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Background: Gut microbiome disturbances have been proposed as contributors
to amyotrophic lateral sclerosis (ALS), a multisystem neurodegenerative disorder
characterised by motor neuron loss, extra-motor symptoms, and rapid progres-
sion. Mechanistic links between dysbiosis, epithelial and blood—brain barrier dys-
function, metabolic imbalance, and immune activation have been suggested, but
causality remains unresolved. We conducted a systematic review to evaluate the
evidence supporting microbiome involvement in ALS pathogenesis.

Methods: We searched PubMed, Medline, Embase, Scopus, Semantic Scholar,
and Google Scholar (Nov 23, 2025) for human and ALS-relevant animal stud-
ies assessing bacterial microbiota, gut or blood—brain barrier integrity, microbial
metabolites, orimmune pathways. No language or date restrictions were applied.
Studies were screened according to predefined criteria, and quality was assessed
using QUADAS-2. Owing to the heterogeneity of study designs and sequencing
approaches, findings were synthesised narratively.

Findings: 61 of 2,397 studies met inclusion criteria. Across human cohorts, ALS
was consistently associated with reduced microbial diversity, shifts in key taxa,
and disruption of microbial pathways regulating short-chain fatty acids, nico-
tinamide metabolism, and inflammatory signalling. Several mechanistic animal
studies demonstrated that microbiota manipulation, through antibiotics, faecal
microbiota transfer, or supplementation with protective taxa, modulated motor
function, microglial activation, gut permeability, and survival, indicating that dys-
biosis can influence disease trajectories. Conversely, longitudinal human data
showed that dysbiosis often emerged alongside worsening physical function,
gastrointestinal dysmotility, weight loss, and changes in dietary intake, suggesting
secondary effects of disease progression. Integrative multi-omics studies linked
microbial alterations with systemic cytokine profiles, metabolic stress path-
ways, and CNS immune phenotypes, reinforcing a bidirectional gut—brain axis.
However, the predominance of cross-sectional designs and small sample sizes
substantially limits causal inference.

Interpretation: Current evidence supports a model in which gut dysbiosis inter-
acts with ALS via barrier failure, metabolic disruption, and immune dysregulation,
but does not establish dysbiosis as a primary cause of disease. Preclinical findings
highlight microbiome-derived mechanisms with disease-modifying potential, yet
human data largely indicate association rather than initiation. Clarifying temporal
relationships will require longitudinal, multi-modal studies, integration with pre-
symptomatic cohorts, and controlled interventional trials. Microbiome-targeted
therapies remain a promising but unproven avenue for ALS.
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1 Introduction

Amyotrophic lateral sclerosis (ALS), also known as motor
neuron disease (MND) is a neurodegenerative disease marked by
progressive weakness resulting from the degeneration of both upper
and lower motor neurons (Brown and Al-Chalabi, 2017; Hardiman
et al.,, 2017; van Es et al,, 2017). Alongside motor symptoms, ALS
also includes a spectrum of non-motor manifestations, with around
15-20% of individuals developing frontotemporal dementia (FTD)
and up to 50% exhibiting milder cognitive or behavioural changes,
in addition to autonomic and neuropsychiatric symptoms
(Crockford et al., 2018). Typically, ALS progresses to death within
2-3 years most commonly from neuromuscular respiratory failure
(Xu et al., 2020). Genetic factors contribute substantially to disease
risk. Around 10% of patients report a family history of ALS or fron-
totemporal dementia, and clinically actionable variants can be iden-
2022).
However, the majority of ALS is isolated, suggesting important roles

tified in approximately 20% of all cases (Mehta et al.,

for environmental, metabolic, and immunological influences.
Clinical heterogeneity is considerable: most patients present with
limb-onset disease, while a minority present with bulbar or respira-
tory onset, and rates of progression vary widely (Zhang et al., 2005;
Kenna et al., 2013; Niccolai et al., 2021). This heterogeneity is paral-
leled by diverse molecular processes implicated in ALS pathobiol-
ogy, including protein misfolding, RNA dysfunction, mitochondrial
impairment, autophagy defects, neuroinflammation, and dysregula-
tion of systemic metabolism (Kenna et al, 2013; Niccolai et
al., 2021).

Despite advances in understanding disease mechanisms, thera-
peutic options remain limited. Riluzole and newer disease-modifying
agents offer some since tofersen offers considerable benefit, and there
is increasing interest in identifying upstream pathways that may influ-
ence ALS susceptibility, onset, or progression (Lacomblez et al., 1996;
Fang et al., 2018). One emerging area is the potential contribution of
the gastrointestinal microbiome, the complex community of bacteria,
fungi, viruses, and metabolites that regulate immunity, metabolism,
and host-environment interactions (Taylor et al., 2016; Martin et
al,, 2017).

The gut microbiota, comprising bacteria, fungi, viruses, protozoa,
and parasites, engages in bidirectional communication with the central
nervous system via neural, immune, metabolic, and endocrine pathways
(Figure 1) (Rooks and Garrett, 2016; Jandhyala et al., 2015). Despite
anatomical distance, gut and brain exert reciprocal effects throughout
life (Laue et al., 2022). Microbial metabolites, including neuroactive
molecules, may influence central processes, while dysbiosis can disrupt
immune and metabolic homeostasis (Ahmed et al., 2022; Gomaa, 2020).

Several clinical observations have prompted an investigation into
a gut-ALS connection. Gastrointestinal symptoms are frequently
reported in ALS, including constipation, rectal tenesmus, hard stools,
and borborygmus (Parra-Cantu et al., 2021; Shojaie et al., 2024).
Gastrointestinal motor dysfunction, such as delayed colonic transit,
impaired gastric emptying, and anorectal sphincter abnormalities, has
also been described and may precede formal diagnosis (Martin et al.,
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2022; McCombe et al., 2017; Oprisan and Popescu, 2023; Finsterer
and Strobl, 2024; Rowin et al., 2017; Gotkine et al., 2020).

