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Abstract: The enteric nervous system (ENS) is a neural network referred to as "the brain in the gut" 
because of its similarities to the central nervous system (CNS). The ENS consists of numerous types 
of neurons and glial cells distributed in two intramuscular plexuses that span the length of the 
intestine and control coordinated smooth muscle contractile activity and other intestinal functions. 
It is well-established that reciprocal communication exists between the brain and the 
gastrointestinal tract. Although the ENS can function independently, it is connected to the CNS 
through the afferent and efferent pathways of the parasympathetic and sympathetic nervous 
systems. In addition to regulating ENS function by the CNS, these connections are likely to be 
critically involved in the pathophysiology of Parkinson's disease (PD). PD is a common 
neurodegenerative disorder that presents with non-motor and motor symptoms.  Surprisingly, 
ENS lesions have been shown to occur very early in the disease, even before CNS involvement. This 
has led to the postulation that the ENS may be central to the pathophysiology of PD. Autopsy 
studies have shown that α-synuclein (αS) aggregates in PD patients are found both in the substantia 
nigra (SN) and the ENS. Therefore, it has been hypothesized that the pathological process leading 
to PD may initially occur in the ENS years before the appearance of motor features. This process 
induces misfolding and aggregation of αS in specific subtypes of neurons in the CNS. Finally, it 
spreads retrogradely in the CNS through preganglionic vagal fibers to the dorsal motor nucleus of 
this nerve and to other central nervous structures. In addition to the presumed role in the spread of 
the disease process, it has also been suggested that pathological changes in the ENS might be 
involved in the gastrointestinal dysfunction frequently seen in Pd patients. Starting from the 
evidence in animal models and using a translational point of view, in this review, we aim to 
summarize the role of the ENS in the pathogenesis of PD and how this system could be modulated 
for a novel therapeutic approach. While acknowledging the presumed role of the microbiome in the 
gut-brain axis, we will shift the focus from this point of view to focus more on the neurons of the 
ENS. 

Keywords: Parkinson's Disease; translational medicine; gut-brain axis; enteric nervous system; 
microbiota; rodent models; clinical evidence 

 

1. Introduction 
Over the past decade, numerous preclinical and clinical publications have shed light on the 

complex relationship between the gut and the brain in neurological disorders, especially in 
Parkinson's disease (PD), in which gastrointestinal dysfunction is a prominent feature [1]. 

PD is the second most common neurodegenerative disorder after Alzheimer’s disease, and its 
pathological hallmarks are the loss of dopaminergic cells of Substantia Nigra pars compacta (SNpc) 
and the brain accumulation of Lewy bodies (LB), which are abnormal aggregates of α-synuclein (αS) 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 May 2023                   doi:10.20944/preprints202305.0025.v1

©  2023 by the author(s). Distributed under a Creative Commons CC BY license.

mailto:g.martella@hsantalucia.it
https://sciwheel.com/work/citation?ids=13219764&pre=&suf=&sa=0
https://doi.org/10.20944/preprints202305.0025.v1
http://creativecommons.org/licenses/by/4.0/


Preprints.org 2 of 25 

 

[2]. In most patients, PD is the result of a synergistic interaction between genetic factors and 
environmental stressors, a condition referred to as “double hit theory”[2,3]. 

Therefore, exploring the potential interaction of distinct genetic and environmental factors is 
essential to identify convergent pathways and potential molecular targets for neuroprotection [4]. 

Patients with PD are a heterogeneous group, varying in age at disease onset, speed of 
progression, severity of motor and non-motor symptoms, and  extent of central and peripheral 
inflammation [3].  

Although still considered a paradigmatic movement disorder, PD is associated with a broad 
spectrum of non-motor symptoms, including mood and affective disturbances like apathy, 
anhedonia and depression, cognitive dysfunction, and complex behavioral disorders [5,6]. Sensory 
dysfunctions like hyposmia or pain and sleep-wake cycle regulation disturbances are common. In 
addition, many patients show autonomic dysfunction, including orthostatic hypotension, urogenital 
dysfunction, and constipation [7]. Constipation, in particular, affects up to 80% of PD patients and 
may precede the onset of motor symptoms in years [7]. The premotor stage of the disease may occur 
5 to 10 years before the onset of motor symptoms [5,6].  

In the premotor phase, idiopathic constipation is one of the most decisive risk factors for the 
onset of PD. It is associated with neurodegenerative changes in the enteric nervous system (ENS) 
[1,7]. According to Braak's classic hypothesis [8], neurodegenerative diseases, particularly PD, may 
recognize a peripheral origin when putative pathogens enter the mucosa of the gastrointestinal tract, 
inducing misfolding and aggregation of the hallmark αS in specific subtypes of central nervous 
system (CNS) neurons, then spreading retrogradely to the CNS through the vagal preganglionic 
fibers to the dorsal motor nucleus and finally to other central nervous structures[9,10]. 

Indeed, two categories of PD patients have recently been identified: a brain-first (top-down) 
type, in which αS pathology initially arises in the CNS and then in the peripheral autonomic nervous 
system, and a body-first (bottom-up) type, in which pathology originates in the ENS and then spreads 
to the CNS [11–13].  

The ENS, the intrinsic nervous system of the gastrointestinal tract, often referred to as the 
"second brain," is a complex, and to date not fully understood, network comprising different types of 
neurons and glial cells[14].  

The ENS is essential in regulating many gastrointestinal functions, including motility and fluid 
secretion. Degeneration of enteric neurons (NEs) could therefore be responsible for the 
gastrointestinal symptoms commonly observed in neurological disorders [15]. Indeed, numerous 
articles demonstrate that the pathology of PD is not limited to the CNS and that there is also extensive 
involvement of the ENS [16–18].  

