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Abstract 

Parkinson’s disease (PD) is a neurodegenerative disorder in which gut-brain interactions, enteric 
alpha-synuclein (αS) pathology, and neuroimmune signals contribute to nigrostriatal degeneration. 
Alongside the frequent occurrence of early gastrointestinal dysfunction, findings from enteric αS 
pathology and epidemiological studies support the existence of a gut-first subtype of PD. This article 
provides an integrated review of current evidence linking gastrointestinal and brain αS pathology, 
gut barrier dysfunction, inflammation, and microbial imbalance in PD. We discuss how these 
processes may interact through the microbiota-gut-brain axis to drive neurodegeneration and explore 
emerging microbiome-based therapeutic strategies including fecal microbiota transplantation, 
rifaximin, and probiotic approaches. We also point out future research directions, including 
improved enteric αS imaging and longitudinal microbiome studies starting before PD diagnosis. 
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1. Introduction 

Parkinson’s disease (PD) is the second most common neurodegenerative disease after 
Alzheimer’s disease (AD) (Kalia & Lang, 2015). PD affects 1% to 2% of individuals older than 60, and 
its prevalence rises to 3.5% at age 85 to 89 years (Rizek et al., 2016). The prevalence of PD has increased 
substantially from approximately 3.15 million cases in 1990 to 11.77 million cases in 2021 (Li et al., 
2025). Projections indicate that the number of people living with PD worldwide could rise to nearly 
25 million by 2050 (Su et al., 2025). 

PD pathology is primarily characterized by the degeneration of dopaminergic neurons in the 
substantia nigra pars compacta (SNpc), most notably in the ventrolateral region whose neurons 
connect to the dorsal putamen of the striatum (Kalia & Lang, 2015). Despite clinical heterogeneity in 
motor symptoms, the defining motor symptoms of PD include bradykinesia, rigidity, and resting 
tremor (Obeso et al., 2017). Non-motor symptoms, including constipation, hyposmia, rapid eye 
movement sleep behavior disorder (RBD), and depression frequently emerge before the onset of 
motor symptoms, representing the premotor stage of PD (Tolosa et al., 2007). Mutations in the SNCA 
gene encoding α-synuclein (αS) can cause familial forms of PD (Polymeropoulos et al., 1997). 
Together with the finding that αS aggregates into Lewy bodies, the pathological hallmark of sporadic 
PD (Spillantini et al., 1998), this strongly implicates αS in PD pathogenesis and progression. Currently 
available PD medications act solely as symptomatic treatments and fail to alter disease progression, 
whereas promising disease-modifying treatments designed to delay pathogenesis are currently still 
under clinical development (McFarthing et al., 2024). 

αS is a 140-amino-acid protein that is highly abundant in the nervous system (Goedert, 2001), 
accounting for around 1% of cytosolic protein (Stefanis, 2011). It is also very abundant, for unclear 
reasons, in erythrocytes and platelets (Barbour et al., 2008). αS is enriched at presynaptic terminals, 
where it contributes to the regulation of synaptic vesicle pools (Murphy et al., 2000). Upon binding 
to phospholipid membranes, αS shifts from a largely unstructured conformation to a partially folded 
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state with amphipathic α-helical conformation (Nuscher et al., 2004). Soluble oligomeric forms of αS, 
rather than fibrillar species, are thought to be chiefly responsible for toxicity, and membrane 
interactions have been reported to influence its misfolding and aggregation (Bendor et al., 2013). 
Consistent with the importance of membrane binding, familial PD mutations in αS can abolish its 
interaction with presynaptic vesicles (Jensen, 1998). Importantly, αS pathology in PD is not restricted 
to the brain but is also observed in the gastrointestinal (GI) tract (Lebouvier et al., 2008; Beach et al., 
2010; Annerino et al., 2012; Stokholm et al., 2016; Ohlsson & Englund, 2019; Tanei et al., 2020; Emmi 
et al., 2023). αS is expressed in intestinal enteroendocrine cells (Chandra et al., 2017) and certain 
enteric neurons (Paillusson, 2013). This observation brings the enteric nervous system (ENS) into 
focus as a potential site of early αS misfolding and disease initiation. 

The ENS, often termed the ‘second brain’, regulates GI function autonomously but remains in 
continuous communication with the central nervous system (CNS) (Rao & Gershon, 2016; Gershon 
& Margolis, 2021), via the vagus nerve, transmiĴing extensive sensory information from the gut to 
the brain (Rao & Gershon, 2016). This bidirectional communication underlies the gut-brain axis, 
through which peripheral changes may influence central pathology. The anatomical and functional 
properties of the ENS and its vagal connections are the basis for models in which PD begins in the 
gut and ascends to the brain, as formalized in the Braak staging hypothesis. According to this 
framework, misfolded αS may plausibly propagate retrogradely along vagal pathways from the GI 
tract to the brainstem (Braak et al., 2003; Braak et al., 2002; Braak et al., 2005). This proposed gut-to-
brain route is supported by experimental GI-seeding models showing vagus-dependent spread of αS 
pathology from the ENS to the brain (Pan-Montojo et al., 2012; Holmqvist et al., 2014; Uemura et al., 
2018; Kim et al., 2019), and by epidemiological vagotomy cohorts in which full truncal vagotomy is 
associated with reduced subsequent PD risk (Svensson et al., 2015; Liu et al., 2017). 

In this review, we synthesize evidence for gut-first mechanisms in PD by first outlining 
anatomical and neuropathological support for gut-initiated disease, then examining barrier and 
immune pathways that link intestinal pathology to nigrostriatal degeneration, and finally summarize 
microbiome alterations and microbiota-targeted interventions. We also highlight the emerging 
research direction of enteric αS imaging and propose longitudinal microbiome cohort studies to 
clarify causality and guide future therapies. 

2. Gut-Brain Framework: ENS, Braak Hypothesis and αS Spread 

This section outlines the gut-brain framework in PD, beginning with the anatomy and 
physiology of the ENS and then linking the Braak hypothesis to experimental and clinicopathological 
evidence that misfolded αS can propagate in a prion-like fashion from gut to brain along autonomic 
circuits. 

2.1. The ENS and the Gut-Brain Axis 

Although capable of independent integrative activity, the ENS transmits extensive sensory 
information to the brain, primarily through the vagus nerve, and contains more than 100 million 
neurons using nearly every neurotransmiĴer found in the CNS; approximately 90% of vagal fibers 
are afferent, indicating that the brain is predominantly receiving signals from the gut rather than 
sending them (Rao & Gershon, 2016). Within the GI wall, the ENS is organized into two major 
plexuses: the myenteric (Auerbach) plexus and the submucosal (Meissner) plexus (Gershon & 
Margolis, 2021), the former located between the circular and longitudinal muscle layers and 
coordinating GI motility, and the laĴer situated beneath the mucosa and containing secretomotor and 
vasomotor neurons that regulate epithelial secretion and mucosal blood flow (Fleming et al., 2020). 
The ENS comprises intrinsic primary afferent neurons, interneurons, and motor neurons that sense 
the intestinal environment and coordinate motility and secretion (Gershon & Margolis, 2021; Fleming 
et al., 2020). The gut-brain axis represents a dynamic, bidirectional neuroendocrine system in which 
information is transmiĴed by neuronal signaling, predominantly vagal afferents, endocrine 
messengers such as gut hormones, and immune mediators including cytokines (Westfall, 2017), 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 January 2026 doi:10.20944/preprints202601.0779.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0779.v1
http://creativecommons.org/licenses/by/4.0/


 3 of 29 

 

creating an integrated communication framework linking the GI tract to CNS function (Gershon & 
Margolis, 2021). Within this network, the gut transmits information to the brain through spinal and 
vagal visceral afferent pathways, while the brain sends sympathetic and parasympathetic efferent 
inputs to the gut (Gershon & Margolis, 2021). The intestinal microbiome acts as an active third 
participant in this bidirectional signaling (Gershon & Margolis, 2021), with microbial and 
enteroendocrine signals integrated by the ENS within the submucosal and myenteric plexuses, rather 
than through direct microbial contact with vagal fibers, before being relayed centrally (Dicks, 2022). 

