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ABSTRACT

Alpha-synuclein (a-syn) represents one of the most abundant neuronal proteins and its abnormal aggregation is considered a
pathological hallmark of Parkinson’s disease (PD). These deposits are frequently found also in the gastrointestinal tract of
parkinsonian patients. For that reason, many studies have investigated the distribution of a-syn not only in the central nervous
system (CNS) but also in peripheral tissues, including GI track. In the present review, we summarize the last findings regarding
the possible correlations between the a-syn pathology and the gut dysfunction in course of PD. According to Braak’s hypothesis, in
fact, it is supposed that the initial a-syn pathology originates into the gut and transmit anti-dromically to the dorsal motor nucleus
(DMNX) by the vagus nerve, from which it can spread up to different rostral and caudal nervous regions. Notwithstanding, it is
still poorly known whether a-syn pathology is directly responsible for the enteric disorders of PD patients. The early identification
of intestinal symptoms and of their anatomical correlates, might help in identifying PD patients at the early stages of the disease

and might contribute to the designing of early disease modifying therapies.

ALPHA-SYNUCLEIN FROM PHYSIOLOGICAL
EXPRESSIONTOPATHOLOGICALINVOLVEMENT

a-Syn is a 140 amino acid protein, highly expressed in the
mammalian nervous system and belonging to the synuclein
family. The first evidence of a synuclein protein came from
the electric organ of Torpedo californica where the synuclein
protein was firstly isolated and named “syn-nuclein” due to
its preferential localization in pre-synaptic terminals and
at the nuclear envelope [1, 2]. Subsequently, three different
synuclein proteins, respectively named as alpha-, beta- and
gamma-synuclein were isolated and cloned from the central
nervous system of different vertebrates [3].

a-Syn has been detected in the central and peripheral nervous
system of different vertebrates from teleosts to humans [4-
7], but its precise physiological function is still under debate.
Anatomical studies have reported a different sub-cellular
localization of a-syn, among different neuronal subtypes
[4, 5], thus suggesting a heterogeneous involvement of the
protein in neuronal biology [8]. The main part of studies

agree on the presence of a-syn in high concentrations at
presynaptic level and its preferential localization only in a
subset of synaptic vesicles [9]. This suggests that this protein
may have a specific function in synaptic vesicle cycling,
hence in synaptic transmission [10]. Further studies on the
interference of a-syn on the endoplasmic reticulum- Golgi
complex support the role of a-syn in vesicle trafficking [11].
In particular, a-syn has been closely linked to the stabilization
of the SNARE complex and to the priming and docking
of the synaptic vesicles with the pre-synaptic membrane
[12]. Furthermore, a-syn presents a biochemical structure
characterized by a huge amount of alpha-helical domains,
which increase its affinity to the lipid membranes such as
mitochondrial membranes and the nuclear envelope [13].
The role of a-syn in these cellular compartments is not widely
accepted, although compelling evidence support the possible
role of a-syn on mitochondrial function [14] and regulation
of gene expression [15]. Few additional reports documented
also the physiological expression of a-syn in peripheral
mammalian non neuronal cells: it has been detected in some

© Asian Journal of Complementary and Alternative Medicine, 2022 50



Romina Mancinelli, et al.

epithelial cells such as hepatocytes, lung alveolar cells, tubular
cells of the kidney and Brunner’s glands mucosal cells of the
duodenum, as well as in muscle cells such as heart muscle
fibers [7, 16].

Alpha-synuclein structural alterations and misfolding as
well as its overexpression have been related to the onset and
the progression of a group of human neurodegenerative
disorders, known as synucleinopathies [17, 18]. Indeed,
filamentous inclusions of a-syn are the main component of
the Lewy bodies (Lbs) and the Lewy neurites (Lns), which are
considered so far, the pathological hallmarks of Parkinson’s
Disease (PD) and dementia with Lewy bodies (LBD) [19].
Moreover, glial, and neuronal cytoplasmic inclusions
characterizing Multiple System Atrophy (MSA), are mainly
constituted by insoluble a-syn aggregates [20, 21]. Therefore,
the formation of a-syn oligomers and the subsequent
aggregation of a-syn in filamentous and insoluble inclusions,
plays a central role in the pathology of synucleinopathies.

Recent studies suggest that pathological aggregates of a-syn
can spread throughout the nervous system in a process of
propagation similar to that characterizing the prion proteins
[22]. a-Syn oligomers, in fact, are seeding-competent species
leading to the formation of further a-syn aggregates once
they enter the target cells. Besides inter-neuronal spreading,
intracellular processing of a-syn leads to pathological changes
in its binding properties with overexpression and excess of
accumulation of a-syn resulting in globally compromised
neuronal function, especially targeting synaptic vesicle
trafficking and axonal transport [23].

a-Syn and its pathological accumulation are not confined to
the central nervous system but have also been reported in
the peripheral nervous system [24, 25]. a-Syn pathology can
occur in the enteric neurons (ENS) [26], as well in peripheral
autonomic ganglia such as submandibular and otic ganglion
or paravertebral sympathetic ganglia. a-Synuclein pathology
has been reported in salivary glands [27], in the myocardial
plexus and in the autonomic fibers innervating salivary
glands, sweat glands and pilo-erector muscles of the skin
[27-30]. Therefore, synucleinopathies are characterized by a
progressive impairment of motor, cognitive and autonomic
functions, which might be related to the anatomical
distribution of a-syn pathology. Moreover, the presence of
a-syn in peripheral nervous system represents an interface
with the pathology of the central nervous system which can
be also used as a source of molecular biomarkers for disease
diagnosis and follow-up.

