Review | Open Access

Rar

e Disease and Orphan Drugs
Journal

Sharma et al. Rare Dis Orphan Drugs J. 2026;5:14

DOI:10.20517/rdod].2025.72

Gut microbial dysbiosis in Gaucher disease:
implications for associated complications

Raghu Rai Sharma’, Ch

Keywords:

Gut microbiome, dysbiosis,
Gaucher disease,
complications,
Parkinsonism, adjunct
therapies

Citation: Sharma RR,
Staley C, Subramanian S,
Weinreb NJ, Kartha RV. Gut
microbial dysbiosis in
Gaucher disease:
implications for associated
complications. Rare Dis
Orphan Drugs J. 2026;5:14.
https://dx.doi.org/10.20517
/rdod}.2025.72

Received: 20 Oct 2025
First Decision: 18 Dec
2025

Revised: 22 Jan 2026
Accepted: 10 Feb 2026
Published: 8 May 2026

Academic Editors:
Jacques S. Beckmann
Copy Editor:
Fangling Lan
Production Editor:
Fangling Lan

") Check for updates

ristopher Staley?, Subbaya Subramanian?, Neal J. Weinreb?, Reena V. Kartha'

L 2 <.
e S
3 b
. \ Metabolic Disorders
&
Immune Activation Bone Crises '
» O .
H GBAT Mutation MPUWON . / » Yo RS
H % H =1, Dietary fibers
\ | ~
Gut Dysbiosis I—* -

Probiotics & Prebiotics

Hepatosplenomegaly

x N
> TG

)

Parkinson's Disease

Multiple Myeloma

GD-associated
Complications

?
}(‘
Lifestyle changes

«

.
.

<«

Abstract

The human gut microbiome is a highly dynamic and exceptionally diverse microbial
ecosystem. Gut dysbiosis, or an imbalance in gut microbiota, can lead to various metabolic
conditions associated with immune activation and systemic inflammation. Gaucher disease
(GD) is a rare lysosomal disorder caused by variations in the GBAT (Glucosylceramidase Beta
1) gene, leading to the accumulation of glucocerebrosides in lysosomes, predominantly in
macrophages. This leads to multi-organ complications in patients, such as
hepatosplenomegaly, hematological and skeletal abnormalities. GBAT variants also
predispose individuals to neurodegenerative disorders such as Parkinson's disease (PD).
Emerging preclinical evidence suggests that gut dysbiosis may contribute to the
pathophysiology of GD and related complications, although causal relationships have not
been established. Recent studies have reported gut microbial alterations in preclinical
models harboring GBAT variants, descriptively linking dysbiosis with chronic immune
activation and PD-related phenotypes. Additional research is warranted to define the role
of gut dysbiosis in the pathogenesis of GD and to explore potential adjunctive strategies in
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a hypothesis-generating context. This review summarizes current evidence regarding gut dysbiosis in GD and
discusses its conceptual relevance to immunological, metabolic, neurological, and skeletal manifestations in a
hypothesis-generating framework. Probiotics, prebiotics, synbiotics, dietary supplements, and lifestyle modifications
are discussed as exploratory adjunctive approaches that warrant further investigation in parallel with established GD
therapies.

INTRODUCTION

The gut microbiome plays a crucial role in maintaining human health and contributing to disease
pathogenesis!". It is a highly diverse and dynamic microbial community of bacteria, viruses, fungi, and
archaea that populate the gastrointestinal (GI) tract®’!. The microbes regulate a variety of physiological
processes, such as immunological regulation, metabolism, and digestion, that maintain overall
homeostasis'**!. Metabolites derived from the gut regulate behavior, emotion, and cognition, and are central
regulators of immunological responses, systemic inflammation, metabolic disorders, and neurological
function'®”. There are a variety of factors that influence gut microbiota composition, such as age, sex, diet,
environment, and genetics'®.

Dysbiosis is a disruption of the gut microbiota that leads to metabolic disease and has also been implicated in
immune activation and systemic inflammation®’. In human and animal models, gut dysbiosis research has
investigated immunological dysregulation, brain protein aggregation abnormalities, and reduced neuronal
and synaptic activity, which are key drivers of neurodegenerative diseases"”’. Advances in gut microbiome
research have unveiled the broad-ranging influence of gut microbiota on immuno-metabolism and brain
health, and unearthed sophisticated interactions between microbial communities and host physiology!* ..

Alterations in gut microbial composition and the metabolites they produce are involved in regulating
metabolism and controlling liver and brain function"*'*!. The gut-liver barrier regulates the gut-liver
interaction; upon passage, bacteria and their metabolites become accessible to the liver and contribute to a
variety of hepatic ailments""). In addition, stimulation of vagal and spinal afferent neurons by
intestinal-derived peptides and hormones released in response to eating affects neuronal signaling,
modulating gut and liver function through parasympathetic regulation"”’. The gut-liver-brain axis is a
multifaceted communication pathway that involves all three organs, regulating immunological, hormonal,
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metabolic, and neurological signals'"***.. The intricacy of microbial communities, which collectively have
100-fold more genes than the human genome, and their interactions with human physiology have been an

active area of research in recent years™.