Current research has been focused on mechanistic roles of the
gut-brain axis in various neurodegenerative conditions. In Parkinson’s
disease, gut microbiome dysbiosis is thought to promote intestinal
inflammation and increased gut permeability, enabling bacterial
metabolites and endotoxins to trigger a-synuclein aggregation in the
enteric nervous system, which may then propagate to the central ner-
vous system (de Castro Fonseca et al., 2026). In Alzheimer’s disease,
alterations in gut microbial composition can increase production of
pro-inflammatory metabolites and lipopolysaccharides, contributing
to systemic inflammation and enhancing amyloid-/$ deposition and
microglial activation, thereby accelerating neurodegeneration (Seo
and Holtzman, 2024).

Similar changes in the gut microbiota, including reduced diversity
and shifts in specific taxa, have been described in multiple cohorts of
ALS patients. Experimental studies in both animal models and patients
further suggest that microbial metabolites can modulate immune
responses, intestinal barrier function, and even central nervous system
inflammation, providing plausible biological links between dysbiosis
and neurodegeneration (Chen et al., 2025; Abou Izzeddine et al.,
2025). However, whether these alterations represent causal contribu-
tors, downstream consequences, or simple correlates of disease
remains unclear. Conversely, neurodegeneration and impaired nutri-
tion may themselves reshape the gut environment, complicating the
interpretation of observed microbiome changes. Given these uncer-
tainties, a comprehensive synthesis of current evidence is needed.

This systematic review evaluates human and preclinical studies
examining the gut microbiota, intestinal and blood-brain barrier
function, microbial metabolism, and immune responses in ALS. We

Gut-Brain Axis

Microbiome
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FIGURE 1

The brain-gut-microbiota axis. The bidirectional communication
between gut microbiota and the central nervous system is maintained
by either immune or metabolic signals via circulation, or by the
enteric nervous system and autonomic nervous system. Microbiome
dysbiosis can disrupt the physiological function of the brain-gut bi-
directional axis (Created in https://BioRender.com).
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aimed to characterise the consistency of reported findings, assess
mechanistic plausibility, and clarify the extent to which dysbiosis may
act as a contributor, consequence, or correlate of ALS pathogenesis.

2 Methods
2.1 Search strategy

A systematic literature search was conducted on 7 February 2026
across PubMed, MEDLINE, Embase, Scopus, Semantic Scholar, and
Google Scholar to identify studies investigating ALS and its relation-
ship with the gastrointestinal microbiome, gut barrier function, and
microbiome-derived metabolites.

The PubMed search used the following query:

(“Amyotrophic Lateral Sclerosis’[Mesh] OR “Motor Neuron
Disease”[Mesh] OR amyotrophic lateral sclerosis[tiab] OR ALS|[tiab]
OR motor neuron disease*[tiab] OR MNDJtiab] OR Lou
Gehrig*[tiab]) AND (“Gastrointestinal Microbiome”[Mesh] OR
microbiota[tiab] OR microbiome([tiab] OR gut microbiome[tiab] OR
gut microbiota[tiab] OR intestinal microbiota[tiab] OR dysbiosis|tiab]
OR gut dysbiosis[tiab]) AND (barrier*[tiab] OR “intestinal
barrier”[tiab] OR “gut-brain axis”[tiab] OR permeability[tiab] OR
“gut permeability”[tiab] OR metabolite*[tiab] OR butyrate[tiab] OR
propionate[tiab]).

Equivalent controlled vocabulary and keyword adaptations were
applied for MEDLINE and Embase, while Semantic Scholar, Google
Scholar, and Scopus were searched using relevant keyword
combinations.

All retrieved records were screened and managed using Rayyan
(Rayyan Systems Inc., Cambridge, MA, United States). No restrictions
on publication date or language were applied during the initial search.
Reference lists of all included articles were also manually screened to
identify additional relevant studies. The search strategy was developed
collaboratively by the authors to ensure broad coverage of the hetero-
geneous microbiome and ALS literature. The complete search strate-
gies for all databases are provided in Supplementary Table 1B. A
formal review protocol was not registered.

As this study involved secondary analysis of published literature,
ethical approval and participant consent were not required.

2.2 Study selection

Study selection followed PRISMA guidelines. After removal of
duplicate records, titles and abstracts were screened independently by
two reviewers (T.R. and D.C.) using the Rayyan systematic review
platform for blinded screening and tagging of inclusion and exclusion
decisions.

Articles deemed potentially eligible proceeded to full-text assess-
ment, which was also conducted independently by the same two
reviewers. Any disagreements at the title/abstract or full-text screen-
ing stages were resolved through discussion and consensus, with a
third reviewer (A.A K.) adjudicating when necessary.

A total of 89 studies underwent full-text assessment, of which 45
studies met the eligibility criteria and were included in the final analy-
sis. The screening and selection process is illustrated in the PRISMA
flow diagram (Figure 2). The inclusion and exclusion criteria used for
study selection are summarised in Table 1.
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TABLE 1 Inclusion and exclusion criteria.

Inclusion criteria

Human participants with ALS or
MND (including presymptomatic

genetic carriers)

10.3389/fnins.2026.1774417

Exclusion criteria

Studies not involving ALS/MND or

where ALS data cannot be separated

ALS-relevant animal models (e.g.,

SOD1-G93A, TDP-43, C9orf72)

Non-ALS animal models and
unrelated neurodegenerative
conditions without ALS-specific

analysis

Studies examining the bacterial gut
microbiome (e.g., 16S rRNA

sequencing, metagenomics, QPCR)

Studies focusing on fungal, viral, or
other non-bacterial microbiota

(mycobiome, virome)

Studies evaluating gut dysbiosis,
gut—brain axis interactions,
intestinal barrier function, or

microbiome-related metabolites

Studies without microbiome, barrier,
immune, metabolic, or ALS-relevant

outcomes

Observational, interventional, or
mechanistic studies in English with

accessible full text

Reviews, commentaries, editorials, or
case reports without primary

microbiome data

2.3 Data extraction and synthesis

Data extraction was performed independently by two reviewers
(T.R. and D.C.) using a structured data extraction framework devel-
oped for this review. The following information was extracted from
each included study:

« Study design and setting.
Study population or animal model.

o Sample size.

o Microbiome analysis methods (e.g., 16S rRNA sequencing,
metagenomics, metabolomics).

