel Disease. Inflamm. Bowel Dis. 2018, 24, 558-572.
https://doi.org/10.1093/ibd/izx029.

Mayer, E.A. Gut Feelings: The Emerging Biology of Gut-Brain Communication. Nat. Rev. Neurosci. 2011, 12, 453-466.
https://doi.org/10.1038/nrn3071.

Bolognini, D.; Tobin, A.B.; Milligan, G.; Moss, C.E. The Pharmacology and Function of Receptors for Short-Chain Fatty Acids.
Mol. Pharmacol. 2016, 89, 388-398. https://doi.org/10.1124/mol.115.102301.

Caspani, G.; Swann, J. Small Talk: Microbial Metabolites Involved in the Signaling from Microbiota to Brain. Curr. Opin. Phar-
macol. 2019, 48, 99-106. https://doi.org/10.1016/j.coph.2019.08.001.



Int. ]. Mol. Sci. 2023, 24, 15094 17 of 21

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

Stilling, R.M.; Van De Wouw, M.; Clarke, G.; Stanton, C.; Dinan, T.G.; Cryan, J.F. The Neuropharmacology of Butyrate: The
Bread and Butter of the Microbiota-Gut-Brain Axis? Neurochem. Int. 2016, 99, 110-132. https://doi.org/10.1016/j.neu-
int.2016.06.011.

Ahmed, H.; Leyrolle, Q.; Koistinen, V.; Karkkainen, O.; Layé, S.; Delzenne, N.; Hanhineva, K. Microbiota-Derived Metabolites
as Drivers of Gut-Brain Communication. Gut Microbes 2022, 14, 2102878. https://doi.org/10.1080/19490976.2022.2102878.

Bach Knudsen, K.; Leerke, H.; Hedemann, M.; Nielsen, T.; Ingerslev, A.; Gundelund Nielsen, D.; Theil, P.; Purup, S.; Hald, S.;
Schioldan, A.; et al. Impact of Diet-Modulated Butyrate Production on Intestinal Barrier Function and Inflammation. Nutrients
2018, 10, 1499. https://doi.org/10.3390/nu10101499.

Rooks, M.G.; Garrett, W.S. Gut Microbiota, Metabolites and Host Immunity. Nat. Rev. Immunol. 2016, 16, 341-352.
https://doi.org/10.1038/nri.2016.42.

Rodrigues, H.G.; Takeo Sato, F.; Curi, R.; Vinolo, M.A.R. Fatty Acids as Modulators of Neutrophil Recruitment, Function and
Survival. Eur. ]. Pharmacol. 2016, 785, 50-58. https://doi.org/10.1016/j.ejphar.2015.03.098.

Chang, P.V.; Hao, L.; Offermanns, S.; Medzhitov, R. The Microbial Metabolite Butyrate Regulates Intestinal Macrophage Func-
tion via Histone Deacetylase Inhibition. Proc. Natl. Acad. Sci. USA 2014, 111, 2247-2252. https://doi.org/10.1073/pnas.1322269111.
Furusawa, Y.; Obata, Y.; Fukuda, S.; Endo, T.A.; Nakato, G.; Takahashi, D.; Nakanishi, Y.; Uetake, C.; Kato, K.; Kato, T.; et al.
Commensal Microbe-Derived Butyrate Induces the Differentiation of Colonic Regulatory T Cells. Nature 2013, 504, 446—450.
https://doi.org/10.1038/nature12721.

Park, J.; Kim, M.; Kang, S.G.; Jannasch, A.H.; Cooper, B.; Patterson, J.; Kim, C.H. Short-Chain Fatty Acids Induce Both Effector
and Regulatory T Cells by Suppression of Histone Deacetylases and Regulation of the MTOR-S6K Pathway. Mucosal Immunol.
2015, 8, 80-93. https://doi.org/10.1038/mi.2014.44.

Corréa-Oliveira, R.; Fachi, J.L.; Vieira, A.; Sato, F.T.; Vinolo, M.A.R. Regulation of Immune Cell Function by Short-Chain Fatty
Acids. Clin. Trans. Immunol. 2016, 5, €73. https://doi.org/10.1038/cti.2016.17.

McLoughlin, R.F.; Berthon, B.S.; Jensen, M.E.; Baines, K.].; Wood, L.G. Short-Chain Fatty Acids, Prebiotics, Synbiotics, and Sys-
temic Inflammation: A Systematic Review and Meta-Analysis. Am. ] Clin. Nutr. 2017, 106, 930-945.
https://doi.org/10.3945/ajcn.117.156265.

Arpaia, N.; Campbell, C.; Fan, X,; Dikiy, S.; Van Der Veeken, J.; deRoos, P.; Liu, H.; Cross, ].R.; Pfeffer, K.; Coffer, P.J.; et al.
Metabolites Produced by Commensal Bacteria Promote Peripheral Regulatory T-Cell Generation. Nature 2013, 504, 451-455.
https://doi.org/10.1038/nature12726.

Hamer, HM.H. Short Chain Fatty Acids and Colonic Health. Ph.D. Thesis, Maastricht University, Maastricht, The Netherlands,
2009. https://doi.org/10.26481/dis.20090911hh.

