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Examining the complex Interplay
between gut microbiota abundance
and short-chain fatty acid
production in amyotrophic lateral
sclerosis patients shortly after
onset of disease
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This study aimed to assess differences in the enteral microbiome of relatively recent-onset
amyotrophic lateral sclerosis (ALS) patients (< 6-15 months since symptom onset) compared to
healthy individuals, focusing on short-chain fatty acids (SCFAs) as potential mediators of host
metabolism. We included 28 volunteers (16 ALS, 12 controls) with informed consent. No significant
effect of ALS on alpha diversity (measuring the variety and abundance of species within a single
sample, and indicating the health and complexity of the microbiome) was observed, but ALS patients
had higher abundances of Fusobacteria and Acidobacteria. ALS subtypes influenced specific species,
with increased Fusobacteria and Tenericutes in spinal ALS compared to bulbar ALS. ALS patients
showed increased Enterobacter, Clostridium, Veillonella, Dialister, Turicibacter, and Acidaminococcus
species and decreased Prevotella, Lactobacillus, and Butyricimonas. Correlations between species
varied between ALS patients and healthy individuals and among ALS subtypes. No significant
differences in SCFA concentrations were found, but spinal ALS samples showed a trend towards
decreased propionate content. Relationships between SCFAs and phyla colonization differed by
disease status. This study suggests distinct enteral microbiome characteristics in ALS patients, though
the implications are unclear. Further research is needed to determine if these differences are causative
or consequential and to explore their potential as diagnostic or therapeutic targets. The study also
underscores the heterogeneity of microbiome constraints in ALS and the need for more research into
ALS and SCFA metabolism.
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Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disease characterized by the progressive
degeneration of upper and lower motor neurons'. Based on its history, it could be classified into sporadic and
familial types?. Despite its historical classification as a motor neuron-centric disorder, the clinical spectrum of
ALS encompasses considerable heterogeneity, manifesting in diverse phenotypes and disease trajectories among
affected individuals®. This clinical diversity underscores the complex interplay of genetic, environmental, and
stochastic factors contributing to ALS pathogenesis, necessitating a nuanced understanding of its underlying
mechanisms?.

Recent investigations have expanded the traditional paradigm of ALS pathophysiology to include non-
motor manifestations and systemic dysregulation, implicating broader physiological networks beyond the
motor system>°. Notably, emerging evidence highlights the gut microbiome as a potential modulator of ALS
heterogeneity, offering insights into the multifaceted interactions between microbial communities and host
physiology”®. The gut-brain axis, a bidirectional communication pathway linking the enteric nervous system
with the central nervous system, serves as a conduit for microbial metabolites, immune signals, and neural
modulation, exerting profound influences on neurological health®!°.

Studies exploring the gut microbiome in ALS have revealed alterations in microbial composition and function,
with notable distinctions observed among patient subgroups exhibiting divergent clinical phenotypes!!~!%. This
clinical heterogeneity raises intriguing questions about the differential microbial signatures associated with
distinct ALS subtypes and their implications for disease progression. Preclinical models and clinical cohorts have
provided compelling evidence linking gut dysbiosis to ALS pathogenesis, highlighting the potential role of the
microbiome in shaping clinical outcomes and therapeutic responses!*!>. However, elucidating the mechanistic
underpinnings of microbiome-host interactions in ALS heterogeneity remains a paramount challenge,
necessitating integrated approaches encompassing clinical, preclinical, and translational investigations.
Amongst the potential modulators of the host-microbiome relationship, short-chain fatty acids (SCFAs) play a
pivotal role as critical metabolites in mediating microbiome-host interactions along the gut-brain axis, thereby
exerting profound influences on neurological health!®. Produced through the fermentation of dietary fibers by
commensal bacteria in the gut, SCFAs, including acetate, propionate, and butyrate, serve as crucial signaling
molecules that modulate various aspects of host physiology. These bioactive compounds exhibit diverse
effects on immune regulation, energy metabolism, intestinal barrier integrity, and neurotransmitter synthesis,
thereby influencing central nervous system function and neuroinflammatory processes'”!8. Furthermore,
SCFAs contribute to maintaining gut homeostasis by promoting the differentiation of regulatory T cells and
enhancing mucosal barrier function, thus mitigating the risk of systemic inflammation and neurodegenerative
pathology®19-2!Given their multifaceted roles in gut-brain communication, SCFAs represent promising targets
for therapeutic interventions aimed at modulating microbiome composition and ameliorating neurological
disorders such as ALS. SCFA concentrations have been measured in previous studies, showing mainly no major
differences in a pilot study?'and differences between ALS patients and controls not reaching statistic in another,
more ample, study?2.

