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Abstract

Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by a-synuclein
aggregation and degeneration of nigrostriatal dopaminergic neurons. Increasing evidence implicates
gut microbiota (GM) dysbiosis as a potential contributor to PD pathophysiology through
bidirectional gut-brain interactions. This narrative review integrates recent taxonomic, functional,
metabolomic, immunological, and interventional evidence linking GM alterations to basal ganglia
dysfunction. Across multiple cohorts, PD is consistently associated with reduced abundance of short-
chain fatty acid (SCFA)-producing taxa (e.g., Faecalibacterium, Roseburia) and enrichment of mucin-
degrading and pro-inflammatory organisms (e.g., Akkermansia). Shotgun metagenomic studies
further reveal alterations in vitamin biosynthesis pathways, carbohydrate metabolism, and microbial
network architecture. Metabolomic and Mendelian randomization analyses implicate SCFAs,
branched-chain amino acids, bile acids, and GABA metabolism in modulating intestinal
permeability, immune activation, and dopaminergic vulnerability. Experimental microbiota
transplantation models support mechanistic links involving intestinal barrier disruption, Toll-like
receptor signaling, microglial priming, and potential vagal propagation of a-syn pathology.
Emerging microbiome-targeted strategies—including dietary modulation, probiotics, prebiotics,
fecal microbiota transplantation, and interventions targeting bacterial levodopa metabolism—
demonstrate early translational promise. However, inter-cohort heterogeneity and limited
longitudinal data highlight the need for precision microbiome stratification and prodromal studies.
Overall, current multi-level evidence supports gut dysbiosis as a biologically plausible contributor to
PD pathogenesis and a promising target for adjunctive nutritional and pharmacomicrobiomic
interventions.

Keywords: Parkinson’s disease; gut microbiota; microbiota—gut-brain axis; a-synuclein; basal
ganglia; short-chain fatty acids; neuroinflammation; metabolomics; fecal microbiota transplantation;
precision nutrition

1. Introduction

Parkinson’s disease (PD) is the second most prevalent neurodegenerative disorder worldwide
and is characterized by progressive degeneration of dopaminergic neurons in the substantia nigra
pars compacta and intracellular aggregation of misfolded a-synuclein (a-syn) [1,2]. Traditionally
conceptualized as a central nervous system disorder, PD is now increasingly viewed as a multisystem
disease with significant peripheral involvement [1].

Gastrointestinal dysfunction, particularly constipation, often precedes motor manifestations by
up to two decades, suggesting the existence of a prodromal enteric phase [3,6,7]. Braak’s hypothesis
proposes a caudo-rostral propagation of misfolded a-syn from the enteric nervous system (ENS) to
the dorsal motor nucleus of the vagus and subsequently to midbrain structures [8,9]. Emerging
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imaging and neuropathological evidence further supports the existence of a “body-first” PD subtype
in which peripheral pathology may precede central neurodegeneration [10,11].

The gut microbiota (GM), consisting of trillions of microorganisms, plays essential roles in
epithelial barrier integrity, immune modulation, metabolic regulation, and neurotransmitter
synthesis [3,12,13]. Dysbiosis, defined as compositional and functional imbalance within microbial
communities, has been repeatedly observed in PD across geographically diverse populations [14,15].
However, variability in diet, medication exposure, sequencing platforms, and analytical pipelines has
contributed to inter-cohort heterogeneity [8,16].

Recent large-scale meta-analyses integrating 16S rRNA and shotgun metagenomic datasets
demonstrate relatively consistent depletion of short-chain fatty acid (SCFA)-producing bacteria and
enrichment of mucin-degrading taxa in PD [17,18]. Functional analyses further identify alterations in
microbial vitamin biosynthesis pathways, carbohydrate-active enzyme networks, and metabolic gene
co-expression patterns [19-22]. Machine learning-based cross-cohort analyses confirm reproducible
functional alterations while underscoring limited cross-study portability [13,23,24].

Beyond compositional shifts, metabolomic profiling and Mendelian randomization approaches
implicate microbial-derived metabolites—including SCFAs, bile acids, branched-chain amino acids
(BCAAs), and gamma-aminobutyric acid (GABA), as potential mediators of immune activation and
dopaminergic vulnerability [25-28]. Experimental transplantation of PD-associated microbiota into
murine models induces intestinal barrier disruption, immune dysregulation, microglial activation,
and dopaminergic neuronal loss, supporting mechanistic plausibility [29-31].