Wilton, D.K,; Dissing-Olesen, L.; Stevens, B. Neuron-Glia Signaling in Synapse Elimination. Annu. Rev. Neurosci. 2019, 42, 107-
127. https://doi.org/10.1146/annurev-neuro-070918-050306.

Erny, D.; Hrabé De Angelis, A.L.; Jaitin, D.; Wieghofer, P.; Staszewski, O.; David, E.; Keren-Shaul, H.; Mahlakoiv, T.; Jakobsha-
gen, K; Buch, T.; et al. Host Microbiota Constantly Control Maturation and Function of Microglia in the CNS. Nat. Neurosci.
2015, 18, 965-977. https://doi.org/10.1038/nn.4030.

Stanisavljevi¢, S.; Cepic’, A; Boji¢, S.; Veljovi¢, K.; Mihajlovi¢, S.; Pedovié¢, N.; Jevti¢, B.; Momcilovi¢, M.; Lazarevi¢, M.; Mostarica
Stojkovi¢, M.; et al. Oral Neonatal Antibiotic Treatment Perturbs Gut Microbiota and Aggravates Central Nervous System Au-
toimmunity in Dark Agouti Rats. Sci. Rep. 2019, 9, 918. https://doi.org/10.1038/s41598-018-37505-7.

Reddy, D.S.; Wu, X.; Golub, V.M.; Dashwood, W.M.; Dashwood, R.H. Measuring Histone Deacetylase Inhibition in the Brain.
Curr. Protoc. Pharmacol. 2018, 81, e41. https://doi.org/10.1002/cpph.41.

Gribble, F.M.; Reimann, F. Enteroendocrine Cells: Chemosensors in the Intestinal Epithelium. Annu. Rev. Physiol. 2016, 78, 277—
299. https://doi.org/10.1146/annurev-physiol-021115-105439.

Engelstoft, M.S.; Egerod, K.L.; Lund, M.L.; Schwartz, T.W. Enteroendocrine Cell Types Revisited. Curr. Opin. Pharmacol. 2013,
13, 912-921. https://doi.org/10.1016/j.coph.2013.09.018.

Wachsmuth, H.R.; Weninger, S.N.; Duca, F.A. Role of the Gut-Brain Axis in Energy and Glucose Metabolism. Exp. Mol. Med.
2022, 54, 377-392. https://doi.org/10.1038/s12276-021-00677-w.

Drucker, D.J. The Biology of Incretin Hormones. Cell Metab. 2006, 3, 153-165. https://doi.org/10.1016/j.cmet.2006.01.004.

Nauck, M.A.; Meier, ].J. Incretin Hormones: Their Role in Health and Disease. Diabetes Obes. Metab. 2018, 20 (Suppl. 1), 5-21.
https://doi.org/10.1111/dom.13129.

Blackshaw, L.A.; Brookes, S.J.H.; Grundy, D.; Schemann, M. Sensory Transmission in the Gastrointestinal Tract. Neurogastroen-
terol. Motil. 2007, 19 (Suppl. 1), 1-19. https://doi.org/10.1111/j.1365-2982.2006.00871.x.

Date, Y.; Kojima, M.; Hosoda, H.; Sawaguchi, A.; Mondal, M.S.; Suganuma, T.; Matsukura, S.; Kangawa, K.; Nakazato, M.
Ghrelin, a Novel Growth Hormone-Releasing Acylated Peptide, Is Synthesized in a Distinct Endocrine Cell Type in the Gastro-
intestinal Tracts of Rats and Humans. Endocrinology 2000, 141, 4255-4261. https://doi.org/10.1210/endo.141.11.7757.

Davenport, A.P.; Bonner, T.I; Foord, S.M.; Harmar, A.J.; Neubig, R.R.; Pin, J.-P.; Spedding, M.; Kojima, M.; Kangawa, K. Inter-
national Union of Pharmacology. LVI. Ghrelin Receptor Nomenclature, Distribution, and Function. Pharmacol. Rev. 2005, 57,
541-546. https://doi.org/10.1124/pr.57 4.1.

Gribble, F.M.; Reimann, F. Function and Mechanisms of Enteroendocrine Cells and Gut Hormones in Metabolism. Nat. Rev.
Endocrinol. 2019, 15, 226-237. https://doi.org/10.1038/s41574-019-0168-8.



Int. ]. Mol. Sci. 2023, 24, 15094 18 of 21

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Schwartz, M.W.; Woods, S.C.; Porte, D.; Seeley, R.J.; Baskin, D.G. Central Nervous System Control of Food Intake. Nature 2000,
404, 661-671. https://doi.org/10.1038/35007534.

Larraufie, P.; Martin-Gallausiaux, C.; Lapaque, N.; Dore, J.; Gribble, F.M.; Reimann, F.; Blottiere, H.M. SCFAs Strongly Stimulate
PYY Production in Human Enteroendocrine Cells. Sci. Rep. 2018, 8, 74. https://doi.org/10.1038/s41598-017-18259-0.

Brooks, L.; Viardot, A.; Tsakmaki, A.; Stolarczyk, E.; Howard, ].K.; Cani, P.D.; Everard, A.; Sleeth, M.L.; Psichas, A.; Anasta-
sovskaj, J.; et al. Fermentable Carbohydrate Stimulates FFAR2-Dependent Colonic PYY Cell Expansion to Increase Satiety. Mol.
Metab. 2017, 6, 48-60. https://doi.org/10.1016/j.molmet.2016.10.011.

