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Abstract

Alpha-synuclein inclusions are the distinctive trait of brain areas affected by neurodegeneration in Parkinson’s disease (PD). Nevertheless,

PD is now considered as a multisystemic disorder, since alpha-synuclein pathology has been described also outside the central nervous

system. In this regard, the early, non-motor autonomic symptoms point out an important role for the peripheral nervous system during

disease progression. On this basis, we propose a review of the alpha-synuclein-related pathological processes observed at peripheral

level in PD, starting from molecular mechanisms, through cellular processes to systemic modifications. We discuss their relevance

in the etiopathogenesis of the disease, suggesting they are concurrent players in the development of PD, and that the periphery is an

casily-accessible window to look at what is occurring in the central nervous system.
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1. Introduction

Parkinson’s disease (PD) is a common progressive
neuropathological condition clinically characterized by
resting tremors, bradykinesia, postural instability and gen-
eral rigidity. These cardinal manifestations are due to a de-
pletion in the dopaminergic neuronal subpopulation of the
Soémmering’s substantia nigra, a basal ganglia structure lo-
cated in the midbrain that projects to the striatum, estab-
lishing the so-called nigro-striatal pathway, a trait crucially
involved in the circuits that ensure control and modulation
of movement [1]. At brain level, PD is characterized by the
presence of proteinaceous inclusion bodies within neuronal
soma and neuropil, named Lewy bodies and Lewy neurites,
respectively, which constitute the hallmark of the pathol-
ogy and whose main component was found to be alpha-
synuclein [2]. The discovery of the AS3T mutation in the
SNCA gene encoding for alpha-synuclein as the cause of a
familial form of the disease also supported the crucial in-
volvement of this protein in PD pathogenesis [3]. Alpha-
synuclein is a natively unfolded protein that owes its name
to its pre-synaptic and nuclear localization [4]. Human
alpha-synuclein belongs to the synuclein family, which also
includes beta- and gamma-synuclein. It is constitutively ex-
pressed in the nervous system, accounting for 1% of total
neuronal cytosolic proteins, and in the brain, where it is pre-
dominantly found in the neocortex, hippocampus, substan-

tia nigra, and corpus striatum [5,6]. Although the physio-
logical role of alpha-synuclein has not been completely dis-
covered, the known list of its interacting partners is abun-
dant and includes lipid membranes, synaptic vesicles, tubu-
lin, SNARE complex protein and proteins involved in cal-
cium regulation and dopamine homeostasis [7] thus sug-
gesting it could be involved in the modulation of neuro-
transmission, working on vesicle release and trafficking.

Together with PD, further pathologies were found to
feature alpha-synuclein-positive inclusions, namely multi-
ple system atrophy and Lewy body dementia, and thus they
were classified as synucleinopathies [8]. Nevertheless, it
is still a matter of debate whether alpha-synuclein aggre-
gates are toxic, protective, or are an epiphenomenon related
to progressive failure of cellular clearance mechanisms for
aggregated proteins [9,10].

The proposed molecular mechanisms involved in PD
pathogenesis include alteration of the microtubular cy-
toskeleton, synaptic dysfunctions, mitochondrial impair-
ment, defective autophagy, impaired protein turnover and
clearance, oxidative stress, and inflammation [11-13]. In-
terestingly, alpha-synuclein pathology was reported in mul-
tiple body regions and organs of patients affected by synu-
cleinopathy, both in autoptic and living individuals [14,15],
suggesting that it could also affect peripheral tissues. In
addition, the early-onset non-motor symptoms that feature
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the pathology include a wide range of autonomic manifes-
tations such as hyposmia, hypotension, sleep disorder and
gastrointestinal symptoms [16]. This paved the way to re-
defining PD as a multisystemic disorder and, in such a sce-
nario, the study of the pathology in the periphery provides
an easily-accessible window to the central nervous system,
making it possible to evaluate pathological processes that
may be mirrored in the brain, thus allowing to investi-
gate the mechanisms underlying the disease’s pathogene-
sis. Consequently, in this review we describe the patholog-
ical processes reported at the peripheral level in PD, micro-
tubules, synapses, mitochondria, autophagy, protein clear-
ance and inflammation, and we discuss their link to alpha-
synuclein pathology and relevance to the etiopathogenesis
of the disease.

2. Microtubule Dysfunction

Microtubules (MTs) are highly dynamic polymers of
af tubulin heterodimers. The specialization of MTs is
regulated by the “tubulin code” which embodies the ex-
pression of different c- and S-tubulin isotypes and post-
translational modification of tubulin (PTMs). In addition,
different microtubule-associated proteins (MAPs) represent
a further regulation mechanism. MTs are crucial not only
during cell division, when they form the mitotic spindle, but
also in post-mitotic cells like neurons, in which they ensure
the correct specialization and polarization [17]. Both an-
terograde and retrograde axonal transport in neurons is en-
sured by the interaction between MTs and motor proteins,
and also synaptic plasticity has been proven to depend on
MT dynamics (Fig. 1A).

Given their importance in neuron physiology, numer-
ous studies have demonstrated how microtubule impair-
ment can lead to neurodegenerative disorders and in vitro
and in vivo studies have indicated that microtubule dys-
function is linked to the pathogenesis of PD (Fig. 1B)
[7,18]. First of all, Lewy bodies, the pathological hall-
mark of PD, have been found to contain a large num-
ber of cytoskeletal proteins, including tubulin, MAPs, and
neurofilaments, suggesting cytoskeletal alterations in PD
[19,20]. More recent studies have offered novel insights
into the molecular composition of Lewy bodies. Us-
ing STED (Stimulated emission depletion microscopy)-
based super resolution microscopy and correlative high-
resolution imaging and biophysical approaches, the pres-
ence of crowded membranous materials including mem-
brane fragments, dysmorphic mitochondria and structures
resembling lysosomes, together with cytoskeletal elements
were revealed in Lewy bodies [21]. Interestingly, the analy-
sis of the subcellular rearrangement of the aggregated forms
of alpha-synuclein unraveled the presence of cytoskeletal
elements such as tubulin and neurofilaments at the periph-
ery of Lewy bodies and suggested their role in the morpho-
genesis of Lewy bodies [22]. Further evidence as to the role
of microtubules in PD pathogenesis come from genome-

wide association studies in familial events of the pathol-
ogy, that identified mutations in microtubule-related pro-
tein genes including MAPT [23], which is also independent
of SNCA mutations. Looking at toxin-based models of PD,
the parkinsonism-induced neurotoxin 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) and its toxic metabo-
lite 1-methyl-4-phenylpyridinium (MPP1) have been asso-
ciated with changes in the tubulin network and the degen-
eration of dopaminergic neurons in vitro and in vivo [24—
27]. Notably, it has been shown that exposure to MPP+
in differentiated PC12 cells induces microtubule changes
very early, long before mitochondrial impairment appears
[28]. Taken together, these findings in a neurotoxin-based
model suggest that microtubule alterations may play a cru-
cial role during the early phases of PD pathogenesis. In
this regard, several PD-linked mutations involved in fa-
milial forms of the pathology, including Parkin, LRRK2,
and alpha-synuclein, affect some proteins that are known
to interact, to different extents, with the microtubule sys-
tem [29-32].