Collectively, these findings suggest that gut dysbiosis may represent a biologically relevant
contributor, rather than a mere epiphenomenon, to basal ganglia dysfunction in PD [14,32], as
illustrated in Figure 1. Importantly, microbiome-targeted interventions, including dietary
modulation, probiotics, prebiotics, fecal microbiota transplantation, and strategies addressing
microbial levodopa metabolism, are emerging as potential adjunctive therapeutic approaches
[16,25,33,34].

This review integrates taxonomic, functional, metabolomic, immunological, and translational
evidence to delineate mechanistic pathways linking gut microbiota alterations to nigrostriatal
degeneration and to critically evaluate emerging microbiome-based therapeutic strategies.
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Figure 1. Signalling Cascade Linking the Gut and Brain in PD. Created in BioRender. Iordache, M. (2026)
https://BioRender.com/vs3gnrk. Abbreviations: BBB, brain blood barrier; IL-1(, interleukin 1f; IL-6, interleukin

6; SCFA, short chain fatty acids; TNF-a, tumor necrosis factor a.
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2. Materials and Methods

2.1. Review Design and Literature Search Strategy

This work was conducted as a structured narrative review aimed at integrating recent
mechanistic and translational evidence regarding the gut microbiota-brain axis in Parkinson’s
disease (PD).

A literature search was performed in PubMed, Web of Science, and Scopus for articles published
between January 2022 and January 2026. The following search terms were used in various Boolean
combinations: “Parkinson’s disease” AND “gut microbiota” OR “microbiota—gut-brain axis” OR
“shotgun metagenomics” OR “metabolomics” OR “Mendelian randomization” OR “fecal microbiota
transplantation” OR “levodopa metabolism”.

The search focused on human observational studies, interventional trials, mechanistic animal
models, and multi-omics analyses. Non-English publications, conference abstracts, editorials without
primary data, and isolated case reports were excluded.

Priority was given to: large-scale meta-analyses, multi-country shotgun metagenomic datasets,
multi-omics integrative studies, mendelian randomization analyses, randomized controlled trials,
mechanistic microbiota transplantation models.

The objective was to synthesize high-quality, recent evidence rather than exhaustively catalog
all published studies.

2.2. Data Categorization and Thematic Integration

Eligible studies were categorized into six mechanistic domains reflecting major pathways
linking gut dysbiosis to nigrostriatal degeneration: taxonomic alterations in gut microbiota,
functional pathway disruptions (shotgun metagenomics and metatranscriptomics), microbial
metabolite alterations, intestinal barrier dysfunction and immune activation, oa-synuclein
propagation and neuroinflammation, microbiome-targeted therapeutic strategies.

Studies were assigned to domains based on their primary mechanistic focus. Where overlap
existed (e.g., metabolomics combined with immune profiling), findings were integrated across
relevant sections.

Taxonomic reproducibility was evaluated by comparing 165 rRNA and shotgun datasets across
geographically distinct cohorts, with particular attention to findings replicated in multi-cohort meta-
analyses and machine learning-based cross-study assessments.

Functional pathway alterations were extracted from metagenomic and network-based analyses,
emphasizing gene ontology enrichment, metabolic pathway shifts, and co-expression network
changes. Causal inference regarding microbial metabolites was examined using Mendelian
randomization (MR) studies and experimental transplantation models.

Mechanistic plausibility was further supported by germ-free, antibiotic-treated, and microbiota-
transplanted animal models demonstrating immune activation, barrier dysfunction, or dopaminergic
neurodegeneration.

Given the narrative design, no formal risk-of-bias assessment or meta-analytic pooling was
performed.

3. Results
3.1. Reproducible Taxonomic Signatures

Multiple cohort studies and recent meta-analyses have identified recurrent patterns of gut
microbiota alterations in Parkinson’s disease (PD), although effect sizes and specific taxa vary across
populations and analytical platforms [34].