Psichas, A.; Sleeth, M.L.; Murphy, K.G.; Brooks, L.; Bewick, G.A.; Hanyaloglu, A.C.; Ghatei, M.A.; Bloom, S.R.; Frost, G. The
Short Chain Fatty Acid Propionate Stimulates GLP-1 and PYY Secretion via Free Fatty Acid Receptor 2 in Rodents. Int. . Obes.
2015, 39, 424-429. https://doi.org/10.1038/ijo.2014.153.

Tolhurst, G.; Heffron, H.; Lam, Y.S.; Parker, H.E.; Habib, A.M.; Diakogiannaki, E.; Cameron, J.; Grosse, J.; Reimann, F.; Gribble,
F.M. Short-Chain Fatty Acids Stimulate Glucagon-like Peptide-1 Secretion via the G-Protein-Coupled Receptor FFAR2. Diabetes
2012, 61, 364-371. https://doi.org/10.2337/db11-1019.

Yano, ].M.; Yu, K;; Donaldson, G.P.; Shastri, G.G.; Ann, P.; Ma, L.; Nagler, C.R.; Ismagilov, RF.; Mazmanian, S.K.; Hsiao, E.Y.
Indigenous Bacteria from the Gut Microbiota Regulate Host Serotonin Biosynthesis. Cell 2015, 161, 264-276.
https://doi.org/10.1016/j.cell.2015.02.047.

Reigstad, C.S.; Salmonson, C.E.; Rainey, J.F.; Szurszewski, ].H.; Linden, D.R.; Sonnenburg, ].L.; Farrugia, G.; Kashyap, P.C. Gut
Microbes Promote Colonic Serotonin Production through an Effect of Short-Chain Fatty Acids on Enterochromaffin Cells.
FASEB J. 2015, 29, 1395-1403. https://doi.org/10.1096/fj.14-259598.

Wikoff, W.R.; Anfora, A.T.; Liu, J.; Schultz, P.G.; Lesley, S.A.; Peters, E.C.; Siuzdak, G. Metabolomics Analysis Reveals Large
Effects of Gut Microflora on Mammalian Blood Metabolites. Proc. Natl. Acad. Sci. USA 2009, 106, 3698-3703.
https://doi.org/10.1073/pnas.0812874106.

Cani, P.D.; Knauf, C. How Gut Microbes Talk to Organs: The Role of Endocrine and Nervous Routes. Mol. Metab. 2016, 5, 743—
752. https://doi.org/10.1016/j.molmet.2016.05.011.

Cani, P.D.; Lecourt, E.; Dewulf, E.M.; Sohet, F.M.; Pachikian, B.D.; Naslain, D.; De Backer, F.; Neyrinck, A.M.; Delzenne, N.M.
Gut Microbiota Fermentation of Prebiotics Increases Satietogenic and Incretin Gut Peptide Production with Consequences for
Appetite  Sensation and Glucose Response after a Meal. Am. J. Clin. Nutr. 2009, 90, 1236-1243.
https://doi.org/10.3945/ajcn.2009.28095.

Chambers, E.S.; Viardot, A.; Psichas, A.; Morrison, D.J.; Murphy, K.G.; Zac-Varghese, S.E.K.; MacDougall, K.; Preston, T.; Ted-
ford, C.; Finlayson, G.S,; et al. Effects of Targeted Delivery of Propionate to the Human Colon on Appetite Regulation, Body
Weight Maintenance and Adiposity in Overweight Adults. Gut 2015, 64, 1744-1754. https://doi.org/10.1136/gutjnl-2014-307913.
Tarini, J.; Wolever, T.M.S. The Fermentable Fibre Inulin Increases Postprandial Serum Short-Chain Fatty Acids and Reduces
Free-Fatty Acids and Ghrelin in Healthy Subjects. Appl. Physiol. Nutr. Metab. 2010, 35, 9-16. https://doi.org/10.1139/H09-119.
Rahat-Rozenbloom, S.; Fernandes, J.; Cheng, J.; Wolever, T.M.S. Acute Increases in Serum Colonic Short-Chain Fatty Acids
Elicited by Inulin Do Not Increase GLP-1 or PYY Responses but May Reduce Ghrelin in Lean and Overweight Humans. Eur. |.
Clin. Nutr. 2017, 71, 953-958. https://doi.org/10.1038/ejcn.2016.249.

Canfora, E.E.; van der Beek, C.M.; Jocken, ].W.E.; Goossens, G.H.; Holst, ].].; Olde Damink, S.W.M.; Lenaerts, K.; Dejong, CH.C.;
Blaak, E.E. Colonic Infusions of Short-Chain Fatty Acid Mixtures Promote Energy Metabolism in Overweight/Obese Men: A
Randomized Crossover Trial. Sci. Rep. 2017, 7, 2360. https://doi.org/10.1038/s41598-017-02546-x.