The interplay between microtubules and alpha-
synuclein have gained increasing interest over time. In
2001, Payton and colleagues [33] first reported the co-
immunoprecipitation of alpha-synuclein with both alpha-
and beta-tubulin from zebra finch and mouse brain ho-
mogenates, which was later confirmed also in rat and ham-
ster brain [34-36]. Besides, a study in HeLa cells reported
that alpha-synuclein co-localizes with MTs [36]. More
recently, Cartelli and colleagues demonstrated that alpha-
synuclein forms a complex with an as[32-tubulin tetramer
in vitro and folds upon this interaction [29]. Despite the
direct evidence for the interaction of alpha-synuclein with
tubulin and MTs, the exact binding region is still under
debate and further research is needed [32]. Controversial
results have also been published on the effect of alpha-
synuclein on tubulin dynamics: one research group showed
that monomeric alpha-synuclein does not interfere with
the tubulin network in vitro [36], whereas other studies
demonstrated that alpha-synuclein inhibits [37] or promotes
[34,35] tubulin polymerization. Interestingly, Cartelli et al.
[29] proposed that alpha-synuclein is able to function as a
so-called “dynamase”, by inducing both MT nucleation and
catastrophe, and that it modulates the partitioning between
tubulin dimers and MTs at the neuronal growth cone [38].

Few data are actually reported on microtubule dys-
function in the periphery with respect to PD. Toba and co-
workers [39] demonstrated that bi-directional axonal trans-
port is severely affected in alpha-synuclein depleted rat dor-
sal root ganglion neurons, and that, alpha-synuclein inter-
action with SIII-tubulin occurs in rat femoral nerve, where,
together with dynein, allow the transport of short micro-
tubules. As regards studies on humans, skin fibroblasts ex-
hibit reduced microtubule mass and impaired microtubule
stability in patients affected with both idiopathic and ge-
netic PD and, interestingly, pharmacological and genetic

&% IMR Press


https://www.imrpress.com

A. Physiological condition

@vmmz

— A
Late endocytosls
—a - Q - O — OF

onoamlne

VD
F

5!ﬂ/f/ﬂf#ﬂﬁ/f/fff{ﬁﬁfﬂ/fﬁ i . :.

B. Parkinson’s disease

Synapse catabolites
and oxidative stress

Ny
TA O e = O Rk
amE, - ¥ =

- v LORES JF S
@g ® Catabolite -~ — v
o ® Early endocytosis
+ MT stability o

VMAT2

Monoamine

Neurotransmitter §
vesicle storage O
it —
+ Denervation
soluble unfolded i beta-sheetaggregated alpha-helical IR " " ; I ; Vesicular Monoamine
/@ alpha-Synuclein ' alpha-Synuclein Rl a\gha—synuc]ein \%“%\ Mulitmer @ Caabolite Meonoamine & Kinesin II Dynein Transporter (VMAT)
Fig. 1. Suggested model for alpha-synuclein impact on microtubule homeostasis and synaptic functioning in PD. (A) Under

physiological conditions, MTs are conventional and well-organized; vesicles use MTs as tracks to reach the synaptic boutons from the
cell body, moving toward the distal tip of the axon in an anterograde movement. Alpha-helical alpha-synuclein interacts with MTs at
the neuronal growth cone. In the synaptic compartment, vesicular monoamine transporter 2 (VMAT?2) loads presynaptic vesicles with
monoamines, maintaining the releasable pool as well as the recycling pool. The retrograde movement sustains catabolite clearance,
avoiding harmful interactions with the synaptic components. (B) In Parkinson’s disease, alpha-helical alpha-synuclein may lose its
interaction with MTs and alpha-synuclein aggregation leads to MT destabilization, thus impairing transport towards and away from the
synapses. This could trigger the accumulation of reactive catabolites and/or aberrant proteins, likely increasing oxidative stress damage
at the synaptic level. Additionally, the alteration of VMAT?2 functioning by a possible direct interaction with alpha-synuclein aggregates
could reduce the extent of the neurotransmitter vesicular storage and releasable pool which lead to synaptic transmission defects and,

eventually, to neuronal death.

approaches resulted in the rescue of microtubule defects
[40]. This study showed, for the first time, microtubule
dysfunction in PD patients. More recently, elevated lev-
els of autoantibodies against tubulin have been measured in
sera of patients with PD, indicating that they may function
as a peripheral biomarker for PD diagnosis [41]. Further-
more, Esteves and colleagues [42] investigated microtubule
changes in a PD cytoplasmic hybrid (cybrid) cell line in
which platelet mitochondria from a PD subject were trans-
ferred to NT2 neuronal cells previously depleted of endoge-
nous mitochondrial DNA. These NT2 cells are known to
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show reduced complex I activity and decreased levels of
ATP in comparison to control cybrid cell lines [43]. Inter-
estingly, they demonstrated an increased free/polymerized
tubulin ratio and oligomeric alpha-synuclein levels in the
PD cybrid cell line compared to the control cell line. More-
over, the addition of the microtubule stabilizer ‘taxol’ to
the PD cybrid cell line normalizes the free/polymerized ra-
tio and reduces the levels of oligomeric alpha-synuclein.
A follow up study demonstrated improved microtubule-
dependent trafficking after NAP (Davunetide) administra-
tion in PD cybrid cell lines compared to control cell lines
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[44]. Together, this research group showed microtubule al-
terations and increased oligomeric alpha-synuclein in cy-
brid cells obtained from PD patients, suggesting that mito-
chondrial dysfunction may destabilize the microtubule net-
work and increases the levels of oligomeric alpha-synuclein
in PD. Overall, these data suggest that microtubule dysfunc-
tions play an important role in PD onset and progression. In
addition, while wild-type alpha-synuclein may have a fa-
vorable impact on microtubule functioning (Fig. 1A), mis-
folded and oligomeric variants seem to be responsible for
microtubule destabilization (Fig. 1B).