Data from patients and animal models suggest that PD affects distinct subsets of neurons and 
glia in the ENS and that the latter may participate in the pathogenesis of this disorder [15,19]. 
Although there has been much enthusiasm for the possibility of sampling the ENS for diagnosis or 
therapeutic monitoring of PD, further work needs to determine which NEs are most affected and 
how ENS function can be modulated to improve gastrointestinal symptoms in patients. 

In this context, we aims to provide a deeper insight into the role of the ENS in PD by describing 
its normal and pathological physiology in human and animal models.  

2. Overview of the Enteric Nervous System (ENS): anatomy and function. 

The ENS, the intrinsic innervation of the gastrointestinal tract (GI), is the largest and most 
complex division of the peripheral and autonomic nervous systems in vertebrates. In humans, the 
ENS contains 400-600 million neurons and an array of neurotransmitters and neuromodulators 
similar to those found in the CNS [20]. Unlike the CNS, in which efferent pathways are characterized 
by pre-ganglionic and post-ganglionic neurons [21], the axons of gut neurons in the ENS project to 
the sympathetic ganglia, brainstem, spinal cord, pancreas, gallbladder, and trachea [14]. The anatomy 
and physiology of the ENS have been studied since the 19th century, going so far as to demonstrate 
early in the last century how the peristaltic reflex (i.e., the pressure-induced propulsive activity of the 
intestines) is a local nervous mechanism that occurs in the absence of external nerve input [22]. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 May 2023                   doi:10.20944/preprints202305.0025.v1

https://sciwheel.com/work/citation?ids=5746822&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=5746822,10190131&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=3055335&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=10190131&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=2371109,222534&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=3410732&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=3410732&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=2371109,222534&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=3410732,13219764&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=71507&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=1464643,13560626&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=8009286,9741544,8888126&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=165231&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=4812233&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=10411751,1145442,11133594&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=4812233,12888850&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=9976770&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=13447063&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=165231&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=13447039&pre=&suf=&sa=0
https://doi.org/10.20944/preprints202305.0025.v1


Preprints.org 3 of 25 

 

Because of this autonomy and its complexity, Michael D. Gershon likened the ENS to a second brain 
[20]. Two-way communications between the ENS and the CNS are always active: the CNS can 
regulate or alter the normal functioning of the ENS and vice versa. For example, certain gut disorders 
impair the production of psychoactive substances such as serotonin (5-HT, 5-hydroxytryptamine), 
dopamine (DA), and opiates, which can affect mood [23]. Conversely, emotional states, such as 
intense anxiety, can cause colitis, constipation, irritable colon, or mucosal ulcers through stimulation 
of peristalsis and hyperproduction of neurotransmitters [23]. The ENS originates around the eighth 
day of embryonic life from neural crest progenitor cells, endowed with stem-like properties, which 
migrate through the forming gastrointestinal tract and colonize it within five days [20]. They 
subsequently differentiate into neurons and glia by integrating predetermined instructions with 
information from the microenvironment [24]. In humans, the ENS becomes functional in the last 
trimester of gestation and continues to develop after birth [24]. The ENS is composed of small 
aggregations of nerve cells, the enteric ganglia, the neural connections between these ganglia, and the 
nerve fibers that supply effector tissues, including gut wall muscle, epithelial lining, intrinsic blood 
vessels, and gastroenteropancreatic endocrine cells [14,20,22,25].  NEs are organized into ganglionic 
plexuses: the myenteric (Auerbach's) plexus and the submucosal (Meissner's) plexus. Ganglionic 
plexuses are enveloped by glial cells, like CNS astrocytes, which form a true blood-enteric barrier. 
Glial cells release enterocyte differentiation factors, participate in gastrointestinal functions, and are 
involved in the pathogenesis of inflammatory disorders of the GI tract. Auerbach's myenteric plexus, 
located in the muscle tonaca between the layers of longitudinal and circular muscles, consists of linear 
chains of numerous interconnected neurons that span the length of the gastrointestinal tract and 
regulate its movements. Meissner's submucosal plexus, located in the submucosa of the small and 
large intestines but absent in the esophagus and stomach, consists of ganglia stratified at different 
levels. It integrates sensory signals from the intestinal epithelium and contributes to the local control 
of secretion, intestinal absorption, blood flow, and submucosal muscle contraction [14,22,25] (Figure 
1). 

 

Figure 1. Overview of the anatomy and organization of the ENS. 
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A: Time course of ENS development. The ENS originates around the eighth day of embryonic 
life from neural crest progenitor cells (ENCDCs) with stem-like properties, which migrate through 
the GI tract and colonize it within five days.  

After invading the anterior intestine, these pre-ENCDCs migrate rostro-caudally, proliferating 
and differentiating into neurons and glia. During this process, the intestine elongates, changing shape 
from a straight line to a single curve, with the middle and small intestine closely adjacent. The cecal 
appendix grows, and the entire intestine elongates further. At embryonic days 11 and 13, ENCDCs 
invade the colon by crossing the mesentery and transiting into the cecum. The cecal and trans 
mesenteric populations then fuse to form the ENS enteric nervous system in the rostral colon. In 
humans, the ENS becomes functional in the last trimester of gestation and continues to develop after 
birth. B: Schematic diagram of the human GI tract. C: Organization of the enteric nervous system. 
NEs are organized into ganglionic plexuses: the myenteric plexus and the submucosal plexus. The 
ganglionic plexuses are enveloped by glial cells, such as CNS astrocytes, which form a proper blood-
enteric barrier. 

The myenteric plexus is in the muscle tonaca between the layers of longitudinal and circular 
muscles. It consists of linear chains of numerous interconnected neurons that span the length of the 
GI and regulate its movements.  

