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Parkinson’s disease (PD) is the second most common neurodegenerative disorder of
the elderly, presenting primarily with symptoms of motor impairment. The disease is
diagnosed most commonly by clinical examination with a great degree of accuracy
in specialized centers. However, in some cases, non-classical presentations occur
when it may be difficult to distinguish the disease from other types of degenerative
or non-degenerative movement disorders with overlapping symptoms. The diagnostic
difficulty may also arise in patients at the early stage of PD. Thus, a biomarker could
help clinicians circumvent such problems and help them monitor the improvement in
disease pathology during anti-parkinsonian drug trials. This review first provides a brief
overview of PD, emphasizing, in the process, the important role of α-synuclein in the
pathogenesis of the disease. Various attempts made by the researchers to develop
imaging, genetic, and various biochemical biomarkers for PD are then briefly reviewed
to point out the absence of a definitive biomarker for this disorder. In view of the
overwhelming importance of α-synuclein in the pathogenesis, a detailed analysis is
then made of various studies to establish the biomarker potential of this protein in PD;
these studies measured total α-synuclein, oligomeric, and post-translationally modified
forms of α-synuclein in cerebrospinal fluid, blood (plasma, serum, erythrocytes, and
circulating neuron-specific extracellular vesicles) and saliva in combination with certain
other proteins. Multiple studies also examined the accumulation of α-synuclein in various
forms in PD in the neural elements in the gut, submandibular glands, skin, and the retina.
The measurements of the levels of certain forms of α-synuclein in some of these body
fluids or their components or peripheral tissues hold a significant promise in establishing
α-synuclein as a definitive biomarker for PD. However, many methodological issues
related to detection and quantification of α-synuclein have to be resolved, and larger
cross-sectional and follow-up studies with controls and patients of PD, parkinsonian
disorders, and non-parkinsonian movement disorders are to be undertaken.
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INTRODUCTION

Parkinson’s disease (PD) is a complex and progressive
neurodegenerative disorder that mainly affects the elderly
population and appears sporadically and in familial forms.
Familial type accounts for only 5–10% of PD patients,
while the vast majority of PD subjects suffer from the
sporadic form, which has a multi-factorial origin (Kalia
and Lang, 2015). The cardinal signs of PD are motor
impairments such as resting tremor, bradykinesia, muscular
rigidity, postural instability (Jankovic, 2008; Greenland
and Barker, 2018; Kouli et al., 2018). Flexed posture and
‘freezing’ are also characteristic of PD, and many secondary
motor symptoms occur during the disease (Jankovic,
2008). Non-motor symptoms like autonomic dysfunction,
anosmia, sleep disorders, hallucinations, depression, and
dementia also appear; some non-motor symptoms appear
even before the advent of the motor symptoms (Jankovic,
2008; Greenland and Barker, 2018). However, the term
‘parkinsonian disorders’ encompasses other diseases like
multiple system atrophy (MSA), progressive supranuclear palsy,
corticobasal degeneration, drug-induced parkinsonism, and
post-encephalitic parkinsonism, with similar or overlapping
clinical features as in PD (Dickson, 2012). The diagnosis
of PD is essentially clinical, but when the presentation is
not classical, PD may be confused with other parkinsonian
disorders or several other movement disorders. Thus, a
PD- specific biomarker would be useful for differential
diagnosis in cases of non-classical presentation. Further,
the motor symptoms of PD develop due to the dopaminergic
neuronal loss of substantia nigra of the mid-brain, and
there is already massive dopaminergic neurodegeneration
by the time the patient presents clinically to the physician.
A neuroprotective therapy initiated early would be an
ideal treatment option for PD, but a clinically useful
neuroprotective drug for PD is not available so far. Identifying
and validating a putative neuroprotective drug through
randomized controlled trials would be difficult unless PD can
be identified unequivocally at a very early stage. Therefore, a
conveniently detectable biomarker for early-stage diagnosis
of PD will serve a very important purpose for clinical
trials of neuroprotective compounds and early initiation of
neuroprotective therapy.

Although the term ‘biomarker’ is often used in a vast sense, we
will restrict the term in this review as a tool to aid in the diagnosis
of the disease or its prognostic evaluation. The biomarker for
PD is often categorized as genetic, imaging-based, or biochemical
biomarkers (Emamzadeh and Surguchov, 2018; He et al., 2018).
However, the genetic biomarker is especially useful for the
familial form of PD, which accounts for a small subset of PD
subjects usually presenting as early-onset cases with a positive
family history. For most other cases of late-onset sporadic PD,
an imaging-based or a biochemical biomarker would be the
ideal choice. In this review, we would present an overview
of epidemiology, diagnosis, pathogenesis, and pathology of the
disease and briefly discuss the genetic and other biomarkers
before going into a detailed analysis of α-synuclein as a candidate

biomarker for PD. Ideally, a biomarker should be related to the
pathogenesis of the disease, and α-synuclein meets this criterion
very aptly in the context of PD. However, for a disease like
PD affecting the basal ganglia and other discrete regions of the
brain primarily, the changes in the level of α-synuclein may be
manifested consistently only in cerebrospinal fluid (CSF), and
this may impede its use as a promising biomarker for PD. Thus,
it will be interesting to review the available studies measuring the
levels of α-synuclein in peripheral circulation or other accessible
body fluids in PD. Further, it will be essential to scrutinize the
existing literature for various limitations of different studies on
the biomarker potential of α -synuclein.