3. Synaptic Dysfunction

Synaptic homeostasis is crucial to maintain correct
neuronal functioning as well as to guarantee the proper
transmission of information within the nervous system.
Even though the exact physiological role of alpha-synuclein
in neuronal cells has not yet been elucidated, its interaction
with different proteins in the synaptic compartment and its
prevalence in the pre-synapse point to a possible biological
role as a wide regulator of synaptic activity in the central
nervous system (CNS) [45,46]. Among the physiological
interactions proposed for alpha-synuclein, its activity as a
mediator of the neuronal trafficking in the synapse stands
out [47]. A series of discoveries have indeed outlined a role
of alpha-synuclein as a Soluble N-ethylmaleimide Sensi-
tive Factor Attachment Protein (SNAP) receptor (SNARE)-
chaperone that helps SNARE-mediated vesicle-membrane
fusion, thus promoting exocytosis in a physiological con-
text. Further evidence found in the CNS indicates that other
alpha-synuclein putative interactions with synaptic proteins
are certainly worth noting, including the reuptake neuro-
transmitter proteins such as dopamine transporter (DAT)
and the vesicular monoamine transporter 2 (VMAT?2) [48,
49]. Tt has also been demonstrated that alpha-synuclein in-
teracts with the family of the synapsins, a group of pro-
teins largely implicated in synaptic plasticity, exocytosis
and in the regulation of the vesicle releasable pool [50]
(Fig. 1A). Experimental results were obtained by analyz-
ing these pathways in a pathological background of alpha-
synuclein mutation/overexpression or in the presence of
misfolded aggregates, namely oligomers and fibrils, to elu-
cidate how this could induce synaptic dysfunction through-
out the CNS.

In a PD-related experimental setup, Garcia-Reitbock
and colleagues [51] carried out a double staining im-
munohistochemistry between alpha-synuclein and the t-
SNARE proteins SNAP-25 or syntaxin-1, and demon-
strated their co-localization in the cerebral cortex of a PD-
mouse model expressing full-length human mutant A30P
alpha-synuclein. They found an accumulation and redis-
tribution of SNARE proteins in the same transgenic mice
compared to controls. In addition, to correlate this find-
ing with the disease in humans, SNARE proteins repo-
sitioning was unraveled in the striatum of patients af-

fected by early onset PD [47], hinting that alpha-synuclein
mutations may have a harmful effect on synaptic vesi-
cle exocytosis. Evidence in primary mouse cortical neu-
rons and adult mouse hippocampal neurons revealed a
dose-dependent reduction of pre-synaptic markers levels,
and synaptic vesicle recycling upon recombinant alpha-
synuclein administration [52]. These results are in line with
the loss of synaptic terminals reported in the brain [53].
As mentioned, multiple interactions with synaptic trans-
porters of monoamine have also been proposed as physi-
ological functions of alpha-synuclein. Alterations in these
putative modulation roles were suggested to be concurrent
enhancers in the onset and progression of synaptic dysfunc-
tion. Indeed, the reduced total amount and the simulta-
neous clustered pattern of DAT, which co-localized in the
caudate-putamen with alpha-synuclein and phospho-alpha-
synuclein, was demonstrated by immunofluorescence la-
beling [54]. DAT/alpha-synuclein complexes were also
detected by means of “in situ” proximity ligation assay
(PLA), which showed a marked DAT redistribution in the
caudate-putamen of PD patients [53]. Likewise, interac-
tions with dopamine membrane transporters were reported
after adeno-associated virus type 6 (AAV6) injection in
the caudate-putamen of adult rats overexpressing human
alpha-synuclein. Immunohistochemical analysis revealed
axonal and synaptic swellings after 8—16 weeks, as well as
inclusions positive for both alpha-synuclein and VMAT?2
[55], suggesting an impairment in dopamine vesicle up-
take and a cytosolic accumulation of this neurotransmitter,
which may produce DA-derived, cytotoxic reactive species
(Fig. 1B). Accordingly, in a similar model alpha-synuclein
preformed fibrils (PFFs) were injected in the substantia ni-
gra, and VMAT?2 expression resulted significantly lower in
those neurons where the phospho-alpha-synuclein pathol-
ogy was more severe compared to controls who had not
received PFFs injection [56]. Since alpha-synuclein is re-
garded to interact directly with lipid membranes [57], the
effect of alpha-synuclein aggregation on membrane damage
was also investigated. A covalent modification of alpha-
synuclein by a dopamine catabolite (DOPAL) which pro-
vokes its oligomerization was noticed in vitro as well as
in cellular models. Such aggregates were shown to induce
dopamine leak through synaptic vesicle disruption or per-
meabilization and their effect was correlated with increased
cell death [58]. All these effects, reported to happen when
alpha-synuclein switches to create pathological small inclu-
sions, further foster the idea of a putative detrimental role
of oligomers and/or amyloid fibrils in membrane homeosta-
sis that may ultimately contribute to neurodegeneration by
causing increased oxidative stress, altered neurotransmitter
storage and vesicle integrity (Fig. 1B).