Twenty types of NEs characterized by different morphological, neurochemical, and 
electrophysiological aspects, connections, and functional roles have been identified [24,26,27]. Based 
on intracellular electrophysiological recordings, two types of NEs were detected: S and AH neurons. 
S neurons are characterized by high excitability and can exhibit rapid excitatory postsynaptic 
potentials, followed by a short-lived hyperpolarizing current (20-100 ms), rapidly restoring the 
membrane potential [26] [28]. On the other hand, AH neurons exhibit large action potentials followed 
by a slow hyperpolarizing current (2-30 s) that makes them less excitable. NEs use more than 50 
neurotransmitters (NTs) in synaptic communications, from small neurotransmitters (e.g., ACh, 
AcetylCholine, 5-HT) to neuropeptides (e.g., CGRP, Calcitonin Gene-Related Peptide, somatostatin, 
substance P, VIP, Vasoactive Intestinal Peptide), to gases (e.g., NO, Nitric Oxide) [27,28]. NEs are 
grouped into three functional classes: intrinsic sensory neurons called IPANs, muscle motor neurons, 
and interneurons. IPANs are large and equipped with numerous axons: they can sense mechanical, 
chemical, and thermal stimuli and transmit information about muscle tension state and endoluminal 
content to motor neurons [29], triggering reflexes that regulate motility, secretion, and blood flow. 
They make up about 10-30% of the neurons located in the submucosal and myenteric plexus of the 
small and large intestines; they are not present in the esophagus (whose motility is controlled by 
fibers originating from the CNS) and stomach (whose motility is under the control of vagal fibers) 
[29]. Motor neurons are divided into muscular and secretomotor-vasodilatory. The former (Dogiel's 
type I) innervate the circular and longitudinal musculature and the muscular mucosae, determining 
their contraction or relaxation; they have an elongated cell body, numerous dendrites, and a single 
slender axon; electrophysiologically, they correspond to type S. Neurons innervating circular and 
longitudinal musculature have their cell bodies in the myenteric plexus and are excitatory (using 
ACh and TK, TachyKinin, and projecting orally) or inhibitory (using NO and VIP and projecting 
anally) [29]. Muscle motor neurons generate, following regional stimulation, coordinated and 
polarized muscle responses that allow the progression of intestinal contents, i.e., induce contraction 
in the oral direction and relaxation in the anal direction [29]. On the other hand, secretomotor-
vasodilator neurons are located mainly in the submucosal ganglia, controlling both the secretion of 
ions and water via ACh and the vasodilation of submucosal arterioles via VIP [26,27]. Some influence 
glucose transport across the mucosa of the small intestine [30], a process also regulated by vagal-like 
reflexes; others modulate acid secretion in the stomach [30]. Interneurons integrate sensory afferents 
and organize effector responses [27,28]. In the myenteric plexus, they form chains that run in 
ascending and descending directions. They resemble type I neurons and are S-type [28]. The ENS, in 
the course of life, undergoes plastic changes as a spatiotemporal adaptive response to external 
stimuli, which arrive through sensory afferents, and to internal stimuli that come from autonomic 
innervation [22]. In the complex microenvironment of the gut wall lodge, different types of cells 
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(neurons, glia, Cajal cells, muscle cells, and immune cells) capable of communicating with each other 
in synaptic or paracrine ways. This interactive plurality modulates the functional state of NEs by 
influencing the digestive and secretory functions of the GI tract [31]. Changes in diet and 
perturbations in the gut microbiome, with its metabolites and neuroactive compounds, affect the 
functioning of the NE and its connections with the CNS since they alter mucosal permeability and 
the secretion of hormones and immune cells. In addition, NEs are vulnerable to aging-related 
degeneration [31]. 

3. Evidence of the role of the ENS in animal models of Parkinson's disease  

Gastrointestinal dysfunction is a common non-motor symptom of PD. While in PD patient, 
gastrointestinal dysfunction is present in 80-90% of cases and has been associated with αS 
aggregation and neuronal loss in the CNS, reports of gastrointestinal symptoms in animal models of 
PD are known to vary, and the degree to which pathology in the CNS contributes to gastrointestinal 
symptoms remains unclear [32]. 

PD benefits from a wide range of animal models whose diverse pharmacological, toxin, and 
genetic are essential to study its etiology and neurobiology [33]. Animal models of PD rely on 
pharmacological or genetic approaches to simulate nigrostriatal neurodegeneration and disease 
pathogenesis [33]. However, much remains to be discovered and requires continuous questioning by 
the research community.  

The most commonly used pharmacological models are based on neurotoxins administered to 
mice, rats, and non-human primates [34] (Figure 2). 
 

 

Figure 2. Schematic representation of the main physiological and behavioral changes in 
CNS and ENS of preclinical models of PD. 

PD is a heterogeneous disorder with varying ages of onset, symptoms, and progression rates.  
This heterogeneity requires the use of a variety of animal models to study different aspects of the 
disease.  

(Right) Neurotoxin-based approaches include exposure of rodents or nonhuman primates to 6-
OHDA, MPTP, and agrochemicals such as the pesticide rotenone. Acute neurotoxin exposure induces 
motor deficits and rapid nigro-striatal dopaminergic cell death by disrupting mitochondrial function 
and increasing oxidative stress. In contrast, chronic neurotoxin administration induces progressive 
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patterns that may include aS aggregates. Genetics-based approaches to modeling Parkinson's disease 
include transgenic and viral vector-mediated models based on genes linked to monogenic 
Parkinson's disease. Among these, overexpression, and introduction of preformed α-synuclein fibrils 
induce toxic protein aggregates, nigro-striatal neurodegeneration, and variable motor deficits, 
depending on the specific model. (Left) GI dysfunction is the most common non-motor symptom of 
PD. Symptoms of GI dysmotility in Parkinson's disease include premature satiety and weight loss 
due to delayed gastric emptying and constipation due to altered colonic transit. We can find 
numerous alterations in the enteric nervous system in preclinical models of PD: neurodegeneration 
of NEs, which is the leading cause of behavioral and electrophysiological alterations in mouse 
models. 

