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ABSTRACT

Gastrointestinal disorders are one of the most significant non-motor problems affecting people
with Parkinson disease (PD). Pathogenetically, the gastrointestinal tract has been proposed to be
the initial site of pathological changes in PD. Intestinal inflammation and alterations in the gut
microbiota may contribute to initiation and progression of pathology in PD. However, the mech-
anisms underlying this “gut-brain” axis in PD remain unclear. PD patients can display a large var-
iety of gastrointestinal symptoms, leading to reduced quality of life and psychological distress.
Gastrointestinal disorders can also limit patients’ response to medications, and consequently
negatively impact on neurological outcomes. Despite an increasing research focus, gastrointes-
tinal disorders in PD remain poorly understood and their clinical management often suboptimal.
This review summarises our understanding of the relevance of the “gut-brain” axis to the patho-
genesis of PD, discusses the impact of gastrointestinal disorders in patients with PD, and pro-
vides clinicians with practical guidance to their management.
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1. Introduction

Parkinson disease (PD) is the second most common
neurodegenerative disease, affecting 1% of the global
population over 60years of age [1]. The pathological
hallmarks of PD are progressive loss of nigrostriatal
dopaminergic innervation in the substantia nigra pars
compacta (SNpc) and presence of abnormal o-synu-
clein aggregates in the form of Lewy bodies (LBs) and
neurites in different brain regions [2]. As a result of
the striatal dopaminergic loss, patients with PD
develop motor features such as bradykinesia, rigidity,
tremor, and posture and gait impairment, and a pleth-
ora of nonmotor features, including manifestations of
gastrointestinal (Gl) dysfunction [3]. PD-related Gl dis-
orders represent a major source of functional disability
and reduced quality of life, and are important determi-
nants of treatment efficacy, making them central con-
siderations in the clinical care of PD patients.
Furthermore, mounting evidence suggests that patho-
logical changes in the Gl tract may precede alterations
in the central nervous system, and that gut inflamma-
tion and changes in the intestinal microbiota may play
a central role in PD pathogenesis [4].

This review examines the relationship between Gl
disorders and PD. We first summarise the pathogen-
etic role of the Gl tract and the principles supporting
the existence of a “gut-brain” axis in PD. From this
perspective, we then discuss the most relevant PD-
related Gl disorders, focussing on practical implications
of their management on the neurological function.

2, Where does Parkinson disease begin: the
“Gut-Brain” theory

2.1. Principles and origin of the “Gut-Brain” axis

In 2003, Braak and colleagues put forth the “gut-brain”
hypothesis according to which PD may be caused by
an unknown neurotropic pathogen that could pass
the mucosal barrier of the Gl tract, cause pathological
o-synuclein aggregation in the enteric nervous system
(ENS), and then spread by retrograde axonal transport
through the vagus nerve (VN) to the dorsal motor
nucleus of the vagus (DMV) and the brain [5].
Neuropathological findings of LBs in the ENS and the
DMV of individuals with PD were the first evidence
supporting this theory [6]. The presence of gastric
o-synuclein immunoreactive inclusions in both the
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myenteric Auerbach and the submucosal Meissner
plexuses of five people showing LBs pathology in the
brain further reinforced this idea [7]. Subsequently, the
evidence that misfolded a-synuclein could act as a
template, triggering further o-synuclein to misfold
with formation of insoluble inclusions capable of
spreading from neuron to neuron [8,9], provided a
mechanistic basis for Braak’s hypothesis.

The evaluation of a-synuclein aggregates in the Gl
tract of patients in the prodromal or manifest phase
of PD has been the focus of several research groups
over the past 20years, but conflicting data have been
reported so far. Phosphorylated a-synuclein deposition
has been observed in the submucosal nerve fibres or
ganglia of subjects with idiopathic rapid eye move-
ment (REM) sleep behaviour disorder (iRBD), a pro-
dromal marker of PD [10], as well as in the ENS of
gastric, duodenal and colonic biopsies undertaken by
PD patients years before the presentation of motor
signs [11-13]. These findings may therefore support
the presence of pathogenetic changes in the pro-
dromal phase of PD. However, there is still a relative
lack of cases showing isolated a-synuclein pathology
in the Gl tract [14]. Furthermore, similar a-synuclein or
phosphorylated-a-synuclein  immunoreactivity = was
reported comparing intestinal samples of PD patients
and healthy age-matched controls [15,16], although
the application of quantitative morphometry could
detect differences in the amount and pattern of phos-
phorylated-a-synuclein aggregates between the two
groups [16]. Several factors may explain the variability
of these pathological findings, e.g. lack of standardised
immunohistochemical protocols, different Gl tract sites
examined, and wide and heterogenous distribution of
the peripheral nervous branches [17]. The application of
new functional imaging technologies could provide a
unique, non-invasive opportunity to prove the rele-
vance of the gut-brain axis in vivo and therefore resolve
some of these discrepancies [18]. The quantification of
acetylcholinesterase density in peripheral organs by
using the PET tracer [''Cl-donepezil is a validated
method to assess the parasympathetic gut innervation
[18]. Studies conducted on early-stage PD patients
found a [''C]-donepezil signal decrease in both the
colon and small intestine [19], and similar findings were
replicated in a cohort of patients with iRBD, suggesting
that the cholinergic innervation of the intestine is
impaired during the prodromal phase of PD [20]. These
findings have been replicated in a cohort of de novo PD
patients, with and without prodromal RBD (i.e. prior to
parkinsonism). PD patients with prodromal RBD had
reduced 123I-metaiodobenzylguanidin (MIBG)

heart:mediastinum ratios, reduced colon [''C]-donepezil
uptake values, enlarged colon volumes and delayed
colonic transit times compared to PD patients without
RBD, with similar reduction in putaminal '®F-dihydroxy-
phenylalanine (FDOPA) PET uptake [21]. Interestingly,
PD patients with RBD and patients with iRBD showed
similar MIBG and donepezil PET scans [21]. On the one
hand, these findings suggest that there is a subset of
PD patients (the ones without prodromal RBD) who do
not fit within the “gut-brain” theory as they are charac-
terised by primary loss of putaminal FDOPA uptake with
secondary sympathetic and parasympathetic denerv-
ation (thus following a “brain-first” trajectory), but on
the other hand they do confirm the existence of a “gut-
first” subtype of PD patients. In these patients, a-synu-
clein pathology might start within the enteric and para-
sympathetic nervous system, leading to prodromal Gl
disorders such as constipation, and then propagate in
the sympathetic nervous system and lower brainstem,
leading to prodromal RBD [21].

2.2. The vagus nerve is a possible route of
retrograde transport of o-synuclein from the gut
to the brain

If a-synucleinopathy first appears in the gut, how does
it reach the central nervous system? It has been
hypothesised that the VN is a potential pathway of
retrograde transport of a-synuclein between the ENS
and the brain. In rats, vagal efferent axons and termi-
nals originating from the DMV express o-synuclein
and some of these preganglionic efferents form synap-
ses with a-synuclein-positive intrinsic neurons in the
myenteric plexus of both the stomach and duodenum
[22]. Animal models of PD have confirmed the involve-
ment of the VN. In fact, when low doses of rotenone
were chronically injected in the stomach of mice,
a-synuclein increased in the ENS and subsequently
spread to the DMV and SNpc, with selective dopamin-
ergic cell loss [23]. These pathological effects and the
development of motor deficits were partially pre-
vented when mice were pre-treated with hemi-vagot-
omy [24]. Similar results supporting a caudo-rostral
spread were also confirmed in other experiments eval-
uating the effects of the injection of recombinant
adeno-associated viral vectors (AAV) expressing a-syn-
uclein in the VN of the rat neck [25], or pathological
forms of a-synuclein in the gut [26]. In the latter
experiments, the injection of pathological a-synuclein
obtained from PD brain lysate and distinct recombin-
ant a-synuclein forms in the intestinal wall of rats,
resulted in spread of a-synuclein to the VN, DMV and



brainstem in a time-dependent manner [26]. In
another study, the inoculation of a-synuclein pre-
formed fibrils (PFF) into the mouse GI tract induced
LB-like aggregates in the DMV but no further caudo-
rostral propagation beyond [27]. The further propaga-
tion of pathological a-synuclein up to the lower brain-
stem and onto the SNpc, was reported after
a-synuclein PFF injection into the duodenum and pyl-
oric muscle layer of mice, together with dopaminergic
cell loss and development of motor deficits [28]; trun-
cal vagotomy prevented the caudo-rostral spread of
a-synucleinopathy and the onset of behavioural defi-
cits [28]. In another mouse model, duodenal a-synu-
clein PFF inoculation was capable of disrupting Gl
function, increasing phosphorylated a-synuclein in
myenteric neurons, and in aged mice, increasing brain-
stem phosphorylated a-synuclein and decreasing stri-
atal dopamine [29].