2.2. The Braak Hypothesis 

Idiopathic PD was proposed by Heiko Braak and colleagues to follow a stereotyped six-stage 
progression of Lewy neurites and Lewy bodies, beginning in specific lower brainstem and olfactory 
regions and ascending through autonomic and brainstem nuclei to limbic and widespread neocortical 
territories (Braak et al., 2003; Braak et al., 2002). Within this scheme, early pathology is suggested to 
appear in the dorsal motor nucleus of the vagus nerve (DMV) together with anterior olfactory 
structures, then to ascend through interconnected brainstem and midbrain nuclei, including the 
substantia nigra pars compacta, before reaching limbic and association cortices (Braak et al., 2002). 
Because these regions are linked by well-defined fiber pathways, Braak and colleagues proposed that 
pathology propagates via retrograde axonal and transneuronal transport along preexisting circuits, 
identifying the DMV as the most plausible intracerebral starting point rather than the anterior 
olfactory system (Braak et al., 2003). Extending this framework, they articulated a gut-origin 
hypothesis in which a pathogen crossing the GI mucosa enters the enteric nervous system and reaches 
the brain via unmyelinated preganglionic vagal fibers, projecting to the DMV and from which 
pathology can spread to selectively vulnerable brainstem, midbrain, and cortical targets (Braak et al., 
2003). The stomach was highlighted as a likely portal of entry because of its extensive vagal 
innervation, thin single-cell epithelial barrier, and prolonged exposure to luminal contents (Braak et 
al., 2003; Braak et al., 2005). Supporting this model, an autopsy study demonstrated αS 
immunoreactive inclusions in neurons of the submucosal Meissner plexus and myenteric Auerbach 
plexus of the stomach, with affected axons extending into the gastric mucosa near fundic glands 
(Braak et al., 2005). These altered enteric neurons provide an anatomical link between the gut and the 
brain and suggest a plausible site where αS misfolding could begin and then ascend to the CNS via 
vagal retrograde transport (Braak et al., 2005; Braak et al., 2003). 

2.3. Experimental Evidence for Prion-Like αS Propagation 

In vitro, aggregated αS drives nucleation-dependent fibrillogenesis, bypassing the lag phase in 
a dose-dependent manner and recruiting both wild-type (WT) and mutant αS monomer, consistent 
with a self-propagating seeding mechanism (Wood et al., 1999). In transgenic mice overexpressing 
human A53T αS (M83 line), intracerebral inoculation of diseased brain homogenate or synthetic 
preformed fibrils led to neuronal uptake, seeded recruitment of endogenous αS, and propagation of 
pathology along anatomically connected CNS pathways (Luk et al., 2012a). The induced lesions 
resembled Lewy bodies and Lewy neurites, spread bilaterally along white maĴer tracts, and were 
associated with relatively uniform incubation periods and reduced survival, with phosphorylated, 
insoluble host αS aggregates indicating templated conversion (Luk et al., 2012a). In WT mice, 
intrastriatal injection of preformed αS fibrils induced Lewy body-like and Lewy neurite-like 
inclusions in anatomically connected regions that progressed to the substantia nigra pars compacta, 
where dopaminergic neurons developed inclusions and underwent progressive loss, accompanied 
by reduced striatal dopamine and motor impairment, demonstrating that transmission of pathologic 
αS is sufficient to initiate key pathological and behavioral features of PD-like neurodegeneration (Luk 
et al., 2012b). Across mouse, rat and nonhuman primate models, intracerebral exposure to patient-
derived aggregates or recombinant fibrils similarly seed endogenous αS and produces progressive 
pathology with neurodegenerative and behavioral consequences constrained by anatomical 
connectivity and strain properties (Peelaerts et al., 2015; Recasens et al., 2014; WaĴs et al., 2013; 
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Masuda-Suzukake et al., 2013; Paumier et al., 2015). Collectively, these studies demonstrate that 
pathological αS can behave in a prion-like manner, with seed-dependent templating, connectivity-
constrained propagation that can lead to Lewy-type pathology, neurodegeneration, and motor 
deficits across species. 

Human transplantation data provide convergent support: postmortem analyses of PD patients 
who received fetal dopaminergic grafts reveal Lewy body-type, αS-positive inclusions within grafted 
neurons 11 to 16 years after transplantation (Li et al., 2008), consistent with transfer and accumulation 
of host αS in transplanted cells and with prion-like models of disease spread (Li et al., 2008; Kordower 
et al., 2008). 

Within this prion-like framework, gut-focused models test whether αS pathology can originate 
in the ENS and ascend to the CNS along autonomic pathways. In mice, gut-administered rotenone 
led to αS accumulation that advanced from ENS to CNS along vagal and sympathetic routes, and 
hemivagotomy or sympathectomy blocked CNS progression (Pan-Montojo et al., 2012), supporting 
an ENS-to-CNS trajectory aligned with Braak staging. In rats, injection of PD patient brain lysate or 
recombinant αS into the intestinal wall resulted in human αS appearing in vagal fibers within days 
and in cholinergic neurons of the DMV shortly thereafter, providing direct evidence that peripherally 
introduced αS can propagate from gut to brain along the vagus nerve (Holmqvist et al., 2014). 

Gastric αS preformed fibril (PFF) models define the subsequent paĴern of spread. In mice, PFF 
injection into the muscularis of the pyloric stomach and upper duodenum, near the myenteric plexus, 
induced pathological αS locally in the gut, and by 1 month, in the DMV; Over subsequent months, 
aggregates extended to additional brainstem and limbic regions with substantia nigra pars compacta 
involvement, dopaminergic neuron loss, reduced striatal dopamine, and motor deficits. Truncal 
vagotomy prevented brain spread of αS pathology, preserved nigrostriatal markers, and normalized 
motor performance, indicating that the vagus nerve is required for gut-to-brain transmission in this 
model (Kim et al., 2019). In WT mice, gastric-wall PFF inoculation induces phosphorylated, Lewy 
body-like αS aggregates in the DMV that were eliminated by prior cervical vagotomy; over longer 
follow-up, DMV involvement diminished while phosphorylated αS persisted in the myenteric 
plexus, consistent with transmission from ENS to brainstem along vagal pathways (Uemura et al., 
2018). Other gut PFF models indicate that age and lysosomal vulnerability constrain gut-to-brain 
propagation after duodenal seeding (Challis et al., 2020), while αS expression and transgenic 
overexpression facilitate DMV pathology but not caudo-rostral spread (Uemura et al., 2019). 