Both neurotoxins, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 6-
hydroxydopamine (6-OHDA), consistently affect nigrostriatal dopaminergic pathways [34]. 
However, their impact on gut function and the CNS varies, depending on the agent, mode of 
administration, and assays used [35–38]. Systemic administration of MPTP in mice causes loss of 
dopaminergic neurons in the myenteric plexus, but does not cause severe defects in gastrointestinal 
motility [36,37]. Peripheral administration of MPTP in rats does not significantly affect the number 
of dopaminergic neurons and the expression of dopaminergic markers in the SNpc [39].  However, 
it significantly reduces Tyrosine Hydroxylase-Immunoreactive (TH-IR) neurons in the GI tract, 
suggesting that the degeneration of dopaminergic neurons might start earlier than in the SNpc 
[36,39,40]. Parenteral administration of MPTP, using a dosing paradigm that consistently causes 
dopaminergic neurodegeneration in the SN of mice, simultaneously induces dopaminergic 
neurodegeneration in the ENS, associated with behavioral and electrophysiological consequences. 
The accelerated colonic motility and colonic muscle relaxation defect observed after MPTP 
intoxication are consistent with the inhibitory nature of dopaminergic neurons in the ENS [41,42]. 
The finding of a reduction in TH-positive neurons in the myenteric ganglia, in the absence of effects 
on cholinergic or nitric oxide neurons, confirms that MPTP is selectively toxic to dopaminergic 
neurons in the ENS, just as in the CNS [43–45].  
 

TH is a marker of catecholaminergic neurons, but adrenergic and noradrenergic inputs to the GI 
tract are mainly extrinsic. Therefore, most TH-positive neurons with cell bodies in the myenteric 
plexus can be considered dopaminergic [46].  

The colon muscle of MPTP-treated mice showed increased contraction and decreased relaxation 
in response to electric field stimulation of NEs. These results are complementary and indicate an 
altered function of an inhibitory subpopulation of NEs, in this case DA neurons. This agrees with 
previous functional assessments of the effect of DA on enteric neuron-mediated muscle contraction 
[42].  

Exogenous DA has been shown to antagonize colonic muscle contractility in a receptor-
dependent manner [41,42]. Considering the neuropathological and electrophysiological findings, it 
is likely that dysfunction and death of dopaminergic neurons cause the transient increase in colonic 
motility observed after MPTP intoxication. Decreased dopaminergic inhibitory tone results in faster 
colonic transit due to the relative abundance of stimulatory neuronal input  [41,42]. 

Neurotransmitters related to the gastrointestinal dysfunction of PD could be involved in the 
intestinal dopaminergic, cholinergic, and oxidergic nitric systems [35]. To investigate the relationship 
between the gastrointestinal dysfunction of PD and the alteration of gastrointestinal 
neurotransmitters, 6-OHDA was microinjected into one side of the nigrostriatal system of the brain 
to generate an animal model of PD through the impairment of rat dopaminergic neurons, and the 
effect of neurotransmitter alterations in the central nervous system on gastrointestinal function was 
observed  [35]. 

Gastrointestinal dysfunction and changes in dopaminergic, nitric oxide synthase (NOS), and 
cholinergic neurons in the myenteric plexus were analyzed. Compared with control samples, 6-
OHDA rats had delayed gastric emptying and constipation, which could be related to increased 
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gastrointestinal TH and decreased NOS. These symptoms were not associated with alterations in 
cholinergic transmitters  [38]. 

Unfortunately, some of these studies did not analyze the submucosal plexus, making a direct 
comparison with more robust findings in complex PD patients [15]. Rats treated with 6-OHDA show 
elevated protein levels of TH and dopamine transporter (DAT) (dopaminergic markers) in both the 
epithelium and neurons of the gastrointestinal tract, resulting in increased dopamine (DA) content 
in the gut and delayed gastric emptying  [39]. Neurodegeneration of the central SN by 6-OHDA 
increases the expression of TH and DAT proteins in both the epithelium and neurons of the GI- tract. 
These observations suggest that, in some PD patients, the number of enteric dopaminergic neurons 
and cells may increase, rather than decrease, due to a compensatory mechanism to attenuate the loss 
of DA in the SN [39]. In contrast, in 6-OHDA-treated rats, increased protein expression of TH and 
DAT could lead to increased DA concentration in the colon, which is more likely to cause constipation 
[39]. Alterations in the monoaminergic system and decreased colonic motility were observed in rats 
microinjected with 6-OHDA in the bilateral SN. 

DA, NE, and 5-HT play essential roles in regulating colonic motility: increased DA content, 
upregulation of β3-ARs, and decreased 5-HT4 receptors could contribute to the decreased 
spontaneous colonic contraction and constipation observed in rats with 6-OHDA [35].  

Rats with lesions of SN dopaminergic neurons manifest gastrointestinal dysmotility [47,48], 
including gastroparesis and constipation [48,49]. 

Animal models do not yet allow for an adequate study of how PD prodromal constipation occurs 
[50]. To date, there is a paucity of relevant experimental models of GI dysfunction associated with α-
syn pathology: α-syn deposition in the ENS of PD patients has been reported in the myenteric and 
submucosal plexuses of gastrointestinal tracts [51,52]. Transgenic mouse lines expressing a mutant 
form of human αS (A53T or A30P) under its promoter show colonic disorders similar to constipation 
and pathology characteristic of αS [53]. In a transgenic mouse model in which mutant human αS 
(A53T) was expressed under the control of the prion promoter [54], aggregates of αS were observed 
in the ENS prior to changes in the CNS [53]. This finding suggests that αS pathology may be initiated 
from the ENS and propagate to the CNS via the vagus nerve [8]. In support of this, in a transgenic 
mouse model, the accumulation of αS aggregates in the ENS precedes changes in the CNS [53]. 