Alpha-synuclein pathology seems to progressively
move from the periphery to the spinal cord and brain-
stem in a centripetal movement [59,60] by exploiting a
prion-like diffusion through the neuronal network [61,62].
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Fig. 2. Suggested model for mitochondria and autophagy contribution to PD evolution and progression in peripheral tissues. (A)
Representation of the endoplasmic reticulum, the mitochondrial associated endoplasmic reticulum membrane (MAM), and a mitochon-
drion containing the mitochondrial respiratory chain. Physiologically, alpha-synuclein (black tangles) is localized at the MAM. At the
same time, the macroautophagy machinery forms double-membrane organelles, called autophagosomes, mediated by LC3-I1 and BCL1.
Then, autophagosomes incorporate cytosolic cargo, (including i.e., alpha-synuclein, mitochondria), fuse with lysosomes, and form au-
tolysosomes to achieve cargo degradation. Besides, during chaperon-mediated autophagy, the KFERQ domain of the alpha-synuclein
protein is recognized by Hsc70, which interacts with LAMP2A, and promotes its degradation via lysosomes. (B) In PD patients, mutated
and/or oligomeric variants of alpha-synuclein affect its localization in MAM and move towards the cytosol. Moreover, these alpha-
synuclein species causes mitochondrial dysfunction, including reduced mitochondrial complex I activity, decreased ATP production and,
finally, a reduction in the mitochondrial membrane potential. PD peripheral tissue demonstrated an increase in autophagic structures (i.e.,
autophagosomes, lysosomes, and autolysosomes), suggesting that peripheral tissue of PD patients relies on an auto-activated compen-
satory mechanism of degradation. However, it might eventually be difficult to sustain this compensatory increase of autophagy, causing
an elevation of alpha-synuclein aggregates, toxicity, and neuronal death. Moreover, reduced chaperone-mediated autophagy, including
LAMP2A and Hsc70, has been observed in peripheral tissue derived from PD patients.
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The hypothesis was supported by analyzing patients’ pe-
ripheral tissues clearly reporting denervation [63—65] and
alpha-synuclein or phospho-alpha-synuclein inclusions in
autonomic neurons [15,66—69]. This peripheral degener-
ation may reflect the autonomic symptoms starting in the
early stages of synucleinopathies. Although most synucle-
inopathies ultimately affect the CNS, little is known regard-
ing the role that alpha-synuclein aggregation might play
in the PNS. Recently, Challis and colleagues [70] showed
gut dysfunction and motor symptoms in aged mice after
PFFs duodenal seeding, showing a significant increase in
brainstem phospho-alpha-synuclein and a reduced striatal
dopamine in aged mice inoculated with PFFs, compared to
PFF-inoculated younger WT mice or monomer-inoculated
aged mice. Axonal phospho-alpha-synuclein aggregates
and degeneration of the cardiac sympathetic nerve were al-
ready known to anticipate neuronal cell loss in the paraver-
tebral sympathetic ganglia of patients affected by inciden-
tal Lewy body dementia [71], thus supporting the idea of a
centripetal distal-driven degeneration in the peripheral ner-
vous system in PD. This fits in the dying-back mechanism
of cell death suggested for synucleinopathies, in which cell
body damage occurs following synaptic dysfunction in a
retrograde axonal degeneration [72,73]. Interestingly, the
impairment of the synaptic compartment in peripheral tis-
sues from PD patients was linked to synuclein oligomers in
skin biopsies by Mazzetti and colleagues [74]. The authors
managed to evaluate the synaptic density, described as the
ratio between the area of synaptic terminals and the total
area of the targeted structure, recalling the procedure used
for the assessment of denervation in PD samples [75]. By
highlighting the synaptic compartment with synaptophysin,
a reduced synaptic density was reported in 26% of PD pa-
tients, whereas only 3% of consecutive controls presented
this feature, thus indicating an increased degeneration of pe-
ripheral synapses.

Additionally, in vivo non-invasive imaging tech-
niques, such as '23I-meta-iodobenzylguanidine (MIBG)
scintigraphy, and '®F-dopamine positron emission tomog-
raphy (PET), allowed to visualize and quantify the extent
of denervation and the loss of nerve terminals in patients
affected by synucleinopathies [76]. The use of different
radiotracers analogous to the endogenous norepinephrine
and dopamine respectively, reveals the in vivo extent and
distribution of these neurotransmitters by substituting them
at the post-ganglionic synapses of the sympathetic nervous
system [63,71]. Denervation and significant reduction of
heart-to-mediastinum ratios were observed in PD patients
with orthostatic hypotension compared to healthy controls
[77,78]. Reduced levels of MIBG uptake were seen in
PD patients with REM sleep behavior disorder [79] and in
most patients with idiopathic REM sleep behavior disorder,
which very frequently degenerates in PD or Lewy body de-
mentia [80], showed a significant lower cardiac MIBG up-
take, similar to the levels found patients [81].

Since synaptic dysfunction was reported to precede
neuronal death in patients, the impairment caused by alpha-
synuclein aggregation in the synaptic compartment may as-
sume a pivotal role in determining the onset of PD in the pe-
ripheral nervous system (PNS) and ultimately in the CNS.
Together with the emerging evidence of synaptic dysfunc-
tion in human tissues, peripheral synapses might be consid-
ered as putative initiators or supporters of alpha-synuclein
aggregation in the early stages of the pathology.

4. Mitochondrial Dysfunction

Impaired mitochondrial functioning has been associ-
ated with several disorders such as cancer and diabetes type-
11, but also ageing and neurodegenerative diseases, includ-
ing PD [82]. Multiple groups have reported the presence of
alpha-synuclein in mitochondria [83—85], and, more specif-
ically, localized at the mitochondria-associated endoplas-
mic reticulum membranes (MAM), a distinct domain of the
endoplasmic reticulum [86] (Fig. 2A).

The first evidence of a link between mitochondrial
dysfunction and PD came from an observation in young
drug addicts who developed parkinsonism after acciden-
tally injecting themselves with 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) [87]. Its toxic metabolite
MPP™ is shown to inhibit complex-I of the mitochondrial
respiratory chain. The reduction of complex-I activity leads
to decreased energy production and increased oxidative
stress, which eventually causes cell death. Several years
later, mitochondrial complex-I deficiency was reported in
the substantia nigra pars compacta (SNpc) of post-mortem
brains from PD patients [88]. More recently, it has been
shown that decreased complex-I activity is not limited to
the SNpc but occurs throughout the brain of individuals
with PD [89]. Increased oxidative stress, as a result of in-
creased reactive oxygen species (ROS), is thought to play
a critical role in the dopaminergic neuronal loss of patients
with PD. Post-mortem studies reported elevated levels of
oxidized lipids, proteins, and DNA oxidation products in
SN neurons from PD patients in comparison with con-
trols [90-93]. Further evidence for mitochondria-driven PD
pathogenesis comes from genome-wide association studies
in familial events of the pathology, that identified muta-
tions in mitochondria-related genes including parkin, DJ-
1, and PINK-1 [94,95]. Focusing on alpha-synuclein,
Guardia-Laguarta and colleagues [86] demonstrated that
alpha-synuclein point mutations A30P and AS53T affect
their localization with mitochondria-associated endoplas-
mic reticulum membranes (MAM), reduce MAM function-
ing, decrease ER-mitochondrial connectivity and increase
mitochondrial fragmentation in HeLa cells and in human
and mouse brain samples (Fig. 2B). Furthermore, the in-
duced expression of the familial alpha-synuclein mutant
AS53T in human fetal dopaminergic primary neurons causes
a significant reduction of mitochondrial complex I activ-
ity and increased production of ROS [96]. Interestingly,
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accumulation of wild-type alpha-synuclein in mitochondria
also resulted in a significantly, albeit at a slower rate than
that observed for mutant A53T, reduced complex I activity
and an increased ROS production. Alpha-synuclein did not
induce any significant disruption of other complexes, sug-
gesting its preferential interaction with mitochondrial com-
plex 1. Moreover, increased levels of cholesterol metabo-
lites derived from ROS have been reported in cortices from
patients with Lewy Body dementia, and importantly, they
demonstrated that this increase in metabolites accelerates
alpha-synuclein aggregation [90].