Vagotomy cohorts provide complementary human evidence for a vagus-dependent route. In 
Denmark, full truncal vagotomy was associated with lower subsequent PD risk compared with both 
superselective gastric vagotomy and matched population controls, with the strongest protective 
signal emerging more than twenty years after surgery (Svensson et al., 2015). In Sweden, a matched-
cohort analysis of 9,430 vagotomized patients and 377,200 reference individuals found no overall 
association between vagotomy and PD risk. However, when analyses were limited to diagnoses 
made more than five years after surgery, patients who had undergone truncal vagotomy showed a 
lower risk of developing PD, whereas selective and highly selective vagotomies were not associated 
with decreased risk (Liu et al., 2017). Beyond five years of follow-up, truncal vagotomy was also 
associated with a lower PD risk than selective vagotomy (Liu et al., 2017). The consistent paĴern, with 
risk reduction confined to full truncal vagotomy, supports a vagus-dependent route from the GI tract 
to the brain (Svensson et al., 2015; Liu et al., 2017) and is consistent with experimental evidence that 
gut-initiated, vagus-mediated αS delivery reaches the DMV (Pan-Montojo et al., 2012; Holmqvist et 
al., 2014; Kim et al., 2019; Uemura et al., 2018). 

Neuropathological studies show that αS pathology frequently involves peripheral autonomic 
and enteric structures in paĴerns compatible with an enteric-vagus-CNS axis (Beach et al., 2010; Tanei 
et al., 2020; Emmi et al., 2023). In a large autopsy series, PD and dementia with Lewy bodies exhibited 
widespread phosphorylated αS pathology in spinal cord and peripheral nervous system, with normal 
elderly controls lacking lesions; within the GI tract, immunoreactivity was common, and the spinal 
cord, paraspinal sympathetic ganglia, vagus nerve, and ENS were frequently involved (Beach et al., 
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2010). In a community-based autopsy series, esophageal ENS αS pathology was absent in controls, 
present in roughly one third of preclinical or prodromal Lewy body disease, and increased with stage, 
correlating with autonomic dysfunction (Tanei et al., 2020). Quantitative analyses show that enteric 
αS-positive neuritic pathology is present in PD and absent in controls, with mixed findings regarding 
myenteric neuronal loss, but consistently indicating substantial ENS involvement aligned with vagal 
territories (Annerino et al., 2012; Ohlsson & Englund, 2019). Early and advanced PD patients’ 
duodenal biopsies show increased mucosal T lymphocytes expressing the cluster of differentiation 3 
marker and B lymphocytes expressing cluster of differentiation 20, higher expression of human 
leukocyte antigen-DR on antigen-presenting cells, and hypertrophic enteric glial cells positive for 
glial fibrillary acidic protein compared with controls, indicating a chronic inflammatory response 
with enteric gliosis in the proximal small intestine (Campagnolo et al., 2024). These immune and glial 
changes co-occurred with a significantly greater area occupied by aggregated, thread-like αS deposits 
along mucosal nerve fibers in PD, a paĴern not detected in any control samples, supporting a disease-
specific inflammatory enteric αS pathology that may contribute to ongoing αS misfolding and 
aggregation in the enteric nervous system (Campagnolo et al., 2024). Biopsy studies extend these 
observations into the prodromal phase. Colonic biopsy series have identified phosphorylated αS 
within the submucosal plexus of PD patients but not in controls (Lebouvier et al., 2008), with 
approximately 72% of patients positive in one cohort (Lebouvier et al., 2010). In archival GI biopsies 
from individuals who later developed PD, phosphorylated αS immunoreactivity was detected in 
enteric neural structures in 56% of prodromal cases (Stokholm et al., 2016). In this cohort, prodromal 
samples were obtained on average 7 years before PD diagnosis, with sampling times ranging from 
about 20 years to a few months before diagnosis, demonstrating that enteric phosphorylated αS can 
be present in the gut up to two decades before clinical onset (Stokholm et al., 2016). 

Molecular and anatomical studies suggest that the ENS provides a distinctive substrate for 
initiating αS pathology that can access vagal pathways. Intact-cell and tissue cross-linking studies 
show that αS assembly state is context-dependent, with lysis-sensitive tetramers and oligomers 
detectable in neurons and non-neural cells (DeĴmer et al., 2013). By contrast, enteric neurons and 
human intestinal tissue show predominantly monomeric αS under similar cross-linking conditions 
(Corbillé et al., 2016), suggesting that local triggers in the gut may be required to generate seeds 
competent for retrograde spread. In the proximal GI tract, a defined subset of myenteric neurons and 
vagal preganglionic efferent fibers express αS (Phillips et al., 2008). Vagal fibers form ring-like 
contacts onto myenteric neurons and subdiaphragmatic vagotomy markedly reduces αS-positive 
neurites in the myenteric plexus, indicating that much of the αS-immunoreactive fiber network is 
vagal in origin (Phillips et al., 2008). 

3. Future Directions in Enteric αS Imaging 

Despite the findings introduced above, αS immunoreactivity was also detected in gastric and 
colonic mucosa from individuals without a PD diagnosis at the time of biopsy (Chung et al., 2015; 
Shin et al., 2017; Ruffmann et al., 2018; Visanji et al., 2015). These observations might suggest that αS 
aggregation could begin in the ENS years before clinical onset, consistent with gut-first models of PD 
pathogenesis. This hypothesis needs to be validated in future research, which could include the 
development of specific in vivo imaging biomarkers of aggregated αS in the ENS. Aggregated αS and 
Lewy-type inclusion bodies cannot currently be assessed in living humans using SPECT or PET 
radiotracers because available candidate ligands show suboptimal binding and physicochemical 
properties, including insufficient affinity and selectivity for αS over other β-sheet aggregates, non-
ideal lipophilicity and brain pharmacokinetics, and problematic radiometabolites (Alzghool et al., 
2022). The predominantly intracellular localization and low abundance of αS aggregates further 
complicate their detection with current tracers (Alzghool et al., 2022). Although several αS PET 
tracers are in preclinical or early clinical studies, none has yet been approved for routine clinical 
imaging (Guo et al., 2025). Enteric immunohistochemistry indicates that coarse Lewy body-like 
aggregates within myenteric ganglia are characteristic of PD, whereas finer synaptic or cytoplasmic 
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αS staining appear in both groups, making intraganglionic αS aggregates the most disease-relevant 
tissue target (Aldecoa et al., 2015). Given the large amounts of αS and αS-like proteins from dietary, 
microbial and endogenous sources within the intestinal lumen and epithelial layers, any enteric 
imaging tracer must distinguish intraganglionic aggregated αS from luminal or epithelial signals 
within the neuro-epithelial-glial interface (Lerner, 2021). Recent ligands represent promising 
advances: DABTA-based 18F tracers, notably [18F]d8, show subnanomolar affinity for αS fibrils, more 
than 200-fold selectivity over amyloid-β and tau in vitro, and in preclinical mouse studies show no 
detectable brain radiometabolites at early time points (Uzuegbunam et al., 2022). More recently, 
ligands such as 18F-C05-05 and 18F-SPAL-T-06 visualize αS pathology in human brain tissue and show 
favorable safety profiles with prominent hepatobiliary and intestinal uptake (Goto et al., 2025; Guo 
et al., 2025). These next-generation tracers mark substantial progress toward ante-mortem αS 
imaging. 

4. Barriers, Immunity, and Neurodegeneration Along the Microbiota-Gut-Brain 
Axis 

This section examines how gut barrier disruption, lipopolysaccharide (LPS) exposure and blood-
brain barrier (BBB) compromise link intestinal dysbiosis to central neuroinflammation, and how 
microglial activation, oxidative stress and mitochondrial dysfunction amplify αS toxicity to drive 
selective nigrostriatal degeneration. 