To help the clarification of host-response relationships in ALS, in the present work, we have evaluated
the potential relationship between microbiome-derived constraints, including the three significant SCFAs, in
a pilot case-control study of an ALS cohort, scored by a neurologist, in the first six to fifteen months after
beginning of symptoms. The results support the potential relationship between previously invoked genera (such
as Enterobacter and Acidobacter) but do not reproduce other findings by ALS researchers”!?>23, supporting the
role of individual differences in host-response relationships and the need for further studies accounting not only
for bacterial abundances but also for enteral metabolomic analyses.

Materials and methods

Case and Control Samples Information

Stool samples were collected from ALS patients and healthy controls. Twenty-eight stool samples comprised 12
controls and 16 ALS patients (11 spinal and five bulbar). All employed samples were from cases where symptom
onset was relatively recent (<6 months from symptoms beginning in the case of bulbar patients, <15 months
in the spinal cases for slow progression, and < 12 months in the case of fast progression). All cases and controls
had been antibiotic-free for over two months. Clinical data of controls and cases, as well as the sources of stool
samples, are presented in Table 1, including Disease Duration (DoD), defined as the entire duration of the disease,
from debut to the end. We only included cases that after follow-up confirmed the ALS diagnosis, including those
with El Escorial Criteria possible or missing in the moment of sample collection. Cases with other neurological
pathologies were excluded. Additionally, exclusion criteria ruled out cases with gastrointestinal diseases or those
treated with drugs (such as antibiotics) that could alter nutritional balance and affect intestinal microbiota. Of
note, patients with bulbar ALS exhibited disphagia under neurologist examination. The twelve healthy controls,
who could be spouses or close relatives of diagnosed cases, were recruited to minimize the effects of different
lifestyles and diets. Participants were from various cities or towns within the same territorial region (Barcelona
urban area) and had similar living conditions and diets under dietary examination by a licensed nutritionist.
The patients did not exhibit familial history of ALS and known-pathogenic mutations in the SOD1 and C9orf72
expansions were excluded by sequencing. The study followed the guidelines of Spanish legislation on this matter
and the approval of the local ethics committee of Bellvitge University Hospital, with the code PR100/24.

Sample obtention and storage
The participants were instructed to froze the samples within 15 min after defecation and to store it for up to 3
days in the home freezer (-20 °C) before the neurologist visit. The sample was transported in a thermal bag to
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Characteristics ALS total group (n=16) Control group (n=12) | p-value
Spinal ALS (n=11) | Bulbar ALS (n=5)

Age (years) 64,59 +10,52 66,6+9,84 67,6+7,16 0.14*

Sex

Male 54,54% 40% 44,44% o1

Female 45,45% 60% 55,55%

Family history

Yes 0% 0% -

No 100% 100% -

Duration of Disease (months)! 65,63 +38 42,6 +24,93 - 0.23¢

ALS Functional Rating Scale-Revised | 27+11,80 36+8,18 - 0.14¢

El Escorial criteria

Definite 9% 40% -

Probable 27% 20% -

Probable, lab supported 0% 40% - <0,0001°

Possible 36% 0% -

Missing 27% 0% -

Table 1. Demographic and clinical characteristics of the study participants. 'For age, Duration of Disease, and
ALS-FR data shown is mean + SD. Duration of Disease refers to entire duration of pathology (i.e. from debut to
end). Test employed for evaluating differences: "ANOVA, bFisher’s exact test, “Unpaired t test.

the laboratory, where it was frozen at -80 °C until DNA extraction, which was performed within three months,
according guidelines by Choo et al.?%.

DNA extraction and 16 S rRNA gene sequencing

Following the manufacturer’s protocol, it was performed using the QIAamp DNA Stool Mini Kit (Qiagen
Cat.#51540). Stool samples ranging from 180 to 220 mg were utilized to attain the desired DNA concentration
of 20-200 ng/uL.