Kelesidis, T.; Kelesidis, I.; Chou, S.; Mantzoros, C.S. Narrative Review: The Role of Leptin in Human Physiology: Emerging
Clinical Applications. Ann. Intern. Med. 2010, 152, 93-100. https://doi.org/10.7326/0003-4819-152-2-201001190-00008.
Cammisotto, P.G.; Bukowiecki, L.J.; Deshaies, Y.; Bendayan, M. Leptin Biosynthetic Pathway in White Adipocytes. Biochem. Cell
Biol. 2006, 84, 207-214. https://doi.org/10.1139/006-032.

Tan, J.; McKenzie, C.; Potamitis, M.; Thorburn, A.N.; Mackay, C.R.; Macia, L. The Role of Short-Chain Fatty Acids in Health and
Disease. Adv. Immunol. 2014, 121, 91-119. https://doi.org/10.1016/B978-0-12-800100-4.00003-9.

Ang, Z; Ding, ]J.L. GPR41 and GPR43 in Obesity and Inflammation - Protective or Causative? Front. Immunol. 2016, 7, 28.
https://doi.org/10.3389/fimmu.2016.00028.

Xiong, Y.; Miyamoto, N.; Shibata, K.; Valasek, M.A.; Motoike, T.; Kedzierski, R.M.; Yanagisawa, M. Short-Chain Fatty Acids
Stimulate Leptin Production in Adipocytes through the G Protein-Coupled Receptor GPR41. Proc. Natl. Acad. Sci. USA 2004,
101, 1045-1050. https://doi.org/10.1073/pnas.2637002100.

Hong, Y.-H.; Nishimura, Y.; Hishikawa, D.; Tsuzuki, H.; Miyahara, H.; Gotoh, C.; Choi, K.-C.; Feng, D.D.; Chen, C.; Lee, H.-G.;
et al. Acetate and Propionate Short Chain Fatty Acids Stimulate Adipogenesis via GPCR43. Endocrinology 2005, 146, 5092-5099.
https://doi.org/10.1210/en.2005-0545.

Al-Lahham, S.H.; Roelofsen, H.; Priebe, M.; Weening, D.; Dijkstra, M.; Hoek, A.; Rezaee, F.; Venema, K.; Vonk, R.J. Regulation
of Adipokine Production in Human Adipose Tissue by Propionic Acid. Eur. ]. Clin. Investig. 2010, 40, 401-407.
https://doi.org/10.1111/j.1365-2362.2010.02278 .X.

Samuel, B.S; Shaito, A.; Motoike, T.; Rey, F.E.; Backhed, F.; Manchester, ] K.; Hammer, R.E.; Williams, S.C.; Crowley, J.; Yanag-
isawa, M.; et al. Effects of the Gut Microbiota on Host Adiposity Are Modulated by the Short-Chain Fatty-Acid Binding G
Protein-Coupled Receptor, Gpr4l. Proc. Natl. Acad. Sci. USA 2008, 105, 16767-16772. https://doi.org/10.1073/pnas.0808567105.



Int. ]. Mol. Sci. 2023, 24, 15094 19 of 21

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.
100.

Lin, H.V.; Frassetto, A.; Kowalik, E.J.; Nawrocki, A.R.; Lu, M.M.; Kosinski, J.R.; Hubert, ]J.A.; Szeto, D.; Yao, X.; Forrest, G.; et al.
Butyrate and Propionate Protect against Diet-Induced Obesity and Regulate Gut Hormones via Free Fatty Acid Receptor 3-
Independent Mechanisms. PLoS ONE 2012, 7, €35240. https://doi.org/10.1371/journal.pone.0035240.

LeBlanc, J.G.; Chain, F.; Martin, R.; Bermudez-Humaran, L.G.; Courau, S.; Langella, P. Beneficial Effects on Host Energy Metab-
olism of Short-Chain Fatty Acids and Vitamins Produced by Commensal and Probiotic Bacteria. Microb. Cell Fact. 2017, 16, 79.
https://doi.org/10.1186/s12934-017-0691-z.

Guo, C.; Huo, Y.-J,; Li, Y.; Han, Y.; Zhou, D. Gut-Brain Axis: Focus on Gut Metabolites Short-Chain Fatty Acids. World ]. Clin.
Cases 2022, 10, 1754-1763. https://doi.org/10.12998/wjcc.v10.i6.1754.

Han, Y.; Wang, B.; Gao, H.; He, C,; Hua, R,; Liang, C.; Zhang, S.; Wang, Y.; Xin, S.; Xu, J. Vagus Nerve and Underlying Impact
on the Gut Microbiota-Brain Axis in Behavior and Neurodegenerative Diseases. ]. Inflamm. Res. 2022, 15, 6213-6230.
https://doi.org/10.2147/JIR.S384949.

Powley, T.L.; Jaffey, D.M.; McAdams, J.; Baronowsky, E.A.; Black, D.; Chesney, L.; Evans, C.; Phillips, R.J. Vagal Innervation of
the Stomach Reassessed: Brain-Gut Connectome Uses Smart Terminals. Ann. N. Y. Acad. Sci. 2019, 1454, 14-30.
https://doi.org/10.1111/nyas.14138.

Kaelberer, M.M.; Buchanan, K.L.; Klein, M.E.; Barth, B.B.; Montoya, M.M.; Shen, X.; Bohérquez, D.V. A Gut-Brain Neural Circuit
for Nutrient Sensory Transduction. Science 2018, 361, eaat5236. https://doi.org/10.1126/science.aat5236.