PD: AN OVERVIEW

Epidemiology
Parkinson’s disease is the second most common
neurodegenerative disease of the elderly population, whose
prevalence is 0.5 to 1% in the age group of 65–69 years, and it
gradually rises with the increasing age (Kouli et al., 2018). The
global burden of PD increased from 2.5 million in 1990 to 5.1 in
2016, which is variably distributed in different countries, and the
rise in PD population over time cannot be solely attributed to the
increase in the aged population in different countries during this
period (GBD 2016 Neurology Collaborators, 2018). Many studies
have reported variable prevalence of PD according to gender
and in different countries and age groups. A meta-analysis of
PD prevalence reported in 2014 that the prevalence increases
with age and is significantly higher in males in the age group
of 50 to 59 years (Pringsheim et al., 2014). This meta-analysis
further showed that in the age group of 70 to 79 years, a higher
prevalence of PD is noted in Europe, North America, and
Australia than in Asia. A detailed and recent meta-estimate of
PD prevalence collected from different sources in several regions
of North America found the prevalence of 572 per 1,00,000 above
the age of 45 years (Marras et al., 2018). This study analyzed
in detail the reasons for the variable prevalence of PD reported
in earlier studies. As observed in this study, the prevalence
was more in the males, increased with age, and showed some
regional variations. In a study based in Korea, age and gender
standardized prevalence of PD in 2015 was estimated to be 139.8
per 1,00,000 with females having a higher prevalence, and both
the incidence and prevalence of PD increased continuously
from 2010 to 2015 in this country (Park et al., 2019). In a
comparative analysis of different descriptive studies and meta-
analyses on the prevalence of PD in eastern and western nations,
Abbas et al. (2018) showed an increased prevalence with age,
male predominance, and interestingly a lower prevalence of
this disorder in the eastern nations. The differences in the
prevalence of PD in different countries could be related to
inappropriate sample selections, limitations of various data
collection methods and analyses, and different life expectancies
in different populations. Alternatively, this difference may arise
from the variances in genetic or environmental risk factors for
PD present in different populations.
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Diagnosis of PD
When PD presents with typical motor symptoms as described
above, the diagnosis of the disease can be made with a great
degree of certainty. The presence of autonomic dysfunction,
some sensory loss like anosmia, ageusia, sleep disorders,
unilateral onset and persistent asymmetry of symptoms, positive
response to dopaminergic therapy, and levodopa-induced
dyskinesia can strengthen the diagnosis (Jankovic, 2008;
Greenland and Barker, 2018; Marsili et al., 2018). In many
cases, the disease may be confused with other ‘parkinsonian
disorders,’ where a careful recording of history, e.g., exposure
to pesticides, encephalitis, certain antipsychotic drugs, or the
presence of certain exclusion criteria or brain imaging studies
may help to clinch the diagnosis. Since the confirmation of
PD can be established only by post-mortem histopathology,
many diagnostic criteria have been proposed by expert groups
(Jankovic, 2008; Marsili et al., 2018). The severity of symptoms,
associated disability, and the progress of the disease can be
assessed by using several rating scales. Hoehn and Yahr (H-Y)
scale was the oldest one which divides PD into several stages
based on the presence or absence of a battery of clinical symptoms
indicative of motor impairment and disability. Many other rating
scales have since been utilized to obtain a global estimate of
disease severity or specific aspects of the disease. The unified
Parkinson’s disease rating scale (UPDRS), later upgraded by
the expert group of Movement Disorder Society (MDS-UPDRS)
in 2008, takes into consideration of motor disability, motor
complications, activities of daily living, non-motor symptoms,
including changes in mood, behavior, and intellectual functions
(Martínez-Martín et al., 2015). Other global assessment methods
like the clinical impression of severity index for Parkinson’s
disease (CISI-PD), Parkinson’s disease composite scale (PDCS),
and several other forms of assessment of specific PD-related
symptoms are also in use (Martínez-Martín et al., 2015, 2016;
Pintér et al., 2019). The importance of these rating scales and
their correlation with each other are important areas of clinical
PD research (Martínez-Martín et al., 2016; Ayala et al., 2017;
Skorvanek et al., 2017).

The familial forms of PD often have an earlier onset and
sometimes an aggressive progression than sporadic forms. Still,
clinical features are very similar to that of sporadic type
in most cases. The differential diagnosis of PD includes not
only ‘parkinsonian disorders,’ but also several other disorders
like essential tremor, dystonic tremor, neurodegeneration with
brain iron accumulation (NBIA), Huntington’s disease, Wilson’s
disease, spinocerebellar ataxia, and idiopathic basal ganglia
calcification (Greenland and Barker, 2018).

Pathology and Pathogenesis
The post-mortem macroscopic examination of a PD brain shows
characteristically a loss of pigmented region in the substantia
nigra of the mid-brain, which microscopically corresponds to
a loss of neuromelanin-containing dopaminergic neurons of
pars compacta of substantia nigra (Hartmann, 2004; Dickson,
2012). The neuronal loss in the PD brain is not restricted
to substantia nigra only, but catecholaminergic as well as