« Key microbial taxa or metabolic pathways identified.

« Outcomes related to intestinal barrier integrity, immune signal-
ling, metabolic pathways, or neurodegeneration.

« Major findings relevant to ALS pathophysiology.

Discrepancies in extracted data were resolved through reviewer
discussion, with third-reviewer adjudication (A.A.K.) where neces-
sary. Due to methodological heterogeneity across microbiome stud-
ies, a narrative synthesis approach was used. Findings were grouped
into thematic categories, including microbial dysbiosis, intestinal
barrier dysfunction, metabolic pathways, immune mechanisms, and
genetics/multi-omics studies, and summarised.

2.4 Quality assessment

Methodological quality and risk of bias were assessed indepen-
dently by two reviewers (T.R. and D.C.) using study-design-spe-
cific tools:

« Newcastle-Ottawa Scale (NOS) for observational human studies.
¢ RoB 2 for randomised controlled trials.

« ROBINS-I for non-randomised interventional studies.

« SYRCLE Risk of Bias tool for animal studies.

« STROBE-MR guidelines for Mendelian randomisation studies.
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FIGURE 2

Screening and selection procedure using PRISMA guidelines (Page et al., 2021). For more information, visit www.prismastatement.org.

Disagreements in quality assessment were resolved through dis-
cussion, with A.A.K. acting as a third reviewer where consensus could
not be reached. Detailed quality metrics and individual study assess-
ments are provided in Supplementary Tables 2A-E. All studies meet-
ing the inclusion criteria were retained regardless of risk-of-bias;
however, methodological limitations identified during quality assess-
ment were considered when interpreting the findings.

3 Results

The database search identified 2,397 records, of which 1,493 dupli-
cates were excluded. After screening 904 titles and abstracts, 89 arti-
cles underwent full-text review, and 45 studies met the inclusion
criteria. The included literature comprised human observational stud-
ies, mechanistic rodent studies, and interventional experiments
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evaluating microbiome manipulation. Across studies, substantial het-
erogeneity was observed in cohort size, sequencing methodology (16S
rRNA, metagenomics, qPCR), analytical pipelines, and clinical

phenotyping.

3.1 Patterns of dysbiosis in ALS

Patterns of gut microbial dysbiosis have been reported in both
human ALS cohorts and experimental models. Key findings from
these studies are summarised in Table 2.

ALS animal model studies have revealed that experimentally
induced dysbiosis promotes disease progression (Blacher et al., 2019;
Beraldi et al., 2024; Figueroa-Romero et al., 2019; Kurlawala et al.,
2023; Burberry et al., 2020; Zhang et al., 2017; Zhang et al., 2021; Cox
et al,, 2022). Most human studies reported measurable alterations in
the gut microbiota of people with ALS compared with healthy controls.
Most findings included reduced a-diversity and significant shifts in
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TABLE 2 Patterns of gut microbiome dysbiosis reported in amyotrophic lateral sclerosis (ALS).

10.3389/fnins.2026.1774417

Theme Model Key findings References
Microbial dysbiosis | Human ALS patient cohorts showed reduced microbial a-diversity and altered Niccolai et al. (2021), Rowin et al. (2017),
in patients gut microbiome composition, including changes in the Firmicutes/ Fontdevila et al. (2024), Brenner et al. (2018),
Bacteroidetes ratio. Several studies also reported reduced abundance of Zeng et al. (2020), Zhai et al. (2019), Di Gioia
short-chain fatty acid-producing taxa, including butyrate-producing et al. (2020), Hertzberg et al. (2022),
bacteria. Nicholson et al. (2021), Fang et al. (2016),
Quaranta et al. (2022), Gautam et al. (2025),
and Feng et al. (2024)
Animal microbial Animal (Mouse) Increased a-diversity is noted in the ALS mouse model. Studies focus on Blacher et al. (2019), Beraldi et al. (2024),
dysbiosis variation of the ratio of Firmicutes/Bacteroidetes longitudinally Figueroa-Romero et al. (2019), and Kurlawala
throughout the disease course. et al. (2023)
Induced dysbiosis Animal (Mouse) Experimental depletion or manipulation of gut microbiota in ALS mouse | Blacher et al. (2019), Burberry et al. (2020),
in ALS models correlated with disease progression. Antibiotic treatment and Zhang et al. (2017), Zhang et al. (2021), and
microbiota reconstitution experiments modified neuroinflammatory Cox et al. (2022)
responses and motor disease phenotype.

relative abundance across multiple bacterial taxa. Several studies
report alterations in microbial composition in ALS, including reduc-
tions in the Firmicutes-to-Bacteroidetes ratio (Niccolai et al., 2021;
Rowin et al., 2017; Fang et al., 2016). Similar studies further revealed
increased abundance of taxa such as Bacteroidetes, Odoribacter,
Sporobacter,
Porphyromonadaceae (Zeng et al., 2020). Contradictory results with

Kineothrix, Parabacteroides, and unclassified
unchanged or increased Firmicutes-to-Bacteroidetes ratio are also
reported (Brenner et al., 2018; Zhai et al., 2019). One study compared
ALS subtypes and found a higher proportion of Fusobacteria and

Tenericutes in spinal ALS than in bulbar ALS (Fontdevila et al., 2024).

3.2 Microbial functional pathways and
barrier dysfunction

Several experimental studies have investigated the role of barrier
dysfunction in ALS, particularly focusing on the integrity of the intes-
tinal barrier and the blood-brain barrier. Key findings from these
studies are summarised in Table 3.