Indirect evidence supporting a central role of the
VN in PD pathogenesis comes from large population-
based studies where the risk of developing PD has
been assessed in people who underwent vagotomy
versus matched controls (for a comprehensive review
of this topic, the reader is directed elsewhere [30]).
Essentially, these studies have shown that vagotomy,
especially truncal vagotomy, might reduce the risk of
developing PD > 5years after the procedure [31,32]. A
possible explanation why truncal rather than selective
vagotomy could reduce the risk of PD might be that
the vermiform appendix is the first locus of enteric
o-synuclein aggregation, due to its abundant content
of a-synuclein [33], the lack of blood-tissue barrier in
the mucosa - which makes it more susceptible to
environmental triggers [30], and the connection with
vagal efferents [34]. Indeed, some observational and
population-based studies have reported that append-
ectomy delayed PD onset [35,36], and even reduced
the risk of developing PD by 19.3% [35]. However, two
large-scale cohort studies did not confirm these find-
ings, showing a higher incidence of PD in subjects
shortly after appendectomy or with long-term follow
up after the procedure [37,38]. Overall, these results
may support a protective role of vagotomy, whereas
an association between appendectomy and reduced
risk of PD is less clear.

2.3. The “leaky gut” and enteric immune
dysregulation contribute to PD pathogenesis

The intestinal epithelial barrier is supposed to separate
the pro-inflammatory contents of the intestine from
the systemic circulation, however if “leaky”, it may
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allow factors, such as bacterial lipopolysaccharide
(LPS), to enter the gut lumen and reach the ENS.
Several lines of evidence support the presence of
increased colonic (but not small intestine) barrier per-
meability in PD patients [39].

Urinary excretion of orally ingested sugar is typic-
ally used to evaluate the barrier function of different
intestinal sites. Alterations in mannitol and lactulose
excretion reflect changes in permeability of the small
intestine, whereas the addition of either sucralose or
chromium-labeled EDTA is used to evaluate changes
in colonic permeability [39]. In small cohorts of PD
patients versus control subjects, significantly higher
24 h urinary excretion of sucralose was observed [40],
but no differences in urinary mannitol and lactulose
excretion [41], suggesting an increased permeability of
the colon only.

Measurement of alpha-1-antitrypsin and zonulin in
the faeces is another method to evaluate intestinal
barrier in vivo. Zonulin is a tight junction-associated
cytoplasmic protein, whose faecal increase is a marker
of reduced integrity of the intestinal barrier [39].
Alpha-1-antitrypsin is a protease inhibitor, whose fae-
cal detection is equally considered a measure of
mucosal barrier integrity because it reflects loss of
proteins to the intestinal lumen [39]. In a case-control
study conducted on PD patients and age-matched
controls, faecal alpha-1-antitrypsin and zonulin were
significantly elevated in PD patients [42]. Although of
interest, all these findings do not discriminate
between a perturbation of the mucosal barrier due to
damage to and loss of epithelial cells, or due to dys-
functional tight junctions [39]. To tackle the issue,
tight junction proteins expression has been analysed
in colonic biopsies of PD patients, finding significantly
lower occludin, but not zonulin, and aberrant subcellu-
lar distribution of tight junction proteins [43], or
reduced zonulin [40], in PD as compared to controls.

A possible role of intestinal inflammation in PD
pathogenesis is also supported by the association
between inflammatory bowel disease (IBD) and PD. A
recent meta-analysis showed that the overall risk of
PD in IBD is significantly higher than in controls (RR
1.41, 95% Cl 1.19-1.66), with Crohn’s disease having
an increased 28% and ulcerative colitis an increased
30% risk of PD, respectively [44]. The presence of
shared alleles in the leucine-rich repeat kinase 2 gene
(LRRK2, OMIM 609007) in both PD and Crohn’s disease
[45] further reinforces the hypothesis that the two dis-
eases might share pathogenetic pathways involving
the dysregulation of the intestinal barrier/immune sys-
tem. Interestingly, IBD patients receiving anti-tumor
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necrosis factor therapy had a 78% reduction in the
risk of developing PD compared with patients who
did not (adjusted incidence rate ratio, 0.22; 95% Cl,
0.05-0.88) [46], another finding favouring a potential
role for systemic inflammation in PD pathogenesis.

2.4. The perturbation of the gut microbiome as
potential trigger of PD

The attention drawn to the Gl tract as initial site of
a-synucleinopathy, has raised much interest around
the potential causative role of the gut microbiome in
triggering the pathological changes seen in PD.
Evidence from animal studies seems to support this
view. In a transgenic mouse model of PD that overex-
presses o-synuclein, the presence of gut microbes
could exacerbate motor and Gl deficits, microglial acti-
vation and brain a-synuclein pathology, whereas anti-
biotic treatment reduced PD-related motor deficits
[47]. Moreover, when specific microbial metabolites
were orally administered to germ-free mice, they were
capable of promoting neuroinflammation and motor
symptoms, and the colonisation of these mice with
the microbiota transplanted from PD patients was
able to increase motor dysfunction compared to trans-
plant from healthy human donors [47]. Furthermore,
faecal transplantation from 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-treated mice to normal
mice led to impairment of motor functions and
decline in the striatal dopamine and serotonin levels,
whereas transplantation of faecal microbiota from nor-
mal mice to MPTP mice reduced motor dysfunction,
rescued striatal dopamine and serotonin levels and
reduced nigral activation of microglia and astro-
cytes [48].

What is the evidence in humans? Despite the sev-
eral limitations related to the design of studies of the
human microbiome (differences in geographical back-
ground, age, sex, diet, medications, occurrence of
gastrointestinal symptoms influencing the gut micro-
biome composition), there are several reports that the
intestinal microbiome of PD patients is different in
comparison to that of healthy individuals [49]. The
main findings include a decreased abundance of
genus Prevotella, Lachnospiraceae family, including the
short-chain fatty acids-producing genera Blautia and
Roseburia, and genus Faecalibacterium, and an enrich-
ment in Lactobacillaceae family, and genera
Akkermansia and Bifidiobacterium [49,50]. The main
question that these studies did not address is whether
these changes are cause or consequence of the dis-
ease [51]. Preliminary findings from studies evaluating

the composition of the gut microbiome of patients
with iRBD or elderly people, suggest that some
changes in the microbiome composition might indeed
precede the development of parkinsonism and there-
fore represent important prodromal biomarkers of
PD [52,53].

If these findings are confirmed in larger cohorts of
individuals at risk of developing PD, the question
about how gut microbes are detected in the GI tract
and trigger oa-synucleinopathy, remains to be
answered. Some have proposed a potential role of
enteroendocrine cells in this process. Enteroendocrine
cells are specialised intestinal cells present in the small
intestine and colon, which are capable of sensing
ingested nutrients and bacterial by-products [54].
Their membranes contain voltage-gated ion channels
making them electrically excitable [55], and they have
neuronal-like properties, including synaptic features
[56]. The recent discovery that enteroendocrine cells
can express da-synuclein [57] and synapse with the VN
forming a neuroepithelial circuit that connects the gut
lumen to the brainstem [58], might let us speculate
that once stimulated by gut bacteria signalling, these
cells may trigger o-synucleinopathy within the ENS,
and subsequently spread it through the VN to the
brain. The increased gut wall permeability seen in
patients with PD may contribute in helping bacterial
by-products or toxins (e.g. LPS) to access the ENS,
induce local inflammation and trigger synucleinopathy
[59]. In addition, the leaky gut syndrome may also
allow bacterial by-products to access the blood stream
and increase systemic inflammation, as reflected by
increased levels of pro-inflammatory cytokines in the
serum of PD patients [60]. This pro-inflammatory sta-
tus may contribute to the disruption of the blood-
brain barrier (BBB), activation of microglial cells, and
ultimately nigral dopaminergic cell death [61]. Future
studies testing these hypotheses will hopefully provide
insight into pathogenetic mechanisms underlying PD.

3. PD-related Gl disorders and the gut-brain
axis: practical implications

Disorders of the Gl tract are one of the most frequent
and disturbing symptoms affecting patients with PD
[3], and ultimately an important cause of disability,
reduced quality of life and hospitalisation [62]. The
entire Gl tract can be affected in PD, with a variety of
disorders including dental problems, drooling of saliva,
oro-pharyngeal/esophageal dysphagia, gastroparesis,
and constipation [63]. These manifestations mainly
arise from an early and extensive involvement of the



peripheral components of the autonomic nervous sys-
tem, including the ENS and the sympathetic and para-
sympathetic ganglionic neurons and postganglionic
projections, and to a lesser extent, of the central auto-
nomic network, in particular the DMV and the rostral
ventrolateral medulla (see Figure 1) [64].