non-catecholaminergic neurons in the dorsal motor nucleus
of the vagus, olfactory bulb, ventral tegmental region, locus
coeruleus, raphe nucleus, and nucleus basalis of Meynert, and
the neuronal loss is associated with reactive gliosis (Alexander,
2004; Hartmann, 2004; Dickson, 2012; Giguère et al., 2018).
Another characteristic feature of PD pathology is the presence
of eosinophilic inclusions (5–30 µ in diameter) in the soma of
the surviving neurons (Lewy bodies or LBs) which are visible
in routine histopathological staining (Hartmann, 2004; Dickson,
2012; Kouli et al., 2018). The LBs can be immunostained by using
antibodies against α-synuclein, and such immuno-staining for
α-synuclein also reveals the thread-like inclusion structures in
the neuronal processes called Lewy neurites (LNs) (Hartmann,
2004; Dickson, 2012; Kouli et al., 2018). Although α-synuclein
is the predominant protein in LBs and LNs, other proteins like
ubiquitin, neurofilament protein, ubiquitin-binding protein p62,
tubulin, and synphilin-1 also occur in such structures. Somewhat
pale staining structures with an ill-defined outline, immuno-
reactive to α-synuclein, which are presumably the early stages of
LBs, are also seen within neurons in substantia nigra as well as
other parts of the PD brain including cortex and amygdala (Braak
et al., 2004; Hartmann, 2004; Dickson, 2012; Kouli et al., 2018).
From extensive studies with post-mortem PD brains, Braak et al.
(2004) have proposed a Lewy-pathology-based staging (1 to 6)
of PD. According to their study, the disease begins (Stage 1and
2) in the anterior olfactory nucleus and dorsal vagal nuclei and
spreads predictably to reach the locus coeruleus in the pons,
substantia nigra, and other nuclei in the mid-brain and fore-
brain (Stage 3 and 4) and finally in the different neocortical
areas. However, other studies have contradicted this staging
and propagation of PD pathology (Dickson, 2012; Jellinger,
2019). One characteristic feature of PD pathology has been the
selective vulnerability of specific neurons to develop LBs and LNs
and subsequent death while sparing others in close anatomical
contact with degenerating neurons. Recent experimental studies
further suggest that α-synuclein pathology might begin in the
periphery, and the pathological form of the protein may be
transferred via the vagal nerve by retrograde transport from the
gut wall to the dorsal nucleus of the vagus in the brain, which
was originally hypothesized by Braak et al. (2004; Holmqvist
et al., 2014). The pathogenic mechanisms of PD have been
explored in post-mortem PD brains and experimental models,
including PD models in transgenic organisms, toxin-induced
neurodegeneration in cultured catecholaminergic cell lines, and
various toxin-based animal models of PD. Identifying genes
responsible for familial PD and examining the mechanisms of
actions of their protein products like α-synuclein, PARKIN,
PINK1, LRRK2, and DJ-1 in model systems have provided
important clues in understanding the PD pathogenesis both in
the familial and sporadic forms. Similarly, exposure to pesticides
like paraquat or other types of toxin like MPTP has been
implicated in the genesis of PD, resulting in the development
of several toxin-based animal models. In general, such studies
indicate that oxidative stress, mitochondrial dysfunction, metal
accumulation, proteinopathy, and inflammatory reactions are
some of the interdependent mechanisms that contribute to
neurodegeneration in PD (Jenner, 2003; Eriksen et al., 2005;
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Schapira, 2007; Dawson et al., 2010; Jackson-Lewis et al., 2012;
Gubellini and Kachidian, 2015; Wrangel et al., 2015; Ganguly
et al., 2017). The details of PD pathogenesis are not within
the purview of this review, and no coherent picture has so far
emerged to define the neurodegenerative processes in PD clearly.
However, it will not be out of place if we present a brief update of
important elements of PD pathogenesis before analyzing the role
of α-synucleinopathy in this process.

Mitochondrial Dysfunction in PD
Mitochondrial complex I inhibition in substantia nigra in post-
mortem PD brain was an early finding which was later reported
in platelets and skeletal muscles of PD patients (Schapira, 2007).
Toulorge et al. (2016) elegantly compiled a detailed catalog of
many mitochondrial bioenergetic deficits in post-mortem PD
brain reported in the literature. Other studies have indicated
altered mitochondrial biogenesis, mitochondrial fusion-fission
homeostasis, defective mitophagy in post-mortem PD brain,
PD transgenic animals, or toxin (rotenone, 6-hydroxydopamine,
and MPTP) induced models of PD in animals or cultured
cells of neural origin (Park et al., 2018; Jiang X. et al., 2019).
Peroxisome proliferator-activated receptor-gamma coactivator-
1 α (PGC-1α) coordinates the expression levels of many genes
needed for mitochondrial biogenesis and electron transport chain
activity. The expression of PGC-1α was reported to be decreased
in substantia nigra of PD patients, which could be partially
attributed to increased cytosine methylation at the promoter
region of the PGC-1α gene (Eschbach et al., 2015; Su et al.,
2015). PGC-1α regulated nuclear-genes encoding mitochondrial
proteins were also downregulated in substantia nigra of the
PD brain (Zheng et al., 2010). Familial PD-related genes like
PARKIN, PINK1, DJ1 encode proteins that regulate mitophagy
and multiple other mitochondrial functions. The mutations of
these genes in experimental genetic models of PD show many
mitochondrial anomalies (Gandhi et al., 2009; Irrcher et al., 2010;
Heeman et al., 2011; Thomas et al., 2011; Shaltouki et al., 2015;
Chung et al., 2016). In a recent study, Zilocchi et al. (2018)
reported altered mitochondrial morphology and decreased levels
of optic atrophy 1 or OPA1, a mitochondrial fusion protein, and
mitochondrial voltage-dependent anion channel (VDAC1 and
VDAC2) proteins in substantia nigra of PD brains as well as in
dopamine-induced neurodegeneration model in SH-SY5Y cells.
Recent investigations also identified various deletion mutations
and rearrangements of mtDNA with altered copy numbers in
nigral neurons of sporadic PD patients and experimental models
of PD, but their significance in PD pathogenesis could not be
established as yet (Martín-Jiménez et al., 2020). Altogether an
enormous body of data has been generated on mitochondrial
anomalies in clinical and experimental PD models, and these
have been linked to oxidative stress, neuroinflammation, calcium
dysregulation, and finally, neurodegeneration.