Expression of human αS in the dorsal motor nucleus of the vagus nerve (DMV), a region of the 
brain severely affected by PD, causes an age-related slowing in A53T mice of gastrointestinal motility 
reminiscent of that observed in patients with PD [8,55]. The symptoms coincide with the disruption 
of efferent vagal processes that project from the DMV to the GI tract. This pattern parallels the 
pathology of postmortem specimens of PD patients and implicates the DMV as a possible mediator 
of GI neuropathology and symptomatology in PD [56]. 

However, αS mutations are only responsible for rare cases of PD [57]. Mice overexpressing wild-
type human αS under the Thy-1 promoter (Thy1-αS) show increased transit time and colonic content 
compared with wild-type (WT) pups when tested at 12-14 months of age [58]. However, striatal 
dopamine loss occurs only after 14 months in Thy1-αS mice, manifesting motor and non-motor 
deficits, such as olfactory disturbances, as early as 2-3 months of age [59,60].  

The mechanisms underlying colonic motor impairments may be related to αS overexpression in 
the colonic myenteric nervous system [58]. The reduced response to defecation stimuli in Thy1-αS 
could be related to the accumulation of α-S in colonic myenteric plexuses [58]. 

 
The gastrointestinal system is one of the most susceptible to environmental since stresses it is in 

direct contact with environmental agents [61–63]. In a recent study, intra-gastric administration of 
rotenone in mice caused progressive αS deposition in both ENS and CNS neurons affected by PD, 
such as neurons in the myenteric plexus, the vagus dorsal motor nucleus (DMV), the spinal cord, and 
the Sympathetic Nervous System (SNS) [64]. These studies suggested that environmental stresses to 
the gastrointestinal system could lead to αS pathology in the CNS.  

Numerous preclinical pieces of evidence associate gastrointestinal symptoms in toxic models of 
PD based on oral administration of rotenone [61]. In previous studies, it has been shown that orally 
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administered rotenone exposure induces PD-like changes in the ENS and triggers PD progression 
throughout the nervous system to the SN [62,64]. Interestingly, the latter changes appear as early as 
the first moments after rotenone administration (2 months) before the onset of motor symptoms 
(which occur after 3 months of exposure in this animal model), thus mimicking the pattern of 
progression observed in PD patients. 

In two recent studies, rotenone exposure reduced sympathetic noradrenergic [65] and vagal 
cholinergic gut innervation [66].  

The mechanism by which environmental agents induce αS aggregation is unknown. However, 
a recent study showed that αS expression in the ENS could be upregulated by agents that cause 
depolarization and increase cyclic AMP levels [67]. 

An emerging concept in gastroenterology is that a wide range of diseases, such as motility 
disorders, can be partially considered enteric neuropathies. In particular, aging is associated with 
various motility or gut disorders, including delayed gastric emptying and longer intestinal transit 
time [68]. Aged rats show neuronal loss and changes in neurochemical phenotype in the ENS, which 
may result in motility disorders [69]. Surprisingly, along with neuronal loss, these rats exhibit 
dystrophic NEs that contain αS aggregates reminiscent of Lewy pathology [70]. 

Braak et al. suggested that the gastrointestinal tract is an entry point for a second pathogenic hit 
that goes to the CNS [52]. Transgenic double mice expressing mutant αS offer an opportunity to 
investigate the hypothesis that early ENS dysfunction is not only an early marker of disease but also 
that, once triggered, it facilitates the entry of deleterious factors that cause progression and spread to 
the CNS [53].  

A summary of animal models exhibiting each of these characteristics is provided in Table 1. 

Table 1. Pathological features identified in animal models of PD. The table summarizes the major 
alterations found in murine models of PD. The legend of the abbreviations is listed below. 

 

 

PD Model 

 

Affected Neuron 

types 

 

GI Symptoms 

 

Alteration 

Biomarker 

 

References 

  

  

  

  

  

  

  

MPTP mice 

Loss of 

dopaminergic 

neurons in the 

myenteric plexus 

Absence of severe 

defects in 

gastrointestinal 

motility. 

increased 

contraction and 

decreased 

relaxation of 

colon muscle in 

response to 

electric field 

stimulation of 

NEs 

  

  

 

  

Nd 

  

[36,37] 
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MPTP rats 

(Peripheral 

administration) 

Unaltered number 

of dopaminergic 

neurons in the 

SNpc 

  

Presence of TH-IR 

neurons in the GI 

tract 

  

  

  

  

  

Nd 

   

Unaltered 

expression of 

dopaminergic 

markers in the 

SNpc 

  

  

  

  

  

[39] 

[40] 

 

 

 

 

 

 

6-OHDA rats 

Alterations in the 

monoaminergic 

and cholinergic 

system 

Delayed gastric 

emptying and 

constipation, 

which could be 

related to 

increased 

gastrointestinal 

TH and 

decreased NOS. 

Increased DA 

concentration in 

the colon, which 

is more likely to 

cause 

constipation. 

Decreased colonic 

motility. 

Unaltered 

cholinergic 

transmitters. 