Mitochondrial dysfunction in PD is not only reported
in the CNS but has also been shown and widely investi-
gated in the periphery (Fig. 2B). A reduced activity of the
respiratory chain’s complexes has been unraveled in multi-
ple cell types from PD patients, including platelets, fibrob-
lasts, lymphocytes and myocytes, suggesting a widespread
reduction of mitochondrial activity in PD [97-99]. Chen
and colleagues [100] revealed increased oxidative stress
and elevated levels of leukocyte 8-hydroxydeoxyguanosine
(8-OHdG) and malondialdehyde in blood plasma derived
from PD patients. Likewise, Baumuratov and colleagues
[101] reported aberrant mitochondrial morphology in colon
biopsies from PD patients, reporting that colon ganglia from
patients contained significantly more mitochondria per gan-
glion and exhibited a higher total mitochondrial mass com-
pared to controls. Interestingly, expression of recombinant
wild-type alpha-synuclein has also been shown to cause im-
paired mitochondrial complex I activity in human foetal en-
teric neurons [102].

Recently, morphometric mitochondrial changes have
been demonstrated also in skin fibroblasts from individuals
with idiopathic PD [103] together with an impaired mito-
chondrial membrane potential. Finally, the effect of alpha-
synuclein mutations on mitochondrial dysfunction has also
been investigated in human fibroblasts derived from a pa-
tient with parkinsonism carrying a triplication in the alpha-
synuclein gene, which revealed a reduced complex I activ-
ity, decreased ATP production and a reduction in the mito-
chondrial membrane potential compared to controls [104].

In conclusion, these studies provide substantial evi-
dence that mitochondrial dysfunctions are features of PD
both in the CNS and in a broad range of different pe-
ripheral samples, including skeletal muscle, lymphocytes,
platelets, blood plasma, skin fibroblasts and colon ganglia.
This makes peripheral samples, naturally easily-accessible
and less-invasive, a reliable option for the investigation of
mitochondria- related dysfunctions in PD, considering that
further research needs to be conducted into the role of alpha-
synuclein in the physiology and pathology of mitochondria.

5. Autophagy and Protein Clearance

The main cellular mechanisms responsible for the
degradation of large, long-lived proteins and cytoplasmic
organelles, and, particularly, those that are toxic or dam-
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aged, are the ubiquitin-proteasome pathway (UPP) and au-
tophagy [105,106].

The impairment of both UPP and the autophagy ma-
chinery has been associated with the pathogenesis of neu-
rodegenerative diseases, including PD [107]. Under phys-
iological conditions, alpha-synuclein can be degraded via
UPP in which it is tagged with ubiquitin molecules and
transferred to the proteosome complex for ATP dependent
degradation [106] as well as via the autophagic pathways
(Fig. 2A) [108]. UPP failure has been reported in PD
patients. In fact, in post-mortem human brains signifi-
cantly decreased chymotrypsin-like and trypsin-like protea-
some activity in the substantia nigra of PD patients com-
pared to controls has been reported, together with a re-
duction in proteasome subunit levels. The observation
that alpha-synuclein staining was more sensitive and spe-
cific than ubiquitin, indicates that alpha-synuclein aggrega-
tion precedes ubiquitination, that in turn promotes degra-
dation by proteasome [8]. Proteasome dysfunction to-
gether with alpha-synuclein aggregates induce the involve-
ment of both macroautophagy (Fig. 2A) and chaperone-
mediated autophagy [109]. Previous studies have demon-
strated that intracellular degradation of alpha-synuclein via
the macroautophagic pathway is modulated, at least partly,
by the autophagic regulator protein Beclin-1 [110,111].
For chaperone-mediated autophagy, the alpha-synuclein
KFERQ domain is recognized by hsp70, interacts with
LAMP2A, and is subsequently degraded in the lysosome
by proteases [111]. In 1997, Anglade and colleagues [112]
already described autophagic alterations in PD, reporting an
accumulation of autophagic vacuoles in nigral dopaminer-
gic cells from post-mortem PD patients. Since then, grow-
ing evidence from pathological studies suggests that au-
tophagy is dysregulated in PD. Key proteins, Beclin-1 and
LC3II, involved in the formation and recognition of au-
tophagosomes, respectively, are found to be increased in the
substantia nigra of PD patients [113] and in brain samples
from patients with Lewy body dementia [114]. Addition-
ally, disrupted autophagosomes and endolysosomes have
recently been found within Lewy bodies, thus suggesting
the involvement of autophagic mechanisms in the formation
of intracellular inclusions [115]. In contrast, proteins in-
volved in chaperone-mediated autophagy, including chap-
erone Hsc70 and LAMP2A, are reduced in several brain
areas of individuals diagnosed with PD [116,117], suggest-
ing that autophagy pathways are defective in PD brains.
Substantial evidence has shown a link between autophagy
and alpha-synuclein toxicity in synucleinopathies, includ-
ing PD, Lewy bodies dementia, and multiple system atro-
phy [108]. First of all, LC3 is shown to co-localize with
alpha-synuclein in Lewy Bodies and Lewy neurites in the
substantia nigra of PD patients [116], and with Lewy bod-
ies in the hippocampus [118] and temporal cortex [119]
of people with Lewy body dementia. Co-localization of
LC3 with phosphorylated variants of alpha-synuclein has
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Fig. 3. Proposed pathways for alpha-synuclein dissemination from gut to brain. (A) The inflammatory environment in gastrointesti-

nal regions, probably triggered by external stimuli and sustained by dysbiosis (1), increases alpha-synuclein expression and misfolding,

leading to the formation of small alpha-synuclein aggregates (oligomers, 2). Misfolded and oligomeric synuclein species activate the

peripheral immune response by recruiting immune cells (mostly monocytes and neutrophils, 3), which are primed by the inflammatory

environment. The immune cells uptake alpha-synuclein and, in turn, further promote inflammation and protein misfolding and aggrega-

tion. The increased intestinal permeability allows immune cells to migrate through the vagus nerve (4) directly towards the dorsal motor

nucleus of vagus in the brainstem, from where it starts to spread in the brain. (B) At the same time, chronic local inflammation promotes

a systemic inflammatory status that can affect permeability of the blood brain barrier, allowing alpha-synuclein to be transported to the

brain (1). There, alpha-synuclein fosters the formation of bigger aggregates (2), resulting in the neuropathological lesions hallmark of

synucleinopathies, and it triggers microglial activation (3) that perpetuates neuroinflammation.