The lesson coming from the “pure autonomic failure” (PAF),
described by Bradbury and Eggleston since 1925 [31],
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further highlight the importance of the autonomic nervous
system in the pre-clinical diagnosis of synucleinopathies.
In their original work the authors reported an association
of symptoms related to autonomic dysfunctions of the
cardiovascular, gastrointestinal, urinary, and reproductive
systems. Since then, several studies have described PAF
showing degeneration of peripheral autonomic neurons
and aggregation of a-syn in Lbs and Lns within sympathetic
ganglia and along autonomic fibers of the heart, the bladder,
the skin, and the gut [32]. It is well known that some patients
affected by PAF undergo to a more severe synucleinopathy,
such as PD or MSA, suggesting that, in some cases, PAF might
be a pre-motor presentation of them [33]. Whether PAF is a
really a pure and independent pathological condition rather
than a “neglected presentation of PD” remains under debate,
but the importance of the early involvement of the peripheral
autonomic nervous system in synucleinopathies has kept
increasing attention in the recent years, due to the compelling
need of accessible pathological biomarkers.

ALPHA-SYNUCLEIN AND PD: A FOCUS ON THE
ENTERIC NERVOUS SYSTEM

PD is the second most common neurodegenerative disorder
after Alzheimer’s disease. It is a progressive neurodegenerative
disorder, which affects several regions within the central and
peripheral nervous system, including the ENS. The etiology
and pathophysiological events that lead to a-syn misfolding
and aggregations are not clear: genetic, and environmental
factors are involved, and they probably act either separately
as together to induce a-syn pathology. Specific molecular
alteration of a-syn have been related to point mutations of
a-syn gene and are responsible of autosomal-dominant PD
[34]. The formation of small a-syn aggregates, known as a-syn
oligomers, represents the first step of a-syn misfolding and
aggregation and recently, some cellular and molecular factors
have been reported as key drivers of a-syn oligomerization.
Among these, the activation of the inflammatory response
with the recruitment of immune cells and the production of
inflammatory cytokines has been related to the formation of
a-syn aggregates and to their propagation from the gut to the
brain along the vagus nerve [35].

The ENS is a largely independent neuronal network
organized in two major plexuses, which are formed by
ganglia and inter-ganglionic fibers and are present within the
wall of the entire gastrointestinal tract: the myenteric plexus
of Auerbach is mainly involved in the control of smooth
muscle activity whereas the submucosal plexus of Meissner
regulates glandular secretion and blood flow to the mucosa.
Extrinsic sympathetic and parasympathetic nerves contribute
to the regulation of motility and secretion. Pre-ganglionic
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parasympathetic fibers originate in the dorsal motor nucleus
of the vagus (DMV), and reach intra-mural ganglia devoted
to the control of the motility of the esophagus, the stomach,
the small intestine and the proximal portion of the large
intestine until the right half of the transverse colon, whereas
pre-ganglionic parasympathetic neurons originating at the
level of the intermedio-medial nucleus of the sacral spinal
cord contributes to control of motility of the distal colon,
from the left half of the transverse colon to the rectum.
The sympathetic pre-ganglionic neurons located in the
intermedio-lateral nucleus of the thoraco-lumbar spinal cord,
modulate the activity of the noradrenergic post-ganglionic
neurons placed in the celiac and mesenteric ganglia and
involved in the inhibition of gut motility and secretion. The
coordinated activity of the ENS and the autonomic nervous
system are crucial to maintain the physiological activity of the
gastrointestinal tract.

Inflammation and microbiota can interplay a key role in
driving the aggregation of a-syn into the gut and in the
neurons of the ENS. Remarkably, several reports have shown
the presence of Lbs in the ENS, since very early stages of
Parkinson’s Disease, even before the involvement of the
Midbrain Dopaminergic neurons. Therefore, the ENS could
be critical in the pathophysiology of PD and the pathological
alterations within the ENS could be the anatomical substrate
of the gastrointestinal dysfunctions frequently encountered
in parkinsonian patients, since the beginning of the disease
and often before the exordium of motor symptoms [26].