Gaucher disease (GD) is a rare autosomal recessive disorder characterized by reduced lysosomal
B-glucocerebrosidase (GCase) activity resulting from mutations in the GBA1 (Glucosylceramidase Beta 1)
gene on chromosome 1 (1q21). Ninety percent of disease-causing alleles in GBA1 gene are attributed to four
most common variants: ¢.1226A>G (N409S or N370S), c.84dupG (84GG), ¢.1448T>C (L483P or L444P), and
c.115+1G>A (IVS2+1)+*?. Deficiency of GCase leads to excessive storage of glucocerebrosides in lysosomes,
predominantly in the macrophages, described as lipid-rich macrophages, known as Gaucher cells®***. The
most common clinical manifestations of GD include hepatosplenomegaly, anemia, thrombocytopenia, bone
pain, and skeletal abnormalities due to the accumulation of Gaucher cells in organs, causing abdominal
distension and tenderness, asthenia, bleeding tendencies, and immune dysfunction**. Bone complications
in GD, such as pain, osteopenia, fractures, and avascular necrosis, are severe and significantly affect the
quality of life of patients with GD™"\.
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Table 1. Overview of Gaucher disease: types, clinical characteristics, and prevalence

Disease
Neurological . frequenc
GD types Prevalence/Onset . g GBA1genotype Prognosis 9 y
involvement (per
100,000)
~959 i
Type 1 Most freq}Jent form (~95% c1226A>G, Var|ab|ef generally Worldwide: 0.9
(Non-neuronopathic) of all GD); Absent ¢.84dupG and normal life expectancy 0.7-11)
Diagnosis: adulthood others under treatment T
¢.1448T>C and
o ) ) variants
Type 2 . Lgss tharl .5/0 of a.” .GD’ Severe, rapid . associated with Fatal, 2-3 years of life Rare (< 01
(Acute neuronopathic)  Diagnosis: onset ininfancy neurodegeneration } globally)
neurological
forms
o ) . ) .
Type 3 E‘?ZS ;22;15'50/;5(;?: GO Present, progressive c.1448T>C, ::J?::jngii:(;izz?nw'th Rare (< 0.1
(Chronic neuronopathic) s ' but slower than Type 2 others € globally)

childhood or adolescence later life

The commonly recognized phenotypic forms of GD are Type 1 (non-neuronopathic), Type 2 (acute
neuronopathic), and Type 3 (chronic neuronopathic) [Table 1]. Type 1 is the most frequent, constituting
95% of all GD, with a median age at diagnosis typically in adulthood. Type 2 appears during infancy with
severe neurological impairment and is usually fatal during the initial years of life. Type 3 is chronic, with
progressive neurological deterioration, which is slower compared to Type 2***.. The worldwide prevalence
of GD1 is 0.9 (95%CI: 0.7-1.1) per 100,000 individuals. Latin America has the lowest prevalence estimates
(0.15-0.32), followed by the Middle East (0.20-0.33, excluding Israeli values), Europe (0.11-1.1), and North
America (0.60-1.93)"*. Ashkenazi Jews have a higher risk of GD1, particularly associated with the c.1226A>G
and c.84dupG variants. In contrast, individuals carrying the c.1448T>C variant have an increased risk of
developing neurological complications, commonly seen in patients with GD2 and GD3\.

GBA1 gene variants lead to specific molecular changes that trigger a series of signaling pathways, including
oxidative stress, endoplasmic reticulum (ER) stress, mitochondrial dysfunction, inflammation, immune
activation, and defects in autophagy and extracellular vesicle production®. Autophagy, a key regulator of
cellular homeostasis, is strongly influenced by the gut microbiota. Dysbiosis has been associated with
impaired lysosomal function and disruption of the gut and blood-brain barrier (BBB) integrity, triggering
neuroinflammation through alterations in microglial and regulatory T-cell activity, ultimately promoting
protein misfolding and neurodegeneration. Further, Restorative Microbiota Therapy (RMT), including
probiotics, prebiotics, synbiotics, and Fecal Microbiota Transplantation (FMT), has been proposed as a
strategy to restore eubiosis, immune balance, and autophagic function in neurodegenerative diseases"*, but
it requires further validation in animal models and clinical studies.

The heterozygous GBA1 variant is the most common genetic risk factor for PD, implicating lysosomal
dysfunction in neurodegeneration. Emerging evidence also suggests that gut microbial dysbiosis may
contribute to PD via the gut-brain axis, promoting systemic inflammation, microglial activation, and
lysosomal stress'””. PD is believed to include a prodromal phase characterized by GI dysbiosis, suggesting
that microbial changes may precede overt neurological comorbidities. However, it remains challenging to
establish whether dysbiosis is a precursor to or a consequence of PD".