Oxidative Stress in PD
The accumulation of transition metals like iron and copper,
oxidative damage markers of phospholipids, proteins, and
DNA, depletion of reduced glutathione (GSH) and increased
activity of glutathione degradative enzyme, and elevated levels

of peroxiredoxins were reported in substantia nigra of post-
mortem PD brains (Jenner, 2003; Ayton and Lei, 2014; Toulorge
et al., 2016; Guo et al., 2018). The accumulation of iron in the
substantia nigra of PD patients was confirmed both in post-
mortem brain samples or by antemortem imaging techniques
(Ayton and Lei, 2014; Wang J. Y. et al., 2016). In post-
mortem PD brain and toxin-based and genetic models, the key
role of reactive oxygen species (ROS) and oxidative stress is
apparent in PD pathology (Wu et al., 2003; Varcin et al., 2012;
Sanders and Greenamyre, 2013). The accumulation of iron in
substantia nigra can lead to ROS generation, especially when
the iron is bound to proteins like α-synuclein. Apart from that,
the mitochondrial complex I inhibition and other bioenergetic
impairment, autoxidation or enzymatic oxidation of dopamine,
and activation of microglial NADPH oxidase are also responsible
for increased ROS formation in the PD brain (Jana et al., 2011;
Bisaglia et al., 2014; Ganguly et al., 2017; Puspita et al., 2017; Guo
et al., 2018). In turn, ROS can damage the mitochondrial DNA or
electron transport chain components, causing a further increase
in ROS production or interact with mitochondrial permeability
transition pore to release apoptogenic factors or with the
endoplasmic reticulum (ER) to cause Ca2+ dysregulation and ER
stress (Puspita et al., 2017; Guo et al., 2018). ROS have a complex
action on the proteasomal pathway of protein degradation, but
with a high level of oxidative stress inactivation of ubiquitinating
enzymes, 20S proteasomal catalytic and 19S regulatory units
occur (Pajares et al., 2015). Thus increase in ROS may lead to
intra-neuronal accumulation of proteins like α-synuclein, which
is cleared from the cell in a significant way by the proteasomal
pathway (Ebrahimi-Fakhari et al., 2011). In the context of
oxidative damage in PD, it is to be mentioned that dopamine
oxidation produces ROS as well as highly reactive quinones,
which can avidly form conjugates with proteins through thiol
residues inactivating their functions, and this process may have
important implication in PD pathogenesis (Bisaglia et al., 2014).

Inflammation in PD Pathogenesis
The inflammatory response is an essential feature of PD
pathogenesis, which has been validated by many published
reports over the last several decades. In the striata of post-
mortem PD brain, activated microglia, and elevated levels of pro-
inflammatory cytokines were demonstrated in multiple studies
(Stojkovska et al., 2015; Caggiu et al., 2019). Microglia are
primarily responsible for the inflammatory response in the brain.
In post-mortem PD brains, the increased number of microglial
cells exhibiting activation markers like HLA-DR, ICAM-1, CD
68, and CD23 were reported in multiple studies (Toulorge et al.,
2016; Caggiu et al., 2019). The activated microglia liberate a
variety of pro-inflammatory cytokines and chemokines. Several
studies reported elevated levels of TNF-α, IL1β, IL6, IFN-γ, TGF-
β, and others in the striatum, substantia nigra, and CSF from
post-mortem PD brains (Mogi et al., 1996; Nagatsu et al., 2000;
Toulorge et al., 2016; Caggiu et al., 2019; Pajares et al., 2020).
In conformity with these post-mortem findings, an upregulation
of pro-inflammatory cytokines was observed in the brain of 6-
hydroxydopamine or MPTP-based models of PD (Pajares et al.,
2020). Microglial ROS production through activation of NADPH
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oxidase is characteristic of the inflammatory response, which is
also enhanced in the substantia nigra of post-mortem PD brain as
well as in the brain of MPTP induced mice model of PD (Belarbi
et al., 2017). The activation of microglia in the brain occurs
through many triggers like aggregated α-synuclein, pesticides,
MPTP, bacterial lipopolysaccharide (LPS), and cytokines, which
have implications in dopaminergic neuronal death in PD as
observed in different experimental systems (Sanchez-Guajardo
et al., 2015; Caggiu et al., 2019; Lee et al., 2019; Zhao et al.,
2019). It is already established that elevated peripheral cytokines
can lead to the activation of brain microglia through neural
and humoral pathways (Dilger and Johnson, 2008). Thus, it
is interesting that a meta-analysis confirmed elevated levels of
circulating pro-inflammatory cytokines in sporadic PD, and this
may link systemic inflammatory and immune response to PD
pathogenesis (Qin et al., 2016). Apart from the central role of
microglia in brain inflammatory response, astrocytes have been
implicated recently in the latter process, but their importance
in PD pathogenesis is not clearly established (Toulorge et al.,
2016; Pajares et al., 2020). On the other hand, activated microglia
can affect the blood-brain barrier allowing the invasion of the
brain by peripheral monocytes and lymphocytes, which might
also contribute to the inflammatory response in the brain
(Pajares et al., 2020).

α-Synucleinopathy and PD Pathogenesis
The importance of α-synuclein in the pathogenesis of PD is
indicated by the fact that it is the most abundant protein
component of LBs and LNs. Moreover, point mutations (A53T,
A30P, E46K, G51D, and several others) and multiplications
(duplications or triplications) of the SNCA gene (coding for
α-synuclein) have been reported in individuals with familial
PD with autosomal dominance (Polymeropoulos et al., 1997;
Krüger et al., 1998; Zarranz et al., 2004; Klein and Westenberger,
2012; Kiely et al., 2013). This small acidic protein of 140
amino acids is expressed abundantly in the brain and located
at the presynaptic terminals where it is presumably involved
in the vesicular transport of neurotransmitters (Stefanis, 2012;
Lashuel et al., 2013). This intrinsically unfolded protein takes
up partially helical structures in contact with biomembranes
(Stefanis, 2012). Under certain conditions, α-synuclein attains
β-conformation and undergoes aggregation to form soluble
oligomers of various types and finally insoluble fibrils (Breydo
et al., 2012; Stefanis, 2012). α-Synuclein undergoes different post-
translational modifications such as phosphorylation, nitration,
acetylation, o-GlcNAcylation (N-acetylglucosamine attached
through serine hydroxyl groups), truncation, and ubiquitination,
and some of these may modify the aggregation, membrane-
binding, metal-binding, and other properties of this protein
(Oueslati, 2016; Zhang et al., 2019; He et al., 2021). Though α-
synuclein can undergo both serine and tyrosine phosphorylation
at multiple sites through different kinases, the phosphorylated α-
synuclein at serine 129 has been linked to toxicity in different
studies (Oueslati, 2016; Arawaka et al., 2017; Zhang et al., 2019).