Large-scale shotgun sequencing meta-analyses integrating international datasets report a
relative depletion of short-chain fatty acid (SCFA)-producing species, including Faecalibacterium
prausnitzii and Roseburia intestinalis, alongside enrichment of mucin-degrading taxa such as
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Akkermansia muciniphila [35-37]. These findings have been partially corroborated by 16S rRNA-
based meta-analyses, which also describe reductions in butyrate-producing genera (Faecalibacterium,
Roseburia, Coprococcus) and relative increases in taxa such as Akkermansia and Bilophila [38—41].

Although absolute taxonomic concordance is not universal, depletion of SCFA-producing
bacteria represents one of the most frequently replicated observations across geographically distinct
cohorts [14,21]. Enrichment of mucin-degrading organisms has likewise been repeatedly described,
though the functional implications may depend on host context, dietary patterns, and disease stage
[23,31].

A recent machine learning-based meta-analysis comprising 4,489 samples from 22 case—control
studies demonstrated that microbiome-based classifiers achieved moderate discriminatory
performance within individual cohorts (mean AUC = 0.72), but cross-cohort portability was limited
[8,45,46]. These findings underscore substantial geographic, dietary, medication-related, and
methodological heterogeneity. Nevertheless, relative depletion of SCFA-producing taxa emerged as
a reproducible feature across multiple analytical frameworks [42].

Importantly, taxonomic shifts alone do not establish causality. However, the recurrent reduction
of butyrate-producing bacteria and relative enrichment of mucin-degrading and pro-inflammatory
taxa provide a biologically plausible substrate for downstream alterations in epithelial barrier
function, immune signaling, and microbial metabolite production [39,40].

The principal taxa most consistently reported across meta-analyses and multi-cohort studies are
summarized in Table 1.

Table 1. Reproducible Taxonomic Alterations in PD Across Meta-Analyses.

Directio Functional Mechanistic
Taxon n Role Implication
in PD P
Reduced
Faecalibacteri l e. uce'z
Butyrate epithelial
um Decrease ) . [20]
s production barrier
prausnitzii d . .
Integrity
| Impaired
‘Roseb‘um‘z Decrease SCFA. . anti- [47,48]
intestinalis d production inflammatory
signaling
TA
Coprococcus rosdiction' Altered
P Decrease P " metabolic [44,49,50]
SPP- d BCAA homeostasis
modulation
. T . ..
Akkefrr?anéza Increase Mucm. Thinning of [42,51]
muciniphila d degradation mucus layer
. . il Pro-
Bilophila Increase Sulfu? inflammatory [46,52]
spp- d metabolism .
environment
. )
Kleb.s'zellu Increase LPS . Irr}mu'ne [13,53]
variicola d production  activation
GABA-
consuming 1 Altered
ABA inhibit
species  Increase N ) inhibitory . [16,54,55]
. metabolism neurotransmi
(Evtepia d ,
ssion
gabavorous)
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Abbreviations: BCAA, branched-chain amino acid; GABA, gamma-aminobutyric acid; LPS, lipopolysaccharide;
PD, Parkinson’s disease; SCFAs, short-chain fatty acids.

3.2. Loss of Microbial Functional Diversity

Beyond compositional shifts, Parkinson’s disease (PD) is increasingly characterized by
functional alterations within the gut microbiome, as revealed by shotgun metagenomic and multi-
omics analyses [20,38,56,57].

Several international meta-analyses report reduced abundance of genes involved in riboflavin
and biotin biosynthesis pathways in PD-associated microbiota [16,58-61]. Given the role of these
vitamins in mitochondrial metabolism and redox homeostasis, such alterations may influence host
metabolic resilience, although direct causal links remain to be established [62-65]. Reductions in
vitamin biosynthesis pathways have also been correlated with decreased levels of fecal short-chain
fatty acids (SCFAs) and polyamines in some cohorts, suggesting coordinated metabolic perturbations
[66-70].

Functional pathway analyses further identify decreased representation of carbohydrate-active
enzymes (CAZymes), potentially limiting the microbial capacity to ferment complex polysaccharides
into SCFAs [71-75]. Alterations in secondary bile acid biosynthesis pathways have also been
reported, indicating potential disruption of gut-liver and gut-brain signaling networks [76,77].