The epidemiological, clinical, and therapeutic fea-
tures of PD-related Gl disorders are summarised in
Table 1 (for a more extensive description of these con-
ditions, the reader is directed elsewhere [63,65]).
Hereafter, we wish to present the most relevant PD-
related Gl disorders within the context of the gut-
brain axis. Driven by a practical approach, we will dis-
cuss how Gl disorders (the gut level) can impact
neurological function (the brain level) in PD, and how
their manipulation can affect neurological outcomes.

3.1. Delayed gastric emptying

Delayed gastric emptying (DGE) is defined as reduced
stomach motility in the absence of mechanical
obstruction, and when symptomatic it is referred as
gastroparesis [66]. Although only 15-45% of PD
patients report symptoms suggestive of gastroparesis
(such as nausea, vomiting, postprandial bloating, early
satiety, or abdominal pain) [67,68], DGE is found in
70-100% of PD patients [69], and can occur in both
early and advanced stages of PD [66]. The pathophysi-
ology of this phenomenon is complex and likely multi-
factorial. The damage to, and a-synuclein deposition

Oropharyngeal dysphagia

*  LBs pathology within the dopaminergic
supramedullary swallowing centers (BG)
LBs pathology within the non-dopaminergic
medullary swallowing centers (DMV)
A-synuclein pathology in peripheral motor and
sensory nerves (glossopharyngeal nerve,
pharyngeal sensory branch of VN, and internal
superior laryngeal nerve) innervating pharyngeal
muscles
Reduced concentration of substance P

/

SIBO

« Small bowel dysmotility

* Dopaminergic medications
« Oldage

« Chronic use of PPIs

&

Slow colonic transit

« Phosphorylated a-synuclein in presynaptic terminals
of the ENS in the colon

* Side-effect of antiparkinsonian drugs (anticholinergics
and dopamine agonists)
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in the VN and ENS likely play a major role in DGE,
whereas more controversial is the involvement of Cajal
interstitial cells (the gastric pacemaker cells) [70,71].
Common medications used in PD, such as levodopa
and anticholinergics, can contribute to DGE in a dose-
dependent manner [71,72], and the interaction of
some macronutrients (especially fats) with receptors in
the small intestine can further inhibit gastric empty-
ing [73].

Since levodopa absorption takes place only in the
proximal duodenum, DGE is the rate-limiting step in
this process [66]. In one study conducted on 31 PD
patients, peak-time gastric emptying rates correlated
with plasma levodopa peak delay levels, suggesting a
direct relationship between DGE and “delayed on-
time” [74]. In another study comparing PD patients
with and without motor fluctuations, the burden of
motor fluctuations was associated with more severe
DGE rates [75]. It is worth remembering that DGE is
only one of the several factors and/or conditions
related to the Gl tract that can influence levodopa bio-
availability, and others will be discussed in the dedi-
cated section below. Among these, diet is a major
determinant due to competition between levodopa
and dietary large neutral amino acids (LNAA, such as
phenylalanine, tyrosine, and tryptophan) for specific
active-transport systems in the small intestine and at
the BBB, with high-protein dietary regimes associated
with suboptimal motor response [76]. Given these
premises, it is clear that recognising and treating PD-

Drooling
Secondary to swallowing difficulties
Increased speed of salivary excretion

Esophageal dysphagia

* Phosphorylated a-synuclein in presynaptic terminals of ENS,
particularly in neurons of Auerbach plexus in the lower
esophagus

* Alpha-synuclein pathology in DMV leading to impaired
parasympathetic innervation of the upper Gl tract

Gastroparesis

* Alpha-synuclein pathology in DMV leading to impaired
parasympathetic innervation of the upper Gl tract

* A-synuclein pathology in presynaptic terminals of ENS

* Abnormal ghrelin function

« Side-effect of levodopa

Defecatory dyssynergia

Dysfunction of sacral parasympathetic nucleus and pelvic
ganglia

» Dopaminergic dysfunction (mainly based on the evidence of
good response to apomorphine)

Figure 1. Summary of pathophysiological mechanisms associated with the gastrointestinal disturbances in patients with PD. The
pathophysiology of these symptoms is complex and involves both central and peripheral mechanisms. LBs: Lewy bodies; BG: basal
ganglia; DMV: dorsal motor nucleus of the vagus; Gl: gastrointestinal; VN: vagus nerve; SIBO: small intestinal bacterial overgrowth;

PPIs: proton-pump inhibitors; ENS: enteric nervous system.
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related gastroparesis is of paramount importance, not
only to reduce the gastrointestinal symptoms associ-
ated with this condition, but also to ameliorate levo-
dopa bioavailability and consequently motor function.
Dietary changes represent a first-line strategy to
treat gastroparesis in PD. Adjusting fat intake in com-
bination with high quality carbohydrates (starch),
could improve the pattern of gastric emptying and
thus levodopa bioavailability [76]. Levodopa absorp-
tion may also be benefitted by synchronising meal
times in relation to oral levodopa dosing [77], such
that patients are generally advised to take their medi-
cation about 30-45min before eating [76]. In
advanced PD stages, redistribution of daily protein
intake (limited to evening hours) and/or restriction of
daily protein intake, have been shown to increase
levodopa bioavailability [78], reduce plasma levels of
LNAA [78,79], improve motor fluctuations in 30-90%
of PD patients [79-82] and reduce levodopa daily
dose in 75% [78]. However, careful monitoring is
necessary with long-term adherence to low-protein
regimens, as these may increase the risk of nutritional
complications such as weight loss and malnutrition
[71]. Administration of dietary herb extract Rikkunshito
has been evaluated in two small open-label trials.
Contradictory results were found on DGE (improved in
one study, no effect in the other), whereas effect on
motor fluctuations was not evaluated [83,84].
Prokinetic agents are a mainstay treatment for gas-
troparesis [71]. Of all the available prokinetics, dom-
peridone, a D2 dopamine receptor blocker that does
not cross the BBB, has been shown to be efficacious
in the management of gastroparesis in PD, without
worsening motor symptoms [85], and it increases levo-
dopa bioavailability when co-administered with levo-
dopa [86]. The updated recommendations on PD
treatment released by the International Parkinson and
Movement Disorder Society (MDS) Evidence-Based
Medicine (EBM) Committee, consider domperidone
“possibly useful” in the treatment of PD-related gastro-
paresis but specialised monitoring is required due to
potentially life-threatening arrythmias secondary to QT
elongation [87]. Metoclopramide, the only FDA-
approved medication for gastroparesis in the United
States, is contraindicated in PD due to its ability to
cross the BBB and block central dopaminergic recep-
tors [71]. Other prokinetics which have been under
investigation in PD include mosapride, a selective 5-
hydroxytryptamine type 4 (5-HT,) agonist, which was
beneficial at reducing gastric emptying rates, prolong-
ing “on” time and reducing motor fluctuations in a
small open-label trial on 5 patients with advanced PD
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[88]. Another prokinetic agent with potential applica-
tion in PD-related gastroparesis is ghrelin. Ghrelin is a
gastric-derived hormone that increases appetite and
food intake and stimulates secretion of growth hor-
mone [89]. Due to the ability to stimulate gastric emp-
tying in humans [90], both ghrelin and ghrelin
receptor agonists have been successfully applied in
the treatment of gastroparesis associated with several
diseases such as diabetes [91,92]. To date, studies
evaluating ghrelin in PD patients with gastroparesis
are lacking, however preclinical evidence has shown
favourable effect of ghrelin [89] and ghrelin agonists
[93,94] on reducing levodopa-induced DGE and increas-
ing plasma levodopa levels. Finally, macrolides, by acting
as motilin agonists, are potent prokinetics that have
been proposed as a possible strategy to treat PD-related
gastroparesis but for now clinical data are lacking to
support their use in routine practice [95].

In summary, current management for PD-related gas-
troparesis is limited. Initial steps should include review of
concomitant conditions/medications known to delay gas-
tric emptying and dietary adjustments. Low-protein
intake and/or protein restriction to evening hours,
should be proposed to patients with advanced stages
and troublesome motor fluctuations, but with cautious
monitoring on possible long-term complications. The
judicious use of domperidone, always combined with
cardiac safety monitoring, may be beneficial in some
patients. Future studies are needed to explore the
potential role of 5-HT, agonists, ghrelin, and macrolides.

3.2. Helicobacter pylori infection

Aside from its pathogenic role in the development of
peptic ulcers and gastric cancer, chronic systemic
inflammation secondary to Helicobacter pylori (HP)
infection has been linked to the development of vari-
ous neurological disorders, including PD [63]. HP infec-
tion increases the risk of developing PD by 1.5-3-fold
[96,97], and HP-positive patients display worse motor
function compared with HP-negative patients [98].
However, how HP infection may impact PD motor
function, is a controversial subject, and multiple mech-
anisms have been postulated.