Several studies identified correlations between microbial
composition and indices of barrier permeability linked to neuro-
inflammatory pathways. Animal model studies evidenced gut and
blood brain barrier (BBB) dysfunction in ALS mice correlating
with gut dysbiosis (Zhang et al., 2017; Wu et al., 2015; McCourt
et al,, 2026; Zhang et al., 2024; Aragon-Gonzalez et al., 2024). A
study found, in SODI-G93A mice, gut dysbiosis emerges before
overt ALS phenotypes and is accompanied by reductions in
Firmicutes and Escherichia coli, impaired barrier function, and
increased permeability (Wu et al., 2015). One study focusing on
BBB dysfunction showed brain microvascular endothelial-like
cells derived from individuals with C9orf72-linked ALS exhibit
reduced barrier integrity (Gotkine et al., 2020).

3.3 Microbial functional pathways and
metabolic changes

Several studies have examined microbiota-derived metabolic

pathways that may influence ALS pathophysiology. Key findings are
summarised in Table 4.
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Metabolomic data reveal alterations in circulating and faecal
metabolites associated with microbial activity. In ALS, reduced abun-
dance of bacterial genes associated with nicotinamide metabolism,
alongside lower nicotinamide levels in cerebrospinal fluid and serum,
has been reported (Gotkine et al., 2020). In SOD1-G93A mice, colo-
nisation with Akkermansia muciniphila increased nicotinamide con-
centrations in plasma and CSF and improved motor phenotypes and
survival (Blacher et al., 2019). Supplementation with nicotinamide
riboside promoted neurogenesis and reduced mitochondrial accumu-
lation of misfolded SOD1 protein (Zhou et al., 2020).

Several studies in ALS models and human cohorts report reduc-
tions in butyrate-producing bacteria (Fontdevila et al., 2024; Zhang
et al., 2024; Li X. et al., 2022). In motor neuron-like cell models,
butyrate supplementation improved mitochondrial respiratory func-
tion and restored the expression of respiratory chain genes (Li X. et
al,, 2022). In ALS mouse models, butyrate or probiotic supplementa-
tion improved motor function, reduced intestinal and BBB perme-
ability, and lowered inflammatory cytokine expression (Zhang et al.,
2017; Zhang et al., 2024; Ogbu et al., 2022). A recent study con-
ducted in 2025 detected metabolic changes in ALS mouse models
without the presence of measurable dysbiosis with significant
changes in butyrate-producing bacteria (Veyrat-Durebex et
al., 2025).

Similarly, recent studies on people with ALS also highlight dysbio-
sis correlating with a much wider and more complex metabolic net-
work, including medium- and long-chain fatty acids, acylcarnitine
metabolism, and amino acid and glutathione metabolism (Gautam et
al., 2025; Guo et al., 2023; Yan et al., 2024).

3.4 Microbial functional pathways and
immune dysfunction

Immune dysregulation has been widely reported in ALS and may
represent a key mechanism linking systemic inflammation with neu-
rodegeneration. Evidence from human and experimental studies
describing cytokine alterations and microbial endotoxin-mediated
immune activation is summarised in Table 5.

Several studies identify correlations between microbial composi-
tion and host immune markers, including cytokine profiles. Early
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TABLE 3 Evidence linking gut microbiota to barrier dysfunction and disease mechanisms in ALS models.

Mechanism Model Key findings References
Intestinal barrier Animal ALS mouse models showed increased intestinal permeability with disruption of tight Zhang et al. (2017) and Wu et
dysfunction in ALS (Mouse) junction proteins (e.g., ZO-1, E-cadherin) and structural abnormalities of the intestinal al. (2015)
epithelium. These changes were accompanied by intestinal inflammation and evidence of
endotoxin translocation.
Blood-brain barrier Animal Gut microbiota were reported to influence BBB integrity, with alterations in microbial McCourt et al. (2026), Zhang
(BBB) dysfunction in (Mouse) composition associated with changes in BBB tight-junction protein expression. etal. (2024), and Aragon-
ALS Experimental microbiota depletion disrupted the BBB tight-junction structure and Gonzadlez et al. (2024)
increased barrier permeability.
Reverse causality of Animal Gut microbiota alterations were associated with changes in host metabolic and immune Gotkine et al. (2020), Zhang et
Barrier dysfunctionand | (Mouse) pathways influencing ALS progression. Experimental manipulation of the microbiome, al. (2017), and Zhang et al.
ALS including antibiotic treatment and microbial supplementation, modified disease severity, (2024)
neuroinflammation, and motor outcomes in ALS models.
TABLE 4 Microbiota-derived metabolic pathways implicated in ALS.
Mechanism Model Key findings References
Nicotinamide Adenine Human; Microbiota-derived metabolites, including nicotinamide, were reported to Gotkine et al. (2020), Blacher et al. (2019),
Dinucleotide (NAD) Animal support mitochondrial proteostasis and improve mitochondrial function in and Zhou et al. (2020).
metabolism (Mouse) ALS models. These metabolic changes were also associated with enhanced
neuronal survival and increased neurogenesis.
Short-Chain Fatty Acids | Human; Reduced abundance of butyrate-producing gut bacteria has been reported in Fontdevila et al. (2024), Zhang et al.
(SCFAs) (butyrate) Animal ALS and is associated with increased neuroinflammation and metabolic (2017), Zhang et al. (2025), Ogbu et al.
metabolism (Mouse) dysregulation. In experimental models, butyrate supplementation improved (2022), Veyrat-Durebex et al. (2025), Xin
intestinal barrier integrity, mitochondrial function, and survival outcomes. et al. (2024), and Li X. et al. (2022)
Other Microbiota-lipid Human; Human studies reported alterations in bile acids and other lipid metabolites Gautam et al. (2025), Guo et al. (2023),
metabolic axis Animal linked to gut microbiota, indicating disruption of the microbiota-lipid Niccolai et al. (2024), and Christopher et
(Mouse) metabolic axis in ALS. These metabolic changes were associated with altered al. (2025)
plasma lipid profiles and correlated with disease severity.
Microbiota amino-acid Human Human studies reported alterations in microbiota-associated amino-acid Gautam et al. (2025), Guo et al. (2023),
metabolic axis metabolism in ALS, indicating disruption of host energy metabolic pathways. Niccolai et al. (2024), Christopher et al.
Mitochondrial dysfunction was partially improved with butyrate and NAD (2025), and Yan et al. (2024)
precursor supplementation, suggesting links between microbial metabolites
and cellular energy regulation.