In parallel, enrichment of genes associated with xenobiotic metabolism, including pesticide and
solvent biotransformation pathways, has been observed in certain PD cohorts, raising hypotheses
regarding microbiota-mediated modulation of environmental risk factors [78-81].

Network-based analyses provide additional insight into systems-level reorganization of
microbial communities. Co-expression and gene co-abundance network studies have demonstrated
reduced connectivity and altered hub gene structure in PD samples, suggesting decreased functional
integration within microbial ecosystems [24,43,59-62].

Rather than indicating complete “collapse,” these findings reflect disrupted interspecies
metabolic interactions and reduced network robustness. Notably, reduced gene expression diversity
and altered cross-feeding interactions between commensal taxa have been described in PD cohorts
[63-66].

Collectively, these data indicate that PD-associated dysbiosis extends beyond taxonomic
imbalance to encompass alterations in microbial metabolic capacity and ecological network
architecture. Such functional reorganization may influence epithelial barrier integrity, immune
signaling, and metabolite production, thereby contributing to downstream neuroinflammatory
processes explored in subsequent sections [67-70].

The principal microbial functional pathways reported across shotgun metagenomic studies are
summarized in Table 2.

Table 2. Functional Metabolic Pathways Altered in PD.

Pathway Direction in PD Associated Consequence
Riboflavin biosynthesis | Decreased Reduced antioxidant capacity [43,71,72]
Biotin biosynthesis | Decreased Impaired fatty acid metabolism [27,73]
CAZymes | Decreased Reduced complex . [74,75]
carbohydrate fermentation
ile aci Alt t-1i i
Secor.ldary bi e. acid | Decreased ered' gu . iver axis [76,77]
biosynthesis signaling
X ioti taboli Potential lati f toxi
enobiotic me ?ﬂ:fo ism t Increased otential modulation of toxin [78-81]
(solvent/pesticide) exposure
Flagellar assembly genes | Decreased Altered microbial motility [53,68,82]

Abbreviations: CAZymes, carbohydrate-active enzymes.
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3.3. Microbial Metabolites and Dopaminergic Vulnerability
3.3.1. Short-Chain Fatty Acids (SCFAs)

Short-chain fatty acids (SCFAs), primarily acetate, propionate, and butyrate, are produced
through bacterial fermentation of dietary fiber and play important roles in epithelial integrity,
immune modulation, and host metabolism [24-27,83].

Several observational studies report reduced fecal concentrations of SCFAs in patients with
Parkinson’s disease (PD), particularly butyrate, although effect sizes vary across cohorts [29,84-86].

Experimental studies suggest that butyrate supports epithelial tight junction expression, mucus
production, and regulatory immune responses. Therefore, diminished SCFA availability may
contribute to increased intestinal permeability and low-grade inflammation, although direct
causative evidence in human PD remains limited [59,87-89].

In addition to local intestinal effects, SCFAs can influence peripheral immune cells and
microglial maturation through histone deacetylase inhibition and G-protein-coupled receptor
signaling [90]. Preclinical models demonstrate that SCFA depletion or supplementation can modulate
neuroinflammatory responses; however, translation to human dopaminergic neurodegeneration
requires further longitudinal investigation [91].

3.3.2. Branched-Chain Amino Acids (BCAAs)

Branched-chain amino acids (BCAAs)—isoleucine, leucine, and valine—have emerged as
metabolites of interest in PD-related microbiome research [13,25,26,92,93].

Mendelian randomization (MR) analyses suggest that genetically predicted higher circulating
levels of certain BCAAs, particularly isoleucine, are associated with a lower risk of PD [29,80,94-96].
While MR strengthens causal inference by leveraging genetic instruments, these findings remain
subject to assumptions regarding pleiotropy and instrument validity [91,95]. Thus, the results should
be interpreted as supportive rather than definitive evidence of causality.

Specific microbial genera, including Coprococcus, have been associated with modulation of
circulating isoleucine levels, suggesting a potential microbiota-metabolite-disease axis [35,97].
Mechanistically, BCAAs may influence mitochondrial function, neurotransmitter synthesis, and
systemic metabolic signaling, though their precise contribution to dopaminergic vulnerability
remains incompletely defined [95-98].