The most studied mechanism is the effect on levo-
dopa bioavailability. Pierantozzi and colleagues reported
increased levodopa concentration in the elimination
phase after HP eradication [99], whereas other groups
did not report any difference in levodopa pharmacoki-
netic parameters between HP-positive and HP-negative
patients [100]. Other mechanisms leading to a deterior-
ation in motor function in HP-positive patients might
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include production of neurotoxic factors, such as choles-
terol glycosides, ultimately leading to degeneration of
dopaminergic neurons in the brain, induction of local
and systemic immune response leading to BBB disrup-
tion, neuroinflammation and loss of dopaminergic neu-
rons, generation of autoantibodies against functional
proteins in the brain, direct entrance of HP in the brain
through intracellular transport, and dysregulation of the
gut microbiota [101-103]. In addition, hypochlorhydria
induced by HP could promote the development of small
intestinal bacterial overgrowth (SIBO) [104], which is itself
known to worsen motor function and fluctuations in PD
(see below) [105].

Eradication therapy of HP might therefore represent
a potential gut-level treatment to improve brain-level
function in PD. Three randomized-controlled trials
(RCT) of HP eradication in PD have been conducted so
far, with contrasting findings. After HP eradication,
two studies reported improvement in the “on” time
(during a levodopa-challenge protocol) [99], and in
the stride length [106]. In one of these studies, clinical
improvement was coupled with significant increased
levodopa absorption following HP eradication [99].
However, a recent single-center RCT conducted on 67
PD patients showed no improvement of motor out-
comes after 12weeks, and no changes in non-motor
symptoms and quality of life at week 12 and 52 [107].
Interestingly, the latter study evaluated the role of con-
comitant SIBO, finding no significant improvement in
motor outcomes after HP eradication in those patients
who were SIBO negative at baseline, while conversion to
SIBO negativity did not improve motor function in ini-
tially SIBO-positive patients [107]. Overall, these results
seem to argue against the hypothesis that SIBO may
play a concomitant role with HP infection in determining
motor function in PD [107].

The available evidence is therefore too limited to
justify HP eradication to improve PD motor symptom:s,
and for now HP screening should not be part of
standard clinical care of PD [107]. Larger multicenter
studies evaluating clinical and nonclinical outcomes
(for instance, neuroinflammatory markers) are required
to clarify whether a causal relationship between HP
infection and PD does exist and disentangle the
underlying mechanisms of such relationship.

3.3. Small intestinal bacterial overgrowth

Small intestinal bacterial overgrowth (SIBO) is a condi-
tion associated with increased concentration of bac-
teria (above 10° colony forming unit/mL) and/or the
presence of colonic-type bacteria in the small intestine

[108,109]. Recent studies have shown an increased
prevalence of SIBO in patients with PD (25-54%), and
a strong association between SIBO and the occurrence
of motor complications and fluctuations [105,110,111].

Unfortunately, our understanding of the causative
role of SIBO in PD remains unclear. In previous studies,
several factors (such as lack of standardised protocols
for breath tests for SIBO [111], or spontaneous
changes in SIBO status during the disease course
[107,112]), have limited interpretation. SIBO-positive
patients may display increased intestinal permeability
that facilitates bacterial translocation, creates a proin-
flammatory environment, and ultimately promotes
microglial activation and neurodegeneration (e.g.
abnormal accumulation of a-synuclein in enteric neu-
rons) [111]. Alternatively, SIBO might affect levodopa
bioavailability, either as a result of peripheral inflam-
mation or partial metabolism of levodopa [63]. Recent
studies reporting the effect of small intestine micro-
biome on peripheral levodopa conversion, supports
this last hypothesis. The first step of bacterial levo-
dopa metabolism, the decarboxylation of levodopa to
dopamine, is in fact carried out by bacterial tyrosine
decarboxylase (tyrDC), which is encoded on genomes
of several species in the small intestine [113]. Among
all the identified bacterial species, only Enterococcus
faecalis was able to completely metabolise levodopa,
and the abundance of Enterococcus faecalis and tyrDC
correlated with levodopa and dopamine metabolism
in human gut microbiota samples [114].

It is therefore tempting to speculate that SIBO
eradication might be a therapeutic option to improve
motor function in PD. Eradication of SIBO has been
tested in an open-label trial of rifaximin 400 mg three
times a day for 1week, with evidence of improved
motor fluctuations (“off” time and “delayed on”) but
no changes in levodopa pharmacokinetic parameters
[105]. Another RCT of rifaximin in SIBO-positive PD
patients with at least 4h/day of “off” time, has been
designed to evaluate “off” time reduction.
Unfortunately, the results of this trial were inconclu-
sive. According to the authors, the reasons behind this
failure might be ascribed to recruitment difficulties
and unexplained spontaneous conversion to SIBO
negativity in patients treated with placebo [112], prov-
ing how challenging the design of studies evaluating
SIBO eradication in PD can be.

Although the available evidence does support an
association between SIBO and motor deterioration
in PD, whether and by what antibiotic regimen
SIBO should be eradicated remains to be established.
A suggestion that some bacterial species of the small



intestine such as Enterococcus faecalis and tyrDC
enzymatic activity levels may serve as biomarkers for
monitoring levodopa efficacy has been made, there-
fore the impact of tyrDC manipulation on levodopa
efficacy in PD patients undoubtedly deserves further
attention [114].

3.4. Constipation

Constipation, one of the most prevalent PD-related Gl
disorders, can precede the onset of motor manifestations
by 20years [115,116]. It correlates with duration and
severity of PD [117], being observed more frequently in
older patients with more advanced stages [118,119].
Constipation is associated with severe psychosocial dis-
tress [120] and serious complications including colonic
volvulus, intestinal pseudo-obstruction, megacolon, and
faecal impaction [118].

Lacking a unique definition, the prevalence of consti-
pation varies across PD studies, ranging from 8% to 70%
[121], and can be subjectively reported by patients as
hard stools, reduced bowel movements, bloating,
abdominal pain and straining during defaecation [122].
PD-related constipation may stem from either colonic
slow transit or anorectal dysfunction, that can play a role
alone or in combination [121]. The underlying mecha-
nisms include cell death and a-synuclein accumulation
in the parasympathetic and sympathetic neurons inner-
vating the entire colon, and increased colonic inflamma-
tion and permeability, as discussed above [18].
Moreover, a direct association between PD-related con-
stipation and changes in the gut microbiome might
exist. Preclinical studies have demonstrated that consti-
pation is reduced in germ-free o-synuclein transgenic
mice compared with mice hosting a complex microbiota
[47]. Results from clinical studies have also suggested
that PD patients with constipation may display a distinct-
ive gut microbiome signature [123,124]. In one study,
several taxa including Dorea, Oscillospira, Akkermansia,
and Ruminococcaceae, were positively associated with
chronic constipation and stool consistency, whereas
Faecalibacterium and butyrate producing-bacteria dis-
played a negative association [123]. Similar findings were
replicated by another study where constipation
increased family Lactobacillaceae, but decreased genus
Faecalibacterium [124]. However, other groups were
unable to demonstrate a relationship between specific
gut microbiome profiles and constipation [125]. Despite
some discrepancies among these results, modulating the
gut microbiota may represent one the most exciting and
powerful therapeutic options for constipation in PD.
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Dietary changes, probiotics and prebiotic fibres, all
represent potential strategies that may alleviate consti-
pation by manipulating the gut microbiota [126]. Two
studies have evaluated the effect of dietary insoluble
fibres (dietetic supplements composed of 375mg
wheat, 70mg pectin, 2.5mg dimethylpolyoxyhexane-
900 [127]; or psyllium [128]) in the treatment of PD-
related constipation. Beneficial effects were reported
on some constipation-related measures (severity, stool
frequency or weight), although the small sample sizes of
both studies (n=19, and n=7 patients) might have
underpowered these findings [127,128]. Interestingly,
motor function and plasma levodopa levels were amelio-
rated by insoluble fibre-enriched diet, both at 2week-
and 2 month-follow up [127]. More recently, the effect of
probiotics on PD-associated constipation has been under
investigation. Probiotics are live or attenuated microor-
ganisms with multiple putative beneficial effects on
intestinal homeostasis [129]. In several PD animal mod-
els, administration of probiotics could reduce motor
impairment and exert neuroprotective effects on dopa-
minergic neurons [130,131]. To date, three studies, two
of whom were RCT, have evaluated the use of probiotics
in PD-related constipation. Consistent improvement in
several constipation-related measures (spontaneous
bowel movements, stool consistency), patients’ quality of
life and treatment satisfaction has been reported follow-
ing multi-strain probiotics treatment, alone or in combin-
ation with dietary fibres, or single-strain probiotic
combined with dietetic therapy [132-134]. Based on
these results, the updated recommendations by the
MDS EBM Committee consider probiotics and prebiotic
fibres as “clinically useful”, and their application in clin-
ical practice an “acceptable risk without specialized mon-
itoring” [87]. However, whether these treatments may
positively impact other outcomes such as motor symp-
toms, has not been investigated yet.