4.1. Intestinal Barrier Dysfunction, Lipopolysaccharide Signaling, and Blood-Brain Barrier Disruption 

In newly diagnosed, untreated PD, colonic permeability to sucralose is approximately doubled 
compared with controls and is positively correlated with mucosal Escherichia coli (E. coli), 
nitrotyrosine, and enteric αS, while plasma LPS-binding protein is reduced, consistent with increased 
exposure to Gram-negative bacteria (Forsyth et al., 2011). Convergent work suggests that gut 
dysbiosis and increased intestinal permeability expose the ENS to bacterial products, promoting αS 
misfolding and accumulation that could seed pathology spreading to the CNS (Mulak, 2015; Rietdijk 
et al., 2017; Kelly et al., 2013; Olanow et al., 2014; Lubomski et al., 2019). At the systemic level, LPS 
from Gram-negative bacteria induces pro-inflammatory cytokines, downregulates tight-junction 
proteins and compromises the BBB (Goyal et al., 2020; Perez-Pardo et al., 2018; Perez Pardo, 2017). 
Increased intestinal permeability and enrichment of LPS-producing bacteria in PD may augment LPS 
exposure, which activates enteric neurons and glial cells, drives production of pro-inflammatory 
cytokines such as interleukin-1 beta (IL-1β) and tumor necrosis factor alpha (TNF-α), and sustains 
systemic and gut inflammation along the microbiota-gut-brain axis (Baizabal-Carvallo & Alonso-
Juarez, 2020). In PD-relevant gut-first models, oral administration of the Enterobacteriaceae member 
Proteus mirabilis increases fecal and serum LPS, reduces expression of the tight-junction protein 
occludin, and upregulates TNF-α and Toll-like receptor 4 (TLR4) in the distal colon, resulting in LPS-
dependent epithelial barrier disruption and colonic inflammation that mechanistically links dysbiosis 
to increased gut permeability (Choi et al., 2018). Bacterial LPS impairs colonic barrier function by 
reducing tight-junction proteins such as occludin and promoting TNF-α release through TLR4-
mediated activation of lamina propria macrophages and T helper 1 cell differentiation, thereby 
sustaining mucosal inflammation (Choi et al., 2018). In metabolic stress models, leaky gut with 
elevated circulating LPS enhances TLR4 signaling, BBB disruption and brain cytokine levels and is 
ameliorated by depleting intestinal Gram-negative bacteria (Kurita et al., 2020), whereas 
psychological stress models demonstrate dysbiosis with coordinated loss of tight-junction proteins 
at gut and brain barriers (Geng et al., 2020), supporting a gut-to-circulation-to-brain LPS pathway in 
which intestinal leakiness and dysbiosis amplify neuroinflammation via TLR4 and BBB compromise. 

4.2. Microglial Activation and αS-LPS Crosstalk 
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Microglia are immune cells of the CNS and shift from homeostatic surveillance to reactive states 
that become neurotoxic as PD progresses (Ho, 2019). Systemic and gut-derived LPS activates 
microglia, elevating pro-inflammatory cytokines such as TNF-α, interleukin 6 and IL-1β (Brown, 
2019; Bodea et al., 2014; Fiĵgerald et al., 2019; Baizabal-Carvallo & Alonso-Juarez, 2020). Extracellular 
misfolded αS activates microglia through Toll-like receptor 2, leading to the release of cytokines, 
reactive oxygen species (ROS) and nitric oxide (George & Brundin, 2015), while non-aggregated 
extracellular αS variants modulate cytokine release, ROS and microglial phagocytosis (Roodveldt et 
al., 2010). αS-driven microglial activation is reduced in TLR4-deficient microglia, highlighting TLR4 
as a key upstream regulator (Fellner et al., 2012). In vivo, αS fibrils rapidly trigger a major 
histocompatibility complex II response in substantia nigra and recruit peripheral monocytes, 
macrophages and lymphocytes (Harms et al., 2017). Positron emission tomography imaging using 
the 18-kDa translocator protein shows sustained microglial activation in PD that correlates with 
motor severity (Politis, 2012), and postmortem studies reveal persistent microgliosis in the substantia 
nigra (Croisier et al., 2005; Joers et al., 2016). Together with evidence for peripheral immune cell 
infiltration and broader neuroimmune engagement (WhiĴon, 2007; Joers et al., 2016; Williams et al., 
2020), these findings indicate that chronic microglial activation and peripheral immune engagement 
are key features of PD-related neuroinflammation. 

Biophysical and cell-based studies show that gut-derived LPS binds α-helical intermediates of 
αS to form lipid-protein complexes that stabilize nucleating species and accelerate fibril formation by 
shortening the lag phase and half-time of aggregation (BhaĴacharyya, 2019). Conceptual models of 
the microbiota-gut-brain axis further propose that microbiota-driven increases in intestinal and BBB 
permeability allow LPS and other microbiota-derived metabolites to access the CNS, contribute to 
the formation of fibrillar αS pathogenic species that propagate via the vagus nerve, and template 
additional αS molecules to convert into β-sheet-rich aggregates (Fiĵgerald et al., 2019). LPS-induced 
activation of inducible nitric oxide synthase in microglia and macrophages increases nitric oxide and 
peroxynitrite production, leading to nitration of αS, formation of oligomeric αS species, and 
dopaminergic neuron injury (Choi et al., 2010; Shavali et al., 2006). Inflammasome activation by 
bacterial LPS converts procaspase-1 into its active form, caspase-1, which cleaves αS at aspartic acid 
121 to produce truncated fragments that are highly prone to aggregate, enriched in detergent-
insoluble inclusions, and neurotoxic (Wang et al., 2016; Baizabal-Carvallo & Alonso-Juarez, 2020). In 
a complementary pathway, neuronal co-expression of αS and iNOS was shown to increase nitric 
oxide production, promote αS nitration, and accelerate the formation of larger aggregated αS species 
resembling those observed in PD (Stone et al., 2012). Collectively, these data support the view that 
LPS-driven inflammatory signaling promotes iNOS-dependent nitrosative stress and caspase-1-
mediated truncation of αS, producing modified αS species that are especially prone to aggregation 
and may contribute to dopaminergic neurodegeneration. 

4.3. Oxidative Stress, Mitochondrial Dysfunction and Selective Nigral Vulnerability 

Once αS pathology and microglial activation are established in the CNS, oxidative stress and 
mitochondrial dysfunction can act as amplifiers of dopaminergic neurodegeneration, as shown in 
neuronal and dopaminergic cell models, where αS overexpression induces mitochondrial 
abnormalities, elevates ROS, and promotes inclusion-like aggregates (Hsu et al., 2000; Hu et al., 2019; 
Chong et al., 2017). In the substantia nigra pars compacta, calcium entry through L-type channels 
elevates mitochondrial oxidant stress, and the formation of αS Lewy body-like inclusions further 
increases oxidant stress in susceptible compartments (Dryanovski et al., 2013). Converging evidence 
from αS preformed fibril models, complex I inhibition and human PD tissue shows that aggregated 
αS can compromise mitochondrial respiration (Tapias et al., 2017; Ding et al., 2018; Malpartida et al., 
2020) and is oxidized and nitrated in vivo (Tapias et al., 2017; Musgrove et al., 2019). Epidemiological 
links to complex I-inhibiting pesticides (Ascherio & Schwarzschild, 2016) and genetic links to 
mitochondrial quality-control gene defects (Kalinderi et al., 2016) support an oxidative-mitochondrial 
axis as an amplifier of αS-related neurodegeneration (Gao et al., 2011). 
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5. Gut Microbiome and Microbial Metabolites in PD 

This section reviews alterations in gut microbiome composition in PD patients, considers 
methodological and clinical confounders, and then focuses on specific microbial metabolites and taxa, 
particularly short-chain faĴy acid (SCFA) producers and mucin-degrading species, as mechanistic 
mediators connecting dysbiosis to barrier damage, immune dysregulation and enteric αS 
aggregation. 