dysbiosis in SODI-G93A mice is associated with altered immune
markers in the spinal cord (Figueroa-Romero et al., 2019).
Inflammatory cytokine profiles, including elevated IL-17 and IL-23,
have been observed in ALS serum and cerebrospinal fluid (Rentzos et
al., 2010; Beers et al., 2017; Polverino et al., 2020), consistent with
imbalances between T regulatory (Treg) and T helper 17 (Th17) path-
ways. Several studies demonstrate variations in circulating cytokine
levels related to inflammation (Zhang et al.,, 2025; Polverino et
al.,, 2020).

Elevated plasma lipopolysaccharide (LPS) levels have been
reported in ALS patients without clinical infection which shows
increased intestinal permeability may permit systemic entry of
microbial products (Zhai et al., 2019; Zhang et al., 2009). Chronic
low-dose LPS exposure accelerates motor axon loss and reduces
survival in SOD1-G37R mice (Nguyen et al., 2004). In patients,
increased plasma LPS concentrations correlate with heightened
monocyte and macrophage activation measured several years
later (Zhang et al., 2005).
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Several studies report reduced butyrate-producing bacteria in
people with ALS and animal models which may cause short chain fatty
acid (SCFA) deficiency contributing to heightened inflammatory tone
(Zhai et al., 2019). In SOD1-G37R mice, reduction of butyrate-produc-
ing bacteria leads to spinal microglia cells developing a neuroinflam-
matory phenotype, which preceded the motor dysfunction (Nguyen
etal., 2004).

3.5 Interplay between gut dysbiosis and
disease-related physiological changes
genetics and multi omics studies in gut
microbiome and ALS

Genetic and multi-omics approaches have increasingly been used
to investigate potential causal relationships between the gut microbi-
ome and ALS. Key findings are summarised in Table 6.

Mendelian randomisation analyses identify several bacterial
genera whose genetically predicted abundance is associated with ALS

frontiersin.org


https://doi.org/10.3389/fnins.2026.1774417
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Chakraborty et al.

TABLE 5 Immune and inflammatory mechanisms reported in amyotrophic lateral sclerosis (ALS).

10.3389/fnins.2026.1774417

Mechanism Model Key findings References
Immune regulatory Human Reduced immune regulatory activity has been reported in ALS patients, Rentzos et al. (2010) and Beers et al.
dysfunction including impaired suppressive function of regulatory T cells (Tregs) and (2017)
reduced Treg numbers. This loss of immune regulation was associated with
greater disease severity and faster progression, with Treg suppressive capacity
correlating with clinical outcomes.
Inflammatory cytokines Human Elevated pro-inflammatory cytokines have been reported in ALS patients in both | Niccolai et al. (2021), Rowin et al.
in ALS serum and cerebrospinal fluid, indicating a shift toward a pro-inflammatory (2017), Rentzos et al. (2010),
immune profile. Increased levels of cytokines including IL-6, TNF-a, and other Changging et al. (2025), Polverino et al.
inflammatory mediators were associated with disease progression and (2020), and Limone et al. (2024).
neurodegenerative processes.
Lipopolysaccharide Human; Elevated plasma LPS levels have been reported in ALS, indicating exposure to Zhai et al. (2019), Hertzberg et al.
(LPS)-induced immune Animal microbial endotoxins and activation of innate immune pathways. In (2022), Kim et al. (2022), Zhang et al.
activation (Mouse) experimental models, LPS exposure triggered neuroinflammatory responses and | (2005), Zhang et al. (2009), and
accelerated motor neuron degeneration, supporting a role for microbial products | Nguyen et al. (2004)
in chronic immune activation.
Peripheral and Animal Longitudinal study showed how with disease progression, alteration in gut Figueroa-Romero et al. (2019).
neuroinflammation (Mouse) microbiome correlates with gradual increase in T cells and neutrophils in blood
and phenotypic activation of microglia in the spinal cord.

TABLE 6 Genetic and multi-omics studies examining microbiome—host interactions in amyotrophic lateral sclerosis (ALS).

Mechanism

Mendelian
randomisation:
microbiota-ALS

causality

Model

Key findings

References

Genetic epidemiology;
Human genome-wide
association study

(GWAS)

Mendelian randomisation analyses using GWAS datasets evaluated potential
causal relationships between gut microbiota composition and ALS risk. The
study identified specific bacterial genera whose genetically predicted abundance
was associated with ALS susceptibility, suggesting possible causal effects of

microbial taxa on disease risk.

Changging et al. (2025),
Zhang et al. (2022), and Fu
etal. (2025).

Multi-omics profiling in

ALS

Systems biology; Human

ALS

Integrated multi-omics studies combining genetic, microbiome, metabolomic,

and immune pathway data identified interaction networks linking gut microbial

Crockford et al. (2018),
Wang and Yao (2025), and

impairment.

taxa with host immune and metabolic signalling pathways in ALS. These
analyses reported altered microbial composition, bile acid metabolism, and
faecal metabolite profiles, with microbial-immune interaction modules

associated with inflammatory responses and clinical features such as cognitive

Gong et al. (2023).

risk, but the specific taxa implicated vary across analyses and datasets
(Zhang et al., 2022). Multi-omics studies also report different micro-
bial taxa and metabolic pathways associated with ALS, including
alterations in bile acid metabolism, faecal metabolite profiles, and
immune signalling networks (Wang and Yao, 2025; Gong et al., 2023).
Some studies emphasize links between microbial composition and
host immune pathways, while others highlight metabolic alterations
or associations with clinical features such as cognitive impairment
(Crockford et al., 2018; Gong et al., 2023).