The osmotic laxative macrogol [135] and chrolide
type 2 channel activator lubiprostone [136] have been
evaluated in two RCTs. Both treatments showed bene-
ficial effects on constipation-related outcomes (stool
frequency and consistency, gastrointestinal symptoms)
but no changes in motor outcomes in the treatment
group [135,136]. Currently, macrogol and lubiprostone
are considered “possibly useful” for constipation in PD.

In summary, the clinical management of PD-related
constipation is challenging, and fulfilling the ultimate
goal of patients’ satisfaction is not achieved by cur-
rently available treatments [137]. We believe that a
personalised approach combining non-pharmaco-
logical and pharmacological options might be the
best option to consider. First-line treatment should
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Figure 2. A proposed schematic representation of the pathways implicated in the gut-brain axis in PD. (1) An alteration in the
composition of the gut microbiome towards a more pro-inflammatory profile has been shown in patients with PD. (2) The
increased gut permeability seen in patients with PD could expose enteric neurons to bacterial derived pro-inflammatory products;
the activation of enteric glial cells (EGC) within the gastrointestinal tract of PD patients, seen in the early phases of the disease,
might contribute to amplify the impairment of the intestinal barrier and facilitate the spread of pathological a-synuclein within
the ENS. Alternatively, bacterial products could be sensed by the EECs dispersed within the gut epithelium; these cells might be a
site of initial o-synuclein aggregation which can then be transferred to the VN. (3) Either through the mediation of the ENS or by
direct synapsing, pathological a-synuclein can reach the vagal nerve and, due to its cell-to-cell transmission properties, retro-
gradely propagate to the brain. (4) Within the brain, pathological a-synuclein spreads within different areas resulting in loss of
nigrostriatal dopaminergic neurons and development of motor symptoms of PD. ENS: enteric nervous system; EGC: enteric glial
cell; EEC: enteroendocrine cell; LPS: lipopolysaccharide; SCFA: short-chain fatty acids.

include nonpharmacological measures such as lifestyle
modifications (increase physical activity, increase

prodromal phase of the disease when neurological
manifestations can be very mild or absent. At this

amount of fluid and fibre intake up to 20-35g/day),
and removal of concomitant aggravating medications
(e.g. opioids, amantadine) [118,138]. Although formal
guidelines are currently lacking, probiotics and pre-
biotic fibres in the first instance, followed by lubipro-
stone and macrogol, could be considered at the
individual level when previous strategies have failed.

4, Conclusions

Increasing evidence suggests a reciprocal relationship
between gastroenterological and neurological manifes-
tations in PD. This relationship begins in the

stage, in the “gut-brain” phenotype of PD, the disease
can be recognised as an “intestinal syndrome”, where
several factors such as microbial dysbiosis, leaky gut/
endotoxemia, and intestinal inflammation, can lead to
peripheral a-synucleinopathy and intestinal dysfunc-
tion (Figure 2). Recognising the presence of Gl disor-
ders in this phase could potentially enable the
identification of people at risk of developing PD to
offer them disease-modifying therapies before the
central spread of pathological a-synuclein.

The connection between the Gl tract and PD con-
tinues as the disease progresses, leading to a wide
variety of gastroenterological phenomena that can



cause severe disability, reduced quality of life and
increased mortality. Some of the most common PD-
related Gl disorders also represent a major determin-
ant of levodopa bioavailability and motor function.
Prioritising the evaluation and treatment of these con-
ditions is therefore a key factor in reducing the bur-
den of motor fluctuations affecting individuals with
PD. Therapeutic interventions through the manipula-
tion of the gut-brain axis (e.g. use of dietary soluble
fibres) have shown beneficial effects in the manage-
ment of PD patients, both at the gut and brain level.
The cooperation between different specialists (neurol-
ogists, gastroenterologists, internists and general prac-
titioners), therefore, becomes essential in the clinical
care of patients with PD.

Disclosure statement

No potential conflict of interest was

the author(s).

reported by

Funding

EM has nothing to disclose. JM has a research collaboration
with Thoeris gmbh, is a co-founder of Yaqrit Ltd and is a co-
inventor of Yag-001. AHVS has received funding from the
MRC (UK), Parkinson UK, the Cure Parkinson Trust. He is an
employee of UCL. He has served as a consultant for Prevail
Therapeutics.

ORCID

Elisa Menozzi http://orcid.org/0000-0003-3565-7910

Data availability statement

Data sharing is not applicable to this article as no new data
were created or analysed in this study.

References

[11  Tysnes OB, Storstein A. Epidemiology of Parkinson'’s
disease. J Neural Transm (Vienna). 2017;124(8):
901-905.

[2]  Spillantini MG, Schmidt ML, Lee VM, et al. Alpha-syn-
uclein in Lewy bodies. Nature. 1997;388(6645):
839-840.

[31 Schapira AHV, Chaudhuri KR, Jenner P. Non-motor
features of Parkinson disease. Nat Rev Neurosci.
2017;18(7):435-450.

[4] Cryan JF, O'Riordan KJ, Sandhu K, et al. The gut
microbiome in neurological disorders. Lancet Neurol.
2020;19(2):179-194.

[5] Braak H, Rib U, Gai WP, et al. Idiopathic Parkinson’s
disease: possible routes by which vulnerable

(6]

[7]

[0l

Y

(1l

[12]

[13]

[14]

[15]

(el

(171

(8]

(19l

[20]

ANNALS OF MEDICINE . 621

neuronal types may be subject to neuroinvasion by
an unknown pathogen. J Neural Transm (Vienna).
2003;110(5):517-536.

Braak H, Tredici KD, Riib U, et al. Staging of brain
pathology related to sporadic Parkinson’s disease.
Neurobiol Aging. 2003;24(2):197-211.

Braak H, de Vos RAI, Bohl J, et al. Gastric alpha-synu-
clein immunoreactive inclusions in Meissner’s and
Auerbach’s plexuses in cases staged for Parkinson’s
disease-related brain pathology. Neurosci Lett. 2006;
396(1):67-72.

Luk KC, Song C, O'Brien P, et al. Exogenous alpha-
synuclein fibrils seed the formation of Lewy body-
like intracellular inclusions in cultured cells. Proc
Natl Acad Sci USA. 2009;106(47):20051-20056.
Masuda-Suzukake M, Nonaka T, Hosokawa M, et al.
Prion-like spreading of pathological a-synuclein in
brain. Brain. 2013;136(Pt 4):1128-1138.

Sprenger FS, Stefanova N, Gelpi E, et al. Enteric ner-
vous system a-synuclein immunoreactivity in idio-
pathic REM sleep behavior disorder. Neurology.
2015;85(20):1761-1768.

Hilton D, Stephens M, Kirk L, et al. Accumulation of
a-synuclein in the bowel of patients in the pre-clin-
ical phase of Parkinson’s disease. Acta Neuropathol.
2014;127(2):235-241.

Shannon KM, Keshavarzian A, Dodiya HB, et al. Is
alpha-synuclein in the colon a biomarker for pre-
motor Parkinson’s disease? Evidence from 3 cases.
Mov Disord. 2012;27(6):716-719.

Stokholm MG, Danielsen EH, Hamilton-Dutoit SJ,
et al. Pathological a-synuclein in gastrointestinal tis-
sues from prodromal Parkinson disease patients.
Ann Neurol. 2016;79(6):940-949.

Beach TG, Adler CH, Sue LI, et al. Multi-organ distri-
bution of phosphorylated alpha-synuclein histopath-
ology in subjects with Lewy body disorders. Acta
Neuropathol. 2010;119(6):689-702.

Harapan BN, Frydrychowicz C, Classen J, et al. No
enhanced (p-) a-synuclein deposition in gastrointes-
tinal tissue of Parkinson’s disease patients.
Parkinsonism Relat Disord. 2020;80:82-88.
Barrenschee M, Zorenkov D, Bottner M, et al.
Distinct pattern of enteric phospho-alpha-synuclein
aggregates and gene expression profiles in patients

with  Parkinson’s  disease. Acta  Neuropathol
Commun. 2017;5(1):1.
Borghammer P. How does parkinson’s disease

begin? Perspectives on neuroanatomical pathways,
prions, and histology. Mov Disord. 2018;33(1):48-57.
Knudsen K, Borghammer P. Imaging the autonomic
nervous system in Parkinson’s disease. Curr Neurol
Neurosci Rep. 2018;18(11):79.