5.1. Gut Microbiome Composition in PD 

The gut microbiota is a dense microbial ecosystem of approximately 1013–1014 microorganisms 
(Flint, 2012), contains millions of genes (Qin et al., 2010) and has widespread effects on host 
physiology, including the regulation of barrier, immune and neural functions (Spielman et al., 2018; 
Fülling et al., 2019; Flint, 2012). Studies in germ-free and antibiotic-treated mice show that absence or 
disruption of microbiota impairs hippocampal neurogenesis, alters CNS signaling (Fülling et al., 
2019; Möhle et al., 2016), and increases BBB permeability (Braniste et al., 2014; Lin et al., 2021). 
Recolonization or SCFA supplementation restores tight-junction proteins such as occludin and 
claudin-5 (Braniste et al., 2014) and ZO-1 (Spielman et al., 2018), implicating microbiota-derived 
SCFAs as key barrier-stabilizing mediators. 

The intestinal barrier and the BBB therefore act as dual gatekeepers that regulate entry of 
microbe-derived molecules and immune signals into the circulation and brain, shaping gut-brain 
communication in health and neurodegenerative disease (Pellegrini et al., 2022; Welcome, 2019; 
Wang et al., 2020; Martens et al., 2018). In PD, a pro-inflammatory shift in the intestinal microbiota, 
with increased LPS exposure and “leaky gut” (Mulak, 2015; Keshavarzian et al., 2015), is proposed to 
drive αS misfolding and central neuroinflammation along the brain-gut-microbiota axis (Mulak, 
2015; Lin et al., 2021). Accordingly, dysbiosis is now a major focus in PD, and multiple case-control 
cohorts have profiled the gut microbiome in patients versus controls (Table 1). 

Table 1. Summary of studies investigating alterations in gut microbiome composition in Parkinson’s disease 
(PD) cohorts compared to healthy controls (HC). Direction of change: ↑ = higher in PD vs HC (significant); ↓ = 
lower in PD vs HC (significant); ↔ = measured, not significant; NM = not measured / not reported. 
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Across most cohorts, PD has been associated with reduced relative abundances of SCFA-
producing taxa, including Prevotellaceae, Faecalibacterium and Lachnospiraceae, as well as genera 
such as Blautia, Coprococcus and Roseburia, compared with neurologically healthy controls 
(Scheperjans et al., 2015; Keshavarzian et al., 2015; Unger et al., 2016; Hill-Burns et al., 2017; Li et al., 
2017; Petrov et al., 2017; Bedarf et al., 2017; Lin et al., 2018; Li et al., 2019; Pietrucci et al., 2019; Cirstea 
et al., 2020; Cosma-Grigorov et al., 2020; Vascellari et al., 2020; Aho et al., 2021). Declines in 
Lachnospiraceae and Prevotellaceae are among the most frequently reported PD-associated 
microbiome changes (Chen et al., 2021). These taxa are major producers of SCFAs which help 
maintain intestinal barrier integrity and GI motility, suggesting that their depletion may weaken the 
barrier and increase exposure of enteric neurons to microbial products that drive excessive αS 
production within the ENS (Chen et al., 2021). Conversely, increased relative abundances of 
Akkermansia and, in multiple cohorts, Enterobacteriaceae, Lactobacillaceae, Bifidobacterium, 
Desulfovibrionaceae and Christensenellaceae have been reported in PD (Unger et al., 2016; Hill-Burns 
et al., 2017; Li et al., 2017; Petrov et al., 2017; Bedarf et al., 2017; Lin et al., 2018; Li et al., 2019; Pietrucci 
et al., 2019; Cirstea et al., 2020; Vascellari et al., 2020; Zhang et al., 2020; Qian et al., 2020; Zhang et al., 
2022). 

Within this paĴern of PD-associated enrichment of facultative anaerobic Enterobacteriaceae 
whose abundance in the gut correlates with motor dysfunction, a specific nitrate-respiration-
dependent metabolic pathway has been identified by which these bacteria may initiate intestinal αS 
aggregation (Ortiz de Ora et al., 2024). In anaerobic culture, nitrate-respiring E. coli K-12 reduced 
nitrate to nitrite, creating an oxidizing redox potential that shifted labile iron from ferrous iron (Fe2+) 
to ferric iron (Fe3+) (Ortiz de Ora et al., 2024). This oxidation creates an environment in which 
dopamine is converted to dopamine-derived quinones that promote aggregation of monomeric αS 
(Ortiz de Ora et al., 2024). 

Under fermentative conditions, or when E. coli K-12 lacked nitrate respiration or nitrate 
reduction was inhibited with sodium tungstate, αS aggregation was noticeably reduced, 
demonstrating that bacterial nitrate reduction and nitrite production are crucial for this aggregation 
cascade (Ortiz de Ora et al., 2024). In enteroendocrine STC-1 cells, which natively express αS and line 
the intestinal tract, exposure to extracellular nitrite but not nitrate produced concentration-dependent 
increases in intracellular αS aggregates, supporting a model in which Enterobacteriaceae nitrate 
respiration and luminal nitrite production may create oxidizing conditions that promote αS 
aggregation within intestinal epithelial cells, supporting a bacterial metabolic mechanism that could 
initiate gut αS pathology in PD (Ortiz de Ora et al., 2024). 

In dopaminergic-differentiated human neuroblastoma SH-SY5Y neurons, exposure to 
microbiota-derived molecules showed that rhamnolipid and LPS increase αS messenger RNA and 
intracellular protein levels with minimal effects on viability across the tested concentration range, 
whereas curli CsgA and phenol-soluble modulin α1 cause liĴle or no change in αS expression (Ioghen 
et al., 2024), indicating that specific bacterial amphiphiles can directly upregulate αS in dopaminergic 
neurons as a potential early molecular step toward aggregation. Curli proteins are extracellular β-
sheet-rich amyloid fibers produced by Enterobacteriaceae such as E. coli, with CsgA as the major 
structural subunit whose polymerization is nucleated by CsgB (Chapman et al., 2002), and they share 
structural and biophysical properties with human pathological amyloids implicated in 
neurodegenerative disease (Zhang et al., 2023; Mehra et al., 2019). Curli fibrils from E. coli have been 
found to enhance αS fibrillation and promote the propagation of αS aggregates within the brain 
(Lundmark et al., 2005). In vivo, oral exposure to E. coli producing curli fibers increases αS deposition 
in enteric neurons and enhances aggregated, proteinase K-resistant αS in brain regions, together with 
microgliosis, astrogliosis and elevated brain cytokines, findings consistent with curli–αS cross-
seeding and neuroinflammation (Chen et al., 2016). Moreover, Curli CsgA homologs encoded by 
human gut Enterobacteriaceae form functional amyloid fibers and differentially accelerate αS fibril 
formation in vitro, with certain gut-derived CsgA variants more potently promoting αS aggregation 
in a manner consistent with cross-seeding by specific CsgA-αS complexes (Bhoite et al., 2022). 
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However, the reported microbiome differences in PD may be strongly influenced by clinical and 
treatment factors, particularly medication exposure. For example, Scheperjans et al. (2014) reported 
that, beyond the effect of PD diagnosis, Catechol-O-methyltransferase (COMT) inhibitor use 
accounted for additional variance in the abundances of fecal Lactobacillaceae and Clostridiales 
Incertae Sedis IV (Scheperjans et al., 2014), and Hill-Burns et al. (2017) showed that COMT inhibitors 
have an independent gut-microbiome signature in PD patients (Hill-Burns et al., 2017). In a separate 
cohort, entacapone use was negatively correlated with the abundance of Faecalibacterium prausniĵii 
and with both absolute and relative fecal butyrate concentrations, a key SCFA, changes that overlap 
with PD-associated losses of butyrate-producing taxa (Unger et al., 2016). More broadly, antibiotics 
and other commonly used drugs substantially reshape gut communities and metabolites, indicating 
that observed PD-microbiome associations may partly reflect treatment rather than disease alone 
(Ianiro et al., 2016). These medication effects, together with cross-sectional designs, dietary and 
regional differences and heterogeneous sequencing and analytic pipelines, preclude firm inferences 
about whether microbiome changes precede PD or arise secondarily from prodromal symptoms, 
therapy or disease progression. 