been observed in glial cytoplasmic inclusions in patients af-
fected by multiple system atrophy [120]. Moreover, histone
deacetylase-6 (HDACO6), involved in the transport of mis-
folded proteins to the aggresome, also localizes with alpha-
synuclein in Lewy bodies from PD and Lewy body demen-
tia patients and in Papp Lantos bodies in multiple system
atrophy [121,122]. Together, these findings suggest an im-
paired clearance of autophagosomes in synucleinopathies.
Notably, in neuronal cultures, wild-type alpha-synuclein
can be degraded by autophagy [123—125], whereas mutated
or structurally-changed variants impact on the degrada-
tion pathways, blocking the chaperone-mediated autophagy
pathway, thereby, affecting protein degradation [123]. In-
terestingly, the blockage of chaperone-mediated autophagy
by mutant A53T increases the activation of macroau-
tophagy, although this compensatory result appears to have

a negative effect causing neuronal cell death [124]. Fur-
thermore, the inhibition of chaperone-mediated autophagy
by 3-Methyladenine induces the formation of high molecule
weight or detergent-insoluble oligomeric species of alpha-
synuclein [125], thus suggesting that proper chaperone-
mediated autophagy is important for the prevention and
degradation of alpha-synuclein variants. Likewise, the
failure of the autophagic machinery in clearing misfolded
and/or aggregated alpha-synuclein has been proposed as
a key mechanism in the formation of Lewy bodies [126].
More controversial results have been published concern-
ing the pharmacological inhibition of macroautophagy. A
study in PC12 cells demonstrated an expected increase in
wild-type alpha-synuclein after inhibiting macroautophagy
with 3-Methyladenine, whereas others reported that 3-
Methyladenine macroautophagy inhibition results in a sig-
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nificant increase of mutant A53T but not wild-type alpha-
synuclein [127]. Furthermore, pharmacological stimula-
tion of macroautophagy, using rapamycin, significantly in-
creases the clearance of wild-type, A30P, and A53T alpha-
synuclein. Together, these somewhat controversial results
suggest that macroautophagy is involved in the degradation
of both wild-type and mutated variants of alpha-synuclein.
A more recent study proved that the accumulation of alpha-
synuclein also led to increased damage to the integrity of
lysosomal membranes, and that a mutation of the pore-
forming lysosomal protein TMEM175 is associated with an
increased loss of dopaminergic neurons and an increased
formation of alpha-synuclein pathological variants [128].
As regards studies on human-derived cells, few data are
available regarding peripheral aspects of UPP impairment.
In blood mononuclear cells (PBMCs) and blood lympho-
cytes collected from PD patients a reduced activity of the
20S proteasome subunit was observed, with an inverse cor-
relation with disease duration and severity, with no differ-
ences in ubiquitin levels [129].

Prigione and colleagues [130] identified the induc-
tion of the macroautophagy response in PBMCs of PD pa-
tients compared to controls. Moreover, in line with results
from the CNS, studies reported elevated levels of LC3II,
and reduced levels of Hsc70 and LAMP2A in PBMCs
obtained from individuals with PD [131-134], suggest-
ing a potential dysregulation of autophagy also in the pe-
riphery of PD patients (Fig. 2B). Furthermore, a whole-
transcriptome assay revealed mRNA downregulation of 6
regulators involved in the formation of the autophagosome
(i.e., ULK3, ATG2A, ATG4B, ATG5, ATG16L1, HDAC6),
whereas protein levels of upstream autophagy markers (i.e.,
ULKI, Beclin-1, autophagy/beclin-1 regulator 1) were el-
evated in PD-derived PBMCs [135]. The levels of some
autophagy-related proteins were significantly correlated
with mutant alpha-synuclein, but, even more importantly,
all autophagy-related proteins demonstrated a strong cor-
relation with oligomeric alpha-synuclein. This suggests
that alpha-synuclein, and, in particular, the oligomeric vari-
ants, may influence the macroautophagic pathway. Be-
sides PBMCs, one study investigated the role of macroau-
tophagy on PD in skin fibroblasts from patients with late-
onset PD [136]. They displayed a striking increase of au-
tophagosomes and autolysosomes in PD fibroblasts com-
pared to healthy controls. Interestingly, pharmacological
blockage of macroautophagy resulted in an even greater
autophagic flux, with a widespread collection of macroau-
tophagic structures.

Supporting the hypothesis that clearance mechanisms
are key players in the etiopathogenesis of the disease, some
familial forms of PD can be ascribed to mutations in genes
involved in the autophagic machinery. Mutations in the
LRKK?2 gene are known to be the most common cause of
dominant familial PD (2% of sporadic PD events) [137],
affecting the autophagic pathway [138] and increasing the
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propensity to accumulate alpha-synuclein [139]. Ho and
colleagues [140] demonstrated that the LRRK2 R1441G
mutation in mouse embryonic fibroblasts induces more per-
inuclear clustering of lysosomes, whose redistribution indi-
cates impaired degradation of aberrant proteins. Similarly,
the same redistribution was also observed in aged LRRK2
R1441G knock-in mouse brain. Furthermore, the rate of
cellular clearance of alpha-synuclein using the photoacti-
vatable fluorescence-based cell assay in knock-in mouse
embryonic fibroblasts was significantly lower than the wild
type one [140].

According to genome wide association studies, muta-
tions in the GBAI gene, encoding for glucocerebrosidase,
are the most common genetic risk factor for PD. This mu-
tation is causative for Gaucher disease, a lysosomal storage
disorder [141], and a decreased enzyme activity has been
reported in PD patients with or without GBA/ mutations
[142]. Emerging experimental evidence both in the cen-
tral and peripheral nervous systems suggests a correlation
between this decreased activity and alpha-synuclein accu-
mulation [143—145]. In particular, the L444P mutation re-
sulted in the exacerbation of both motor and gastrointestinal
deficits found in the A53T mouse model of Parkinson’s dis-
ease [145].