Friedrich Heinrich Lewy, a German neuropathologist first
described in 1912 peculiar cytoplasmic inclusions that bear his
name (Lbs) in the substantia innominata and in the DMV of
patients affected by Paralysis agitans (eponymus of Parkinson’s
Disease). However, the presence of proteinaceous eosinophilic
aggregates outside the central nervous system, in peripheral
sympathetic ganglia, was reported since 1960 in patients
suffering from the same pathology [36]. Lbs and Lns in the
Auerbach’s and Meissner’s plexuses of patients affected by PD,
have been reported in 1988 by Wakabayashi and co-workers
[37]. Therefore, even before the discovery of a-syn as the main
constituent of LBs, the pathological hallmarks of PD were found
in the ENS. These morpho-pathological findings appeared to
account for the autonomic symptoms of the alimentary tract
frequently seen in PD patients and reported since the late 1950
[38]. More recently, several Authors have dedicated their efforts
to detect a-syn aggregates and normal a-syn expression within
the intestinal wall, [39]. In normal gut, widespread distribution
of a-syn has been reported in the nerve fibers of the lamina
propria and of the sub-mucosa, as well as in the ganglia of both
submucosal and myenteric plexuses [25] (Figure 1).

Figure 1. Representative image of several ganglia of the
myenteric plexus (yellow arrows) in a normal human ileum.
The brown color shows the immunoreaction for a-syn (sc-
58480, Santa Cruz Biotechnology). In blue the muscle layers:
outer longitudinal layer (LM) and inner circular layer (CM)
contrasted with hematoxylin. OM 10x.

Moreover a-syn expression has been found in entero-
endocrine chromaffin cells (EECs) where it co-localizes with
serotonin [40]. Interestingly, a-syn containing EECs directly
connect to a-syn containing nerve fibers, contributing to the
formation of a neuro-endocrine circuit between the lumen
and the nervous plexa of the gut. The presence of a-syn in this
neuroendocrine circuit communicating with the lumen of the
gut and exposed to the microbiota, might be involved in the
beginning of a-syn misfolding and aggregation into the gut
and therefore to the starting of propagation of a-syn pathology
from the gut to the brain. In accordance, several studies have
reported the presence of pathologic phosphorylated a-syn
in different peripheral tissues including the gut [24, 41] and
most of them have been made on patients with PD or other
neurodegenerative disorders [42].

Following the hypothesis that PD might originate outside
of the central nervous system, the large nervous network of
the enteric nervous system is placed at a strategic position,
being in close relation with a possible front door of pathogens
or toxic agents, which are able, through inflammatory
mechanism, to trigger the aggregation and the misfolding of
a-syn. Moreover, the a-syn dependent degeneration of the
enteric nervous system and of the EECs might contribute to
the development of gastrointestinal dysregulation commonly
found in PD patients and expressing with some key symptoms
such as dyspepsia and constipation.
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THEBRAAKHYPOTHESIS ONPD PROGRESSION

The idea that the gastrointestinal system is involved in very
early stages of PD is widely accepted and supported by
clinical and experimental observations [43]. In 2003 Braak
and coworkers looking at the brain of patients with confirmed
post-mortem diagnosis of PD, outlined a Parkinson’s staging
system, which describes the regional distribution and
progression of protein aggregates in the brain. Interestingly
they observed that lesions initially occur in the DMV and in
the anterior olfactory nucleus, whereas, only in a subsequent
stage, the classic involvement of the Substantia nigra pars
compacta occurs [44]. During the same year, Braak theorized
that the biological process underlaying PD may begin in the
peripheral nervous system before reaching the brain [45].

The Braak hypothesis is based on the connection between the
CNS and the ENS, also known as the brain-gut axis, capable
of creating a bidirectional connection between the brain
and the gastrointestinal tract. It represents a milestone of
the current research about PD, because before these studies,
PD was considered a disease affecting almost exclusively
the CNS. This hypothesis was subsequently integrated with
the dual-hit hypothesis, which supposed that an unknown
pathogen enters the brain through two doors: the nose, with
anterograde progression via the olfactory pathway and the
gastrointestinal tract with retrograde progression via the
vagus nerve to the brain stem parasympathetic nuclei [46].

The first hypothesis involves the olfactory system, that
begins with sensory neurons containing olfactory receptors
exposed to the mucus layer. They make synapses with apical
dendrites of mitral and tufted cells in neuropil spheres termed
glomeruli. Axons of mitral and tufted cells project to several
olfactory structures: the anterior olfactory nucleus, olfactory
tubercle, piriform cortex, peri-amygdaloid cortex, and the
rostral entorhinal cortex [47]. Among olfactory structures,
the anterior olfactory nucleus is preferentially involved in
synucleinopathies in the early stages of the disease, and it has
been hypothesized that this is due to its multiple connections
in and out of the olfactory system. The impaired olfactory
function has been in fact reported as an early indicator of
PD, although the evidence is not homogeneous regarding a
simple linear anterograde progression. Instead, progression
of a-syn aggregation through the olfactory system can help
explain cases of PD that are not related to retrograde vagal
spread. Therefore, although the vagal (retrograde) and
olfactory (antegrade) pathways appear separate, they can be
interconnected at different levels and there is the possibility
of multiple simultaneous spread of a-syn [48]. Furthermore,
according to Braak’s hypothesis, pathogens in the nose could
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be swallowed with nasal secretions and saliva and reach the
gut, which is the second access in the dual-hit hypothesis
[46]. The swallowed pathogen may pass through the mucosal
barrier of the gastrointestinal tract, infect enteric neurons
of myenteric plexus and submucosal plexus, and invade
the parasympathetic motor neurons of the vagus nerve in a
retrograde fashion. The dual theory is strongly supported by
the evidence that Lewy pathology first appears in the olfactory
bulb, as well as in parasympathetic neurons of the DMV [49].