Fedorova TD, Seidelin LB, Knudsen K, et al.
Decreased intestinal acetylcholinesterase in early
Parkinson disease: an (11)C-donepezil PET study.
Neurology. 2017;88(8):775-781.

Knudsen K, Fedorova TD, Hansen AK, et al. In-vivo
staging of pathology in REM sleep behaviour dis-
order: a multimodality imaging case-control study.
Lancet Neurol. 2018;17(7):618-628.



622 (%) E. MENOZZIET AL.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

31]

[32]

[33]

[34]

[35]

[36]

(37]

Horsager J, Andersen KB, Knudsen K, et al. Brain-first
versus body-first Parkinson’s disease: a multimodal
imaging case-control study. Brain. 2020;143(10):
3077-3088.

Phillips RJ, Walter GC, Wilder SL, et al. Alpha-synu-
clein-immunopositive myenteric neurons and vagal
preganglionic terminals: autonomic pathway impli-
cated in Parkinson’s disease? Neuroscience. 2008;
153(3):733-750.

Pan-Montojo F, Anichtchik O, Dening Y, et al.
Progression of Parkinson’s disease pathology is
reproduced by intragastric administration of rote-
none in mice. PLoS One. 2010;5(1):e8762.
Pan-Montojo F, Schwarz M, Winkler C, et al.
Environmental toxins trigger PD-like progression via
increased alpha-synuclein release from enteric neu-
rons in mice. Sci Rep. 2012;2:898.

Ulusoy A, Rusconi R, Pérez-Revuelta BI, et al. Caudo-
rostral brain spreading of a-synuclein through vagal
connections . EMBO Mol Med. 2013;5(7):1119-1127.
Holmqvist S, Chutna O, Bousset L, et al. Direct evi-
dence of Parkinson pathology spread from the
gastrointestinal tract to the brain in rats. Acta
Neuropathol. 2014;128(6):805-820.

Uemura N, Yagi H, Uemura MT, et al. Inoculation of
a-synuclein preformed fibrils into the mouse gastro-
intestinal tract induces Lewy body-like aggregates in
the brainstem via the vagus nerve. Mol
Neurodegener. 2018;13(1):21.

Kim S, Kwon S-H, Kam T-I, et al. Transneuronal
propagation of pathologic a-synuclein from the gut
to the brain models Parkinson’s disease. Neuron.
2019;103(4):627-641 e7.

Challis C, Hori A, Sampson TR, et al. Gut-seeded
alpha-synuclein fibrils promote gut dysfunction and
brain pathology specifically in aged mice. Nat
Neurosci. 2020;23(3):327-336.

Breen DP, Halliday GM, Lang AE. Gut-brain axis and
the spread of a-synuclein pathology: vagal highway
or dead end? Mov Disord. 2019;34(3):307-316.

Liu B, Fang F, Pedersen NL, et al. Vagotomy and

Parkinson disease: a Swedish register-based
matched-cohort study. Neurology. 2017;88(21):
1996-2002.

Svensson E, Horvath-Puhé E, Thomsen RW, et al.
Vagotomy and subsequent risk of Parkinson’s dis-
ease. Ann Neurol. 2015;78(4):522-529.

Gray MT, Munoz DG, Gray DA, et al. Alpha-synuclein
in the appendiceal mucosa of neurologically intact
subjects. Mov Disord. 2014;29(8):991-998.

Berthoud HR, Carlson NR, Powley TL. Topography of
efferent vagal innervation of the rat gastrointestinal
tract. Am J Physiol. 1991;260(1 Pt 2):R200-R207.
Killinger BA, Madaj Z, Sikora JW, et al. The vermiform
appendix impacts the risk of developing Parkinson's
disease. Sci Transl Med. 2018;10(465):eaar5280.
Mendes A, Gongalves A, Vila-Cha N, et al
Appendectomy may delay Parkinson’s disease Onset.
Mov Disord. 2015;30(10):1404-1407.

Marras C, Lang AE, Austin PC, et al. Appendectomy
in mid and later life and risk of Parkinson's

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

disease: a population-based study. Mov Disord.
2016;31(8):1243-1247.

Svensson E, Horvath-Puhé E, Stokholm MG, et al.
Appendectomy and risk of Parkinson’s disease: a
nationwide cohort study with more than 10 years of
follow-up. Mov Disord. 2016;31(12):1918-1922.
lJzendoorn ISCD, Derkinderen P. The intestinal bar-
rier in Parkinson’s disease: current state of know-
ledge. J Parkinsons Dis. 2019;9(s2):5323-5329.
Perez-Pardo P, Dodiya HB, Engen PA, et al. Role of
TLR4 in the gut-brain axis in Parkinson’s disease: a
translational study from men to mice. Gut. 2019;
68(5):829-843.

Forsyth CB, Shannon KM, Kordower JH, et al.
Increased intestinal permeability correlates with sig-
moid mucosa alpha-synuclein staining and endo-
toxin exposure markers in early Parkinson’s disease.
PLoS One. 2011;6(12):e28032.

Schwiertz A, Spiegel J, Dillmann U, et al. Fecal
markers of intestinal inflammation and intestinal per-
meability are elevated in Parkinson’s disease.
Parkinsonism Relat Disord. 2018;50:104-107.
Clairembault T, Leclair-Visonneau L, Coron E, et al.
Structural alterations of the intestinal epithelial bar-
rier in Parkinson’s disease. Acta Neuropathol
Commun. 2015;3:12.

Zhu F, Li C, Gong J, et al. The risk of Parkinson’s dis-
ease in inflammatory bowel disease: a systematic
review and meta-analysis. Dig Liver Dis. 2019;51(1):
38-42.

Hui KY, Fernandez-Hernandez H, Hu J, et al
Functional variants in the LRRK2 gene confer shared
effects on risk for Crohn’s disease and Parkinson’s
disease. Sci Transl Med. 2018;10(423):eaai7795.

Peter I, Dubinsky M, Bressman S, et al. Anti-tumor
necrosis factor therapy and incidence of Parkinson
disease among patients with inflammatory bowel
disease. JAMA Neurol. 2018;75(8):939-946.

Sampson TR, Debelius JW, Thron T, et al. Gut micro-
biota regulate motor deficits and neuroinflammation
in a model of Parkinson’s disease. Cell. 2016;167(6):
1469-1480 el12.

Sun M-F, Zhu Y-L, Zhou Z-L, et al. Neuroprotective
effects of fecal microbiota transplantation on MPTP-
induced Parkinson’s disease mice: gut microbiota,
glial reaction and TLR4/TNF-o signaling pathway.
Brain Behav Immun. 2018;70:48-60.

Boertien JM, Pereira PAB, Aho VTE, et al. Increasing
comparability and utility of gut microbiome studies
in Parkinson’s disease: a systematic review. J
Parkinsons Dis. 2019;9(s2):5297-S312.

Sampson T. The impact of indigenous microbes on
Parkinson’s disease. Neurobiol Dis. 2020;135:104426.
Jackson A, Forsyth CB, Shaikh M, et al. Diet in
Parkinson’s disease: critical role for the microbiome.
Front Neurol. 2019;10:1245.

Heintz-Buschart A, Pandey U, Wicke T, et al. The
nasal and gut microbiome in Parkinson’s disease
and idiopathic rapid eye movement sleep behavior
disorder. Mov Disord. 2018;33(1):88-98.



[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Heinzel S, Aho VTE, Suenkel U, et al. Gut microbiome
signatures of risk and prodromal markers of
Parkinson disease. Ann Neurol. 2020;88(2):320-331.
Furness JB, Rivera LR, Cho H-J, et al. The gut as a
sensory organ. Nat Rev Gastroenterol Hepatol. 2013;
10(12):729-740.

Rogers GJ, Tolhurst G, Ramzan A, et al. Electrical
activity-triggered glucagon-like peptide-1 secretion
from primary murine L-cells. J Physiol. 2011;589(Pt
5):1081-1093.

Bohorquez DV, et al. Neuroepithelial circuit formed
by innervation of sensory enteroendocrine cells. J
Clin Invest. 2015;125(2):782-786.

Chandra R, Hiniker A, Kuo Y-M, et al. alpha-Synuclein
in gut endocrine cells and its implications for
Parkinson’s disease. JCI Insight. 2017;2(12):€92295.
Kaelberer MM, Buchanan KL, Klein ME, et al. A gut-
brain neural circuit for nutrient sensory transduction.
Science. 2018;361(6408):eaat5236.