In conclusion, these studies suggest that the impair-
ment of the autophagy machinery, characterising PD af-
fected brains is also present at the peripheral level.

6. Inflammatory Processes

A neuroinflammatory environment is a common fea-
ture shared by neurodegenerative diseases, including PD.
Indeed, mutations in immune system-related genes, namely
LRRK2, DJ-1 and HLA-DR, are known to be responsible
for familial forms of PD [146]. Initial signs of neuroin-
flammation found in brains affected by synuclein-related
pathologies include an extensive activation of microglial
cells and a high density of astrocytes, as well as the infiltra-
tion of blood-derived mononuclear phagocytes and T lym-
phocytes. In addition, a significant increase in levels of pro-
inflammatory cytokines (e.g., IL-1, IL-6 and TNF) has been
described in the brain and CSF of PD patients [ 147,148]. In
support of this, the use of non-steroidal anti-inflammatory
drugs (NSAIDs) has been associated with a decreased risk
of developing PD, despite the fact they are inefficient in
the treatment of the late stages of the disease, thus suggest-
ing an early involvement of neuroinflammatory processes
in its pathogenesis [149]. However, the topic is controver-
sial and neither epidemiological studies nor meta-analyses
have demonstrated that NSAIDs decrease the risk of PD or
modify disease progression [150].

Universal consensus as to the actual contribution of in-
flammation to neurodegeneration is still lacking, and it re-
mains unclear whether alpha-synuclein pathology is a cause
or consequence of a neuroinflammatory environment. In-
deed, microglia activation is reported to be triggered by
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Fig. 4. Schematic summary of peripheral tissues linked to each
pathological pathway involved in PD. Overview of the five dif-
ferent pathological pathways discussed in this review, including
microtubule dysfunction, synaptic dysfunction, autophagy, mito-
chondrial dysfunction and neuroinflammation. Each pathological
pathway shows a schematic representation of all peripheral tissues
investigated for that particular pathway to date.

misfolded, nitrated and aggregated alpha-synuclein, while
inflammatory processes are known to elicit an oxidative en-
vironment that can, in turn, enhance protein misfolding, ag-
gregation and cell death [151]. Studies in vitro and in an-
imal models suggest that the extracellular aggregated and
misfolded alpha-synuclein is recognized by microglial Toll-
Like receptors, triggering protein uptake, microglial activa-
tion and inflammatory response prior to neuronal loss [152].

Intriguingly, an unexpected relationship seems to ex-
ist between peripheric inflammation and neurodegenera-
tive diseases. In particular, there is a noteworthy over-
lap between genetic variants linked to PD and gut disor-
ders and, likewise, inflammatory processes of the gastroin-
testinal tract have been reported to increase the risk of PD
[153]. In addition, dysbiosis of gastrointestinal microbiota
has been described in synucleinopathies as well as in sev-
eral CNS disorders, and linked to the inflammatory environ-
ment observed in disease [154—156]. Similarly, population
studies have shown that PD patients exhibit an increased
prevalence of dermatological inflammatory disorders asso-
ciated with bacterial colonization [157,158]. However, no
studies have questioned the correlation between skin mi-
crobiota and neurodegenerative diseases, and the few in-
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vestigations into other vulnerable sites like oral and nasal
mucosa showed no significant association [159]. On the
contrary, a study on wild type mice reports that intraperi-
toneal injection of bacterial lipopolysaccharides (LPS) to-
gether with alpha-synuclein strains results in leukocytes in-
filtration and increased microglial population at the central
level [160]. In the model proposed by the authors, LPS-
activated inflammatory monocytes could internalize alpha-
synuclein and move to the brain promoting its propagation
at the central level. Similar indications arose from studies
in synuclein-overexpressing mouse models. Sampson and
colleagues [161] described an enhanced neuroinflammation
as well as worsened motor deficits and increased synuclein
pathology in mice colonized with microbiota derived from
PD patients. In addition, in a study by Kishimoto and col-
leagues [162], mild gut inflammation is reported to reduce
the age of PD onset and increase motor deficits and inflam-
mation markers in mouse brain. At the same time, both
synuclein and phospho-synuclein immunoreactivity are in-
creased in the brain and gut, while a selective decrease in
the neuronal dopaminergic population has been found in the
substantia nigra. Consistently, alpha-synuclein pathology
has been proven to spread from the gut to brain through the
vagal nerve and reach the dorsal motor nucleus of the vagus
[163] and, at the same time, LPS-mediated inflammation
seems to enhance blood-brain barrier permeability, facili-
tating alpha-synuclein transit towards the brain [164]. The
putative involvement of peripheral inflammation in neu-
rodegenerative disease has been investigated also in liv-
ing patients. Devos and colleagues [165] collected ascend-
ing colon biopsies from PD patients and age/sex matched
healthy controls, who were tested for inflammatory status
and alpha-synuclein deposition. The authors reported a sig-
nificant increase in mRNA levels of pro-inflammatory cy-
tokines (TNF-alpha, IL-6 and IL-1-beta) and a greater ex-
tent of glial markers, glial fibrillar acid protein and sox-
10 in PD samples. Furthermore, two-thirds of the biop-
sies from PD patients resulted positive for phospho-alpha-
synuclein immunostaining. Interestingly, levels of mRNAs
displayed a negative correlation with disease duration and
no correlation with disease severity (evaluated using the
UPDRS scale) or enteric synuclein pathology, thus sug-
gesting that inflammatory processes are involved predomi-
nantly in the early phases of PD and that the gastrointestinal
tract might be the priming site of disease onset. An inter-
esting study by Stolzenberg and colleagues [166] investi-
gated the relationship between alpha-synuclein and gut in-
flammation in a pediatric cohort of 42 children with upper
gastrointestinal pathologies (i.e., duodenitis, gastritis, He-
licobacter pylori, reactive gastropathy) with no CNS dis-
ease. They evaluated by immunohistochemistry the extent
of synuclein pathology and inflammatory status in endo-
scopic biopsies. Interestingly, the severity of inflamma-
tion, rated as neutrophil and mononuclear leukocyte den-
sity, was found to correlate with the enteric alpha-synuclein
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burden and, in addition, both monomeric and aggregated
species of alpha-synuclein were proven to be chemotactic
towards neutrophils and monocytes and to promote den-
dritic cell maturation. In support of their data, the authors
reported that biopsies collected before the onset of infec-
tions were devoid of synuclein deposits and that follow-up
in patients with acute and non-chronic infection showed a
decreased gastrointestinal alpha-synuclein. The association
between peripheral inflammation and neurodegeneration
was directly tested in a noteworthy study by Moghaddam
and colleagues [167], who investigated a cohort 388 drug-
naive PD patients and 148 controls. The authors assessed
nigrostriatal dysfunction by DAT Single Photon Emission
Computed Tomography (SPECT) imaging and evaluated
the inflammatory status, rated as neutrophil to lymphocyte
ratio, in patients’ blood samples. As expected, the inflam-
matory status was significantly higher in PD subjects com-
pared to controls and, intriguingly, it was negatively cor-
related with the severity of nigrostriatal dysfunction. This
is coherent with the observation that PD progression is re-
ported to not follow a linear model, and striatal neurons
depletion is faster in the early stages of the disease, while
a way slower progression is observed in advanced stages
[168]. Taken together these results endorse the hypothesis
that an inflammatory environment is required in the initial
phase of neurodegenerative diseases. Alpha-synuclein, in
turn, could act as a mediator for immune cell recruitment
and trigger an enhanced inflammatory response, both in the
periphery and in the CNS, through microglial activation.
In addition, the finding of blood-derived leukocytes in af-
fected brain suggests an increased blood brain barrier per-
meability which increases the transport of misfolded and
aggregated alpha-synuclein towards the brain. These path-
ways, summarized in Fig. 3, can potentially act together
in the neurodegenerative process in a non-exclusive fash-
ion, resulting in a systemic inflammatory state and alpha-
synuclein deposition both in the periphery and in the CNS.