The Braak hypothesis, created a revolution in the pathological
concept of PD, supporting the hypothesis that the spreading
pathogens responsible of the pathological progression were
the seeding competent aggregates of a-syn, which originate in
the ENS and migrate rostrally to the CNS by the vagal pathways
[50]. The presence of a-syn immunoreactive inclusions
within the neurons of the submucosal plexus, whose axons
project to the mucosa, support Braak’s hypothesis of PD [51]
and introduce also the concept that luminal factors, such as
the molecular products of microbiota might contribute to
the development of a-syn aggregates in the mucosal nervous
fibers, which are then in turn transmitted to the submucosal
plexus and finally to the myenteric plexus, from which they
reach the vagal terminations. Additional support for BraaK’s
hypothesis came from functional studies, that underline a
significantly greater intestinal permeability in PD subjects
compared to the healthy individuals, correlating with
increased aggregation of a-syn in the intestinal mucosa [52].
Moreover, another study provides evidence that a-syn is
physiologically secreted by enteric neurons and can be up-
taken by contiguous neurons [53]. To further corroborate
the hypothesis that a-syn could propagate from the ENS
to the CNS through the vagus nerve, in 2014 Holmqvist
and colleagues isolated different a-syn species (fibrillar,
monomeric and oligomeric) from the brain lysate of a patient
affected by PD and directly injected them into the submucosa
of the gut in rats, demonstrating that a-syn species from
the PD brain lysate were able to spread from the intestinal
wall to the brain via the vagus nerve [54]. In accordance,
different studies in both humans and animal models [55],
have reported that truncal vagotomy, decreases the risk of
developing PD and the spreading of a-syn pathology from
the gut to the brain [56].

Braak’s theory must satisfy three criteria. First, there should
be an uninterrupted pathway that expresses a-syn throughout
its trajectory, that should allow the retrograde transport of
the pathological forms of a-syn from the gastrointestinal
tract to the CNS. Second, enteric neurons should be able to
secrete a-syn to transmit the disease from the ENS trough
the vagus nerve. Third, there should be a link between a-syn
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and the ENS. The first condition is fulfilled as Holmqvist
and colleagues have elegantly shown that a-syn is deposited
in a retrograde mode from the ENS to the vagal efferent
axons and terminals, which originate from the DMV [54].
Regarding the second condition, Paillusson and coworkers
demonstrated that a-syn can be secreted by enteric neurons
and thus transmit the pathology from neuron to neuron
[53]. The third condition has been satisfied by Chandra and
colleagues, who have reported that a-syn is expressed in
the EECs. EECs are part of the gut APUD system, and they
can directly face the lumen or be placed at the level of the
intestinal crypts. They possess neuroendocrine function and
highly express a-syn, moreover, they closely connect with
the neuronal fibers of the submucosal plexus [40]. For these
reasons, they represent an interface between the lumen of the
gut and the enteric nervous system and therefore they could
be the first affected by a-syn pathology and aggregation [25]
(Figure 2). Changes in the microbiota, and development of
mucosal inflammatory processes, in fact, might activate EECs
and induce the misfolding and the aggregation of a-syn,
thus playing a pivotal role in the gut-to-brain transmission
of a-syn pathology [57]. These findings support the original
Braak’s pathogenetic hypothesis that PD could be the result
of progressive transmission of a-syn aggregates originating
at the level of the mucosal layer of the gastrointestinal tract
and reaching the CNS via unmyelinated preganglionic fibers
of the vagus nerve [45].

ADVANCES AND CONTROVERSIES OF A-SYN
PROPAGATION FROM THE GUT TO THE BRAIN

In support of Braak’s hypothesis, recent studies have shown
that not only vagotomy but also appendicectomy decreased
the risk of developing PD [58]. In fact, has been demonstrated
in a large cohort of patients affected by PD, that a subtle
inflammation of the vermiform appendix is present and that
this leads the aggregation of a-syn within the appendix [59].
From the appendix the aggregates of a-syn could spread to
the vagal efferent fibers and reach the nuclei of the brainstem,
correlating the subsequent degeneration of the dopaminergic
neurons [58]. Over the last years, several experimental
evidence have supported the theory of propagation of a-syn
aggregates from the gut to the brain, mainly based on the
inoculation of a-syn pre-formed fibrils into the intestinal wall
[60, 61]. a-Syn fibrils were injected into murine duodenal and
pyloric muscularis layer and a-syn aggregates were found in
the DMV and in other areas of the brainstem, such as the
locus coeruleus and the substantia nigra. In other studies,
a-syn fibrils were injected into the duodenum wall of wild-
type (WT) and transgenic rats overexpressing human a-syn,
showing trans-synaptic diffusion of a-syn pathology along