Schwartz, G.J. Roles for Gut Vagal Sensory Signals in Determining Energy Availability and Energy Expenditure. Brain Res. 2018,
1693 Pt B, 151-153. https://doi.org/10.1016/j.brainres.2018.04.004.

Chang, H.Y.; Mashimo, H.; Goyal, R K. Musings on the Wanderer: What's New in Our Understanding of Vago-Vagal Reflex?
IV. Current Concepts of Vagal Efferent Projections to the Gut. Am. J. Physiol. Gastrointest. Liver Physiol. 2003, 284, G357-G366.
https://doi.org/10.1152/ajpgi.00478.2002.

Tan, C.; Yan, Q.; Ma, Y.; Fang, J.; Yang, Y. Recognizing the Role of the Vagus Nerve in Depression from Microbiota-Gut Brain
Axis. Front. Neurol. 2022, 13, 1015175. https://doi.org/10.3389/fneur.2022.1015175.

Dockray, G.J. Enteroendocrine Cell Signalling via the Vagus Nerve. Curr. Opin. Pharmacol. 2013, 13, 954-958.
https://doi.org/10.1016/j.coph.2013.09.007.

Kaelberer, M.M.; Rupprecht, L.E.; Liu, WW.; Weng, P.; Bohérquez, D.V. Neuropod Cells: The Emerging Biology of Gut-Brain
Sensory Transduction. Annu. Rev. Neurosci. 2020, 43, 337-353. https://doi.org/10.1146/annurev-neuro-091619-022657.
Bogunovic, M.; Davé, S.H.; Tilstra, J.S.; Chang, D.T.W.; Harpaz, N.; Xiong, H.; Mayer, L.F.; Plevy, S.E. Enteroendocrine Cells
Express Functional Toll-like Receptors. Am. ]. Physiol. Gastrointest. Liver Physiol. 2007, 292, G1770-G1783.
https://doi.org/10.1152/ajpgi.00249.2006.

Bala, V.; Rajagopal, S.; Kumar, D.P.; Nalli, A.D.; Mahavadi, S.; Sanyal, A.J.; Grider, ].R.; Murthy, K.S. Release of GLP-1 and PYY
in Response to the Activation of G Protein-Coupled Bile Acid Receptor TGR5 Is Mediated by Epac/PLC-& Pathway and Modu-
lated by Endogenous H2S. Front. Physiol. 2014, 5, 420. https://doi.org/10.3389/fphys.2014.00420.

Steinberg, B.E.; Silverman, H.A.; Robbiati, S.; Gunasekaran, M.K.; Tsaava, T.; Battinelli, E.; Stiegler, A.; Bouton, C.E.; Chavan,
S.S.; Tracey, KJ.; et al. Cytokine-Specific Neurograms in the Sensory Vagus Nerve. Bioelectron. Med. 2016, 3, 7-17.

Lal, S.; Kirkup, A.J.; Brunsden, A.M.; Thompson, D.G.; Grundy, D. Vagal Afferent Responses to Fatty Acids of Different Chain
Length in the Rat. Am. J. Physiol. Gastrointest. Liver Physiol. 2001, 281, G907-G915. https://doi.org/10.1152/ajpgi.2001.281.4.G907.
Fock, E.; Parnova, R. Mechanisms of Blood-Brain Barrier Protection by Microbiota-Derived Short-Chain Fatty Acids. Cells 2023,
12, 657. https://doi.org/10.3390/cells12040657.

Braniste, V.; Al-Asmakh, M.; Kowal, C.; Anuar, F.; Abbaspour, A.; Téth, M.; Korecka, A.; Bakocevic, N.; Ng, L.G.; Kundu, P.; et
al. The Gut Microbiota Influences Blood-Brain Barrier Permeability in Mice. Sci. Transl. Med. 2014, 6, 263ral58.
https://doi.org/10.1126/scitranslmed.3009759.

Hoyles, L.; Snelling, T.; Umlai, U.-K.; Nicholson, ].K.; Carding, S.R.; Glen, R.C.; McArthur, S. Microbiome-Host Systems Inter-
actions: Protective Effects of Propionate upon the Blood-Brain Barrier. Microbiome 2018, 6, 55. https://doi.org/10.1186/s40168-
018-0439-y.

Barichello, T.; Generoso, ].S.; Simdes, L.R.; Faller, C.J.; Ceretta, R.A.; Petronilho, F.; Lopes-Borges, ].; Valvassori, S.S.; Quevedo,
J. Sodium Butyrate Prevents Memory Impairment by Re-Establishing BDNF and GDNF Expression in Experimental Pneumo-
coccal Meningitis. Mol. Neurobiol. 2015, 52, 734-740. https://doi.org/10.1007/s12035-014-8914-3.

Yang, L.L.; Millischer, V.; Rodin, S.; MacFabe, D.F.; Villaescusa, ].C.; Lavebratt, C. Enteric Short-Chain Fatty Acids Promote
Proliferation of Human Neural Progenitor Cells. . Neurochem. 2020, 154, 635-646. https://doi.org/10.1111/jnc.14928.

Moris, G.; Vega, J.A. [Neurotrophic factors: Basis for their clinical application]. Neurologia 2003, 18, 18-28.