3.3.3. Gamma-Aminobutyric Acid (GABA)

SCFAs are small molecules that regulate synthesis of glutamic acids, glutamine and

GABA in human cells. GABA is produced from glutamate in the presence of glutamic acid
decarboxylase (GAD) enzyme. This enzyme requires pyridoxal-5-phosphate (PLP) as a cofactor. The
enzyme undergoes a cycle where it alternates between the active holoenzyme and an inactive
apoenzyme form through a PLP-dependent mechanism, allowing it to regulate GABA synthesis.
Glutamic acid decarboxylase presents two forms (GAD65 and GAD67) which are regulated by
specific genes [92,94]. GAD65 and GAD67 belong to thegroup II pyridoxal 5-phosphate (PLP)-
dependent enzymes of fold type I, which comprise two other evolutionarily related human enzymes:
aromatic l-amino acid decarboxylase (synonym: I-dopa decarboxylase) and histidine decarboxylase.

Expression of these enzymes in the brain is responsible for the synthesis of the biogenic amines
GABA, dopamine, serotonin, and histamine which are implicated in a wide range of biological
activities from central homeostatic functions to cognitive phenomena [90]. Propionate, acetate, and
butyrate can influence the pH level in biosynthesis of GABA, because the GADG65 is sensitive to
different factors such as phosphate-base compounds, pH, magnesium and PLP [93].

Recent meta-analytic evidence has identified enrichment of GABA-consuming bacterial species,
including Evtepia gabavorous, in PD cohorts [99-101].

GABA is the principal inhibitory neurotransmitter within basal ganglia circuits; however,
peripheral and central GABA pools are largely compartmentalized. While gut-derived GABA does
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not readily cross the blood-brain barrier, alterations in microbial GABA metabolism may influence
host physiology indirectly through enteric nervous system signaling, vagal pathways, or immune-
mediated mechanisms [97].

Experimental studies suggest that microbiota-derived GABA can modulate stress responses and
neuroimmune signaling, but direct evidence linking microbial GABA metabolism to nigrostriatal
dysfunction in humans remains preliminary. Therefore, dysregulation of microbial GABA pathways
should be considered a plausible but not yet fully validated contributor to PD pathophysiology
[100,102].

3.3.4. Xenobiotic and Environmental Pathways

Shotgun metagenomic analyses in certain PD cohorts report enrichment of microbial genes
involved in xenobiotic metabolism, including pathways associated with pesticide and solvent
biotransformation [34,97,103].

Given established epidemiological associations between pesticide exposure and PD risk, these
findings raise the hypothesis that gut microbiota may influence host susceptibility to environmental
toxins [104]. Microbial communities can both detoxify and bioactivate xenobiotics, potentially
modifying systemic exposure profiles [105].

However, current evidence remains associative, and direct demonstration that microbiota-
mediated xenobiotic metabolism alters dopaminergic neurodegeneration in humans is lacking. This
area warrants targeted mechanistic and longitudinal investigation [88.102].

The principal microbial-derived metabolites implicated in Parkinson’s disease pathogenesis and
their proposed mechanistic roles are summarized in Table 3.

Table 3. Microbial Metabolites Implicated in PD Pathogenesis.

Metabolite Direction in PD Potential Impact
R - I
Butyrate | Decreased edl.lced b.arrler mte.g rity; [42]
microglial regulation
Propionate | Decreased Altered immune signaling [105,106]
Polyamines | Decreased Mucosal stability impairment [53,107]
| Lower levels Dopaminergic metabolic
Isoleucine (BCAA) associated with higher P & . [108]
. modulation
PD risk
GABA Dysregulated Basal ganglia circuit imbalance [9,47,59]
Lipopolysaccharid 1 Increased systemic TLR activation and
. . [80,109]
e (LPS) levels neuroinflammation

Abbreviations: BCAA, branched-chain amino acid; GABA, gamma-aminobutyric acid; LPS, lipopolysaccharide;
PD, Parkinson’s disease; TLR, Toll-like receptor.

3.4. Intestinal Barrier Dysfunction and Immune Activation

Accumulating evidence suggests that alterations in gut microbiota composition and metabolic
output in Parkinson’s disease (PD) may be associated with impaired intestinal barrier integrity and
immune activation [2,16,78].