Figure 2. Immunofluorescence for showing the expression

of a-syn (sc-58480, Santa Cruz Biotechnology) in normal
human jejunum. The presence of a-syn has been studied
in EECs of intestinal epithelium and red arrows indicate
a-syn-positive cells (with a green fluorochrome) in the villi,
whereas white arrows point a-syn positive cells in a gland
at the base of the villus. Then, yellow arrows show a-syn
positive enteric nerve fibers in contact with epithelial cells.
Nuclei (blue) were counterstained with DAPI. OM 20x.

the parasympathetic and sympathetic pathways. Moreover,
the same authors found a-syn inclusions in the stomach
and heart suggesting a secondary anterograde propagation
after the initial retrograde transmission. For the first time,
they studied the potential secondary anterograde (DMV-
to-stomach) transmission of a-syn pathology, after the first
retrograde (duodenum-to-DMV) one [62], suggesting that
gastrointestinal a-syn pathology could diffuse to the DMV
and infect the neuronal nuclei, and then diffuse anterogradely
through DMV efferences going back to the gastrointestinal
system and the other peripheral organs.

However, clear, and detailed experimental evidence is still
lacking regarding the mechanisms by which a-syn pathology
of the ENS can diffuse to the brainstem and more specifically
to the substantia nigra pars compacta (SNpc), with consequent
motor dysfunction. Many controversial experimental data
have been reported. For example, the inoculation of PFFs
into the gastric wall of WT type mice induced LB-like a-syn
aggregates in the DMV, but they decrease in number over
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time [63]. Furthermore, a similar inoculation of a-syn PFF
into the stomach and colon of rats and non-human primates
(NHP) failed to recapitulate a PD-like a-syn pathology into
the brains at 12 months post-inoculation. The formation
of aggregates was confined to the enteric neurons, with
pathological a-syn in the brainstem only present in the vagus
nuclei but not at the level of the substantia nigra [60]. For
these reasons several Authors consider unlikely that a-syn
can reach the brain stem from enteric neurons and diffuse to
the substantia nigra inducing classical motor symptoms of PD
and suggest that the enteric and the central a-syn pathologies
could represent distinct, although concomitant pathological
features of PD [42].

The presence of a-syn in the entire gastrointestinal tract
and the evidences suggesting the development of enteric
a-syn pathology in PD patients, might indicate that
a-syn aggregation could be responsible of the functional
gastrointestinal disorders reported in PD and maybe due
to the synaptic vesicles dysfunction in the enteric nervous
system [60]. On the other hand, recent studies are pointing
out that PD is a heterogeneous disease and that different
PD phenotypes exist, being some of them more subject to
inter-neuronal propagation and disease progression [64].
More recently, it has been postulated the possible occurrence
of a brain first versus a body first PD [65], being the latter
originating in the gut and then propagate to the brainstem
with a more severe disease progression comparing to the
brain-first subtype.

Therefore, even if Braak’s hypothesis remains controversial,
the study about the a-syn pathology in the gastrointestinal
tract represents a milestone of the current research in PD.
Comprehension of the gut-to-brain transmission of a-syn
pathology might help in stratifying PD patients according
to their clinical and pathological subtype in order to predict
disease progression and might shed new light on the
mechanisms of a-syn inter-cellular spreading contributing to
the development of new therapeutic strategies for PD.

ACKNOWLEDGMENTS

We thank Ludovica Garro, Sapienza University of Rome, for
her assistance with the revision of the manuscript and for their
comments that improved the present review article.

REFERENCES

1. Carlson SS, Kelly RB. An antiserum specific for cholinergic synaptic
vesicles from electric organ. J Cell Biol. 1980;87(1):98-103.

2. Maroteaux L, Campanelli JT, Scheller RH. Synuclein: a neuron-
specific protein localized to the nucleus and presynaptic nerve
terminal. ] Neurosci. 1988;8(8):2804-15.

10.

11.

12.

13.

14.

15.

el

ACAM

q
Sann®

A\ LL)J
Cr s

Q Q

Clayton DF, George JM. The synucleins: a family of proteins
involved in synaptic function, plasticity, neurodegeneration and
disease. Trends Neurosci. 1998;21(6):249-54.

Vivacqua G, Yin JJ, Casini A, Li X, Li YH, D’Este L, et al.
Immunolocalization of alpha-synuclein in the rat spinal
cord by two novel monoclonal antibodies. Neuroscience.
2009;158(4):1478-87.

Vivacqua G, Casini A, Vaccaro R, Fornai F Yu S, D’Este
L. Different sub-cellular localization of alpha-synuclein in
the C57BL\6] mouse’s central nervous system by two novel
monoclonal antibodies. ] Chem Neuroanat. 2011;41(2):97-110.

Vaccaro R, Toni M, Casini A, Vivacqua G, Yu S, D’Este L, et
al. Localization of alpha-synuclein in teleost central nervous
system: immunohistochemical and Western blot evidence
by 3D5 monoclonal antibody in the common carp, Cyprinus
carpio. ] Comp Neurol. 2015;523(7):1095-124.

YangJL, Gao JH, Du TE Yi HK, Ma KL. Distribution of the Alpha-
Synuclein in the Brain and the Primary Organs of the Rhesus
Monkey. Appl Biochem Biotechnol. 2021;193(10):3187-201.