Bonaz, B.; Bazin, T.; Pellissier, S. The Vagus Nerve at the Interface of the Microbiota-Gut-Brain Axis. Front. Neurosci. 2018, 12,
49. https://doi.org/10.3389/fnins.2018.00049.

Perry, R].; Peng, L.; Barry, N.A,; Cline, G.W.; Zhang, D.; Cardone, R.L.; Petersen, K.F.; Kibbey, R.G.; Goodman, A.L.; Shulman,
G.I Acetate Mediates a Microbiome-Brain-p-Cell Axis to Promote Metabolic Syndrome. Nature 2016, 534, 213-217.
https://doi.org/10.1038/nature18309.

Date, Y. Ghrelin and the Vagus Nerve. Methods Enzym. 2012, 514, 261-269. https://doi.org/10.1016/B978-0-12-381272-8.00016-7.
Goswami, C.; Iwasaki, Y.; Yada, T. Short-Chain Fatty Acids Suppress Food Intake by Activating Vagal Afferent Neurons. J.
Nutr. Biochem. 2018, 57, 130-135. https://doi.org/10.1016/j.jnutbio.2018.03.009.



Int. ]. Mol. Sci. 2023, 24, 15094 20 of 21

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Bravo, J.A.; Forsythe, P.; Chew, M.V.; Escaravage, E.; Savignac, HM.; Dinan, T.G.; Bienenstock, J.; Cryan, J.F. Ingestion of Lac-
tobacillus Strain Regulates Emotional Behavior and Central GABA Receptor Expression in a Mouse via the Vagus Nerve. Proc.
Natl. Acad. Sci. USA 2011, 108, 16050-16055. https://doi.org/10.1073/pnas.1102999108.

Bercik, P.; Park, A.J.; Sinclair, D.; Khoshdel, A.; Lu, J.; Huang, X.; Deng, Y.; Blennerhassett, P.A.; Fahnestock, M.; Moine, D.; et
al. The Anxiolytic Effect of Bifidobacterium Longum NCC3001 Involves Vagal Pathways for Gut-Brain Communication. Neu-
rogastroenterol. Motil. 2011, 23, 1132-1139. https://doi.org/10.1111/j.1365-2982.2011.01796.x.

Li, Y.; Hao, Y.; Zhu, J.; Owyang, C. Serotonin Released from Intestinal Enterochromaffin Cells Mediates Luminal Non-Chole-
cystokinin-Stimulated Pancreatic Secretion in Rats. Gastroenterology 2000, 118, 1197-1207. https://doi.org/10.1016/s0016-
5085(00)70373-8.

Sun, J.; Wang, F.; Hong, G.; Pang, M.; Xu, H.; Li, H; Tian, F.; Fang, R.; Yao, Y.; Liu, J. Antidepressant-like Effects of Sodium
Butyrate and Its Possible Mechanisms of Action in Mice Exposed to Chronic Unpredictable Mild Stress. Neurosci. Lett. 2016, 618,
159-166. https://doi.org/10.1016/j.neulet.2016.03.003.

Frost, G.; Sleeth, ML.L.; Sahuri-Arisoylu, M.; Lizarbe, B.; Cerdan, S.; Brody, L.; Anastasovska, J.; Ghourab, S.; Hankir, M.; Zhang,
S.; et al. The Short-Chain Fatty Acid Acetate Reduces Appetite via a Central Homeostatic Mechanism. Nat. Commun. 2014, 5,
3611. https://doi.org/10.1038/ncomms4611.

Nankova, B.B.; Agarwal, R.; MacFabe, D.F.; La Gamma, E.F. Enteric Bacterial Metabolites Propionic and Butyric Acid Modulate
Gene Expression, Including CREB-Dependent Catecholaminergic Neurotransmission, in PC12 Cells--Possible Relevance to Au-
tism Spectrum Disorders. PLoS ONE 2014, 9, e103740. https://doi.org/10.1371/journal.pone.0103740.

Clarke, G.; Stilling, R.M.; Kennedy, P.J.; Stanton, C.; Cryan, J.F.; Dinan, T.G. Minireview: Gut Microbiota: The Neglected Endo-
crine Organ. Mol. Endocrinol. 2014, 28, 1221-1238. https://doi.org/10.1210/me.2014-1108.

Mohle, L.; Mattei, D.; Heimesaat, M.M.; Bereswill, S.; Fischer, A.; Alutis, M.; French, T.; Hambardzumyan, D.; Matzinger, P.;
Dunay, I.R,; et al. Ly6C(Hi) Monocytes Provide a Link between Antibiotic-Induced Changes in Gut Microbiota and Adult Hip-
pocampal Neurogenesis. Cell Rep. 2016, 15, 1945-1956. https://doi.org/10.1016/j.celrep.2016.04.074.

Zhang, Y.; Ogbu, D.; Garrett, S.; Xia, Y.; Sun, J. Aberrant Enteric Neuromuscular System and Dysbiosis in Amyotrophic Lateral
Sclerosis. Gut Microbes 2021, 13, 1996848. https://doi.org/10.1080/19490976.2021.1996848.

Rowin, J.; Xia, Y.; Jung, B.; Sun, J. Gut Inflammation and Dysbiosis in Human Motor Neuron Disease. Physiol. Rep. 2017, 5,
€13443. https://doi.org/10.14814/phy2.13443.