Transgenic organisms (flies, worms, and mice) overexpressing
human wild-type or mutant human α-synuclein exhibit
dopaminergic neurodegeneration, LB pathology, and motor

deficits to varying extents (Breydo et al., 2012; Stefanis, 2012).
Accumulated evidence from a large number of experimental
studies clearly demonstrates that the administration of human α-
synuclein protein or lentivirus or recombinant adeno-associated
virus-carrying wild or mutant human α-synuclein gene in the
substantia nigra of rodents and monkeys can lead to progressive
neurodegeneration and motor deficits, and these studies have
been well-summarized in several reviews (Dehay and Fernagut,
2016; Ganguly et al., 2018). Likewise, catecholaminergic cell
lines manipulated genetically or pharmacologically in culture
to express high levels of wild or mutant α-synuclein undergo
degeneration under basal conditions or cellular stress (Zhu et al.,
2012; Ramalingam et al., 2019; Ganguly et al., 2020). The varied
mechanisms of α-synuclein toxicity altering mitochondrial
functions and endoplasmic reticulum (ER)-Golgi transport
or causing ER -stress and autophagic impairment in different
model systems are available in several reviews (Stefanis, 2012;
Lashuel et al., 2013; Ganguly et al., 2018; Fields et al., 2019).
Some of the recent studies have provided further insights
into α-synuclein toxicity in different model systems, which
could be important in the context of PD pathogenesis. For
example, mitochondria and ER remain tethered to each other
at certain zones through interactions of a mitochondrial outer
membrane protein and an integral protein of ER. Paillusson
et al. (2017) showed that over-expression of α-synuclein (wild
or mutated) disrupted the interactions of mitochondria and
ER, leading to defective Ca2+ exchange between these two
compartments and decreased mitochondrial ATP production.
Similarly, Ganguly et al. (2020) suggested that accumulated
α-synuclein in SH-SY5Y cells exposed to iron interacted with
mitochondrial permeability transition pore components to cause
mitochondrial depolarization and loss of ATP production. This
study also showed how iron-dependent oxidative inactivation
of Parkin, an E3 ubiquitin ligase, could lead to intracellular
accumulation of α-synuclein presumably by preventing its
degradation in the proteasomal pathway. Consistent with this
idea, Chung et al. (2020) showed that a cell-permeable form of
Parkin could prevent the accumulation of α-synuclein aggregates
and fibrils when SH-SY5Y cells overexpressing α-synuclein
were exposed to a mitochondrial toxin like rotenone. This
study also demonstrated that cell-permeable Parkin could
remove damaged mitochondria by mitophagy and promote
mitochondrial biogenesis. The authors further confirmed the
findings in toxin-based animal models of PD (Chung et al.,
2020). In another study using Drosophila and mice models
of α-synucleinopathy, it was demonstrated that α-synuclein
interacted with cytoskeletal proteins spectrin and actin to cause
mitochondrial morphological and functional alterations through
mislocalization of a mitochondrial fission protein (Ordonez
et al., 2018). Ludtmann et al. (2018) using inducible pluripotent
stem cells (iPSC)-derived neurons with triplication of SNCA
gene showed that oligomeric α-synuclein through inhibition
of mitochondrial complex I activity caused oxidation of a
subunit of ATP synthase leading to the opening of mitochondrial
permeability transition pore with consequent mitochondrial
swelling and cell death. In a similar model of iPSC-derived
cortical neurons carrying triplicate SNCA gene, increased
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expressions (mRNA and protein) of ER stress and unfolded
protein response (UPR) markers could be observed (Heman-
Ackah et al., 2017). In a Drosophila model of α-synucleinopathy
and neurodegeneration, the expression of human α-synuclein
caused impairment of autophagolysosomal system leading to
an accumulation of autophagosomes and mitophagosomes, and
the process involved abnormal stabilization of actin filaments
(Sarkar et al., 2021). Likewise, in PC12 cells, the overexpression
of human wild-type or mutant α-synuclein prevented starvation-
induced autophagic vesicle formation with downregulation of
autophagic markers (Wang K. et al., 2016). This plethora of
studies identifying different potential mechanisms of α-synuclein
toxicity have significant implications in PD pathogenesis,
but so far, no consensus mechanism of α-synuclein mediated
neurodegeneration has emerged.

BIOMARKERS OF PD

Multiple studies have reported the usefulness of several
biochemical or imaging biomarkers in the differential diagnosis
of PD. However, no single biomarker is specific enough for
routine use in the diagnostic or prognostic evaluation in clinical
cases of PD. On the other hand, the genetic biomarkers are
mutations in defined genes or susceptibility loci that have been
useful only in establishing the familial nature of PD.