Zhang L, Zhang C, Zhu Y, Cai Q, Chan P, Ueda K, et al. Semi-
quantitative analysis of alpha-synuclein in subcellular pools of
rat brain neurons: an immunogold electron microscopic study
using a C-terminal specific monoclonal antibody. Brain Res.
2008;1244:40-52.

Lee §J, Jeon H, Kandror KV. Alpha-synuclein is localized in a
subpopulation of rat brain synaptic vesicles. Acta Neurobiol Exp
(Wars). 2008;68(4):509-15.

Burre J, Sharma M, Tsetsenis T, Buchman V, Etherton MR,
Sudhof TC. Alpha-synuclein promotes SNARE-complex
assembly in vivo and in vitro. Science. 2010;329(5999):1663-7.

Cooper AA, Gitler AD, Cashikar A, Haynes CM, Hill KJ, Bhullar
B, et al. Alpha-synuclein blocks ER-Golgi traffic and Rab1 rescues
neuron loss in Parkinson’s models. Science. 2006;313(5785):324-8.

Chandra S, Fornai F, Kwon HB, Yazdani U, Atasoy D, Liu X,
et al. Double-knockout mice for alpha- and beta-synucleins:
effect on synaptic functions. Proc Natl Acad Sci U S A.
2004;101(41):14966-71.

Shavali S, Brown-Borg HM, Ebadi M, Porter ]. Mitochondrial
localization of alpha-synuclein protein in alpha-synuclein
overexpressing cells. Neurosci Lett. 2008;439(2):125-8.

Vasquez V, Mitra J, Wang H, Hegde PM, Rao KS, Hegde ML.
A multi-faceted genotoxic network of alpha-synuclein in
the nucleus and mitochondria of dopaminergic neurons in
Parkinson’s disease: Emerging concepts and challenges. Prog
Neurobiol. 2020;185:101729.

ChuY, Kordower JH. Age-associated increases of alpha-synuclein
in monkeys and humans are associated with nigrostriatal
dopamine depletion: Is this the target for Parkinson’s disease?
Neurobiol Dis. 2007;25(1):134-49.

© Asian Journal of Complementary and Alternative Medicine, 2022 55



Romina Mancinelli, et al.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Reyes JE, Ekmark-Lewen S, Perdiki M, Klingstedt T, Hoffmann
A, Wiechec E, et al. Accumulation of alpha-synuclein within
the liver, potential role in the clearance of brain pathology
associated with Parkinson’s disease. Acta Neuropathol Commun.
2021;9(1):46.

Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ, Jakes
R, Goedert M. Alpha-synuclein in Lewy bodies. Nature.
1997;388(6645):839-40.

Kanaan NM, Manfredsson FP. Loss of functional alpha-
synuclein: a toxic event in Parkinson’s disease? ] Parkinsons Dis.
2012;2(4):249-67.

ArimaK, Ueda K, Sunohara N, Hirai S, Izumiyama Y, Tonozuka-
Uehara H, et al. Immunoelectron-microscopic demonstration of
NACP/alpha-synuclein-epitopes on the filamentous component
of Lewy bodies in Parkinson’s disease and in dementia with
Lewy bodies. Brain Res. 1998;808(1):93-100.

Wenning GK, StefanovaN, Jellinger KA, Poewe W, Schlossmacher
MG. Multiple system atrophy: a primary oligodendrogliopathy.
Ann Neurol. 2008;64(3):239-46.

Bruck D, Wenning GK, Stefanova N, Fellner L. Glia and
alpha-synuclein in neurodegeneration: A complex interaction.
Neurobiol Dis. 2016;85:262-74.

LiJY, Englund E, Widner H, Rehncrona S, Bjorklund A, Lindvall
O, et al. Characterization of Lewy body pathology in 12- and
16-year-old intrastriatal mesencephalic grafts surviving in a
patient with Parkinson’s disease. Mov Disord. 2010;25(8):1091-
6.

Chua CE, Tang BL. alpha-synuclein and Parkinson’s disease: the
first roadblock. ] Cell Mol Med. 2006;10(4):837-46.

Devos D, Lebouvier T, Lardeux B, Biraud M, Rouaud T, Pouclet
H, et al. Colonic inflammation in Parkinson’s disease. Neurobiol
Dis. 2013;50:42-8.

Casini A, Mancinelli R, Mammola CL, Pannarale L, Chirletti
P, Onori P, et al. Distribution of alpha-synuclein in normal
human jejunum and its relations with the chemosensory and
neuroendocrine system. Eur ] Histochem. 2021;65(4).

Wakabayashi K, Mori F Tanji K, Orimo S, Takahashi
H. Involvement of the peripheral nervous system in
synucleinopathies, tauopathies and other neurodegenerative
proteinopathies of the brain. Acta Neuropathol. 2010;120(1):1-

12.

Del Tredici K, Hawkes CH, Ghebremedhin E, Braak H. Lewy
pathology in the submandibular gland of individuals with
incidental Lewy body disease and sporadic Parkinson’s disease.
Acta Neuropathol. 2010;119(6):703-13.