Kelly LP, Carvey PM, Keshavarzian A, et al
Progression of intestinal permeability changes and
alpha-synuclein expression in a mouse model of
Parkinson’s  disease. Mov Disord. 2014;29(8):
999-1009.

Williams-Gray CH, et al. Serum immune markers and
disease progression in an incident Parkinson’s dis-
ease cohort (ICICLE-PD). Mov Disord. 2016;31(7):
995-1003.

Garcia-Dominguez |, et al. Peripheral inflammation
enhances microglia response and nigral dopamin-
ergic cell death in an in vivo MPTP model of
Parkinson’s disease. Front Cell Neurosci. 2018;12:398.
Okunoye O, Kojima G, Marston L, et al. Factors asso-
ciated with hospitalisation among people with
Parkinson’s disease - a systematic review and meta-
analysis. Parkinsonism Relat Disord. 2020;71:66-72.
Fasano A, Visanji NP, Liu LWC, et al. Gastrointestinal
dysfunction in Parkinson’s disease. Lancet Neurol.
2015;14(6):625-639.

Coon EA, Cutsforth-Gregory JK, Benarroch EE.
Neuropathology of autonomic dysfunction in synu-
cleinopathies. Mov Disord. 2018;33(3):349-358.
Pfeiffer =~ RF.  Gastrointestinal  dysfunction in
Parkinson’s disease. Curr Treat Options Neurol. 2018;
20(12):54.

Marrinan S, Emmanuel AV, Burn DJ. Delayed gastric
emptying in Parkinson’s disease. Mov Disord. 2014;
29(1):23-32.

Cersosimo MG, Raina GB, Pecci C, et al
Gastrointestinal manifestations in Parkinson’s dis-
ease: prevalence and occurrence before motor
symptoms. J Neurol. 2013;260(5):1332-1338.
Lubomski M, Davis RL, Sue CM. Gastrointestinal dys-

function in Parkinson’s disease. J Neurol. 2020;
267(5):1377-1388.

Heetun ZS, Quigley EM. Gastroparesis and
Parkinson’s  disease: a  systematic  review.

Parkinsonism Relat Disord. 2012;18(5):433-440.
Heimrich KG, et al. Gastric dysmotility in Parkinson’s
disease is not caused by alterations of the gastric
pacemaker cells. NPJ Parkinsons Dis. 2019;5:15.

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

ANNALS OF MEDICINE . 623

Pfeiffer RF, Isaacson SH, Pahwa R. Clinical implica-
tions of gastric complications on levodopa treatment
in Parkinson’s disease. Parkinsonism Relat Disord.
2020;76:63-71.

Bestetti A, Capozza A, Lacerenza M, et al. Delayed
gastric emptying in advanced Parkinson disease: cor-
relation with therapeutic doses. Clin Nucl Med. 2017;
42(2):83-87.

Little TJ, Horowitz M, Feinle-Bisset C. Modulation by
high-fat diets of gastrointestinal function and hor-
mones associated with the regulation of energy
intake: implications for the pathophysiology of obes-
ity. Am J Clin Nutr. 2007;86(3):531-541.

Doi H, Sakakibara R, Sato M, et al. Plasma levodopa
peak delay and impaired gastric emptying in
Parkinson’s disease. J Neurol Sci. 2012;319(1-2):
86-88.

Djaldetti R, Baron J, Ziv |, et al. Gastric emptying in
Parkinson’s disease: patients with and without
response  fluctuations.  Neurology.  1996;46(4):
1051-1054.

Barichella M, Cereda E, Pezzoli G. Major nutritional
issues in the management of Parkinson’s disease.
Mov Disord. 2009;24(13):1881-1892.

Baruzzi A, Contin M, Riva R, et al. Influence of meal
ingestion time on pharmacokinetics of orally admin-
istered levodopa in parkinsonian patients. Clin
Neuropharmacol. 1987;10(6):527-537.

Pincus JH, Barry KM. Dietary method for reducing
fluctuations in Parkinson’s disease. Yale J Biol Med.
1987;60(2):133-137.

Carter JH, Nutt JG, Woodward WR, et al. Amount
and distribution of dietary protein affects clinical
response to levodopa in Parkinson's disease.
Neurology. 1989;39(4):552-556.

Pincus JH, Barry K. Influence of dietary protein on
motor fluctuations in Parkinson’s disease. Arch
Neurol. 1987;44(3):270-272.

Tsui JK, Ross S, Poulin K, et al. The effect of dietary
protein on the efficacy of L-dopa: a double-blind
study. Neurology. 1989;39(4):549-552.

Bracco F, Malesani R, Saladini M, et al. Protein redis-
tribution diet and antiparkinsonian response to levo-
dopa. Eur Neurol. 1991;31(2):68-71.

Doi H, Sakakibara R, Sato M, et al. Dietary herb
extract rikkunshi-to ameliorates gastroparesis in
Parkinson’s disease: a pilot study. Eur Neurol. 2014;
71(3-4):193-195.

Yakabi K, Yamaguchi N, Ono S, et al. Open label trial
of the efficacy and safety profile of Rikkunshito used
for the treatment of gastrointestinal symptoms in
patients with Parkinson’s disease: a pilot study. Curr
Ther Res Clin Exp. 2017;87:1-8.

Soykan |1, Sarosiek I, McCallum RW. The effect of
chronic oral domperidone therapy on gastrointes-
tinal symptoms, gastric emptying, and quality of life
in patients with gastroparesis. Am J Gastroenterol.
1997,92(6):976-980.

Nishikawa N, Nagai M, Tsujii T, et al
Coadministration of domperidone increases plasma
levodopa concentration in patients with Parkinson
disease. Clin Neuropharmacol. 2012;35(4):182-184.



624 (%) E. MENOZZIET AL.

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

Seppi K, Ray Chaudhuri K, Coelho M, et al. Update
on treatments for nonmotor symptoms of
Parkinson’s disease-an evidence-based medicine
review. Mov Disord. 2019;34(2):180-198.

Asai H, Udaka F, Hirano M, et al. Increased gastric
motility during 5-HT4 agonist therapy reduces
response fluctuations in Parkinson’s disease.
Parkinsonism Relat Disord. 2005;11(8):499-502.

Wang L, Murphy NP, Stengel A, et al. Ghrelin pre-
vents levodopa-induced inhibition of gastric empty-
ing and increases circulating levodopa in fasted rats.
Neurogastroenterol Motil. 2012;24(5):e235-e245.
Levin F, Edholm T, Schmidt PT, et al. Ghrelin stimu-
lates gastric emptying and hunger in normal-weight
humans. J Clin Endocrinol Metab. 2006;91(9):
3296-3302.

Ejskjaer N, Vestergaard ET, Hellstrom PM, et al.
Ghrelin receptor agonist (TZP-101) accelerates gas-
tric emptying in adults with diabetes and symptom-
atic gastroparesis. Aliment Pharmacol Ther. 2009;
29(11):1179-1187.

Murray CD. Ghrelin enhances gastric emptying in
diabetic gastroparesis: a double blind, placebo con-
trolled, crossover study. Gut. 2005;54(12):1693-1698.
Karasawa H, Pietra C, Giuliano C, et al. New ghrelin
agonist, HMO1 alleviates constipation and L-dopa-
delayed gastric emptying in 6-hydroxydopamine rat
model of Parkinson’s disease. Neurogastroenterol
Motil. 2014;26(12):1771-1782.

Minalyan A, Gabrielyan L, Pietra C, et al. Multiple
beneficial effects of ghrelin agonist, HMO1 on
homeostasis  alterations in  6-hydroxydopamine
model of Parkinson’s disease in male rats. Front
Integr Neurosci. 2019;13:13.

Barboza JL, Okun MS, Moshiree B. The treatment of
gastroparesis, constipation and small intestinal bac-
terial overgrowth syndrome in patients with
Parkinson’s disease. Expert Opin Pharmacother.
2015;16(16):2449-2464.

Huang H-K, Wang J-H, Lei W-Y, et al. Helicobacter
pylori infection is associated with an increased risk
of Parkinson’s disease: a population-based retro-
spective cohort study. Parkinsonism Relat Disord.
2018;47:26-31.

Shen X, Yang H, Wu Y, et al. Meta-analysis: associ-
ation of Helicobacter pylori infection with Parkinson’s
diseases. Helicobacter. 2017;22(5):e12398.

Tan AH, Mahadeva S, Marras C, et al. Helicobacter
pylori infection is associated with worse severity of
Parkinson’s disease. Parkinsonism Relat Disord. 2015;
21(3):221-225.

Pierantozzi M, Pietroiusti A, Brusa L, et al
Helicobacter pylori eradication and |-dopa absorption
in patients with PD and motor fluctuations.
Neurology. 2006;66(12):1824-1829.