The DNA concentration was measured on the Nanodrop at 260 nm (ND-1000 UV/Vis Spectrophotometer,
Nanodrop Technologies). A metagenomic study analyzed the V3 and V4 regions of the prokaryotic 16 S ribosomal
RNA gene (16 S rRNA gene) in DNA extracted from frozen human stools using the QIAamp DNA mini stool
kit following manufacturer instructions. V3 and V4 regions were amplified using a limited cycle PCR, and
Ilumina sequencing adapters and dual index barcodes were added to the amplicon target. The 16 S rRNA gene
V3 and V4 region gene-specific sequences were selected from Klindworth et al.>° as the most promising bacterial
primer pair. Illumina adapter overhang nucleotide sequences were added to the gene-specific sequences. Using
paired 250 bp reads and MiSeq v2 reagents, the ends of each read were overlapped to generate high-quality, full-
length reads of the V3 and V4 region in a single 40 h run. The MiSeq run output is approximately 15 million
reads, and assuming 96 indexed samples can generate > 100,000 reads per sample, it is commonly recognized as
sufficient for metagenomic surveys. The Metagenomics Workflow performed a taxonomic classification using
the Greengenes database. Next-generation sequencing with an Illumina MiSeq System was outsourced at the
Servei de Genomica i Bioinformatica of Universitat Autonoma de Barcelona (https://www.uab.cat/ca/servei-
genomica). We then obtained clusters of sequences that have identity higher than 97%, termed operational
taxonomic units (OTUs)?®. OTU is a term used in microbiome research to categorize bacteria based on their
genetic sequence similarity, allowing to identify and quantify the different types of microorganisms present in a
sample without needing to name each species individually. The abundance of these OTUs was quantified using
raw counts and presented in supplemental datasets in.

https://figshare.com/articles/dataset/Supplemental_dataset/26292994.

Short-chain fatty acid analysis by high-performance liquid chromatography (HPLC)

SCFA concentrations were analyzed in fecal samples from ALS patients and healthy controls using HPLC following
the protocol”’. Twelve SCFAs were examined, and for its calibration, we employed a 200mmol/L concentration in
a 50% methanol and 50% H2O solution. Derivatization reagents, including phosphoric acid, pyridine, potassium
hydroxide, N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide, and 2-nitrophenylhydrazine, were prepared as
indicated. Liquid chromatography’s mobile phase comprised acetonitrile, methanol, and MilliQ water in a 0:16:54
ratio (1 L), pH adjusted to 4.5 with 0.1 M trifluoroacetic acid. The method was optimized via derivatization to
ensure standards appeared at specific retention times. Eleven glass tubes, one per standard, received 150uL of
each standard and reagents, incubated at 60 °C for 20 min, then cooled. Tubes were centrifuged, and the upper
ether phase was transferred to a new tube, mixed with water, centrifuged, and moved to an Eppendorf tube for
evaporation. Methanol was added, mixed, and transferred for HPLC analysis, employing an Agilent 1100 LC
chromatograph (Santa Clara, CA, USA) instrument with a C18 column (YMC-Pack FA 250 X 6 mm ID column
YMC, Kyoto, Japan). The column temperature was set at 50 °C with a flow rate of 1.1mL/min. UV detection was
employed, with the detector set at a wavelength of 400 nm. Calibration curves were made from serial standard
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dilutions analysed by HPLC for peak areas. R2 of the linear relationship between values was ~0.99. Faecal SCFAs
in ALS and control samples were analysed post-dilution of the sample (0.2-0.5 g) in 5mL 70% ethanol and
centrifugation at 2,500 rpm for 10 min. 150uL of diluted faecal sample in ethanol was prepared per sample for
derivatization and liquid chromatography analysis. MicroM concentrations were calculated using calibration
curves. We focused mainly on acetic, propionic, and butyric acids, constituting 95% of all SCFAs in a 60:20:20
ratio, respectively.