Imaging Biomarkers
Several imaging techniques such as magnetic resonance imaging
(MRI), transcranial sonography (TCS), single-photon emission
computed tomography (SPECT), and positron emission
tomography (PET) have been used to identify structural changes
in the substantia nigra. These techniques can estimate the levels of
dopamine transporter (DAT), vesicular monoamine transporter
(VMAT), post-synaptic dopamine receptors, aromatic amino
acid decarboxylase activity, abnormal accumulation of proteins
(α-synuclein, and tau) or iron in the mid-brain or other
areas. Such measurements have assisted in understanding the
pathogenesis of the disease or its progression or effects of
drugs on it (Niethammer et al., 2012; Wang L. et al., 2012).
However, the results from such studies are not unequivocal
to recommend any particular imaging biomarker for PD
diagnosis. High-resolution MRI can identify a unique cluster of
dopaminergic neurons in substantia nigra, called nigrosome-1,
and the ‘swallow-tail’ appearance of healthy nigrosome-1 is lost
in PD (Schwarz et al., 2014). It appears that though routine
structural MRI may not be of much use in the diagnosis of
PD, advanced MRI techniques such as diffusion imaging and
susceptibility-weighted imaging for iron-load could be useful
for supportive diagnosis of PD (Pyatigorskaya et al., 2014). The
efficacy of TCS in the diagnosis of PD has also been examined,
but in 196 consecutive cases of clinically unclear parkinsonism,
the diagnostic accuracy of TCS of substantia nigra in identifying
early cases of PD could not be established (Bouwmans et al.,
2013). The imaging of DAT with PET or SPECT scan has
again been suggested as only a piece of supportive evidence in
favor of PD diagnosis (Brooks, 2016). Nevertheless, 18F-labeled

L-6-fluoro-3,4-dihydroxyphenylalanine (18F-DOPA) PET-scan
could eventually become an important diagnostic tool for the
differential diagnosis of PD (Calabria et al., 2016). Further, an
18F-labeled 2-deoxy-2-fluoro-D-glucose (18F-FDG) PET scan
is being accepted as a good method for differential diagnosis
of PD from other parkinsonian disorders or risk assessment of
cognitive impairment in PD (Meyer et al., 2017).

Genetic Biomarkers
The familial nature of PD was first identified in some Italian
and Greek families where an autosomal dominant inheritance
of the disease was attributed to mutations in the SNCA gene
(coding for α-synuclein) present in the long arm of chromosome
4 (Nussbaum and Polymeropoulos, 1997; Polymeropoulos et al.,
1997). From that time onward, based on linkage analysis, exome
sequencing, and genome-wide association studies (GWAS),
nearly 28 chromosomal loci have been implicated in genetic
forms of PD, and 18 of them have been included in the
PARK family and named as PARK 1/4, PARK 2, PARK
3, PARK 5, PARK 6 and so on (Klein and Westenberger,
2012). Within these loci several genes have been identified in
which mutations can lead to monogenic forms of familial PD
with either autosomal dominant or recessive inheritance or
some complex disorders with parkinsonism as an associated
component; in such cases, the mutations by themselves are
sufficient for causing the disease (Lesage and Brice, 2009;
Klein and Westenberger, 2012). The other chromosomal loci
without identified genes may also cause familial PD, while some
other loci probably represent susceptibility or genetic risk for
developing PD (Pankratz and Foroud, 2007; Lesage and Brice,
2009; Klein and Westenberger, 2012). Among the monogenic
forms of PD, mutations in LRRK2 (PARK8) coding for leucine-
rich repeat kinase 2 protein and SNCA (PARK1/4) coding for
α-synuclein cause autosomal dominant PD; LRRK2 mutations
are responsible for a significant percentage of familial PD, but
SNCA mutations are rare (Pankratz and Foroud, 2007; Lesage
and Brice, 2009; Klein and Westenberger, 2012). However,
duplication or triplication of SNCA locus is also reported to
cause familial PD with an earlier onset of the disease seen in
those with triplication (Singleton et al., 2003; Book et al., 2018).
Mutations in PARKIN (PARK2) coding for an E3 ubiquitin ligase
enzyme called Parkin, and PINK1 (PARK6) coding for a protein
kinase called phosphatase and tensin homolog (PTEN)-induced
protein kinase 1 cause autosomal recessive disease accounting
for the majority of familial PD cases, while mutations in DJ-1
(PARK7) are seen in rare forms of familial PD with autosomal
recessive inheritance (Pankratz and Foroud, 2007; Klein and
Westenberger, 2012). As in PARK 1/4, PARK2, PARK7, some
of the gene mutations cause early-onset PD (sometimes even
juvenile-onset) with aggressive progress, while typical late-onset
PD with slow progress as in sporadic disease is caused by other
mutations in PARK8 (LRRK2), PARK13, and PARK17. Mutations
in PARK9 (ATP13A2) cause a complex phenotype with associated
parkinsonism (Klein and Westenberger, 2012). The inheritance
patterns of monogenic familial PD get complicated because
many mutations have incomplete or variable penetrance and
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expressivity, making it difficult to identify some family members
with the disease. In addition, a phenocopy may appear in the
family, which means a person with similar clinical features of the
disease caused by some unknown environmental factors or by a
different genetic mechanism (Klein and Westenberger, 2012).

It is also important to analyze how genes related to monogenic
familial PD can also be important in sporadic PD. Besides specific
mutations causing familial PD, in a given population, there are
other genetic variations (polymorphisms) within such genes,
their promoters, or in other sites in the gene loci, which may pose
as susceptibility or genetic risk factors in the genesis of sporadic
PD. The heterozygous carriers of autosomal recessive PD could
also be at a higher risk of developing sporadic PD (Lesage and
Brice, 2009; Klein and Westenberger, 2012; Mullin and Schapira,
2015). Such genetic variants or heterozygous mutations of SNCA,
LRRK2, PARKIN, PINK1, and GBP (coding for lysosomal β-
glucocerebrosidase) genes have been implicated in sporadic PD,
emphasizing the importance of gene-environment interactions in
this disease (West et al., 2002; Abou-Sleiman et al., 2006; Winkler
et al., 2007; Lesage and Brice, 2009; Ross et al., 2011; Mullin and
Schapira, 2015; Do et al., 2019). Further, the familial PD-related
genes and their protein products have helped us understand
the molecular mechanisms underlying PD pathogenesis, and
much experimental work is available to explain PD pathogenesis
through the involvement of α-synuclein, Parkin, PINK1, and DJ-
1. However, the identification of mutations related to monogenic
PD is beneficial clinically only in a small set of patients with
positive family history and early onset of the disease or presenting
with some complex phenotype in addition to parkinsonism.
The incomplete penetrance and expressivity of these mutations
and the fact that some PARK loci are just indicative of PD
susceptibility, genetic counseling, or routine genetic testing
of all persons having a positive family history of PD is not
recommended. As far as the vast majority of sporadic PD cases
are concerned, the identification of susceptibility variants or
heterozygous mutations of familial PD genes holds some promise
for the future development of a genetic biomarker for PD, but for
this, many large-scale statistically powered GWAS or other kinds
of analyses would be necessary.