Orimo S, Uchihara T, Nakamura A, Mori F Kakita A,
Wakabayashi K, et al. Axonal alpha-synuclein aggregates
herald centripetal degeneration of cardiac sympathetic nerve in
Parkinson’s disease. Brain. 2008;131(Pt 3):642-50.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

el

ACAM

q
Sann®

A\ LL)J
Cr s

Q Q

Fumimura Y, Ikemura M, Saito Y, Sengoku R, Kanemaru K,
Sawabe M, et al. Analysis of the adrenal gland is useful for
evaluating pathology of the peripheral autonomic nervous
system in lewy body disease. ] Neuropathol Exp Neurol.
2007;66(5):354-62.

Ikemura M, Saito Y, Sengoku R, Sakiyama Y, Hatsuta H,
Kanemaru K, et al. Lewy body pathology involves cutaneous
nerves. ] Neuropathol Exp Neurol. 2008;67(10):945-53.

Coon EA, Singer W, Low PA. Pure Autonomic Failure. Mayo
Clin Proc. 2019;94(10):2087-98.

Hague K, Lento P, Morgello S, Caro S, Kaufmann H. The
distribution of Lewy bodies in pure autonomic failure: autopsy
findings and review of the literature. Acta Neuropathol.
1997;94(2):192-6.

Coon EA, Mandrekar JN, Berini SE, Benarroch EE, Sandroni P,
Low PA, et al. Predicting phenoconversion in pure autonomic
failure. Neurology. 2020;95(7):e889-€97.

Kruger R, Kuhn W, Muller T, Woitalla D, Graeber M, Kosel S, et
al. Ala30Pro mutation in the gene encoding alpha-synuclein in
Parkinson’s disease. Nat Genet. 1998;18(2):106-8.

Lai TT, Kim YJ, Ma HI, Kim YE. Evidence of Inflammation in
Parkinson’s Disease and Its Contribution to Synucleinopathy. J
Mov Disord. 2022;15(1):1-14.

den HJW, Bethlem J]. The distribution of Lewy bodies in the
central and autonomic nervous systems in idiopathic paralysis
agitans. ] Neurol Neurosurg Psychiatry. 1960;23:283-90.

Wakabayashi K, Takahashi H, Ohama E, Ikuta F. Parkinson’s
disease: an immunohistochemical study of Lewy body-
containing neurons in the enteric nervous system. Acta
Neuropathol. 1990;79(6):581-3.

Eadie M]J, Tyrer JH. Alimentary Disorder in Parkinsonism.
Australas Ann Med. 1965;14:13-22.

Yan E Chen Y, Li M, Wang Y, Zhang W, Chen X, et al.
Gastrointestinal nervous system alpha-synuclein as a potential
(Baltimore).

biomarker of Parkinson disease. Medicine

2018;97(28):e11337.

Chandra R, Hiniker A, Kuo YM, Nussbaum RL, Liddle RA.
alpha-Synuclein in gut endocrine cells and its implications for
Parkinson’s disease. JCI Insight. 2017;2(12).

Schneider SA, Boettner M, Alexoudi A, Zorenkov D, Deuschl
G, Wedel T. Can we use peripheral tissue biopsies to diagnose
Parkinson’s disease? A review of the literature. Eur J Neurol.
2016;23(2):247-61.

Beach TG, Adler CH, Sue LI, Vedders L, Lue L, White lii CL, et
al. Multi-organ distribution of phosphorylated alpha-synuclein
histopathology in subjects with Lewy body disorders. Acta
Neuropathol. 2010;119(6):689-702.

© Asian Journal of Complementary and Alternative Medicine, 2022 56



Romina Mancinelli, et al.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Abbott RD, Petrovitch H, White LR, Masaki KH, Tanner CM,
Curb JD, et al. Frequency of bowel movements and the future
risk of Parkinson’s disease. Neurology. 2001;57(3):456-62.

Braak H, Del Tredici K, Rub U, de Vos RA, Jansen Steur
EN, Braak E. Staging of brain pathology related to sporadic
Parkinson’s disease. Neurobiol Aging. 2003;24(2):197-211.

Braak H, Rub U, Gai WP, Del Tredici K. Idiopathic Parkinson’s
disease: possible routes by which vulnerable neuronal types may
be subject to neuroinvasion by an unknown pathogen. J Neural
Transm (Vienna). 2003;110(5):517-36.

Hawkes CH, Del Tredici K, Braak H. Parkinson’s disease: a dual-
hit hypothesis. Neuropathol Appl Neurobiol. 2007;33(6):599-614.

Mohedano-Moriano A, Martinez-Marcos A, Munoz M, Arroyo-
Jimenez MM, Marcos P, Artacho-Perula E, et al. Reciprocal
connections between olfactory structures and the cortex of
the rostral superior temporal sulcus in the Macaca fascicularis
monkey. Eur ] Neurosci. 2005;22(10):2503-18.

Ubeda-Banon I, Saiz-Sanchez D, de la Rosa-Prieto C, Martinez-
Marcos A. alpha-Synuclein in the olfactory system in Parkinson’s
disease: role of neural connections on spreading pathology.
Brain Struct Funct. 2014;219(5):1513-26.