4 Discussion

In this systematic review, we have shown how a growing body
of evidence suggests that gut microbiome alterations may influence
multiple biological systems relevant to ALS pathogenesis. Most
studies show reduced microbial a-diversity and reduced Firmicutes/
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Bacteroidetes ratio; however, contradictions in literature findings
are evident. No studies shed light on how the microbiome composi-
tion varies with disease progression. Accumulating evidence within
and outside the realms of ALS suggests that neurodegenerative pro-
cesses may actively remodel gut ecology, complicating efforts to
identify patterns of dysbiosis as a cause of correlation. Mechanisms
associated with disease progression such as impaired chewing and
swallowing, dysphagia, and reduced dietary intake alter nutrient
delivery to the gut, favouring overgrowth of specific taxa and
reshaping the gut microbial environment. Also, variation in study
findings may redundant reflect methodological and environmental
heterogeneity. Diet is a strong determinant of microbial composi-
tion (Schulze et al., 2018), and nutritional compromise due to dys-
phagia, gastrostomy dependence, or reduced appetite may
exacerbate dysbiosis in ALS (Gotkine et al., 2020; Ngo et al., 2017;
Marchesi et al., 2022). Age-related microbial changes, now recog-
nised as a hallmark of ageing, further complicate interpretation
(Marchesi et al., 2022).
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As current literature suggests, rather than acting through a single
pathway, dysbiosis appears to affect a constellation of interconnected
processes, including epithelial barrier integrity, metabolic homeosta-
sis, and immune regulation, each of which can contribute to neuronal
vulnerability.

4.1 Changes in barriers

Disruption of epithelial and endothelial barriers has been pro-
posed as a contributor to the multisystem manifestations of ALS
(Gotkine et al., 2020; Zhang et al., 2017; Wu et al., 2015; McCourt et
al., 2026; Zhang et al., 2024; Aragén-Gonzalez et al., 2024). The intes-
tinal mucosal barrier and the BBB regulate the movement of metabo-
lites, microbial products, and immune mediators between
compartments. Alterations in either barrier could, in principle, influ-
ence systemic inflammation and central nervous system vulnerability,
although the temporal sequence and causal relevance remain uncer-
tain. Barrier dysfunction remains a key hypothesis across other neu-
rodegenerative diseases as well (de Castro Fonseca et al., 2026; Seo and
Holtzman, 2024).

Commensal microbiota help maintain epithelial integrity by pro-
moting the expression and organisation of tight junction proteins.
Experimental studies show that LPS, produced by gram-negative bac-
teria, disrupts tight junction proteins and increases intestinal perme-
ability (Guo et al., 2015). However, direct evidence in humans remains
limited. Few studies have assessed intestinal permeability in early or
pre-symptomatic ALS, and none has demonstrated a clear temporal
link between epithelial dysfunction and subsequent neurodegenera-
tion (Wu et al., 2015). Constipation, reported in approximately one-
third of people with ALS, is associated with altered microbial
composition and has been shown experimentally to induce dysbiosis
and increased gut permeability (Yamamoto et al., 2024; Lin et al,,
2021). Whether alterations in gut barrier integrity represent early
pathophysiological events or secondary consequences of dysmotility,
metabolic disturbance, or systemic inflammation remains unresolved.

BBB impairment has also been described in ALS model organisms
(McCourt et al.,, 2026; Zhang et al., 2024; Aragén-Gonzalez et al.,
2024). Exposure to inflammatory cytokines downregulates tight junc-
tion proteins in astrocytes and endothelial cells in both human and
mouse BBB models (Braniste et al., 2014). These findings are consis-
tent with an established role for neuroinflammation in ALS and raise
the possibility that systemic immune activation may exacerbate endo-
thelial vulnerability. Nonetheless, no studies have demonstrated that
BBB disruption precedes intestinal changes or initiates microbiome-
driven pathology. The directionality of BBB dysfunction, whether it
contributes to, or arises from, central neuroinflammatory processes,
remains uncertain.

4.2 Metabolic changes

Motor neurons exhibit exceptionally high energy demands,
making them vulnerable to disturbances in mitochondrial function,
oxidative stress, and systemic metabolic imbalance (Rooks and
Garrett, 2016; Ahmed et al,, 2022). As suggested by our systematic
review, multiple pieces of evidence suggest that microbial metabolites
may intersect with these metabolic pathways.

Bacterial species expressing nicotinamidase (PncA) can convert
nicotinamide into nicotinic acid, thereby influencing host NAD* bio-
synthesis (Chellappa et al., 2022; Lautrup et al., 2019). Studies suggest
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that NAD* metabolism may lie at the intersection of microbial and
neuronal metabolic pathways; however, the contribution of microbi-
ome-derived NAD* precursors to human ALS pathophysiology
remains uncertain (Gotkine et al., 2020; de Castro Fonseca et al., 2026;
Seo and Holtzman, 2024; Blacher et al., 2019; Zhang et al., 2025).
Additional metabolic pathways involving NAD" synthesis and utilisa-
tion in ALS continue to be explored (Lautrup et al., 2019).