Data and statistical analysis

OTUs (raw counts or percentages over total), as well as other variables (age, DoD, SCFA concentration),
were analysed employing the GraphPad Prism 10 for Windows (v10.2.3(403)), the IBM SPSS suite (v27) or
the MicrobiomeAnalyst V2 platform?. Briefly, in this later case, OTU abundances (in raw counts) were
uploaded onto the platform, employing the GreengenesID as OTU annotation. We used total sum scaling in
case of techniques requiring data scaling (e.g., correlational analyses). For phylum abundances, we tested if
they followed a normal distribution employing the Kolmogorov-Smirnov test, which was the case for the most
abundant phylae (> 10% abundance).

Results

Regarding the microbiome analyses, in the case of the genus, we detected a total of 628 different OTUs, with
492 showing more than two counts. Samples had an average count of 259,668 (72640 to 1162697 counts). We
employed both a low count filter (4 counts in 20% samples) for excluding less abundant OTUs -resulting in 206
OTUs dismissed-and a low variance filter (10% of interquartile range) to exclude those OTUs close to being
constant throughout ALS vs. control (Ctl) (or ALS subtypes) conditions and were unlikely to be associated with
the conditions under study -resulting in 29 OT'Us with low variance-.

Despite the sparse partial least squares discriminant analysis (Fig. 1A), suggesting the clustering of enteral
microbiomes according to ALS diagnosis, the metagenome analyses did not reveal a significant effect of ALS
status (nor ALS subtypes) on any measured index of alpha-diversity (Fig. 1B). At the species level, amongst
1334 species detected, ALS in the present study was associated with an increased abundance of several
Enterobacter members and specific Clostridium, Veillonella, Dialister, Turicibacter, and Acidaminococcus species
(Fig. 1C), with other species not reaching statistical significance (supplemental datasets are provided for further
analyses). In addition, ALS patients exhibited a significantly decreased abundance of Prevotella, Lactobacillus,
and Butyricimonas (Fig. 1C). In addition, when evaluating the phylum distribution, we found that ALS
patients had significantly higher Fusobacteria and Acidobacteria abundances, though they were quantitatively
minor (Fig. 1D). Indeed, ALS subtypes had differential abundances of specific species, such as increased
Fusobacteria and Tenericutes abundances in spinal ALS compared to bulbar ALS (Fig. 1D). Indeed, reinforcing
the heterogeneity of microbiome constraints in ALS, correlations between phyla were different between ALS
patients and healthy individuals (Fig. 1E). For example, in controls, ALS was associated with a loss in the age-
Firmicutes correlation. In addition, the abundance of Synergistetes was related to many different species in ALS
patients but not in controls. Furthermore, the duration of bulbar ALS correlates significantly with the abundance
of the Deferribacteres phylum. Of note, correlations between different species also differed between different ALS
subtypes, with spinal ALS showing fewer inter-phylum relationships than bulbar ALS (Fig. 1F). Reinforcing the
relevance of microbiome, several phylae correlated significantly with ALS-FR (Supplemental Fig. 1).

Based on these previous findings, we evaluated their concentrations in the same samples since some of the
differential bacteria produce a significant amount of SCFA. We did not find significant differences in any SCFA
concentration in fecal matter related to ALS status or subtypes. However, samples from the spinal ALS subtype
had a tendency (p <0.06) for decreased propionate content in comparison to healthy counterparts (Fig. 2A). In
line with ALS interacting with SCFA metabolism, relationships between specific SCFA and phyla colonization
show different profiles depending on disease status (Fig. 2B). Thus, we found that butyrate levels differed
from the other SCFA measured. For instance, in bulbar ALS (but not in spinal ALS or control individuals),
the abundance of Verrucomicrobia correlated significantly with acetic and propionic acid levels but not with
butyric acid concentration. Similarly, butyrate was correlated with Chloroflexi amount in both ALS types but
not in healthy individuals. When evaluating the Genus level, we found strong correlations between Eggerthella,
Bifidobacterium, and Sphingomonas abundances and SCFA concentrations (Fig. 2C), with negative relationships
with Oribacterium and Blautia abundances in ALS (Fig. 2C).