Biochemical Biomarkers
The biochemical biomarkers for PD include a broad range of
molecules that have been analyzed in CSF, blood, or other
biological fluids. These include dopamine and its catabolites,
several other types of amine or amino acid neurotransmitters,
neuropeptides, oxidative damage markers, purine catabolite like
uric acid, inflammatory markers, neurotrophic factors like brain-
derived neurotrophic factor (BDNF), microRNAs, and several
proteins known to be associated with the pathogenesis of PD
and other neurodegenerative disorders, and all these have been
discussed elaborately in multiple reviews and meta-analyses
(Jiménez-Jiménez et al., 2014; Emamzadeh and Surguchov, 2018;
He et al., 2018; Wei et al., 2018; Jiang L. et al., 2019; Katayama
et al., 2020). To avoid repetition and because no clinically useful
blood or CSF biochemical biomarker specific for PD is still
available, we will only briefly discuss a few of these biomarkers.
Oxidative stress and inflammatory markers, are not specific for

PD and are usually altered in multiple other neurological diseases
where oxidative damage and inflammation are involved in the
disease pathogenesis. BDNF, a member of the neurotrophin
family, is an important regulator of neuronal differentiation,
proliferation, and survival, and in several experimental models of
PD, the neuroprotective role of BDNF was earlier demonstrated
(Palasz et al., 2020). However, the alterations in BDNF levels in
CSF and blood in PD patients as reported in multiple studies
are complex and inconsistent, and its biomarker potential in
this disorder is not established (Nagatsu et al., 2000; Salehi
and Mashayekhi, 2009; Ventriglia et al., 2013; Jiang L. et al.,
2019). The purine derivative and the potent antioxidant uric acid
(measured both in the serum and CSF) have been explored as a
candidate risk factor and a diagnostic and prognostic biomarker
for PD (Cipriani et al., 2010; Paganoni and Schwarzschild, 2017).
A meta-analysis of eligible studies on serum uric acid level as
a diagnostic biomarker has shown that PD is associated with a
low uric acid level in serum (Wen et al., 2017). Dopamine and
its catabolites like dihydroxy phenylacetic acid (DOPAC) and
homovanillic acid (HVA) in CSF have been analyzed for a long
time to assess the loss of central dopaminergic functions and to
correlate it with the motor impairment in PD. The CSF levels of
HVA and DOPAC were reported to be elevated in PD patients
at early stages, and the values increased further with the degree
of motor impairment (Stefani et al., 2017). In contrast, a recent
follow-up study showed that subjects with several PD-related risk
factors had a higher chance of being afflicted with the disease
if their baseline CSF levels of dopamine and DOPAC were low
(Goldstein et al., 2018). In another study, the CSF level of HVA
could not differentiate PD patients from the controls, but the
ratio of xanthine/HVA clearly separated the two groups (LeWitt
et al., 2011). However, many earlier studies reported a decline in
CSF HVA levels in PD, and these studies as well as the changes
in serotonin catabolites in PD have been well-reviewed elsewhere
(Jiménez-Jiménez et al., 2014).

Metabolomics has opened up new avenues of research
in biomarker identification for pathological conditions. In
this approach, instead of a hypothesis-driven targeted search
for a biochemical biomarker for disease, complete profiles
of the metabolites are compared between the control and
diseased subjects employing primarily a liquid chromatography-
mass spectrometry (LC-MS) based separation-detection system.
Multiple studies have adopted this approach using blood or
CSF to identify sets of molecules to distinguish PD from
control subjects. These metabolites are sugars, fatty acids, amino
acids, peptides or molecules related to phosphoglyceride and
sphingolipid metabolism, amino acid metabolism, mitochondrial
functions, energy metabolism, and glutathione metabolism
(Trupp et al., 2014; Wuolikainen et al., 2016; Stoessel et al.,
2018; Willkommen et al., 2018; Zhao et al., 2018). Although a
promising approach, a metabolomics-based search for a set of
definitive and clinically useful biomarkers for the diagnosis of PD
is yet to be achieved.

Identifying protein biomarkers of PD from familial PD gene
products, which could help in the diagnosis or prognostic
evaluation of the disease, forms an important area of PD research,
and in this context, we will focus our attention on α-synuclein.
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TABLE 1 | Biomarkers in Parkinson’s disease (PD).

Biomarker Techniques used Targets analysed Advantages Limitations

Imaging biomarkers Magnetic resonance imaging
(MRI), transcranial sonography
(TCS), single-photon emission
computed tomography
(SPECT), positron emission
tomography (PET)

Dopamine transporter (DAT), vesicular
monoamine transporter (VMAT),
post-synaptic dopamine receptors,
aromatic amino acid decarboxylase
activity, accumulation of proteins
(α-synuclein, tau), iron, etc.

Non-invasive. Good supportive
evidence for diagnosis.
18F-DOPA PET scan and
18F-FDG PET scan showing
great promise as diagnostic
tools.