Elevated protein 

levels of TH and 

DAT both in the 

epithelium and 

neurons of the 

gastrointestinal 

tract, resulting in 

increased DA 

content in the gut 

and delayed gastric 

emptying 

 
[35] 

[38,39] 

[47,48,49] 

 

 

 

A53T mice 

(Expressing a 

mutant form of 

human αS) 

Disruption of 

efferent vagal 

processes that 

project from the 

DMV to the 

gastrointestinal 

tract 

Related slowing 

of gastrointestinal 

motility caused 

by expression of 

human αS in the 

DMV  

Accumulation of αS 

aggregates in the 

ENS before changes 

in the CNS. 

[53] 

[8,55] 

[56] 
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Thy1-αS mice 

  

  

  

  

Nd 

Striatal dopamine 

loss only after 14 

months: 

manifesting 

motor and non-

motor deficits, 

such as olfactory 

disturbances, as 

early as 2-3 

months of age 

Increased transit 

time and colonic 

content. 

Overexpression of 

αS in the colonic 

myenteric nervous 

system. 

Reduced response 

to defecation 

stimuli. 

[57] 

[58] 

[59,60] 

Rotenone 

mice model 

Reduced 

sympathetic 

noradrenergic and 

vagal cholinergic 

gut innervation 

Progressive αS 

deposition both 

in ENS and CNS 

neurons affected 

by PD such as 

neurons in the 

myenteric plexus, 

the DMV, the 

spinal cord, and 

the SNS 

  

  

Nd 

[61] 

[64] 

[65] 

[66] 

Fischer 344 rat 

  

Neuronal loss and 

changes in 

neurochemical 

phenotype in the 

ENS 

Dystrophic 

enteric neurons 

that contain αS 

aggregates 

reminiscent of 

Lewy pathology 

Motility disorders [70] 

  

  

 
Parkinson's disease (PD); Enteric Neurons (NEs); 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP); Substantia nigra pars compacta (SNpc), Tyrosine Hydroxylase-Immunoreactive (TH-IR); 
Gastrointestinal tract (GI), Tyrosine Hydroxylase (TH); Enteric Nervous System (ENS); Central 
Nervous System (CNS); Sympathetic Nervous System (SNS); Alpha-Synuclein (αS); 6-
hydroxydopamine (6-OHDA); Dorsal motor nucleus of the vagus nerve (DMV); Dopamine 
transporter (DAT); Dopamine (DA); Nitric oxide synthase (NOS). 

 

4. The possible role of the ENS in Parkinson's Disease: clinical evidence 

In idiopathic PD, most patients showing PD-related inclusions at CNS sites also have LB and 
Lewy neurites (LN) in the ENS and sympathetic ganglia [52]. Braak et al. proposed a pathological 
disease staging based on autopsies performed on PD patients and healthy individuals [71]. According 
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to this staging, PD lesions follow a spatiotemporal pattern that begins in the olfactory bulb (OB) and 
the ENS and progresses in the CNS through synaptically connected structures. This pathological 
staging of the disease seems to correlate well with the appearance of early non-motor symptoms in 
PD patients, including hyposmia, gastrointestinal changes, autonomic dysfunction, and pain [72] 
(Figure 3). 

 

Figure 3. Non-motor features of Parkinson's disease, focus on gastrointestinal symptoms. 

Diagnosis of PD currently depends on motor deficits, including bradykinesia, rigidity, and 
tremor. The motor characteristics predominantly result from the loss of dopaminergic neurons in the 
SNpc. However, the non-motor symptoms of PD often begin before the more visible motor 
symptoms. These are called "pre-motor symptoms”, such as loss of smell, depression, and 
constipation which can appear years before diagnosis. The GI symptoms include excessive drooling, 
dysphagia, impaired gastric emptying, constipation, and impaired defecation. Moreover, alterations 
of the ENS levels have been reported in PD. The presence of αS aggregations along the GI tract has 
been proposed as a diagnostic tool that allows early diagnosis of the disease process before the onset 
of motor symptoms. Indeed, αS is abundantly expressed in all nerve plexuses of the ENS in normal 
individuals, and its levels increase with age. Thus, its pathological relevance must be carefully 
evaluated before use as a predictive biomarker of PD. 

 
Little is known about the ENS degenerative process in PD patients. Clinical studies have 

revealed delayed gastric emptying, external anal sphincter dystonia causing difficult rectal 
evacuation, and general slow-transit constipation, probably caused by local loss of dopaminergic 
neurons [73–75]. Many groups have recently studied the expression and modifications of enteric αS 
in PD patients, with controversial results. Although some have found increased inclusions of αS and 
phosphorylated αS in the above areas compared with control subjects [76], there seems to be high 
variability among patients [61].  

All these hypotheses take advantage of clinical observation of both the prodromal symptoms 
and the non-motor ones [77–79], assuming that the involvement of the dopaminergic system in the 
PD neurodegenerative process starts at the level of the motor nucleus dorsal vagus with a pattern of 
periphery-center (bottom-top) [78]. 
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This process would initially occur in the enteric system (signs: constipation slow and transit 
alteration) and then progress to the brainstem with hypo/anosmia and sleep disturbances up to the 
mesencephalon (SNpc) with the appearance of the cardinal symptoms (rigidity, bradykinesia, tremor, 
postural instability); finally, it would involve the cerebral cortex with the appearance of cognitive and 
behavioral disturbances [80]. Braak predicted six stages of the disease, of which only the 3rd one 
involves the CNS with the appearance of motor symptoms [8,71], in a sort of dominos game [81]. An 
interesting and innovative hypothesis has shifted the interest of researchers in the last 20 years 
toward the discovery of early biomarkers [82]. The big challenge was to identify a potential pathogen 
capable of passing the mucosal barrier of the GI tract and, via postganglionic ENs, entering the CNS 
along unmyelinated preganglionic fibers generated from the viscero-motor projection cells of the 
vagus nerve [83]. There is also epidemiological evidence that complete but not partial vagotomy may 
protect against later PD [84,85]. 