Discussion

Our data provides a detailed analysis of a pilot study of ALS patients’ microbiome composition and SCFA levels
within six to fifteen months of symptom onset. No significant impact of ALS or its subtypes on general (i.e.,
alpha) diversity was observed among the analyzed population. Alpha diversity is a measure used microbiome
research to assess the variety of species within a specific sample, considering both the number of different species
(richness) and their relative abundance (evenness). Higher alpha diversity typically indicates a more resilient
and stable ecosysteng. However, distinct alterations at several taxonomic levels were noted, such as elevated
Fusobacteria and Acidobacteria abundances in ALS. Dysbiosis can be defined as an imbalance or alteration
in the composition and function of the microbiota, often associated with various diseases and influenced by
factors such as diet, stress, and antibiotics?*3°. Given the absence of significant differences in diversity and
SCFA concentrations in our study, we cannot conclusively state that the ALS patients analyzed exhibited bona
fide dysbiosis at the time of analysis. However, the observed differences in specific microbial species and some
changes in the SCFA-OTUs relationship suggest potential microbiome variations in ALS, which might contribute
to the clinical variability observed in these patients.
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Fig. 1. At the diagnostic stage, ALS is associated with changes in the enteral microbiome. (A) Sparse partial
least squares-discriminant analyses showing differences in genus abundance between patients with ALS and
healthy individuals. (B) Alpha diversity indices of the participants’ microbiome considering species abundance.
(C) The abundance of the selected species is significantly affected by ALS status. (D) Phylum abundance in

the studied groups showed a significantly increased Firmicutes and decreased abundance of Bacteroidetes in
patients with ALS, without changes between spinal ALS and bulbar ALS subtypes. Chord diagram showing
relationships (ribbons expressing significant correlations) between phylum abundances, affected by both ALS
status (E) and ALS subtypes (F). In (B), Shannon Index increases as both the richness and the evenness of

the community increase, providing a comprehensive measure of diversity. Also in (B) Simpson also increases
with diversity, ranging from 0 to 1, where a higher value indicates greater diversity. In (C), all indicated species
showed a significant difference (FDR corrected p <0.05 after EdgeR test) between control (Ctl) and ALS
patients. In (D), asterisks indicate p < 0.05 after Student’s t-test. For E and F, Spearman correlations between
shown variables were calculated, and those showing significance (p < 0.05) were plotted as ribbon-connecting
segments.

Interestingly, despite no significant differences in SCFA levels based on ALS status, we found a trend
towards reduced propionate content in spinal ALS, reinforcing the need for further studies involving microbial
metabolites at the early stages of this disease. The fact that we found this difference in spinal vs. bulbar cases might
be derived by dysphagia, as the bulbar ALS cases exhibited some degree of this characteristic. Of note, this could
impinge severe oral microbiome changes®!. Indeed, dysphagia has been related to changes in fecal incontence,
and therefore microbiome in stool®’. Nonetheless, our results mainly agree with previous reports 22 2%, mainly
showing that fecal SCFA concentrations did not significantly differ between ALS patients and controls, or between
patients with different clinical characteristics. Noteworthy, and reinforcing previous results demonstrating that
controls and ALS patients were characterized by different correlation between SCFA and specific microbiota,
with the controls including many genera negatively correlated with propionic acid, and the ALS patients
including some genera positively correlated with acetic acid, involving, among other Lachnospiraceae, Veilonella,
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Fig. 2. ALS affects relationships between SCFA content and microbiome abundance. (A) SCFA percentages
are not mainly affected by ALS diagnosis and subtype. HPLC measured SCFA in fecal samples, plotting relative
levels in %. (B) Heatmap showing the association between SCFA concentration and microbiome abundance