On the other hand, butyrate is a key microbial metabolite produced
by fermentation of dietary fibre, serving as a major energy source for
enterocytes and contributing to epithelial health (Louis and Flint, 2017;
Hodgkinson et al., 2023; Siddiqui and Cresci, 2021; Mayorga-Ramos et
al,, 2022; Koh et al., 2016). These studies support a mechanistic link
between SCFA deficiency, mitochondrial stress, and neuroinflammation
(Fontdevila et al., 2024; Zhang et al., 2017; Zhang et al., 2025; Ogbu et
al., 2022; Veyrat-Durebex et al,, 2025; Xin et al., 2024; Li X. et al., 2022).
Studies also suggest that butyrate can maintain the blood-brain barrier
and support neuronal energy homeostasis (Braniste et al., 2014; Bourassa
et al., 2016). However, butyrate’s cell-specific effects remain complex;
microglial responses to SCFAs differ markedly between primary microg-
lia and established cell lines (Huuskonen et al., 2004). Moreover, people
with ALS may show impaired butyrate metabolism even without obvi-
ous microbial depletion (Hertzberg et al., 2022), suggesting additional
host metabolic determinants. SCFA deficiency has also been proposed
as a potentially mechanistic link between dysbiosis and other neurode-
generative diseases, including Alzheimer’s disease and Parkinson’s dis-
ease (de Castro Fonseca et al., 2026; Seo and Holtzman, 2024).

Metabolic disturbances intrinsic to ALS may alter microbial ecol-
ogy independently of direct microbiome effects. Oxidative stress, a
hallmark of ALS, can drive shifts in microbial composition, including
reductions in Lactobacillus (Pefia-Cearra et al., 2023). Such findings
raise the possibility that dysbiosis may arise downstream of systemic
metabolic dysfunction rather than initiating it. Additionally, meta-
bolic alterations may in turn modify nutrient availability in the gut,
further influencing microbial composition. Although nicotinamide
riboside and nicotinamide supplementation show beneficial effects in
models, these results do not clarify whether metabolic deficits are pri-
mary events or emerge in parallel with dysbiosis.

Overall experimental evidence supports the plausibility of micro-
biome-metabolism interactions influencing mitochondrial function,
oxidative stress, and inflammatory signalling. Nonetheless, human
data remain limited, and causality cannot be inferred. Whether dys-
biosis drives metabolic impairment, metabolic dysfunction shapes the
microbiome, or both processes evolve in parallel across disease pro-
gression remains unresolved.

4.3 Inflammatory changes

Various studies observe activation of inflammation pathways
and reduction in immune-regulatory pathways correlating with dys-
biosis and ALS severity (Niccolai et al., 2021; Rowin et al., 2017;
Zhai et al., 2019; Hertzberg et al., 2022; Figueroa-Romero et al.,
2019; Rentzos et al., 2010; Beers et al., 2017; Changqing et al., 2025;
Polverino et al., 2020; Limone et al., 2024; Kim et al., 2022; Zhang
etal., 2005; Zhang et al., 2009; Nguyen et al., 2004). They principally
put forward two hypotheses via which microbiome can directly
cause ALS pathogenesis. LPS, a structural component of gram-neg-
ative bacteria, is a potent activator of macrophages and other
immune cells (Bertani and Ruiz, 2018; Weinstein et al., 1992). LPS
abundance systemically through permeable gut barriers link
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between gut-derived immune activation and ALS-related neuroin-
flammation (Zhai et al., 2019; Zhang et al., 2009; Guo et al., 2015).
Another hypothesis suggests the role of SCFAs, particularly butyr-
ate, which have anti-inflammatory functions and influence microg-
lial phenotype (Huuskonen et al., 2004; Zhang et al., 2016). Butyrate
inhibits histone deacetylase activity, promoting a shift toward a
protective microglial state (Silva et al., 2020; Caetano-Silva et al.,
2023). Reduced butyrate-producing bacteria are noted in people
with ALS, as indicated in various studies. Nonetheless, not all early-
stage ALS cohorts exhibit SCFA abnormalities despite clear dysbio-
sis indicating that microbial alterations, immune changes, and
metabolic consequences may not occur synchronously (Fontdevila
etal., 2024).

Although dysbiosis may contribute to immune activation, neu-
roinflammation itself can remodel the gut environment. Spinal
nerve injury causes dysbiosis within one week, and traumatic brain
injury leads to rapid and substantial microbiome shifts (Li J. et al.,
2022; Taraskina et al., 2022). These findings from non-ALS models
highlight the plausibility that neuroinflammatory processes intrinsic
to ALS could secondarily alter microbial composition. Variability in
glial responses to SCFAs in different age groups and cellular con-
texts further complicates attempts to map linear causal pathways
(Seo et al., 2023). Additionally, most SCFA measurements in ALS
have been performed using serum or saliva, which reflect post-
hepatic metabolism rather than direct microbial production (Liu et
al., 2023; Chen et al., 2022; Cummings et al., 1987). Stool SCFA
measurements may better represent gut physiology (Primec et al.,
2017), though they are influenced by intestinal absorption rates.
Also, peripheral immune signatures in ALS are noted to be hetero-
geneous. This complexity underscores the difficulty of determining
whether microbial dysbiosis is an upstream trigger, a downstream
consequence, or a parallel manifestation of systemic immune
dysfunction.

Experimental and human studies collectively support the plausi-
bility that gut-derived immune signals, including LPS and SCFA path-
ways, intersect with central and peripheral inflammation in
ALS. However, the predominance of cross-sectional designs, hetero-
geneity of immune readouts, and evidence that CNS injury itself can
induce dysbiosis all argue against simplistic causal models. At present,
inflammatory changes should be viewed as part of a bidirectional net-
work linking gut, immune system, and CNS, rather than a unidirec-
tional pathway originating from the microbiota. Longitudinal and
mechanistic studies will be essential to defining the temporal relation-
ships amongst dysbiosis, immune activation, and neurodegeneration.
Similar to ALS, researchers in other neurodegenerative diseases also
put forward this hypothesis, although they also stress how not just
indirect immune activation but rather direct CNS infection from the
microbiome can promote misfolded protein aggregation and subse-
quent neurodegeneration (Seo and Holtzman, 2024).

4.4 Summary

Taken together, the collective evidence from clinical studies,
mechanistic models, and microbiome analyses suggests that gut-
brain interactions in ALS arise from a complex and dynamic inter-
play rather than a single causal pathway. Dysbiosis is consistently
observed across human cohorts, yet the timing and functional
consequences of these microbial alterations remain uncertain.
Within this framework, the mechanisms identified in this review,
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barrier dysfunction, metabolic disturbance, and inflammatory acti-
vation, represent convergent pathways through which dysbiosis
may interact with, but not necessarily initiate, ALS pathobiology
(Figure 3).