Wu, S.; Yi, J.; Zhang, Y.-G.; Zhou, J.; Sun, J. Leaky Intestine and Impaired Microbiome in an Amyotrophic Lateral Sclerosis
Mouse Model. Physiol. Rep. 2015, 3, €12356. https://doi.org/10.14814/phy2.12356.

Zhang, Y.-G; Wu, S.; Yi, ]J; Xia, Y.; Jin, D.; Zhou, J.; Sun, J. Target Intestinal Microbiota to Alleviate Disease Progression in
Amyotrophic Lateral Sclerosis. Clin. Ther. 2017, 39, 322-336. https://doi.org/10.1016/j.clinthera.2016.12.014.

Spielman, L.J.; Gibson, D.L.; Klegeris, A. Unhealthy Gut, Unhealthy Brain: The Role of the Intestinal Microbiota in Neurodegen-
erative Diseases. Neurochem. Int. 2018, 120, 149-163. https://doi.org/10.1016/j.neuint.2018.08.005.

Bataveljic, D.; Milosevic, M.; Radenovic, L.; Andjus, P. Novel Molecular Biomarkers at the Blood-Brain Barrier in ALS. BioMed
Res. Int. 2014, 2014, 907545. https://doi.org/10.1155/2014/907545.

Brenner, D.; Hiergeist, A.; Adis, C.; Mayer, B.; Gessner, A.; Ludolph, A.C.; Weishaupt, ].H. The Fecal Microbiome of ALS Pa-
tients. Neurobiol. Aging 2018, 61, 132-137. https://doi.org/10.1016/j.neurobiolaging.2017.09.023.

Di Gioia, D.; Bozzi Cionci, N.; Baffoni, L.; Amoruso, A.; Pane, M.; Mogna, L.; Gaggia, F.; Lucenti, M.A.; Bersano, E.; Cantello,
R.; et al. A Prospective Longitudinal Study on the Microbiota Composition in Amyotrophic Lateral Sclerosis. BMC Med. 2020,
18, 153. https://doi.org/10.1186/s12916-020-01607-9.

Zeng, Q.; Shen, ].; Chen, K.; Zhou, J.; Liao, Q.; Lu, K,; Yuan, J.; Bi, F. The Alteration of Gut Microbiome and Metabolism in
Amyotrophic Lateral Sclerosis Patients. Sci. Rep. 2020, 10, 12998. https://doi.org/10.1038/s41598-020-69845-8.
DeJesus-Hernandez, M.; Mackenzie, I.R.; Boeve, B.F.; Boxer, A.L.; Baker, M.; Rutherford, N.]J.; Nicholson, A.M.; Finch, N.A.;
Flynn, H.; Adamson, J.; et al. Expanded GGGGCC Hexanucleotide Repeat in Noncoding Region of C9ORF72 Causes Chromo-
some 9p-Linked FTD and ALS. Neuron 2011, 72, 245-256. https://doi.org/10.1016/j.neuron.2011.09.011.

Blokhuis, A.M.; Groen, E.J.N.; Koppers, M.; van den Berg, L.H.; Pasterkamp, R.J. Protein Aggregation in Amyotrophic Lateral
Sclerosis. Acta Neuropathol. 2013, 125, 777-794. https://doi.org/10.1007/s00401-013-1125-6.

Burberry, A.; Wells, M.F.; Limone, F.; Couto, A.; Smith, K.S.; Keaney, J.; Gillet, G.; van Gastel, N.; Wang, J.-Y.; Pietilainen, O.; et
al. CY9orf72 Suppresses Systemic and Neural Inflammation Induced by Gut Bacteria. Nature 2020, 582, 89-94.
https://doi.org/10.1038/s41586-020-2288-7.

Ryu, H.; Smith, K.; Camelo, S.I; Carreras, L; Lee, J.; Iglesias, A.H.; Dangond, F.; Cormier, K.A.; Cudkowicz, M.E.; Brown, R.H.;
et al. Sodium Phenylbutyrate Prolongs Survival and Regulates Expression of Anti-Apoptotic Genes in Transgenic Amyotrophic
Lateral Sclerosis Mice. J. Neurochem. 2005, 93, 1087-1098. https://doi.org/10.1111/j.1471-4159.2005.03077 ..

Sun, Y.; Bedlack, R.; Armon, C.; Beauchamp, M.; Bertorini, T.; Bowser, R.; Bromberg, M.; Caress, ].; Carter, G.; Crayle, ].; et al.
ALSUntangled  #64:  Butyrates. = Amyotroph.  Lateral =~ Scler. ~ Front. ~ Degener. 2022, 23,  638-643.
https://doi.org/10.1080/21678421.2022.2045323.

Cudkowicz, M.E.; Andres, P.L.; Macdonald, S.A.; Bedlack, R.S.; Choudry, R.; Brown, R.H.; Zhang, H.; Schoenfeld, D.A.; Shefner,
J., Matson, S.; et al. Phase 2 Study of Sodium Phenylbutyrate in ALS. Amyotroph. Lateral Scler. 2009, 10, 99-106.
https://doi.org/10.1080/17482960802320487.