at the phylum level. (C) SCFA correlates with specific Genii, with some correlations showing statistical
significance in ALS patients. In (A), values shown are uncorrected Fisher’s least significant differences after
ANOVA. For (B), the color of the heatmap (scale shown at the right) is related to Spearman correlation
coeflicients with * and ** indicating p <0.05 and p < 0.01, respectively. (C) shows the correlation coefficient
(Spearman rank) between selected genus abundances with indicated SCFA, with *,**, and *** indicating
p<0.05, p<0.01, and p <0.001, respectively.
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and Anaerostipes, among other?? Further analysis revealed intricate relationships between specific SCFA and
microbial profiles, highlighting potential microbial markers of interest in ALS pathogenesis. These findings,
advancing our understanding of microbiota-mediated mechanisms in neurodegenerative disorders, demonstrate
that no single microbial profile is associated generically with ALS. Therefore, host-specific traits could be relevant
in defining the exact weight of the enteral microbiome as a disease-modifying factor in ALS. These data contrast
those found in a recent report>® where microbiome constraints in a longitudinal study contribute to explaining
lipid metabolic derangements in ALS patients, which aligns with previous research®*. By employing various
bioinformatic analyses, these recent analyses revealed that acylcarnitine and fatty acid metabolism could be
used to distinguish ALS patients from healthy individuals®>. Our data contrast with the existence of significant
changes in most abundant phyla and are similar to those described by Kim and coworkers®, where bulbar and
spinal ALS clinical phenotypes differ not only in oral microbiota but also in enteral microbiota, with a potential
role of Fusobacteria abundance. In our samples, Fusobacteria only contributed to less than 0.5% of the total
microbiome, in contrast to these data, representing more than 5% of total OTUs. Nonetheless, similar to this
paper, ALS presentation strongly affected ALS enteral microbiomes. Other relevant factors, such as differences
in DoD and ALSFR could explain as well the differences between our data and other published reports. Of
note, individual factors such as body-to-mass index, ALSFR, and even forced vital capacity can account as
relevant in microbiome determination!>*. Globaly, some studies suggest gut microbiota composition is linked
to ALS progression through dysbiosis and immune regulation!>!3%%, while other studies find the evidence
inconclusive or minimal'>. In an interventional study, it was discovered that microbiome changes in a 6 month
period in ALS patients*®, reinforcing the highly dynamic nature of microbiome in this situation.

Previous results suggest that there might be differences in the microbiota profile (alpha diversity) in ALS
patients and the effects of the progression of the disease and the bacteriotherapy on the bacterial and yeast
populations!>38, Indeed, we should recall the profound effect of bulbar phenotype in nutritional characteristics,
though in our case at the analyzed stage no significant differences in food intake were noted. As a relevant
question for future research one might pose if the weight loss that many patients experience could have an
association with the microbiome or whether the influence of e.g. SCFAs on progression, which has already
been shown by relatively robust data for longer fatty acids®, could have an association with the microbiome.
Understanding these interactions may provide deeper insights into the clinical variability and progression of
ALS, potentially leading to more effective dietary and microbiome-targeted interventions.

In our study, several recent ALS-associated OTUs, such as Acidaminococcus, Dialister, and Veillonella, could
have a relevant role based on SCFA and nitrate metabolism?®-42. Indeed, they have been previously invoked
in ALS*®. In our patients, Butyricimonas and Lactobacillus abundances were decreased in ALS samples, in
line with previous data showing an association between Butyrcimonas abundances and neurodegeneration in
independent studies*!. We found significant relationships between the duration of disease in bulbar ALS, which
might be viewed as a proxy for disease progression, and the abundance of the Deferribacteres phylum. These
bacteria have been previously related to disease progression in AD transgenic models**. In our samples, we have
also found decreased Prevotella abundance in ALS, in line with very recent results?®, where patients with a more
advanced stage of disease exhibit diminished Prevotella levels. Also, in line with previously reported data, our
results resemble those found in>®, where unclassified Acidaminococcaceae and specific Enterobacteriaceae were
associated with a higher risk of ALS. Acidaminococcaceaeabundance is diminished by nutritional constraints
in Parkinson’s disease (PD) patients, showing a decrease in the Mediterranean diet’’. These members of the
Firmicutes phylum are known to be a normal commensal of the human gut, representing ~1% of the fecal
bacterial population, and they have as a unique characteristic their ability to thrive on glutamate*2. Glutamate
is a relevant metabolite in the synthesis and metabolic recycling of other amino acids and, with the urea cycle
in the gut, allows its use in epithelial restitution. Therefore, the overgrowth of these species could be related
to excessive glutamate local concentrations (maybe related to riluzole intake) and can contribute to regional
changes in intestinal permeability*®. Of note, recent data suggest that, in mice, differential glutamate production
by intestinal microbiota corresponds to increased appetite and that colonic glutamate administration can
directly increase food intake?. Thus, hypothetically, decreased glutamate signalling could interfere with food
intake, potentially contributing to heterogeneity in weight loss and metabolism found in ALS patients?.