Several clinical studies report increased intestinal permeability and elevated markers of mucosal
inflammation in subsets of PD patients [110,111]. Reductions in short-chain fatty acid (SCFA)-
producing bacteria, together with enrichment of mucin-degrading taxa, may compromise epithelial
tight junction expression and mucus layer maintenance, thereby facilitating increased exposure of
the lamina propria to luminal antigens [112,113]. However, the magnitude and stage-dependence of
barrier dysfunction remain heterogeneous across cohorts.

Elevated circulating lipopolysaccharide (LPS) levels and increased expression of Toll-like
receptor (TLR)-related inflammatory markers have been described in some PD populations,
suggesting low-grade systemic endotoxemia [114-116]. Activation of TLR signaling pathways can
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promote nuclear factor kB (NF-kB)-mediated cytokine production, contributing to peripheral
inflammatory  priming. Nonetheless, direct demonstration of sustained LPS-driven
neuroinflammation in human PD remains limited [117].

Preclinical models provide additional mechanistic insight. Transplantation of PD-associated
microbiota into germ-free or antibiotic-treated mice has been shown to induce intestinal barrier
alterations, increased T helper 17 (Th17) responses, and systemic immune activation [90,118]. In these
models, peripheral immune activation is accompanied by microglial reactivity and exacerbation of
dopaminergic neuronal vulnerability [119,120].

Microglial priming may represent a key interface between peripheral immune perturbations and
central neurodegeneration. Peripheral cytokines and immune mediators can influence microglial
phenotype through humoral signaling or neural pathways, potentially lowering the threshold for
inflammatory responses within basal ganglia circuits [121]. However, translating findings from
animal models to human disease requires cautious interpretation, as direct longitudinal evidence
linking gut-derived immune activation to progressive nigrostriatal degeneration in patients is still
emerging [122].

Collectively, current data support a model in which microbiota-associated barrier dysfunction
and immune signaling constitute plausible intermediates connecting gut dysbiosis to
neuroinflammatory processes in PD, while acknowledging that definitive causal pathways remain to
be fully delineated [123].

3.5. a-Synuclein Propagation and Basal Ganglia Dysfunction

One influential framework linking gut dysbiosis to central neurodegeneration is the “body-first”
hypothesis of Parkinson’s disease (PD), which proposes that misfolded a-synuclein (a-syn)
pathology may originate in the enteric nervous system (ENS) and propagate to the brain via the vagus
nerve [124].

Neuropathological observations demonstrating a-syn aggregates in enteric neurons and the
dorsal motor nucleus of the vagus have supported this model [10,11,125]. Epidemiological studies
have reported that truncal vagotomy may be associated with reduced PD risk, although findings are
not entirely consistent across cohorts and effect sizes are modest [11,125]. Importantly, accumulating
clinical and imaging data suggest the existence of both “body-first” and “brain-first” PD subtypes,
indicating that enteric initiation is unlikely to represent a universal mechanism [126].

Experimental models provide mechanistic insight into potential propagation pathways. In
rodent studies, injection of misfolded a-syn into the intestinal wall or exposure to pro-inflammatory
gut conditions can induce caudo-rostral spread of a-syn pathology to the dorsal motor nucleus and,
subsequently, to midbrain dopaminergic regions [43,121,126,127]. However, many of these models
rely on supraphysiological a-syn expression or direct fibril inoculation, and therefore may not fully
recapitulate sporadic human PD [125,126].

Gut dysbiosis and intestinal inflammation may contribute indirectly to a-syn aggregation. Pro-
inflammatory signaling, oxidative stress, and microbial metabolite alterations can promote a-syn
misfolding within enteric neurons in preclinical systems [43,121,126].

In parallel, systemic immune activation may prime microglia, lowering the threshold for
neuroinflammatory responses within basal ganglia circuits.

Rather than implying a singular linear cascade, current evidence supports a bidirectional and
potentially self-reinforcing model: gut-derived immune perturbations and altered microbial
metabolites may promote a-syn aggregation and neuroinflammation, while evolving central
neurodegeneration may further influence autonomic and gastrointestinal function [128,129].