5.2. Future Directions: Longitudinal Microbiome Cohorts 

To address this causality gap, we propose a prospective, multi-continent longitudinal study 
enrolling individuals before PD onset and following them through the prodromal window into 
incident disease. Recruitment would deliberately enrich for at-risk groups spanning genetic 
susceptibility and prodromal clinical markers, including individuals with idiopathic RBD and 
carriers of PD-associated variants such as GBA or LRRK2 (Kalia & Lang, 2015), alongside an age- and 
sex-matched comparator cohort from the same source population. The protocol should standardize 
biospecimen collection across sites, obtain repeated stool samples for strain-resolved shotgun 
metagenomics plus metabolomics, and capture time-varying covariates with harmonized medication 
and dietary histories. Sampling anchored to preclinical baseline, prodromal and post-diagnosis 
intervals, and analyzed with time-to-event models and mediation-based target trial emulation, would 
distinguish taxa and microbial functions that consistently precede PD onset from those that shift with 
prodromal features, treatment or disease stage. 

5.3. Short Chain FaĴy Acids in Microbiota-Gut-Brain Mechanisms 

Many of the taxa consistently depleted in PD, including Lachnospiraceae, Roseburia spp. and 
Faecalibacterium prausniĵii (Scheperjans et al., 2014; Keshavarzian et al., 2015; Unger et al., 2016; 
Hill-Burns et al., 2017; Li et al., 2017; Petrov et al., 2017; Bedarf et al., 2017; Lin et al., 2018; Li et al., 
2019; Pietrucci et al., 2019; Cirstea et al., 2020; Cosma-Grigorov et al., 2020; Vascellari et al., 2020; Aho 
et al., 2021), are prominent producers of SCFAs, particularly butyrate and, under appropriate 
substrates, propionate and acetate (Fernández et al., 2016; Flint et al., 2014). Prevotella enrichment is 
associated with increased propionate production (Chen et al., 2017). The observed loss of these 
commensals in PD cohorts therefore supports a model of reduced colonic SCFA production, with 
downstream effects on epithelial barrier integrity and broader immune-neural interactions that align 
with the gut-first and dysbiosis frameworks outlined above. SCFAs, especially butyrate, enhance 
intestinal epithelial barrier function by promoting tight-junction assembly (Peng et al., 2009), 
reducing paracellular permeability and reversing tight-junction lesions (Plöger et al., 2012; Bischoff 
et al., 2014), and their deficiency is linked to impaired barrier integrity (Bischoff et al., 2014). PD-
associated dysbiosis includes altered fecal SCFA profiles together with increased intestinal 
permeability and endotoxin exposure (Kujawska & Jodynis-Liebert, 2018; Chen & Lin, 2022), 
supporting a “leaky gut” state in which weakening of the epithelial barrier may permit luminal 
microbial products and metabolites to reach the intestinal mucosa and systemic circulation. In gut-
brain axis models, SCFA dysregulation and barrier dysfunction are proposed to facilitate entry of 
intestinal αS into the ENS and its retrograde propagation along vagal pathways to the brainstem, 
linking dysbiosis-driven leaky gut to caudo-rostral spread of Lewy pathology (Kujawska & Jodynis-
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Liebert, 2018; Schaeffer et al., 2020; Chen & Lin, 2022). In transgenic rats that overexpress human αS, 
overexpression is associated with age-dependent gut dysbiosis, changes in microbial metabolites 
including SCFAs and increased succinate, age-related increases in intestinal permeability, and both 
intestinal and systemic inflammation (Singh et al., 2023). With ageing, human αS also accumulates in 
phosphorylated and aggregated forms in the colonic myenteric plexus (Singh et al., 2023). Short-term 
treatment with a broad-spectrum antibiotic cocktail eliminates fecal SCFAs, lowers succinate 
concentrations, and reduces αS levels in the olfactory bulb without altering enteric αS (Singh et al., 
2023). Together, these findings implicate microbiota-derived metabolites as modulators of αS 
pathology along the microbiota–gut–brain axis (Singh et al., 2023). Similar mechanisms extend to the 
BBB. In germ-free mice, absence of microbiota delays BBB maturation, increases permeability and 
reduces tight-junction proteins, whereas colonization with microbiota or SCFA-producing strains, or 
butyrate treatment, restores barrier integrity (Al-Asmakh & Hedin, 2015). SCFAs such as butyrate 
and propionate also increase tight-junction expression and reduce LPS-induced BBB permeability in 
vitro (Caspani & Swann, 2019). In neonatal antibiotic-induced dysbiosis, reduced fecal SCFAs, 
disrupted intestinal physiology and abnormal prefrontal myelination and behavior are partly 
corrected by oral tributyrin, linking microbiota-derived butyrate to both gut barrier function and 
CNS structure (Keogh et al., 2021). These barrier stabilizing actions provide a direct mechanistic 
counterpoint to the LPS-driven gut and BBB disruption described earlier. 

Beyond structural effects, SCFAs act as signaling molecules via G-protein-coupled receptors and 
histone deacetylase inhibition (Koh et al., 2016; Li et al., 2018), exerting context-dependent pro- and 
anti-inflammatory effects on Nuclear Factor kappa-light-chain-enhancer of activated B cells and 
Mitogen-Activated Protein Kinase signaling, cytokine production, endothelial activation and 
leukocyte recruitment (Li et al., 2018). Reduced SCFA levels may therefore contribute to heightened 
peripheral inflammatory tone and altered central immune states, including microglial reactivity 
(Erny et al., 2015; Heiss & Olofsson, 2019). At physiological plasma concentrations, SCFA mixtures 
protect human dopaminergic-like SH-SY5Y neurons from oxidative stress via G protein-coupled 
receptor 43-dependent pathways that limit mitochondrial injury and apoptosis (Saikachain et al., 
2023), and sodium butyrate shows neuroprotective effects on dopaminergic neurons in rodent 
models, linking microbial metabolites to neuronal resilience in PD-relevant circuits (Wu et al., 2008; 
Kidd & Schneider, 2010). Early-life antibiotic-induced dysbiosis in mice produces lasting increases in 
gut permeability, cortical myelination abnormalities and cognitive and anxiety-like deficits that are 
reversed by oral butyrate, further implicating SCFA signaling in gut-brain coupling (Keogh et al., 
2021). SCFAs, particularly butyrate, modulate enteric neuronal activity and colonic contractility 
(Canani, 2011; Unger et al., 2016), and reduced fecal SCFA levels in PD have been linked to impaired 
GI colonic motility, a feature evident in both prodromal and established PD (Unger et al., 2016). 