Traditionally, GI manifestations have not been a major focus in GD management, apart from reports of early
satiety due to highly enlarged spleens"””. Despite the well-characterized systemic manifestations of GD, the
role of gut dysbiosis remains under-investigated. However, recent pre-clinical studies [Table 2] of GBAI gene
variants indicate that the gut may play a pivotal role in GD pathophysiology and contribute to the
phenotypic heterogeneity observed in GD.
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Framework for Microbiome Research in GD
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Figure 1. Hypothesis-driven framework for a pilot longitudinal microbiome and biomarker study in GD. GD: Gaucher disease; GBAT:
glucosylceramidase beta 1; ERT: enzyme replacement therapy; 16S rRNA: 16S ribosomal RNA. Created in BioRender. Sharma, R.R. (2026)
https://BioRender.com/w94arl2.

Table 2. Preclinical evidence of gut dysbiosis in GBA1T variant models

Experimental model Key findings References

Autophagic dysfunction and gut microbiota dysbiosis caused chronic immune

Gba’b-/-Drosophila activation via NF-kB/IMD pathway (85]

Gbalb D370S/+, Gbalb L444P/+ Drosophila Lysosomal abnormalities were seen in the gut region [86]

AB3T and A53T-LA44P Mice Deplghon of Lgcfobactllu§ spp. in the gut composition was observed and linked to [87]
impaired cognitive function

Gbal LA44P/WT Mice Longitudinal studies showed gut microbial imbalances are associated with increased [88]

systemic inflammation and altered metabolism

This review highlights preclinical evidence of GBA1-associated gut dysbiosis and describes potential
microbiome-mediated pathways that may contribute to the pathogenesis of GD and associated
complications. To date, no clinical studies have systematically characterized the gut microbiome in patients
with GD; current knowledge is limited to preclinical GBA1-based models in Drosophila and mice, as well as
insights drawn from related complications. The novelty of this work lies in (i) integrating
immune-metabolic, skeletal, and neurological perspectives within a single microbiome-focused framework
specific to GD; and (ii) translating these preclinical observations into a hypothesis-driven clinical framework
[Figure 1], with all proposed mechanisms considered exploratory and warranting further research alongside
established GD therapies.
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HUMAN GUT MICROBIOME

The human gut microbiota comprises a complex and dynamic network of trillions of microorganisms,
including bacteria, viruses, fungi, archaea, and protozoa, with the majority residing in the GI tract. Microbes
play a crucial role in various physiological processes, including immune system regulation, digestion,
metabolism, and neurological function®. Numerous factors, including age, diet, environment, genetics,
lifestyle, geography, and antibiotic therapies, influence the gut microbiome. These factors collectively
determine the composition and function of the gut microbiota, which are crucial to overall human health®™*.

Human gut microbiome composition

Most bacteria in the human gut microbiota fall within four main phyla: Pseudomonadota (formerly
Proteobacteria), Actinomycetota (Actinobacteria), Bacteroidota (Bacteroidetes), and Pseudomonadota
(Firmicutes). These are central to several essential biological processes, such as carbohydrate metabolism,
dietary fiber fermentation, and immunological response regulation on host health and disease!*>*".
Immunological responses and gut homeostasis are also significantly regulated by other microbes, including
fungi, viruses, and archaea*”. The phage-dominated gut virome shapes bacterial communities and influences
host immune responses'*?!. The microbiome evolves throughout life. Aging raises the number of

inflammation-related microbes and lowers microbial diversity'*.

Gut microbiome role in health and disease

Recent epidemiological, physiological, and omics-based studies conducted at both preclinical and clinical
levels have demonstrated that the intestinal microbiota plays a crucial role in health and disease. Alterations
in the GI microbiota are linked to several major human diseases, including obesity, diabetes, cardiovascular
disorders, cancer, hypertension, and inflammatory bowel diseases (IBDs)""\. Many of these detrimental
changes have been linked to Western diets characterized by low fiber content and high consumption of
processed foods, with consequent significant harmful effects on microbiota composition, including
reductions in beneficial bacteria such as Bifidobacterium spp. and Faecalibacterium prausnitzii (F.
prausnitzii) in the gut'**). Individuals who are obese have been shown to have an increased
Firmicutes-to-Bacteroidetes ratio, which is associated with increased energy intake from food and increased
adiposity™*”. However, biomarkers for an obesity-associated microbiome remain elusive*. Type 2 diabetes
and insulin resistance have been associated with changes in the gut microbiota, particularly a reduction in
microbial-derived metabolites, such as short-chain fatty acids (SCFAs), which play a crucial role in
regulating energy balance®”. It has been shown that alterations in gut microbiota composition significantly
influence neurological disorders (NDs) such as anxiety, depression, autism, PD, and Alzheimer's disease via
neuroinflammation and microglial activation"*. The microbiota also influences brain function through
immune modulation, the production of neurotransmitters such as serotonin and gamma-aminobutyric acid
(GABA), and signaling via the vagus nerve'*. A study has revealed that a decrease in microbial diversity is
associated with IBD, particularly a loss of butyrate-producing bacteria, such as F. prausnitzii*’. Moreover,
dysbiosis has also been implicated in colorectal cancer, linked to species such as Fusobacterium nucleatum,
Bacteroides fragilis, and Escherichia coli, which promote tumorigenesis through immune modulation and
disruption of the intestinal barrier™. In addition to direct effects, dysbiosis can indirectly influence drug
metabolism and toxicity by modulating host drug metabolism and disposition and by competing with
bacterial-derived metabolites for xenobiotic metabolism pathways!*). However, there is some preclinical
evidence showing gut dysbiosis in preclinical models harboring GBA1 gene variants. To date, no clinical
studies have confirmed the gut microbiome's pivotal role in GD modulation.