Narozanska E, Biatecka M, Adamiak-Giera U, et al.
Pharmacokinetics of levodopa in patients with
Parkinson disease and motor fluctuations depending
on the presence of Helicobacter pylori infection. Clin
Neuropharmacol. 2014;37(4):96-99.

McGee DJ, Lu XH, Disbrow EA. Stomaching the pos-
sibility of a pathogenic role for Helicobacter pylori in

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

Parkinson’s disease. J Parkinsons Dis. 2018;8(3):
367-374.

Nyholm D, Hellstrom PM. Effects of Helicobacter
pylori on levodopa pharmacokinetics. J Parkinsons
Dis. 2021;11:61-69.

Schulz JD, Hawkes EL, Shaw CA. Cycad toxins,
Helicobacter pylori and parkinsonism: cholesterol glu-
cosides as the common denomenator. Med
Hypotheses. 2006;66(6):1222-1226.

Dukowicz AC, Lacy BE, Levine GM. Small intestinal
bacterial overgrowth: a comprehensive review.
Gastroenterol Hepatol (N Y). 2007;3(2):112-122.
Fasano A, Bove F, Gabrielli M, et al. The role of small
intestinal bacterial overgrowth in Parkinson’s dis-
ease. Mov Disord. 2013;28(9):1241-1249.

Dobbs SM, Dobbs RJ, Weller C, et al. Differential
effect of Helicobacter pylori eradication on time-
trends in brady/hypokinesia and rigidity in idiopathic
parkinsonism. Helicobacter. 2010;15(4):279-294.

Tan AH, Lim S-Y, Mahadeva S, et al. Helicobacter
pylori eradication in Parkinson’s disease: a random-
ized placebo-controlled trial. Mov Disord. 2020;
35(12):2250-2260.

Gasbarrini A, Lauritano EC, Gabrielli M, et al. Small
intestinal bacterial overgrowth: diagnosis and treat-
ment. Dig Dis. 2007;25(3):237-240.

Losurdo G, D'Abramo FS, Indellicati G, et al. The
influence of small intestinal bacterial overgrowth in
digestive and extra-intestinal disorders. Int J Mol Sci.
2020;21(10):3531.

Gabrielli M, Bonazzi P, Scarpellini E, et al. Prevalence
of small intestinal bacterial overgrowth in
Parkinson’s disease. Mov Disord. 2011;26(5):889-892.
Tan AH, Mahadeva S, Thalha AM, et al. Small intes-
tinal bacterial overgrowth in Parkinson’s disease.
Parkinsonism Relat Disord. 2014;20(5):535-540.
Vizcarra JA, Wilson-Perez HE, Fasano A, et al. Small
intestinal bacterial overgrowth in Parkinson’s dis-
ease: tribulations of a trial. Parkinsonism Relat
Disord. 2018;54:110-112.

van Kessel SP, Frye AK, El-Gendy AO, et al. Gut bac-
terial tyrosine decarboxylases restrict levels of levo-
dopa in the treatment of Parkinson’s disease. Nat
Commun. 2019;10(1):310.

Maini Rekdal V, Bess EN, Bisanz JE, et al. Discovery
and inhibition of an interspecies gut bacterial path-
way for Levodopa metabolism. Science. 2019;
364(6445):eaau6323.

Schrag A, Horsfall L, Walters K, et al. Prediagnostic
presentations of Parkinson’s disease in primary care:
a case-control study. Lancet Neurol. 2015;14(1):
57-64.

Savica R, Carlin JM, Grossardt BR, et al. Medical
records documentation of constipation preceding
Parkinson disease: a case-control study. Neurology.
2009;73(21):1752-1758.

Krogh K, Ostergaard K, Sabroe S, et al. Clinical
aspects of bowel symptoms in Parkinson’s disease.
Acta Neurol Scand. 2008;117(1):60-64.

Mozaffari S, et al. The pharmacological management
of constipation in patients with Parkinson’s



[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

disease: a much-needed relief.
Pharmacother. 2020;21:701-707.

Yu Q-J, Yu S-Y, Zuo L-J, et al. Parkinson disease with
constipation: clinical features and relevant factors.
Sci Rep. 2018;8(1):567.

Kaye J, Gage H, Kimber A, et al. Excess burden of
constipation in Parkinson’s disease: a pilot study.
Mov Disord. 2006;21(8):1270-1273.

Knudsen K, Krogh K, @stergaard K, et al
Constipation in parkinson’s disease: subjective symp-
toms, objective markers, and new perspectives. Mov
Disord. 2017;32(1):94-105.

De Pablo-Fernandez E, et al. Colonic transit, high-
resolution anorectal manometry and MRI defecogra-
phy study of constipation in Parkinson’s disease.
Parkinsonism Relat Disord. 2019;66:195-201.

Cirstea MS, Yu AC, Golz E, et al. Microbiota compos-
ition and metabolism are associated with gut func-
tion in Parkinson’s disease. Mov Disord. 2020;35(7):
1208-1217.

Nishiwaki H, Ito M, Ishida T, et al. Meta-analysis of
gut dysbiosis in Parkinson’s disease. Mov Disord.
2020;35(9):1626-1635.

Unger MM, Spiegel J, Dillmann K-U, et al. Short
chain fatty acids and gut microbiota differ between
patients with Parkinson’s disease and age-matched
controls. Parkinsonism Relat Disord. 2016;32:66-72.
Leeming ER, Johnson AJ, Spector TD, et al. Effect of
diet on the gut microbiota: rethinking intervention
duration. Nutrients. 2019;11(12):2862.

Astarloa R, et al. Clinical and pharmacokinetic effects
of a diet rich in insoluble fiber on Parkinson disease.
Clin Neuropharmacol. 1992;15(5):375-380.

Ashraf W, Pfeiffer RF, Park F, et al. Constipation in
Parkinson’s disease: objective assessment and
response to psyllium. Mov Disord. 1997;12(6):
946-951.

Expert Opin

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

ANNALS OF MEDICINE . 625

Gareau MG, Sherman PM, Walker WA. Probiotics and
the gut microbiota in intestinal health and disease.
Nat Rev Gastroenterol Hepatol. 2010;7(9):503-514.
Hsieh TH, Kuo C-W, Hsieh K-H, et al. Probiotics allevi-
ate the progressive deterioration of motor functions
in @ mouse model of Parkinson’s disease. Brain Sci.
2020;10(4):206.

Sun J, Li H Jin Y, et al. Probiotic Clostridium butyri-
cum ameliorated motor deficits in a mouse model of
Parkinson’s disease via gut microbiota-GLP-1 path-
way. Brain Behav Immun. 2021;91:703-715.
Barichella M, Pacchetti C, Bolliri C, et al. Probiotics
and prebiotic fiber for constipation associated with
Parkinson disease: an RCT. Neurology. 2016;87(12):
1274-1280.

Cassani E, Privitera G, Pezzoli G, et al. Use of probiot-
ics for the treatment of constipation in Parkinson’s
disease patients. Minerva Gastroenterol Dietol. 2011;
57(2):117-121.

Tan AH, Lim S-Y, Chong KK, et al. Probiotics for con-
stipation in Parkinson’s disease: a randomized pla-

cebo-controlled study. Neurology. 2020;96:
e772-e782.
Zangaglia R, Martignoni E, Glorioso M, et al.

Macrogol for the treatment of constipation in
Parkinson’s disease. A randomized placebo-con-
trolled study. Mov Disord. 2007;22(9):1239-1244.
Ondo WG, Kenney C, Sullivan K, et al. Placebo-con-
trolled trial of lubiprostone for constipation associ-
ated with Parkinson disease. Neurology. 2012;78(21):
1650-1654.

Pedrosa Carrasco AJ, Timmermann L, Pedrosa DJ.
Management of constipation in patients with
Parkinson’s disease. NPJ Parkinsons Dis. 2018;4:6.
Quarracino C, Otero-Losada M, Capani F, et al. State-
of-the-art pharmacotherapy for autonomic dysfunc-
tion in  Parkinson’s disease. Expert Opin
Pharmacother. 2020;21(4):445-457.



	Abstract
	Introduction
	Where does Parkinson disease begin: the “Gut-Brain” theory
	Principles and origin of the “Gut-Brain” axis
	The vagus nerve is a possible route of retrograde transport of α-synuclein from the gut to the brain
	The “leaky gut” and enteric immune dysregulation contribute to PD pathogenesis
	The perturbation of the gut microbiome as potential trigger of PD

	PD-related GI disorders and the gut-brain axis: practical implications
	Delayed gastric emptying
	Helicobacter pylori infection
	Small intestinal bacterial overgrowth
	Constipation

	Conclusions
	Disclosure statement
	Funding
	Orcid
	Data availability statement
	References