7. Discussion and Conclusions

Perceiving PD as a pathology confined to the CNS is
now an outdated picture. The non-motor symptoms include
several autonomic, non-dopaminergic manifestation affect-
ing multiple body districts and, interestingly, these symp-
toms characterize the prodromal phase of the pathology and
can be discrete predictors for the development of clinical
PD. This evidence endorses the hypothesis that the pathol-
ogy can even start at the periphery, likely through suscep-
tible sites and with a multifactorial etiology that embod-
ies genetic predisposition and environmental factors [169].
The neuropathological staging proposed by Braak and col-
leagues seems to confirm this hypothesis, on the grounds
that the first brain areas affected by Lewy pathology are the
dorsal motor nucleus of vagus and olfactory bulb, both re-
ceiving afferences from the peripheral nervous system and
associated with body regions acting as an interface with
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the outside and so more susceptible to environmental trig-
gers (namely the gastrointestinal tract and olfactory mu-
cosa). According to this hypothesis, alpha-synuclein aggre-
gates enter the brain simultaneously via two routes: nasal,
with a progression to the amydgala, and gastric, with ret-
rograde diffusion to the dorsal motor nucleus. Recently, it
has been suggested that rather than this “dual-hit” scenario,
the “single-hit olfactory bulb (OB)/brain or autonomic” hy-
pothesis is taking place [170]. The dual-hit hypothesis is
supported by the fact that constipation, REM sleep behav-
ior disorder (RBD), and hyposmia prior to diagnosis are
present in the prodromal phase. However, clinical obser-
vation of this phase could be more complicated, as consti-
pation is manifested in fewer than half of PD patients in
the early stage, RBD affects approximately only a third,
and hyposmia around 70% before diagnosis. These data
suggest that not all patients fit into the dual-hit hypoth-
esis, including a clinical “OB/brain-first” or “body first”
subtype. This is also supported by a very recent analysis
of two datasets (Vanta and Tokyo) in which it is emerged
that alpha-synuclein pathology in the enteric nervous sys-
tem or lower brainstem very rarely present OB pathology,
while patients with mild amygdala-prevalence nearly al-
ways present OB pathology.

On this basis, looking at the processes that occur at
the periphery may represent an easily-accessible window
to look at what is occurring in CNS. In this review, we
have provided a comprehensive report of the pathological
mechanisms described in extra-brain districts, ranging from
molecular to systemic levels (Fig. 4).

Many of the studies performed on peripheral samples
collected from patients involved blood mononuclear cells
and skin fibroblasts that have proven to be easily-accessible
models. They revealed impaired microtubular and mito-
chondrial physiology, as well as a defective autophagic ma-
chinery at the periphery in PD. However, the relevance
of these data is limited, as the models lack the organiza-
tional complexity of a tissue and, in addition, the intracellu-
lar high specialization of a neuron, where the microtubule-
mediated connection between synapses and soma is com-
plex and highly regulated. Despite the lack of molecular
insights, the collection of body fluids and tissue biopsies
from skin and gut could be useful and provide an overview
of the systemic modifications occurring in the periphery in
the pathological environment of PD, as demonstrated for
the increased inflammatory state and a progressive loss of
synaptic terminals. Therefore, this paper wants to draw at-
tention to the importance of the periphery as a field of in-
vestigation into CNS diseases, aiming to study the mecha-
nistic features of the pathology. Each of the reported pro-
cesses could potentially trigger PD, as suggested by familial
forms of the pathology, and it may impact reciprocally on
the others due to the close interconnection between these
processes. To conclude, we emphasize how the peripheral
aspects of PD warrant further studies as they may become
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a reliable predictive element as well as an accessible target
for disease modifying agents, especially in light of a possi-
ble peripheral onset.

The pathological mechanisms we have discussed in
this review are potentially linked to each other. The dy-
ing back neurodegeneration that starts from the synapses
could be fostered by microtubule dysfunction, inducing mi-
tochondrial impairment and autophagic failure as a conse-
quence of the defective transport towards the cell body.
This degeneration then elicits inflammation, especially
through microglia activation. Additionally, all these patho-
logical processes may have a mutual impact on the oth-
ers, since synaptic functioning could be impaired firstly
by autophagy or mitochondrial mutations, such as Parkin,
LRRK2, GBA and TMEM]175 mutations, known to be fac-
tors for PD, which increase during aging. Lastly, the pivotal
emerging role of the microtubule system, as suggested by
MAPT mutations, definitely warrants more in depth investi-
gation, since it connects the synapses and the cell bodies and
could play an additional pivotal role both in axonal trans-
port and synaptic activity. Notably, the peripheral aspects
of PD are undoubtedly worthy of further studies as they may
represent the onset of CNS pathology and, if this were to be
proven, they could become reliable predictors PD develop-
ment as well as an accessible target for disease modifying
agents.
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