5 Limitations

This review has several limitations that reflect the current state of
research on the gut-brain axis in ALS. First, substantial inter-individ-
ual variability in gut microbial composition complicates attempts to
define a normative baseline. The microbiome is influenced by age,
diet, geography, medication use, and host genetics, and only a minor-
ity of bacterial taxa are shared across individuals (Seo and Holtzman,
2024). As a result, deviations attributed to ALS may overlap with natu-
ral population-level variability, limiting the specificity of reported
associations.

Second, methodological heterogeneity across studies constrains
comparability. The included literature spans multiple sequencing plat-
forms (16S rRNA, metagenomics, and gPCR), variable sampling strat-
egies, inconsistent analytical pipelines, and heterogeneous clinical
characterisation (Tegegne and Savidge, 2025). Functional inferences
from 16S rRNA datasets remain limited, and metagenomic and
metabolomic approaches, although more informative, were applied in
relatively few studies. These disparities introduce potential technical
confounding and make synthesis of microbial signatures challenging.

Third, much of the mechanistic evidence derives from animal
models. Although informative, models such as SOD1 and TDP-43
mice differ from human ALS in genetics, disease trajectory, and
microbial ecology. Germ-free and antibiotic-treated animals provide
insights into causality but do so within artificial or perturbed micro-
bial environments that may not reflect human physiology (Bhadoriya
et al., 2025). Extrapolation to human disease must therefore be made
with caution.

Fourth, most human studies were cross-sectional and involved
small sample sizes. Few assessed pre-symptomatic individuals or
incorporated longitudinal sampling, limiting the ability to determine
temporal relationships between dysbiosis and disease onset or pro-
gression. The absence of standardised dietary assessment, medication
control, and metabolic profiling further constrains interpretation.

Finally, this review focused primarily on the bacterial microbi-
ome, which dominates current research. Other constituents of the gut
ecosystem, including viruses, fungi, archaea, and protozoa, remain
poorly characterised, in part because most taxa lack reference
genomes and robust annotation. Their potential roles in gut-brain
communication and ALS pathobiology therefore remain largely
unexplored.

Together, these limitations highlight the need for coordinated,
longitudinal, multi-omics studies using rigorous clinical phenotyping
and harmonised analytical frameworks to clarify the causal relevance
of the gut microbiome in ALS.

6 Future directions

Future research should prioritise clarifying the temporal and mecha-
nistic relationships between microbial alterations and ALS pathobiology.
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Reviewing the causative hypothesis of gut dysbiosis in ALS. The flowchart shows dysbiosis as both the cause and consequence of ALS. The disease
onset and underlying ageing, metabolic, and immune changes lead to dysbiosis, which further exacerbates the disease progression. Similarly, dysbiosis
can also trigger the onset of disease processes via barrier disruption and metabolic and immune signal dysfunctions.

Longitudinal studies in both isolated and genetic cohorts, particularly in
pre-symptomatic individuals, are essential to determine whether dysbio-
sis precedes clinical onset or emerges alongside early neuromuscular,
autonomic, or metabolic disturbances (Smith et al., 2024; Buck et al.,
2022). Integration of microbiome profiling with established and emerg-
ing biomarkers, including neurofilament light chain and digital pheno-
typing, may enable identification of early microbial signatures with
predictive value (Ashton et al., 2021; Bjornevik et al., 2021).

Second, mechanistic studies should adopt multi-omics approaches
that combine metagenomics, metabolomics, host transcriptomics, and
immune profiling. Such frameworks are needed to disentangle micro-
bial composition from microbial function and to identify specific
metabolites or pathways that modulate neuronal vulnerability, glial
activation, or barrier integrity. Parallel investigations in human tissues
and physiologically relevant models, including organoids, induced
pluripotent stem cell-derived systems, and refined ALS mouse
models, will be critical for mapping causal pathways (Pre-fALS (Pre-
symptomatic Familial ALS)|ALS Center, n.d.; ACORN study, n.d.).

Third, interventional studies merit careful development. Although
preclinical data suggest microbiome-targeted therapies, such as
dietary modulation, probiotics, prebiotics, short-chain fatty acid sup-
plementation, or faecal microbiota transplantation, may influence
disease-relevant pathways, clinical translation requires rigorous safety
evaluation, stratified study designs, and mechanistic endpoints. Trials
may need to incorporate patient stratification based on metabolic
status, gut motility, immune phenotype, or microbial composition to
identify subgroups most likely to benefit (Braniste et al.,, 2014;
Luczynski et al., 2016).

Finally, broadening the scope of microbial investigation beyond
bacteria to include the virome, mycobiome, and archaeome may reveal
additional components of gut-brain communication. As analytic tools
mature, integrated modelling of host-microbe networks may uncover
novel therapeutic targets and refine our understanding of ALS as a mul-
tisystem disorder in which peripheral and central biological processes
converge.
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7 Conclusion

Current evidence indicates that the gut microbiome in ALS is
altered in composition and function, with recurrent disturbances in
metabolic, immune, and barrier-related pathways. Experimental stud-
ies show that microbial communities and their metabolites can influ-
ence processes relevant to ALS pathogenesis, but human data remain
predominantly cross-sectional and insufficient to establish causality.
Dysbiosis may contribute to, accompany, or result from neurodegen-
eration, gastrointestinal dysfunction, and systemic metabolic stress,
underscoring a bidirectional and dynamic interaction between gut
and central nervous system. Clarifying these relationships will require
longitudinal, mechanistic, and interventional studies integrating
microbial, immune, metabolic, and clinical phenotyping. Until such
evidence emerges, the microbiome should be considered an important
but not yet definitive component of ALS pathobiology, with potential
therapeutic relevance that warrants rigorous investigation.
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