Thus, a-syn propagation represents a biologically plausible but heterogeneous pathway linking
intestinal dysbiosis to nigrostriatal degeneration, with substantial inter-individual variability in
temporal sequence and anatomical origin [112,130].
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3.6. Therapeutic Implications

Growing recognition of gut microbiota involvement in Parkinson’s disease (PD) has stimulated
interest in microbiome-targeted therapeutic strategies. Current approaches range from dietary
modulation to microbial transplantation and pharmacomicrobiomic interventions, though levels of
clinical evidence vary substantially [101,104,121].

3.6.1. Diet-Based Interventions

Diet is a major determinant of microbial composition and metabolic output. Higher Healthy
Eating Index (HEI)-2015 scores and increased dietary fiber intake have been associated with greater
abundance of SCFA-producing bacteria in PD cohorts [129,130]. Reduced consumption of added
sugars has been linked to lower relative abundance of pro-inflammatory taxa [131].

Mediterranean-style dietary patterns, characterized by high intake of fiber, polyphenols, and
unsaturated fats, have been associated with microbial profiles enriched in SCFA-producing
organisms and reduced lipopolysaccharide biosynthesis pathways [132].

While observational data and short-term interventional studies suggest potential benefits on
gastrointestinal symptoms and inflammatory markers, robust evidence for disease-modifying effects
remains limited. Longitudinal randomized trials are required to determine whether dietary
modulation can influence neurodegenerative trajectories [131,132].

3.6.2. Probiotics and Prebiotics

Probiotic and prebiotic supplementation has primarily been investigated for management of
constipation and gastrointestinal dysfunction in PD. Randomized controlled trials demonstrate that
certain probiotic formulations can improve stool frequency and reduce inflammatory markers
[39,133].

Prebiotic supplementation has been shown to increase SCFA-producing bacteria and fecal SCFA
levels in small pilot studies [20]. However, strain specificity, dosage, treatment duration, and long-
term effects remain heterogeneous across trials. Evidence supporting direct effects on motor
progression or dopaminergic neurodegeneration is currently insufficient [20,39].

Thus, while probiotics and prebiotics represent promising adjunctive strategies for symptom
management and microbiota modulation, their role in altering disease progression has yet to be
established.

3.6.3. Fecal Microbiota Transplantation (FMT)

Fecal microbiota transplantation (FMT) aims to restore microbial diversity and metabolic
balance through transfer of donor microbiota. Preliminary open-label studies and small randomized
trials report improvements in both motor and non-motor symptoms following FMT in selected PD
patients [112,134,135].

However, sample sizes remain small, study designs heterogeneous, and follow-up durations
limited. The durability of microbiota engraftment, optimal donor selection criteria, and long-term
safety profile require further clarification. At present, FMT should be considered an experimental
intervention within controlled research settings rather than a standard therapeutic option [112,134—
136].

3.6.4. Pharmacomicromodulation

Emerging evidence highlights bidirectional interactions between gut microbes and PD
pharmacotherapy. Certain intestinal bacteria express tyrosine decarboxylases capable of converting
levodopa to dopamine in the gut lumen, thereby reducing systemic drug bioavailability [112,136].

Strategies targeting bacterial levodopa metabolism—including selective decarboxylase
inhibition or engineered probiotic strains—represent innovative approaches to optimizing
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pharmacokinetics [137]. Preclinical studies demonstrate proof-of-concept improvements in motor
performance in animal models; however, clinical translation remains at an early stage [138-141].
Pharmacomicrobiomic modulation may ultimately enable personalized therapeutic strategies
integrating microbial profiling with medication optimization [142].
A summary of microbiome-targeted interventions and current evidence levels is provided in
Table 4.

Table 4. Clinical and Translational Microbiome-Targeted Interventions in PD.

Intervention Mechanism Reported Effects Limitations
High-fib
lg iber / Increases SCFA- Improved microbial Long-term adherence
Mediterranean . . . e [138]
diet producing taxa diversity variability
imul FA I
Prebiotics Stimulate SC mp?rove.d Limited large RCTs [20,26]
production constipation
Modulat I I
Probiotics . odulate mproved G Strain heterogeneity [50,103,139]
inflammatory taxa symptoms
Motor and non-
FMT Restor.es m%crobial rr'10tor symptom Small sample sizes
diversity improvement [140,141]
(preliminary)
Bacterial Improved drug
Red levod
decarboxylase eduices ‘evodopa bioavailability =~ Early translational stage ~ [102,121,142]
g metabolism )
inhibition (experimental)

Abbreviations: FMT, fecal microbiota transplantation; PD, Parkinson’s disease; RCT, randomized controlled
trial; SCFAs, short-chain fatty acids.