Factors affecting gut microbiome
The gut microbiome is influenced by intrinsic and extrinsic factors that affect its structure and function. The
growth of beneficial bacteria can be induced by nutritional interventions such as fiber- and polyphenol-rich
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diets, whereas high-fat diets alter the diversity of microbes, leading to dysbiosis'*?. Genetic background also
plays arole in shaping the gut microbiome. Specific genetic mutations, including those in the
nucleotide-binding oligomerization domain 2 (NOD2) gene, influence the microbial composition and
establish susceptibility to IBD"?\. Probiotics such as Lactobacillus and Bifidobacterium help restore microbial
homeostasis, whereas antibiotics cause disruption of gut flora and lead to dysbiosis'**\. Prebiotics such as
inulin and fructooligosaccharides selectively promote the growth of beneficial microbes, enhancing gut
barrier function and minimizing inflammation, restoring homeostasis”®®. FMT has successfully restored gut
microbial balance in individuals with dysbiosis and has cured recurrent Clostridioides difficile infections,
highlighting how changes in microbiota composition can directly influence disease susceptibility and
recovery™. In Fabry disease, globotriaosylsphingosine (lyso-Gb3) has been shown to influence bacterial
growth, biofilm formation, and SCFAs production, suggesting a direct metabolite-microbiota interaction. By
analogy, metabolites accumulating in GD, such as glucosylsphingosine (lyso-GL1), may similarly modulate
gut microbial function and contribute to disease complications. Further studies are required to elucidate
these mechanisms and their clinical significance'®”. These observations support the concept that modulating
the gut microbiota may have therapeutic potential.

GUT MICROBIOME AS A POTENTIAL MODULATOR OF GD-ASSOCIATED COMPLICATIONS

GD is linked with multi-systemic complications. The manifestations include hepatosplenomegaly, anemia,
thrombocytopenia, and a variety of skeletal issues, such as osteopenia, lytic lesions, fractures, chronic bone
pain, bone crisis, bone infarction, osteonecrosis, and skeletal deformities'**. Patients with GD are at an
increased risk of developing PD compared to the general population®. It has been shown that microbial
metabolites, such as increased bacterial lipopolysaccharides (LPS) and decreased SCFAs, can affect
neuroinflammation and dopaminergic neuronal degeneration, which are essential events in the pathogenesis
of PD!*. GI complications are rarely reported in GD and typically occur in patients with more severe
phenotypes!®'l. As a result, available reports are primarily limited, most often involving neuronopathic
variants. In the context of GD, it is plausible that GBA1 gene variants are associated with gut microbial
alterations, suggesting that microbiome-targeted strategies may be conceptually informative for
understanding disease heterogeneity. However, direct clinical evidence supporting such approaches in GD is
currently lacking.

Despite the absence of direct clinical evidence in GD, preclinical GBA1 models suggest gut dysbiosis may be
associated with complications via immune activation, barrier dysfunction, and metabolite dysregulation
[Table 2]. These findings are hypothesis-generating and require validation in well-controlled human GD
cohorts, where confounders such as enzyme replacement therapy (ERT)/substrate reduction therapy (SRT)
status, diet, and antibiotics must be prospectively controlled.

Immune dysfunction
Patients with GD exhibit chronic inflammation, hypergammaglobulinemia, and cytokine release, but not

[62

impaired immune function, unless splenectomized'®”. Alterations in the microbiome can initiate immune
responses that impact gut-associated lymphoid tissue and systemic immune cells, leading to increased
immune activation and systemic inflammation!*’’. Changes in the microbial population increase
pro-inflammatory cytokines, thereby activating the immune system. However, microbial-derived metabolites
such as SCFAs exert anti-inflammatory effects'*", suggesting that restoring microbial balance through RMT

may be relevant for hypothesis generation regarding immune dysfunction in patients with GD.