Int. ]. Mol. Sci. 2023, 24, 15094 21 of 21

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Paganoni, S.; Macklin, E.A.; Hendrix, S.; Berry, ].D.; Elliott, M.A.; Maiser, S.; Karam, C.; Caress, ].B.; Owegi, M.A.; Quick, A ; et
al. Trial of Sodium Phenylbutyrate-Taurursodiol for Amyotrophic Lateral Sclerosis. N. Engl. ]. Med. 2020, 383, 919-930.
https://doi.org/10.1056/NEJMoa1916945.

Paganoni, S.; Hendrix, S.; Dickson, S.P.; Knowlton, N.; Macklin, E.A.; Berry, J.D.; Elliott, M.A.; Maiser, S.; Karam, C.; Caress,
J.B.; et al. Long-Term Survival of Participants in the CENTAUR Trial of Sodium Phenylbutyrate-Taurursodiol in Amyotrophic
Lateral Sclerosis. Muscle Nerve 2021, 63, 31-39. https://doi.org/10.1002/mus.27091.

Amylyx Pharmaceuticals Inc. An Intermediate Size, Expanded Access Protocol to Provide AMX0035, a Fixed Combination of
Sodium Phenylbutyrate (PB) and Taurursodiol (TURSO), for the Treatment of Adult Patients With Amyotrophic Lateral Scle-
rosis (ALS); Clinical Trial Registration NCT05286372; clinicaltrials.gov, 2022. Available online: https://clinicaltri-
als.gov/study/NCT05286372 (accessed on 1 September 2023).

Pituch, A.; Walkowiak, J.; Banaszkiewicz, A. Butyric Acid in Functional Constipation. Prz. Gastroenterol. 2013, 8, 295-298.
https://doi.org/10.5114/pg.2013.38731.

Jellbauer, S.; Perez Lopez, A.; Behnsen, J.; Gao, N.; Nguyen, T.; Murphy, C.; Edwards, R.A.; Raffatellu, M. Beneficial Effects of
Sodium Phenylbutyrate Administration during Infection with Salmonella Enterica Serovar Typhimurium. Infect. Immun. 2016,
84, 2639-2652. https://doi.org/10.1128/IA1.00132-16.

Pradat, P.-F.; Bruneteau, G.; Gordon, P.H.; Dupuis, L.; Bonnefont-Rousselot, D.; Simon, D.; Salachas, F.; Corcia, P.; Frochot, V;
Lacorte, J.-M.; et al. Impaired Glucose Tolerance in Patients with Amyotrophic Lateral Sclerosis. Amyotroph. Lateral Scler. 2010,
11, 166-171. https://doi.org/10.3109/17482960902822960.

Manzo, E.; Lorenzini, I.; Barrameda, D.; O’Conner, A.G.; Barrows, ].M.; Starr, A.; Kovalik, T.; Rabichow, B.E.; Lehmkuhl, E.M.;
Shreiner, D.D.; et al. Glycolysis Upregulation Is Neuroprotective as a Compensatory Mechanism in ALS. eLife 2019, 8, e45114.
https://doi.org/10.7554/eLife.45114.

Campbell, J.E.; Drucker, D.J. Pharmacology, Physiology, and Mechanisms of Incretin Hormone Action. Cell Metab. 2013, 17,
819-837. https://doi.org/10.1016/j.cmet.2013.04.008.

Li, Y.; Chigurupati, S.; Holloway, HW.; Mughal, M.; Tweedie, D.; Bruestle, D.A.; Mattson, M.P.; Wang, Y.; Harvey, B.K,; Ray,
B.; et al. Exendin-4 Ameliorates Motor Neuron Degeneration in Cellular and Animal Models of Amyotrophic Lateral Sclerosis.
PLoS ONE 2012, 7, €32008. https://doi.org/10.1371/journal.pone.0032008.

Keerie, A.; Brown-Wright, H.; Kirkland, I.; Grierson, A.; Alix, ].].P.; Holscher, C.; Mead, R.]. The GLP-1 Receptor Agonist, Li-
raglutide, Fails to Slow Disease Progression in SOD1G93A and TDP-43Q331K Transgenic Mouse Models of ALS. Sci. Rep. 2021,
11, 17027. https://doi.org/10.1038/s41598-021-96418-0.

McClean, P.L.; Gault, V.A.; Harriott, P.; Holscher, C. Glucagon-like Peptide-1 Analogues Enhance Synaptic Plasticity in the
Brain: A Link between Diabetes and Alzheimer's Disease. Eur. . Pharmacol. 2010, 630, 158-162.
https://doi.org/10.1016/j.ejphar.2009.12.023.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



	1. Introduction
	2. Methods
	3. Results and Discussion
	3.1. Short-Chain Fatty Acids’ Synthesis, Metabolism and Relationship with the Gut–Brain Axis
	3.2. Short-Chain Fatty Acids' Local (Intestinal) Effects
	3.3. Immune Pathways
	3.4. Hormonal Pathways
	3.4.1. Glucagon-Like Peptide-1 and Peptide YY
	3.4.2. Leptin
	3.4.3. Other Effects

	3.5. Neural Pathways
	3.6. Short-Chain Fatty Acids’ Involvement in Amyotrophic Lateral Sclerosis Pathogenesis

	4. Conclusions
	References