Hawkes CH, Del Tredici K, Braak H. Parkinson’s disease: the
dual hit theory revisited. Ann N'Y Acad Sci. 2009;1170:615-22.

Schaeffer E, Kluge A, Bottner M, Zunke F, Cossais F, Berg D, et
al. Alpha Synuclein Connects the Gut-Brain Axis in Parkinson’s
Disease Patients - A View on Clinical Aspects, Cellular
Pathology and Analytical Methodology. Front Cell Dev Biol.
2020;8:573696.

Braak H, de Vos RA, Bohl J, Del Tredici K. Gastric alpha-

synuclein immunoreactive inclusions in Meissners and
Auerbach’s plexuses in cases staged for Parkinson’s disease-

related brain pathology. Neurosci Lett. 2006;396(1):67-72.

Perez-Pardo P, Dodiya HB, Engen PA, Forsyth CB, Huschens
AM, Shaikh M, 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):829-43.

Paillusson S, Clairembault T, Biraud M, Neunlist M, Derkinderen
P. Activity-dependent secretion of alpha-synuclein by enteric
neurons. ] Neurochem. 2013;125(4):512-7.

Holmqvist S, Chutna O, Bousset L, Aldrin-Kirk P, Li W,
Bjorklund T, et al. Direct evidence of Parkinson pathology
spread from the gastrointestinal tract to the brain in rats. Acta
Neuropathol. 2014;128(6):805-20.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

el

ACAM

q
Sann®

A\ LL)J
Cr s

Q Q

Ulusoy A, Phillips R], Helwig M, Klinkenberg M, Powley TL,
Di Monte DA. Brain-to-stomach transfer of alpha-synuclein
via vagal preganglionic projections.
2017;133(3):381-93.

Acta Neuropathol.

Svensson E, Horvath-Puho E, Thomsen RW, Djurhuus JC,
Pedersen L, Borghammer P, et al. Vagotomy and subsequent risk
of Parkinson’s disease. Ann Neurol. 2015;78(4):522-9.

Kim S, Kwon SH, Kam TI, Panicker N, Karuppagounder SS,
Lee S, et al. Transneuronal Propagation of Pathologic alpha-
Synuclein from the Gut to the Brain Models Parkinson’s Disease.
Neuron. 2019;103(4):627-41 e7.

Killinger BA, Madaj Z, Sikora JW, Rey N, Haas AJ, Vepa Y, et
al. The vermiform appendix impacts the risk of developing
Parkinson’s disease. Sci Transl Med. 2018;10(465).

Chen Y, Wu W, Zhao S, Lv X, Hu J, Han C, et al. Increased
Accumulation of alpha-Synuclein in Inflamed Appendices of
Parkinson’s Disease Patients. Mov Disord. 2021;36(8):1911-8.

Manfredsson FP, Luk KC, Benskey MJ, Gezer A, Garcia J, Kuhn
NG, et al. Induction of alpha-synuclein pathology in the enteric
nervous system of the rat and non-human primate results
in gastrointestinal dysmotility and transient CNS pathology.
Neurobiol Dis. 2018;112:106-18.

Uemura N, Yagi H, Uemura MT, Yamakado H, Takahashi R.
Limited spread of pathology within the brainstem of alpha-
synuclein BAC transgenic mice inoculated with preformed fibrils
into the gastrointestinal tract. Neurosci Lett. 2020;716:134651.

Van Den Berge N, Ferreira N, Gram H, Mikkelsen TW, Alstrup
AKO, Casadei N, et al. Evidence for bidirectional and trans-
synaptic parasympathetic and sympathetic propagation of
alpha-synuclein in rats. Acta Neuropathol. 2019;138(4):535-50.

Uemura N, Yagi H, Uemura MT, Hatanaka Y, Yamakado H,
Takahashi R. Correction to: Inoculation of alpha-synuclein
preformed fibrils into the mouse gastrointestinal tract induces
Lewy body-like aggregates in the brainstem via the vagus nerve.
Mol Neurodegener. 2019;14(1):31.

Fereshtehnejad SM, Romenets SR, Anang JB, Latreille V,
Gagnon JF, Postuma RB. New Clinical Subtypes of Parkinson
Disease and Their Longitudinal Progression: A Prospective
Cohort Comparison With Other Phenotypes. JAMA Neurol.
2015;72(8):863-73.

Horsager J, Andersen KB, Knudsen K, Skjaerbaek C, Fedorova
TD, Okkels N, et al. Brain-first versus body-first Parkinson’s
disease: a multimodal imaging case-control study. Brain.
2020;143(10):3077-88.

© Asian Journal of Complementary and Alternative Medicine, 2022 57



	Title
	Abstract 
	Alpha-synuclein from physiological expression to pathological involvement 
	Alpha-synuclein and PD: a focus on the Enteric Nervous System 
	The Braak hypothesis on PD progression 
	Advances and controversies of α-syn propagation from the gut to the brain 
	Acknowledgments 
	Figure 1
	Figure 2
	References