Hepatic disorders

In GD, hepatic dysfunction is common, particularly in patients who remain untreated for many years or
have undergone splenectomy. The accumulation of glucocerebrosides in GD can directly disrupt liver
function and also alter bile composition, predisposing patients to cholesterol gallstones!*”!. Liver
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complications are further influenced by gut-liver axis disturbances, where microbial signaling from the GI
tract modulates hepatic homeostasis'*!. Changes in the intestinal microbiota triggered by bacterial
endotoxins such as LPS, pathogen-associated molecular patterns (PAMPs), and infections such as hepatitis B
and C promote liver injury by increasing bacterial overgrowth, immune dysfunction, altered luminal factors,
and intestinal permeability. There is a reciprocal relationship between bile composition and the gut
microbiota that may amplify hepatic dysfunction and disease progression'*>**. Although direct evidence in
GD is limited, studies in other liver diseases suggest that restoring microbial balance with probiotics or
prebiotics can help alleviate hepatic injury!®. The therapeutic potential of such approaches in GD remains
speculative and requires dedicated investigation.

Metabolic abnormalities

Patients with GD often experience metabolic abnormalities, such as impaired lipid and glucose metabolism,
insulin resistance, and vitamin D insufficiency, which significantly impact disease progression and quality of
life. Lifestyle factors may further increase their susceptibility to cardiovascular and liver complications.
Careful monitoring of metabolic parameters, along with longitudinal studies, is needed to better define risks
and guide preventive and therapeutic strategies””". The gut microbiota regulates metabolic homeostasis by
secreting metabolites such as SCFAs that control lipid and glucose metabolism!””. In contrast, microbial
dysbiosis exacerbates metabolic disturbances by altering the production and composition of gut-derived
SCFAs, which play key roles in regulating energy homeostasis and glucose metabolism?!, highlighting
pathways of interest for future investigation in patients with GD.

Hematological malignancies

There is an increased risk of hematologic malignancies in patients with GD, along with cytopenias and
coagulopathies. In particular, those with Type 1 GD often exhibit immunoglobulin abnormalities such as
monoclonal gammopathy of undetermined significance (MGUS) and hypergammaglobulinemia, which are
associated with B-cell and plasma-cell malignancies, including multiple myeloma, leukemia, and
lymphoma”*. Therefore, early monitoring is essential for understanding risk trajectories and disease
progression, and improving prognosis in patients with GD. As previously noted, gut dysbiosis can trigger the
activation of inflammatory cytokines, whereas SCFAs have anti-inflammatory effects'*”, suggesting that gut
dysbiosis may be relevant to understanding GD-related complications.

Neurological disorders

NDs have a multifactorial etiology with genetic and environmental factors and are closely associated with
lysosomal dysfunction, such as in Alzheimer's disease, PD, frontotemporal dementia, and amyotrophic
lateral sclerosis””. Recent studies have demonstrated that SCFA treatment aids in restoring BBB integrity and
promotes the maturation of microglia and oligodendrocytes. At the same time, elevated levels of secondary
bile acids may impair BBB function and contribute to central nervous system (CNS) disorders”. In patients
with GD, gut dysbiosis may promote the excessive production of pro-inflammatory cytokines that can cross
the BBB, thereby exacerbating neurodegeneration by activating neuroinflammatory pathways implicated in
the pathogenesis of PD""”\. To better understand neurological complications in GD, further studies are
needed to explore therapeutic strategies targeting the gut microbiota, in light of growing evidence linking it
to PD and other neurodegenerative disorders.

Bone mineral abnormalities in GD

Osteopenia, osteoporosis, and recurrent bone pain are commonly observed in patients with GD""*. The gut
microbial homeostasis is critical for bone health as it regulates immune responses”. Increasing gut-derived
SCFAs through microbiome restoration has been shown to increase osteoblast activity and inhibit osteoclast
differentiation, thus modulating pathways involved in bone synthesis and resorption that jointly contribute
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to the loss of bone mineral density in patients with GD"*'l. Moreover, the gut microbiome may affect bone
metabolism by impacting systemic inflammation and immune regulation, which have been implicated in
regulating bone density and bone turnover'®”. Human and animal studies suggest that probiotics can restore
gut microbiota balance and support intestinal health, potentially preventing or mitigating bone loss, although
further research is needed to clarify the signaling pathways linking the gut microbiome to bone
metabolism!®!. Evidence for such effects in patients with GD is lacking. Further investigation is needed to
determine whether microbiome-targeted strategies could represent a viable area for future research regarding
GD-related bone manifestations.