Indeed, Enterobacteriaceae members associated with ALS in our study have been previously involved in
the mapranosis process, e.g., microbiota-associated proteopathy and neuroinflammation, by contributing to
amyloid-like proteins®. For instance, Enterobacteriaceae are pretty standard in the human gut and can produce
functional amyloid proteins called curli® as a result of their secretion of the amyloid CsgA, which then aggregates
extracellularly to form biofilms, mediates adherence to epithelial cells, and plays a role in bacteriophage defence.
This process results in the formation of curli fibers, whose exposure not only modifies host inflammatory
responses inside the intestinal tract and periphery but also promotes the formation and aggregation of the
amyloid protein a-synuclein, contributing to motor impairment in the context of preclinical models of PD"!.
Turicibacter members, on the other hand, interfere in preclinical models with local polyamine metabolism>2.
Two unique biological response-modifier glucans beneficially regulate gut microbiota and fecal metabolome in
a non-alcoholic steatohepatitis animal model, with potential applications in human health and disease®2. Indeed,
the increase of Turicibacter has been invoked as beneficial in other preclinical settings related to PD*. Members
of the Veillonella genus have also been associated with inflammatory changes involving microglial and Th1 cell
infiltration of the central nervous system in a preclinical PD context>*. Recent data show that the immunological
profile in ALS is associated with the severity and advancement of the disease, with a shift towards a Th1/Th17
cell-mediated proinflammatory immune response®. Given that those changes are of peripheral origin, it may be
suggested that microbiome changes such as those reported here could contribute, in a patient-specific manner,
to inflammatory changes modulating disease severity®®. Therefore, in line with findings from these previous
analyses, we propose that the study of the potential role of microbiota and ALS should encompass the analyses
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of specific metabolome contents at the microbiome and host level, evidencing the non-negligible challenge for
microbiome-focused interventions (either probiotics, prebiotics, and postbiotics) with immunomodulatory and
neuromodulatory view in ALS management.

To sum up, all these data disclose a high heterogeneity of the association between ALS and microbiome
changes, pointing to environmental specificities, host-microbiome particularities, as some technical issues, such
as study design, statistical power (one of our main limitations in the present work), handling processing of
samples, and statistical methods and interpretation of results as challenges for adequate and robust replicability
of the findings. Despite the present limitations, we should remark that our data support the relevant role of
microbiome-conditioned metabolomic and lipidomic changes in neurodegeneration. These approaches provide
insights into the metabolic changes occurring in the gut-brain axis and their impact on neurodegenerative
diseases such as Alzheimer’s, Parkinson’s, and ALS. By studying microbial-derived metabolites, such as SCFA,
lipid inflammatory mediators, and aromatic amino acids, we could suggest mechanisms of action and their
role in maintaining intestinal homeostasis and regulating neuro-immunoendocrine function. Additionally,
metabolomics and lipidomics allow for identifying disease pathomechanisms and the potential for therapeutic
modulation of the microbiome composition through dietary and lifestyle interventions. Hopefully, these
approaches will offer novel and readily available therapeutic options to prevent or delay the onset and progression
of these neurodegenerative diseases.

CONCLUSIONS

Our study provides novel insights into the enteral microbiome and SCFA profiles in patients with recent-onset
ALS. We found that patients with ALS had distinct microbiome characteristics compared to healthy individuals,
with significantly higher abundances of Fusobacteria and Acidobacteria. Additionally, ALS subtypes had
differential abundances of specific species, and correlations between phyla were different between ALS patients
and healthy individuals and between different ALS subtypes. While we did not find significant differences in SCFA
concentrations related to ALS status or subtypes, relationships between specific SCFA and phyla colonization
showed different profiles depending on disease status. These findings suggest that the gut microbiome may play a
role in the pathogenesis of ALS. However, further research is needed to determine whether these differences are
a cause or a consequence of the disease. Our study also highlights the heterogeneity of microbiome constraints
in ALS, emphasizing the need for personalized approaches in future studies. Overall, our results contribute to
a growing body of evidence indicating that the gut microbiome may be a promising target for developing novel
diagnostic and therapeutic strategies for ALS.

Data availability
The datasets generated and/or analysed during the current study are available in the Figshare repository (https://
figshare.com/articles/dataset/Supplemental_dataset/26292994).
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