However, other studies suggested that not all cases of PD start in the ENS. Autopsy studies have 
shown that a minority of cases with Lewy pathology do not have pathological inclusions in the dorsal 
motor nucleus of the vagus and that a fraction of cases display a limbic-predominant distribution of 
αS inclusions with less pathology in the brainstem [88]. Therefore, different subtypes of PD have been 
proposed: i) a body first (bottom-up) subtype, in which the pathology starts in the enteric or 
peripheral autonomic nervous system and arises via vagus nerve sympathetic connectome to CNS 
[89].  This phenotype shows prolonged intestinal transit and constipation as prodromic symptoms; 
ii) a brain–first (top-down) in which the αS pathology originates in the brain or via the OB and 
descends to the peripheral autonomic nervous system. This phenotype shows hyposmia and sleep 
disturbances as prodromic signs[12]. The gut-brain axis is composed of different functional systems 
as well as neuroendocrine and neuroimmune systems, including the hypothalamic-pituitary-adrenal 
axis, ENS through the sympathetic and parasympathetic system, and vagus nerve, gut immune cells, 
and the gut microbiota [90].  

In the human gut, around 100 trillion microbes are involved in food fermentation, metabolic and 
immune maturity, development of the ENS and CNS, and, as recently revealed, also in modulation 
of the pathogenesis of many metabolic, neurodevelopmental, and neurodegenerative disorders [91]. 

The bacteria present in the gut can influence brain function via different pathways. These 
bottom-up pathways include direct absorption through the gut-blood/lymphatic-brain pathways, as 
well as local signaling in the gut to prime immune cells and the vagal retrograde transport pathways 
[92].  Small and lipophilic bacterial products or metabolites can enter the brain by crossing the blood-
brain barrier through the first gut-blood/lymphatic-brain communication pathway [93]. Microbial-
secreted products like neurotransmitters, including catecholamines, 5-HT, GABA, and gut 
metabolites, have been demonstrated to transit the gut-blood and blood-brain barriers to elicit an 
immune response altering brain neurochemistry and plasma proteomic profiles. In the second 
communication pathway, immune cells are activated by bacterial metabolites [94]. The third pathway 
is the vagal route. There is much evidence that the vagus nerve transports aS from the gut to the brain 
[95].  

Many studies performed by rRNA gene amplicon surveys or shotgun metagenomic sequencing 
analysis have revealed changes in the PD patient's gut microbiota compared to healthy controls [96]. 
Changes in the gut microbiota also correlate with disease progression in PD. A decrease in the short-
chain fatty acids-producing microbiota and an increase in pro-inflammatory bacteria correlate with 
motor and cognitive severity in patients with PD [97]. A 3-year longitudinal follow-up study of PD 
patients revealed that a reduced amount of Roseburia species predicted faster progression of both 
motor and non-motor symptoms of PD. A lower abundance of short-chain fatty acids-producing 
bacteria, including Fusicatenibacter and Faecalibacterium, correlates with elevated fecal 
inflammatory calprotectin levels in PD patients [98].  

Systemic and fecal inflammatory markers IFN-γ, TNF-α, and neutrophil gelatinase-associated 
lipocalin, were also associated with an elevated expression of Bacteroides and Bifidobacterium in PD 
patients [99]. It seems, therefore, that the composition of gut microbiota influences the 
pharmaceutical treatment responses in PD patients [97]. The growing literature has shown the role 
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of the gut microbiome in the pharmacokinetics of prescription drugs and the effects that the drugs 
can have in turn on the composition of the gut microbiome [100]. These observations lend support to 
the notion that the composition of the gut microbiome may affect the treatment efficacy and potential 
side effects of levodopa treatment in patients with PD [97]. In conclusion, in the very early stages of 
PD prior to CNS pathology, accumulation of enteric αS [101] may promote activation of 
immune/inflammatory signaling, including: canonical caspase-1- dependent inflammasome 
pathways [102], resulting in a massive release of IL-1β, which, in turn, alters intestinal epithelial 
barrier, through the activation of IL-1 receptors on intestinal epithelial cells [102]. In this context, 
intestinal inflammation and altered intestinal epithelial barrier can induce changes in short-chain 
fatty acid levels, characterized by alterations in butyrate levels, which could contribute to the 
impairment of the intestinal epithelial barrier [103]. They can also induce an increase in the 
concentration of circulating lipopolysaccharide, which, by translocating into the intestinal mucosa, 
could further contribute to the activation of immune/inflammatory pathways, thus generating a 
vicious circle that could lead to the chronicization of inflammatory processes and contributing to both 
intestinal symptoms and brain pathology [104] (Table 2). 

Table 2. Pathological features identified in PD patients. 

  

PD symptomps 

  

Affected Neuron 

types 

  

GI Symptoms 

  

Alteration Biomarker 

  

References 

 

 

 

Nd 

 

 

 

Nd 

 

 

 

Gastric 

emptying 

Difficult rectal 

evacuation 

Slow transit 

constipation 

 

 

 

Nd 

 

 

[73–75] 

Hypo/anosmia 

Sleep 

disturbances 

Rigidity, 

bradykinesia, 

tremor, 

postural 

instability 

Cognitive and 

behavioral 

disturbances 

Neurodegenerative 

process starts at the 

level of the DMV 

with a pattern of 

periphery-center 

(bottom-top) 

 

 

 

 

 

Nd 

Increased inclusions of 

αS and phosphorylated 

αS 

 
[80] 

[78] 

[80] 
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Nd 

  

  

  

  

  

  

  

Nd  

Prolonged 
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Alpha-Synuclein (αS); Dorsal motor nucleus of the vagus nerve (DMV); Tumor necrosis factor-alpha 

(TNF-α); Interferon-gamma (IFN-γ); Interleukin -1β (IL-1β). 