PRECLINICAL EVIDENCE OF GUT DYSBIOSIS IN GAUCHER DISEASE

To date, evidence of gut dysbiosis in GD has been derived exclusively from GBA1-based animal models. No
human clinical studies examining the gut microbiome in GD have been reported. Consequently, these
preclinical findings form the primary basis for hypothesizing a role for the microbiome in the
pathophysiology of GD. However, species-specific differences between mice and humans must be carefully
considered when interpreting and extrapolating these results"**. Studies in Drosophila and murine models
carrying GBA1 variants revealed the role of gut dysbiosis in these pathologies. In Drosophila models of GD,
deleting the GBA1 gene has been shown to significantly disrupt gut microbiome composition, leading to
pronounced gut dysbiosis. This microbial imbalance is associated with increased intestinal permeability and
an enhanced innate immune response, highlighting a breakdown in intestinal homeostasis™®'. Another study
in Drosophila with either the D370S or L444P variant showed that D370S caused more severe lysosomal
dysfunction in the gut. In contrast, the L444P variant caused damage to brain cells"*". In a mouse PD model,
heterozygous A53T-L444P mice exposed to environmental stressors showed gut dysbiosis and cognitive
impairments. PD-related symptoms appeared only in A53T-L444P mice. These changes were linked to a loss
of Lactobacillus sp. and altered behavior, suggesting a key role for the gut microbiome in
neurodegeneration®”. In another mouse model with GBA1 L444P heterozygous variants, it has been
suggested that GBA1 mutations alone may not be sufficient to cause gut dysbiosis. However, longitudinal
studies have shown that the GBA1 L444P/WT mouse model does experience a microbial imbalance. This
imbalance was associated with systemic inflammation and altered metabolism'. These studies, summarized
in Table 2, reflect the clinical complications of GD and advanced PD.

Recent studies also highlight that gut dysbiosis plays a central role in maintaining intestinal barrier integrity
and regulating systemic inflammation, which can lead to neurological, metabolic, and GI dysfunction'®*\.
This can further exacerbate bone conditions, such as osteopenia and fractures, highlighting the potential

91]

relevance of gut microbial balance in the context of GD pathophysiology

These findings highlight the potential role of gut dysbiosis in the pathogenesis of GD-associated
complications and underscore the need for further research to explore the underlying mechanisms that may
be relevant to overall health in patients with GD. Therefore, the hypothesis that reestablishing microbial
balance can represent a conceptual framework for future adjunctive strategies, pending rigorous preclinical
and clinical validation.

Pertinently, distinguishing cause from consequence is essential. We therefore recommend conducting
systematic gnotobiotic transfer experiments, in which germ-free mice are colonized with feces from
GBAI1-mutant donors versus controls, to determine whether GD-associated microbiota can transmit
systemic inflammation, neuroinflammatory signatures, and bone phenotypes. Conversely, colonization of
mutant mice with healthy humanized microbiota or defined consortia will test reversibility.
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CLINICAL EVALUATION OF GUT MICROBIOTA

Stool sample collection is the most practical and widely used approach for evaluating gut microbiota, both
for clinical and research purposes, as it is sufficient to assess the dense and diverse microbial communities. It
is non-invasive, patient-friendly, and can be performed at home using standardized collection kits'*”. Patients
are instructed to refrigerate or freeze the sample before submitting it to the laboratory for analysis, typically
within 24 h of collection. Techniques such as 16S rRNA (ribosomal RNA) gene sequencing and shotgun
metagenomics are then employed to characterize microbial composition and function>**. It is crucial to
remember that stool samples may not accurately reflect the microbiome of the upper GI tract (e.g., the small
intestine), where microbial populations vary widely in density and composition. Instead, they represent the
luminal microbiota of the distal gut. More invasive sampling techniques, including endoscopic biopsies,
luminal brushing, and aspirated intestinal fluid, may be considered if upper gut involvement is suspected or
if further study is required. However, these techniques are usually only used for research purposes because of
their procedural complexity”®?. A comprehensive clinical evaluation should accompany microbiota sampling
to enhance the interpretability of results. Clinicians should assess GI symptoms such as bloating, early
satiety, constipation, diarrhea, and abdominal discomfort®.

During clinical visits, standardized symptom questionnaires can help document bowel patterns in patients
with GD. It is also essential to consider other factors, such as diet, antibiotic use, and GD therapies, as they
have a significant impact on gut microbial dynamics. However, in family-based studies, collecting samples
from first-degree relatives or cohabiting family members, such as parents or siblings, can offer valuable
insights into the interplay of genetic predisposition and shared environmental exposures on microbiome
composition in patients with GD. Integrating gut microbiota analysis into research protocols may provide
deeper insight into GI symptoms and inform the design of microbiome-targeted research studies. A
pragmatic, initial biomarker panel should include fecal SCFAs such as acetate, propionate, butyrate; fecal
calprotectin and zonulin; and shotgun stool metagenomics; serum lyso-GL1; and a systemic inflammatory
cytokine panel. These assays capture microbial function, gut barrier integrity, and disease burden and are
suitable for longitudinal, within-person analyses.