5.4. Mucin-Degrading Taxa and αS Aggregation 

Conversely, PD-associated enrichment of mucin-degrading taxa such as Akkermansia 
muciniphila, a specialist that uses mucin as its sole carbon and nitrogen source, may promote early 
mucosal αS pathology (Derrien et al., 2004; Hirayama et al., 2023). Increased Akkermansia, together 
with reduced butyrate-producing taxa such as Faecalibacterium and Roseburia, may lead to thinning 
of the intestinal mucosal layer and increased epithelial permeability, allowing inflammatory 
substances such as LPS, enteric E. coli and even pesticides and herbicides to cross the mucosal barrier, 
reach the intestinal neural plexus and expose normally expressed αS in enteroendocrine cells and 
ENS neurons to these stressors, thereby promoting formation of insoluble αS fibrils that can ascend 
the vagus nerve to the dorsal motor nucleus (Hirayama et al., 2023). Conditioned medium from A. 
muciniphila, particularly under mucin-deprived conditions, induces endoplasmic-reticulum calcium 
release, mitochondrial calcium overload, reactive oxygen species generation and αS overexpression, 
phosphorylation and aggregation in enteroendocrine cells in vitro, and oral A. muciniphila increases 
αS aggregation in enteroendocrine cells in aged mice (Neto et al., 2022). Taken together, depletion of 
SCFA-producing commensals and expansion of mucin specialists provides a coherent mechanistic 
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link from PD-associated dysbiosis to barrier weakness, immune dysregulation and early, gut-
initiated αS aggregation within the ENS. The proposed interactions between gut dysbiosis, barrier 
dysfunction, enteric αS aggregation and vagus-mediated propagation of αS to the brain are 
summarized in Figure 1. 

 

Figure 1. A schematic depiction illustrating the proposed mechanisms linking the gut and brain in PD. On the 
left, aggregated αS accumulates in the ENS and propagates retrogradely along the vagus nerve toward the DMV 
and brain. In the middle panel, a healthy gut microbiome rich in SCFA-producing commensals supports the 
mucus layer, maintains intact epithelial tight junctions, and preserves barrier integrity. In the right panel, PD-
associated gut dysbiosis with reduced SCFA-producing bacteria and increased LPS-producing and mucin-
degrading taxa disrupts tight junctions, increases intestinal permeability, activates dendritic cells and 
macrophages via TLR4, and drives the release of pro-inflammatory cytokines, creating an environment that 
favors enteric αS aggregation and its vagus-mediated spread to the CNS. Some image components in this figure 
were taken from NIAID Visual & Medical Arts (hĴps://bioart.niaid.nih.gov). 

6. Therapeutic Implications Along the Microbiota-Gut-Brain Axis 

This section explores microbiota-targeted strategies that seek to modify PD pathogenesis along 
the microbiota-gut-brain axis, including fecal microbiota transplantation (FMT), rifaximin, and 
probiotic, prebiotic and synbiotic approaches, and highlights how these interventions may reshape 
microbial communities, restore barrier integrity and modulate neuroimmune pathways with the 
potential for disease modification. 

6.1. Fecal Microbiota Transplantation 

If gut dysbiosis, barrier failure and altered SCFA signaling contribute to PD pathogenesis, 
deliberately reshaping the intestinal microbiota becomes an aĴractive candidate for disease 
modification. Accordingly, fecal microbiota transplantation (FMT) has been proposed as a disease-
modifying strategy in PD because gut dysbiosis, barrier dysfunction and microbiota-driven 
inflammation appear to contribute to nigrostriatal degeneration along the microbiota-gut-brain axis 
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(Lorente-Picón & Laguna, 2021), and because experimental work suggests that correcting dysbiosis 
via FMT can modulate these pathways (Zhao et al., 2021; Eslami et al., 2025). FMT delivers processed 
stool from carefully screened healthy donors to the recipient GI tract via capsules, tubes or 
colonoscopy to restore a more balanced, diverse microbial community (Vongsavath et al., 2023). 

In MPTP-induced and chronic rotenone-induced PD mouse models, FMT from healthy donor 
mice reversed toxin-induced dysbiosis and improved motor function (Sun et al., 2018; Zhao et al., 
2021). Specifically, in the MPTP model, FMT increased striatal dopamine and serotonin and reduced 
microglial and astrocytic activation in the substantia nigra (Sun et al., 2018). In the chronic rotenone 
model, FMT alleviated chronic inflammation, preserved intestinal and BBB integrity, and suppressed 
LPS-TLR4-mediated inflammatory signaling along the microbiota-gut-brain axis (Zhao et al., 2021; 
Eslami et al., 2025). 

Randomized controlled trials (RCTs) in mild to moderate PD have tested FMT as an adjunct to 
dopaminergic therapy using oral capsules, nasoenteric delivery or colonoscopy (Cheng et al., 2023; 
DuPont et al., 2023; Bruggeman et al., 2024; Scheperjans et al., 2024; Wang et al., 2025). A large capsule 
study reported greater 12-week improvements than placebo in total Movement Disorder Society-
sponsored revision of the Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) and several non-
motor and GI outcomes (Cheng et al., 2023). The GUT-PARFECT trial found a modest but significant 
advantage of donor over autologous nasojejunal FMT for off-state motor scores over 12 months 
(Bruggeman et al., 2024). A colonoscopic RCT from China reported that donor FMT improved motor 
symptoms, constipation and mood versus placebo in mild to moderate PD (Wang et al., 2025), 
whereas other small trials suggest that FMT is well tolerated and may improve constipation and 
quality of life but that objective motor changes in capsule and colonoscopic studies often parallel 
placebo or wane over time (Cheng et al., 2023; DuPont et al., 2023). However, a large multicentre 
double-blind colonoscopic trial found no superiority of donor FMT over placebo on global MDS-
UPDRS I–III at six months (Scheperjans et al., 2024). Together, these data suggest that correcting 
dysbiosis can normalize microbial metabolites (Eslami et al., 2025), strengthen barrier function (Sun 
et al., 2018; Zhao et al., 2021), and aĴenuate innate immune pathways that couple the gut to 
nigrostriatal degeneration (Zhao et al., 2021; Lorente-Picón & Laguna, 2021; Eslami et al., 2025). Non-
placebo-controlled studies, including an open-label preliminary trial and a prospective single-arm 
series of PD patients with constipation, generally report improvements in motor, non-motor and 
bowel symptoms after FMT (Kuai et al., 2021; Xue et al., 2020; Huang et al., 2019). In addition, a single 
case report described marked relief of refractory constipation and transient motor improvement in a 
PD patient following FMT (Huang et al., 2019). Where gut microbiota were profiled, these studies 
described shifts toward increased diversity and changes in taxa interpreted as beneficial (Kuai et al., 
2021; Huang et al., 2019), although the absence of rigorous controls limits inference. Across these 
studies and broader FMT experience, adverse events are usually mild, transient GI complaints in 
capsule, nasoenteric and colonoscopic protocols (Cheng et al., 2023; DuPont et al., 2023; Bruggeman 
et al., 2024; Scheperjans et al., 2024; Wang et al., 2025), and serious procedure- or microbiota-related 
complications appear rare when rigorous donor screening and monitoring are used (Marcella et al., 
2020). 