5. New therapeutic approach targeting the ENS 

The lessening of dopaminergic striatal and nigral innervation leads to an alteration in local 
microcircuits [105]. The emerging scenarios concerning enteric involvement in PD pathogenesis offer 
a new therapeutic approach. 

For example, the European Medicines Agency (2011) and the U.S. FDA (2015) approved 
levodopa–carbidopa intestinal gel for treating advanced-stage idiopathic PD. This approach is 
utilized in patients with severe motor fluctuation, but unresponsive to classical Levodopa oral 
treatments. This gel is administered directly into the duodenum through a percutaneous endoscopic 
gastrostomy tube and portable infusion pump [106]. This kind of therapy via infusion maintains a 
more stable dopamine plasma level, contributing to reducing the freezing phenomena. The non-
pharmacological approach based on the increase of enteric system motility is well defined in the last 
few years. For example, a high fiber diet, appropriate fluid intake, and psyllium can represent a good 
approach to counteract the slowing of bowel pain in many PD patients, as well as exercise and 
physical activity directed to stimulate autonomic symptoms (impaired gastric motility, dysphagia, 
constipation, and bowel incontinence) [107]. These approaches are based on the pieces of evidence 
that exercise may change dopamine receptor availability in animal models of PD and in patients, too 
[108,109]. 

Adjustment of anticholinergics and dopaminergic agents used for PD therapy can contribute to 
relieving intestinal and motor symptoms by demonstrating the connection between enteric and CNS 
[110]. Many other approaches were proposed to treat the comorbidity of PD, considering that gut 
dysfunction may contribute to the symptomatic fluctuation in PD patients. However, the discussion 
of all approaches to the treatment of enteric symptomatology falls outside the scope of this review, 
whose aim is to emphasize how the enteric system can play a role in the genesis of PD.  

The aspect of the microbiome is also well discussed in many other papers that focus on the 
enteric flora to explain different phenomena. Anyway, to date many different types of microbiomes 
have been found in different PD patients, which does not allow a unique key for reading. 

 
6. Future perspectives 

Following the hypothesis that the pathogenesis of PD may begin in the gut, numerous studies 
have investigated the role of the ENS within this pathology [52]. 

On the one hand, Lewy pathology can be induced in the ENS and transported to the CNS via 
the vagal nerve. On the other hand, the altered gut microbiota composition causes an imbalance 
between beneficial and harmful microbial metabolites that interacts with increased intestinal 
permeability, intestinal inflammation, and systemic inflammation. The activated inflammatory state 
then affects the CNS and promotes PD pathology.  

Although the mechanisms underlying the link between PD and gastrointestinal diseases remain 
unclear, such gastrointestinal dysfunctions may share gut-derived pathogenesis with PD. 

Because gastrointestinal dysfunction in PD spans the fields of neurology and gastroenterology, 
management of these symptoms should ideally include a collaborative multidisciplinary team 
approach to ensure the best patient outcomes. However, such resources may be limited in real-world 
clinical practice. 

In addition, differences in ethnology, cultural background, and lifestyles may cause 
heterogeneous results among studies, representing a limitation for further research. Therefore, more 
studies from different nations and regions are needed to explore the relationship between PD and 
gastrointestinal diseases in the future.  

Until April 2023, there have been 66,523 papers about the etiology of PD on the Pub-Med 
database. Of these articles, 13,060 are reviews. However, only 0.99 % of the articles support the gut-
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brain axis theory, with only 546 papers discussing the ENS and PD 1119 works focusing on PD and 
the microbiome. 

According to this evidence, the ENS is a good target for investigating some multifactorial aspects 
of PD, but it still needs to be explored. Moreover, current research focuses mainly on the microbiome 
and not on the relationships between the autonomic nervous system and the CNS, which are likely 
to underlie all etiological processes. 

Furthermore, it is now well known that in PD patients, there are several alterations in all 
nonmotor autonomic functions. GI tract involvement is particularly pronounced and precedes the 
onset of motor signs. This means that changes occurring in the ENS may subsequently affect the brain 
via the vagus nerve, where misfolded αS moves retrogradely. 

Considering these hypotheses, knowledge of the enteric system and its relationships beyond the 
microbiome could represent a new scenario to better characterize a disease of which only the final 
stages are known but probably represents the sum of numerous insults occurring over a lifetime of 
more than 20 years. 
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      Abbreviation LIST 

• Acetylcholine (ach) 

• α-synuclein (αS) 

• Central nervous system (CNS) 

• Dopamine (DA) 

• Dopamine transporter (DAT) 

• Dorsal motor nucleus of the vagus nerve (DMV) 

• Enteric nervous system (ENS) 

• Enteric neurons (NEs) 

• Gastrointestinal tract (GI) 

• Gut-brain axis (GBA) 
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• G-aminobutyric acid (GAB) 

• Interferon-gamma (IFN-γ)  

• Interleukin -1β (IL-1β) 

• Human αs under the thy-1 promoter (Thy1-αS) 

• 6-hydroxydopamine (6-OHDA) 

• Lewy bodies (LB) 

• 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 

• Nitric oxide (NO) 

• Nitric oxide synthase (NOS) 

• Olfactory bulb (OB) 

• Parkinson's disease (PD) 

• Substantia nigra (SN) 

• Substantia nigra pars compacta (SNpc) 

• 5-hydroxytryptamine or serotonine (5-HT) 

• Tumor necrosis factor-alpha (TNF-α) 

• Tyrosine hydroxylase (TH) 

• Tyrosine Hydroxylase-Immunoreactive (TH-IR) 

• Vasoactive intestinal peptide (VIP) 

• Wild-type (WT) 
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