THERAPEUTIC IMPLICATIONS

If gut dysbiosis is shown to play a causal role in GD pathogenesis, interest in RMT as an investigational
approach would increase. In addition to traditional GD indicators such as lyso-GL1 and Chitotriosidase'®”.
Several surrogate biomarkers can be employed to monitor the impact of RMT for patients with GD, such as
monitoring SCFAs (butyrate, acetate, and propionate) that demonstrate the action of beneficial gut
bacteria®®. Calprotectin and zonulin are markers of intestinal inflammation and barrier permeability, and
their levels in both serum and fecal samples are elevated in individuals with PD"?.. This may be useful for
exploratory monitoring in future interventional studies in GD research. The low levels of the gut bacterium
Faecalibacterium are linked to conditions such as IBD, colorectal cancer, and depression. Due to its role in
supporting gut health, Faecalibacterium is being explored as a promising new probiotic therapy! .
Therefore, therapies such as probiotics, prebiotics, synbiotics, dietary, and lifestyle interventions are
discussed here as investigational strategies with a mechanistic rationale, rather than established therapeutic
options. Here, we discuss the conceptual rationale for these approaches in the context of GD
pathophysiology and disease complexity. RMT holds mechanistic promise but carries particular safety
concerns for patients with GD with immune alterations, including splenectomized individuals. Therefore,
any clinical RMT program should follow a staged pathway, beginning with preclinical safety in relevant
models, followed by Phase I safety trials with rigorous donor screening, and only then planning randomized
efficacy trials.
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Probiotics

Probiotics, live microorganisms that confer health benefits when administered correctly, have been shown to
improve gut health. Lactobacillus and Bifidobacterium are two of the most extensively researched probiotics,
as they can enhance gut barrier function and immune responses!'”’!. These probiotics can decrease gut
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permeability, strengthen intestinal epithelial cells, and improve gut immune tolerance!"””. This may be
relevant for future investigation in GD with chronic inflammation and GI symptoms as a component of their

disease process, and in relation to quality-of-life measures.

Prebiotics and synbiotics

Prebiotics are substances that enhance the activity and growth of beneficial gut microbiota. They are usually
indigestible fiber or oligosaccharides, and create a favorable microbial habitat by promoting the development
of beneficial gut bacteria"®!. Consumption of a high-fiber diet comprising whole foods has been
demonstrated to change gut flora and boost SCFAs, which strengthen gut health"**. Prebiotics enhance
microbiome diversity and can influence downstream pathways associated with inflammation and
metabolism. Prebiotics also enhance gut motility and reduce GI distress. Synbiotics, which combine
probiotics and prebiotics, offer a synergistic approach to improving gut health"*>"*”. Combinational therapies
can supply healthy microbes to the gut and offer substrates to support their increased growth and activity"*”,
which may influence pathways relevant to GD symptoms.

Dietary interventions

Diet is one of the key determinants of gut microbiota organization and function. A diet that promotes a
healthy gut microbiome can influence disease-related pathways and symptom management!'*®.
Prebiotic-rich, high-fiber diets are linked with greater microbiome diversity and less inflammation. Recent
studies have emphasized the importance of macronutrient balance and specific dietary modifications in
maintaining enzymatic function and metabolic homeostasis''”. Particular dietary constituents, including
polyphenols, found in foods such as fruits, vegetables, and cereals, have been shown to be responsible for
prebiotic stimulation of beneficial bacterial growth and inhibition of pathogenic bacterial populations! '/,
Dietary interventions can enhance the composition and functional potential of the gut microbiome, thereby
indirectly influencing disease-related pathways and biomarker trajectories. These effects may drive metabolic
reprogramming, modulate immune responses, and potentially enhance the clinical effectiveness of therapies
across various diseases!"”l. The link between diet, gut microbiota, and disease progression is now more
clearly understood. Therefore, personalized dietary treatment can be considered an adjunctive,
investigational strategy to help minimize GI symptoms and inflammation characteristic of the disease, while
promoting overall gut health and well-being.

Microbiome interactions with standard GD therapies

ERT and SRT are the cornerstones of GD management!''>""*. However, their interplay with the gut
microbiome remains virtually unexplored. Several questions arise that warrant systematic investigation. First,
does ERT, by reducing substrate accumulation and systemic inflammation, also normalize gut microbial
composition or function? Preclinical models and clinical cohorts can test whether longitudinal microbiome
signatures shift after therapy initiation and whether residual dysbiosis persists despite a biochemical
response. Second, does SRT directly or indirectly alter microbial metabolic pathways? Given that oral SRT
agents act systemically and may reach the gut lumen, it is plausible that they influence microbial sphingolipid
metabolism, bile acid pools, or SCFA production. Finally, could baseline microbiome composition or
functional capacity predict therapeutic response or side effect profile? For instance, microbial taxa or
metabolites linked to immune activation or drug metabolism may correlate with treatment efficacy or
tolerability. Addressing these questions would not only deepen our understanding of host-microbiome
interactions in GD but could also enable microbiome-informed patient stratification for optimized therapy.
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Microbiome interactions with standard GD therapies (ERT/SRT) remain entirely unexplored.
Hypothetically, restoring barrier function might enhance ERT tissue penetration; however, this requires
longitudinal testing with paired microbiome/biomarker sampling before and after therapy initiation. Oral
SRT agents could plausibly alter microbial sphingolipid metabolism, though no data exist. Future studies
should include ERT/SRT status/timing as core variables.