4. Limitations and Future Directions

Despite substantial progress in delineating gut microbiota alterations in Parkinson’s disease
(PD), several limitations constrain current interpretation and translational application.

First, most available studies are cross-sectional, limiting the ability to infer temporal
directionality. It remains unclear whether gut dysbiosis precedes neurodegeneration, emerges as a
consequence of autonomic dysfunction and altered gastrointestinal motility, or reflects bidirectional
interactions. Reverse causality is a plausible explanation for at least part of the observed microbial
alterations.

Second, medication exposure represents a major confounder. Levodopa, catechol-O-
methyltransferase inhibitors, monoamine oxidase-B inhibitors, anticholinergics, and proton pump
inhibitors may independently influence microbial composition and metabolic output. Disentangling
disease-specific signatures from medication-induced shifts remains challenging.

Third, dietary patterns, which strongly shape microbial ecology, vary across cohorts and are
often insufficiently controlled. Geographic and cultural heterogeneity further contribute to limited
cross-study portability of microbiome classifiers.

Fourth, most studies rely on 165 rRNA sequencing, which provides genus-level resolution but
limited functional insight. While shotgun metagenomics improves pathway-level characterization,
strain-level functional heterogeneity remains underexplored. Opposing metabolic effects may occur
within the same genus, underscoring the need for higher-resolution strain profiling and
metatranscriptomic validation.

Fifth, mechanistic extrapolation from animal models requires caution. Although microbiota
transplantation and a-syn propagation studies provide proof-of-concept evidence, experimental
systems frequently involve supraphysiological a-syn expression, direct fibril inoculation, or germ-
free conditions that may not fully replicate sporadic human PD.
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Future research should prioritize longitudinal prodromal cohorts to clarify temporal dynamics
and identify early microbial signatures preceding motor onset. Integration of host genomics,
metabolomics, immune profiling, and microbiome data through systems biology approaches may
enable identification of patient-specific microbial-host interaction networks.

Strain-level functional characterization, causal mediation analyses, and standardized reporting
frameworks will be essential to improve reproducibility. Ultimately, precision microbiome
stratification—rather than universal microbial targets —may represent the most realistic path toward
disease-modifying microbiota-based interventions.

5. Conclusions

Emerging multi-level evidence from taxonomic profiling, shotgun metagenomics,
metabolomics, Mendelian randomization analyses, and experimental models supports a biologically
plausible framework in which gut microbiota alterations may influence key pathways implicated in
Parkinson’s disease (PD). Recurrent depletion of short-chain fatty acid-producing taxa, functional
metabolic reorganization, intestinal barrier perturbation, immune activation, and potential «a-
synuclein propagation together suggest that the gut-brain interface represents a relevant axis in PD
pathophysiology.

However, substantial heterogeneity persists across cohorts, disease stages, and methodological
platforms. Current data do not support a singular or universal microbial signature, nor do they
establish definitive causality between dysbiosis and nigrostriatal degeneration. Rather, gut
microbiota alterations likely interact dynamically with host genetics, immune responses,
environmental exposures, and pharmacotherapy within a bidirectional system.

Translational strategies—including dietary modulation, probiotic and prebiotic
supplementation, fecal microbiota transplantation, and pharmacomicrobiomic optimization of
levodopa metabolism—demonstrate early promise but require larger, longitudinal, and
mechanistically informed clinical trials.

Future research should focus on prodromal cohorts, strain-level functional resolution, and
integrated host-microbiome multi-omics modeling. Precision microbiome stratification may
ultimately enable individualized interventions that complement conventional dopaminergic
therapies and potentially modify disease trajectories.

While microbiota modulation is unlikely to represent a standalone cure, it may emerge as a
biologically rational component of comprehensive, systems-based management of Parkinson’s
disease.
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