Mechanistically, clinical and preclinical work indicates that FMT increases microbial diversity 
and shifts community structure toward healthier-donor profiles, often enriching SCFA-producing 
taxa (Kuai et al., 2021; Cheng et al., 2023; Eslami et al., 2025). In toxin-based PD models it has been 
shown to strengthen epithelial and blood-brain barriers and aĴenuate inflammatory signaling in gut 
and brain (Zhao et al., 2021; Sun et al., 2018), consistent with broader microbiota-gut-brain axis 
frameworks proposed by other researchers (Lorente-Picón & Laguna, 2021; Eslami et al., 2025). 
However, metagenomic analyses show that donor strain engraftment is highly variable and depends 
on donor-recipient compatibility, arguing for microbiome-informed precision strategies such as 
rational donor selection or defined microbial consortia rather than a universal stool product (Li et al., 
2016; Chen et al., 2024). Animal studies consistently show restoration of dopaminergic signalling (Sun 
et al., 2018; Zhao et al., 2021), aĴenuation of neuroinflammation (Sun et al., 2018; Zhao et al., 2021; 
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Sampson et al., 2016) and improved motor behavior (Sun et al., 2018; Zhao et al., 2021; Sampson et 
al., 2016), whereas human trials are small, short and mixed, with one large colonoscopic study 
negative on global motor outcomes (Scheperjans et al., 2024) and others showing modest-to-moderate 
benefits in specific motor, non-motor and GI domains (Cheng et al., 2023; DuPont et al., 2023; 
Bruggeman et al., 2024). Large, multicentre, placebo-controlled trials with deep microbiome and 
metabolomic profiling and harmonized endpoints are needed before FMT can be considered a 
reliable disease-modifying therapy. 

6.2. Antibiotic Modulation: Rifaximin 

Another strategy to target the gut ecosystem is the use of non-absorbable antibiotics such as 
rifaximin, a gut-selective agent that modulates the microbiota-host interface. Rifaximin is widely used 
for small intestinal bacterial overgrowth (Barboza et al., 2015; Rao and Bhagatwala, 2019; Sroka et al., 
2022), and achieves high intraluminal concentrations with limited systemic exposure (Ponziani et al., 
2017). Beyond its antimicrobial activity, rifaximin activates intestinal pregnane X receptor, which 
inhibits nuclear factor kappa B-dependent production of pro-inflammatory cytokines such as IL-1β 
and TNF-α, and it promotes the growth of beneficial genera including Bifidobacterium, 
Faecalibacterium prausniĵii and Lactobacillus without major disruption of overall community 
composition (Ponziani et al., 2017). In a small open-label study in probable Alzheimer’s disease, 
rifaximin treatment was associated with reduced serum neurofilament light levels (Suhocki et al., 
2022). In a chronic stress model, rifaximin preserved microbial richness, restored key SCFA-
producing taxa and normalized brain butyrate levels (Li et al., 2021), while in MitoPark mice it 
reshaped the gut microbiota, lowered circulating pro-inflammatory cytokines, preserved BBB 
integrity and improved motor and recognition memory performance (Hong et al., 2022). In PD, 
rifaximin-based eradication of small intestinal bacterial overgrowth improved motor fluctuations, 
reducing daily “off” time and delayed-on episodes without altering levodopa pharmacokinetics 
(Fasano et al., 2013). 

6.3. Probiotic, Prebiotic and Synbiotic Approaches 

Probiotic, prebiotic and synbiotic strategies aim to correct gut dysbiosis and support a healthier 
gut microbial ecosystem (Hill et al., 2014; Fijan, 2014; Slavin, 2013). A meta-analysis indicates that oral 
probiotic supplementation can improve motor and several non-motor symptoms (Park et al., 2023), 
consistent with evidence that these interventions can enhance SCFA production, particularly butyrate 
(Markowiak-Kopeć & Śliżewska, 2020), and may foster an anti-inflammatory, barrier-supporting and 
psychobiotic profile via the microbiota-gut-brain axis (Dinan et al., 2013; Long-Smith et al., 2019). 

Clinically, small PD trials with synbiotics and psychobiotics report convergent symptomatic 
signals. In one study, a synbiotic combining Lactobacillus strains with inulin administered alongside 
levodopa/carbidopa improved MDS-UPDRS Parts I-III scores and reduced inflammatory and 
oxidative stress markers while increasing brain-derived neurotrophic factor levels (Ramadan et al., 
2025); Adjunctive Lactiplantibacillus plantarum PS128 supplementation significantly improved off- 
and on-state UPDRS-III motor scores, reduced daily off time, and enhanced quality of life in patients 
with PD in an open-label, single-arm, baseline-controlled pilot study (Lu et al., 2021). Preclinical work 
with PS128 in toxin-based PD models shows neuroprotection of dopaminergic neurons, reduced 
neuroinflammation and prevention of pathogen-associated microbial shifts, implicating both central 
and gut-mediated mechanisms (Liao et al., 2020; Lee et al., 2023). Overall, these clinical findings 
suggest that microbiota-targeted strategies can beneficially influence gut composition, SCFA 
production, barrier function and neuroimmune pathways with downstream effects on motor and 
selected non-motor outcomes. However, larger and randomized controlled trials are needed before 
microbiome-targeted interventions can be regarded as disease-modifying in PD. 

7. Conclusions 
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This review integrates neuropathological, experimental, epidemiological and clinical evidence 
to argue that PD is not solely a brain-limited synucleinopathy but, in many cases, a gut-brain 
disorder. Braak staging, gut-first propagation models and vagotomy cohorts collectively support a 
scenario in which misfolded αS can arise within the ENS, ascend along vagal pathways to the DMV 
and then spread through interconnected brainstem, limbic and cortical networks. Enteric αS 
pathology in prodromal and clinically manifest PD, together with the molecular and anatomical 
specialization of the ENS, further supports the plausibility of a gut-origin trajectory. Building on this 
framework, this article highlights a hypothesis for how intestinal dysbiosis may promote early enteric 
αS aggregation, elaborated as follows: 

Depletion of SCFA-producing commensals and increase in pro-inflammatory, mucin-degrading, and 
LPS-producing taxa weaken the intestinal barrier, which increases LPS translocation. Parallel effects on the 
BBB facilitate passage of harmful microbial products and inflammatory mediators into the circulation and CNS. 
In addition, experimental studies of LPS, nitrate-respiring Enterobacteriaceae that generate nitrite-driven 
oxidative conditions, and bacterial amyloid curli indicate that specific microbial products can directly promote 
nitrosative modification, cross-seeding and aggregation of αS in enteroendocrine cells and enteric neurons. In 
the gut and brain, LPS-TLR4 signaling, microglial and enteric glial activation, iNOS-dependent nitrosative 
stress and inflammasome-driven caspase-1 cleavage may create an environment that favors nitration, 
truncation and aggregation of αS. These modified αS species are especially prone to form fibrillar, Lewy body-
like assemblies and to propagate along the vagus nerve to the CNS. Furthermore, oxidative stress and 
mitochondrial dysfunction may act as downstream amplifiers of αS toxicity, contributing to the selective 
vulnerability of nigrostriatal dopaminergic neurons. 

A distinctive contribution of this article is linking these mechanistic pathways to specific 
microbiome-targeted strategies. Human microbiome studies and preclinical models are synthesized 
to show how changing the gut environment through FMT, rifaximin and probiotic, prebiotic and 
synbiotic interventions, can alter microbial metabolites, strengthen barrier integrity and improve 
motor and selected non-motor outcomes. At the same time, current trials remain heterogeneous, 
highlighting the need for the development of specific enteric aggregated/misfolded αS imaging tools, 
longitudinal multi-continent cohorts beginning before PD diagnosis, and rigorously controlled and 
mechanistically informed intervention studies with microbiome-specific donor and strain selection. 
Addressing these gaps will be essential to move from correlative gut-brain associations toward 
disease-modifying therapies that rationally manipulate the intestinal microbiome to alter the course 
of PD. 
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