Lifestyle interventions

Lifestyle changes, such as stress management and exercise, are also helpful for maintaining gut health.
Exercise has been found to positively influence gut microbiota composition by enhancing microbial diversity
and decreasing inflammation"*"!. Anti-inflammatory diets, such as the Mediterranean diet, as well as
omega-3 fatty acids, vitamin D, and selenium, can modulate the immune system and improve disease
outcomes. Moreover, regular exercise is vital for improving inflammatory profiles in autoimmune diseases
by reducing inflammation, enhancing immune regulation, and controlling complications"'*. Likewise,
lifestyle intervention-mediated stress-reduction techniques, such as mindfulness, meditation, or yoga, can
help reduce systemic inflammation and neurological issues"'”.. Combining lifestyle changes with other
treatments has been shown to restore GI health, normalize immune responses, and reduce inflammation and
neurological symptoms, strategies that may be considered in future studies in GD for holistic management of
the condition. This conceptual framework may broaden avenues for future investigation in GD.
Individualized treatment regimens using such interventions may influence disease-related parameters and
quality of life.

CURRENT LIMITATIONS AND FUTURE PROSPECTS

Studying the gut microbiome in patients with GD presents unique challenges, as lifestyle, diet, and
medications can independently influence microbial composition, regardless of disease status. Preclinical
studies must account for factors such as coprophagy and housing conditions in mice to ensure reproducible
results!"'®"”). Dysbiosis should be verified in both human donors and recipient animals following fecal
microbiota transplantation to gain mechanistic insight into host-microbe interactions.

Emerging ecological frameworks offer a more holistic approach to evaluating microbiome changes'™”, and in
some contexts, community stability may be more informative than the abundance of individual taxa*"’.
Machine learning methods, including random forest regression, can identify potential biomarkers, yet these
findings require careful interpretation, given the need for large sample sizes, cross-validation, and
mechanistic follow-up.

The low prevalence of GD further complicates the identification of robust, replicable microbiome signatures,
limiting sample sizes. Longitudinal, intra-individual study designs are therefore essential, as they allow each
individual to serve as their own control and enable intra-individual tracking of biomarkers before, during,
and after interventions. These designs help control for clinical heterogeneity and treatment effects, while
minimizing inter-individual variability, for instance, by collecting samples at consistent intervals or from
individuals within the same household or under similar environmental conditions.

We propose a hypothesis-driven pilot clinical framework [Figure 1] that emphasizes longitudinal,
intra-individual follow-up to investigate the link between the microbiome and GD. This includes patients
naive to GD and those treated, GBA1 carriers, and healthy controls, with serial stool and plasma sampling at
baseline, 6-12 months, and key treatment milestones (ERT/SRT initiation) coupled to integrated microbiome
and metabolomic analyses. Participants should be stratified by GD type, treatment-naive versus treated
status, and splenectomy. Unavoidable confounders, such as recent antibiotics or significant dietary changes,
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should be documented systematically. Cross-sectional studies are discouraged due to high inter-individual
variability.

This hypothesis-driven framework can identify gut microbial alterations associated with GD and generate
testable hypotheses regarding disease mechanisms. However, causal inference will require further
mechanistic or extended longitudinal studies. While identifying specific microbial species linked to GD
complications may inform future research directions, any clinical translation remains premature at this stage.
It could inform the development of adjunct microbiome-targeted therapies and diagnostic tools, ultimately
improving outcomes for individuals with GD.

CONCLUSION

Looking ahead, the trajectory of this field can be envisioned across short-, medium-, and long-term goals. In
the short term (1-3 years), robust, standardized pilot cohorts are needed to define reproducible microbiome
signatures in GD and establish correlations with established biomarkers such as lyso-GL1 and systemic
inflammatory mediators. Small randomized controlled trials may be considered to evaluate the safety and
biomarker effects of probiotics, synbiotics, or dietary interventions. Over the medium term (3-6 years),
validated biomarker panels predictive of disease progression, including prodromal neurological features such
as Parkinsonism or skeletal complications, will be critical, alongside the development of defined microbial
consortia as therapeutics to replace less controlled interventions such as FMT. Integration with existing GD
registries can accelerate recruitment and ensure standardized data collection, thereby enhancing the overall
effectiveness of the process. In the long term (6+ years), the goal is to develop precision adjunctive
microbiome-based therapies tailored to an individual’s microbiome and metabolome profile, used in
combination with ERT or SRT. If causal relationships are firmly established, such approaches may eventually
help clarify mechanisms underlying symptom burden and disease heterogeneity, particularly in neurological
and skeletal manifestations of GD.

Gut dysbiosis is descriptively associated with metabolic, immunological, and neurological processes that may
be relevant to GD-related complications. Preclinical GBA1 models link dysbiosis with chronic immune
activation, lysosomal abnormalities, and autophagic dysfunction. However, these findings remain
correlational and model-dependent. Adjunct microbiome-targeted strategies provide a conceptual
framework for biomarker discovery and hypothesis generation, rather than immediate clinical application.
They may help identify novel candidate biomarkers for early diagnosis and prognosis, thereby informing
future research directions relevant to patient-centered outcomes in GD. We propose consideration of an
international GD-microbiome working group to harmonize sampling and share data.
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