No unique biomarker found yet.
Expensive and may not be
easily available.

Genetic biomarkers Linkage analysis Exome
sequencing Genome-wide
association studies (GWAS)

Mutations in genes and susceptibility
loci in chromosomes (PARK family)

Confirmation of genetic nature
of PD in patients with positive
family history or with an early
onset of the disease or having a
complex phenotype in addition
to PD.

Useful only for a small subset of
PD patients. Due to incomplete
penetrance and expressivity of
the mutations, the genetic
testing/counseling not
recommended routinely.

Biochemical markers HPLC, immuno-assays,
biochemical assays,
immuno-blotting,
immuno-histochemistry, LC-MS

Dopamine metabolites (DOPAC, HVA),
oxidative damage markers,
inflammatory markers, miscellaneous
markers (amino acid derivatives, uric
acid, BDNF, peptides, miRNAs)
Metabolomic profile, Protein markers
(α-synuclein, LRRK2, DJ-1, tau, etc.)

Some markers can be
assessed in easily accessible
biofluids or tissues. Automated
assays for a large number of
samples possible in many
cases. Some markers are
related to disease pathogenesis
directly. α-Synuclein is a
promising protein biomarker.
Metabolomic profiling could
become an emerging
technique.

Some biomarkers like oxidative
damage or inflammatory
markers are non-specific.
Others like uric acid not directly
related to pathology. No single
unique biomarker is still
available.

BDNF, brain-derived neurotrophic factor; DA, dopamine; DOPAC, dihydroxy phenyl acetic acid; HPLC, high performance liquid chromatography; HVA, homovanillic
acid; LC-MS, liquid chromatography-mass spectrometry; LRRK2, leucine rich repeat kinase-2; 18F-DOPA, 18F-labeled L-6-fluoro-3,4-dihydroxyphenylalanine; 18F-FDG,
18F-labeled 2-deoxy-2-fluoro-D-glucose.

Table 1 summarizes the different types of PD biomarkers with
their advantages and limitations.

α-SYNUCLEIN AS A BIOMARKER

Because of the involvement of α-synuclein in PD pathogenesis
and its presence in the CSF, blood, and other body fluids, the
biomarker potential of this protein has been examined extensively
in PD as well as other synucleinopathies. However, α-synuclein is
expressed by many different tissues, and there is a bi-directional
movement of this protein between blood and the brain (Sui et al.,
2014). Thus, it may be difficult to interpret if the alterations
in the levels of α-synuclein in body fluids reflect PD pathology
in the brain. Additionally, the protein can exist in monomeric
and multiple oligomeric forms as well as post-translationally
modified forms which can add to the complexity of measurement
of this protein.

α-Synuclein in Cerebrospinal Fluid (CSF)
The CSF is an ideal body fluid to look for PD biomarkers as it
is expected to provide the metabolic-pathological profile of the
CNS. Multiple studies have investigated the alterations in the
levels of α-synuclein in the CSF, but the results are varied. While
many studies have reported a lower mean total α-synuclein in
CSF of PD patients with respect to age-matched controls or other
neurological controls, a few studies failed to find any significant
difference between the PD and control groups (Tokuda et al.,
2006; Mollenhauer et al., 2008, 2011, 2013; Ohrfelt et al., 2009;
Hong et al., 2010; Park et al., 2011; Parnetti et al., 2011; Shi

et al., 2011; Hall et al., 2012; Toledo et al., 2013; van Dijk
et al., 2013; Hansson et al., 2014; Wennström et al., 2013). Most
studies, systematic reviews, and meta-analyses which examined
the validity of α-synuclein in the CSF as a putative biomarker
for PD emphasized that a decreased level of α-synuclein in CSF
reliably separated PD from control subjects, but the specificity
of this measurement was low (Mollenhauer et al., 2011, 2013;
Aerts et al., 2012; Gao et al., 2015; Zhou et al., 2015; Chahine
et al., 2020). Further, in the differential diagnosis of PD from
other movement disorders like MSA, progressive supranuclear
palsy, corticobasal degeneration, and vascular parkinsonism,
the utility of α-synuclein in CSF as a single biomarker is not
established (Aerts et al., 2012; Gao et al., 2015; Zhou et al., 2015).
Other workers attempted to measure oligomeric α-synuclein in
CSF to examine its suitability as a biomarker for PD. Thus,
increased levels of α-synuclein oligomers (o-α-syn) in CSF have
been reported in PD with dementia compared to age-matched
controls. Similarly, others have reported decreased levels of α-
synuclein, raised levels of o-α-syn and increased o-α-syn/total
α-synuclein ratio in the CSF of PD patients compared to that
in age-matched control subjects or various non-PD neurological
controls (Tokuda et al., 2010; Hansson et al., 2014; Park et al.,
2011; Parnetti et al., 2014a,b; van Steenoven et al., 2018).
Combined measurements of the ratios of o-α-synuclein/total
α-synuclein and β-glucocerebrosidase activity or Aβ42/total-
tau improved the specificity of PD diagnosis (Parnetti et al.,
2014a,b). Likewise, the ratio of tau to α-synuclein in CSF has
been claimed to be of high specificity in distinguishing PD from
other parkinsonian syndromes or neurological controls (Parnetti
et al., 2011; Heegaard et al., 2014). The measurement of CSF
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α-synuclein in combination with FMS-like tyrosine kinase 3
ligand (FLT3L) or the percentage phosphorylated tau (p-tau)
clearly distinguished PD from MSA in a study (Shi et al., 2011).
A recent study employed single-molecule array (Simoa), an
ultra-sensitive technology, to quantitate very low concentrations
(picomolar to femtomolar) of α-synuclein protofibrils (PFs) in
CSF of PD patients and observed an increased concentration of
α-synuclein PFs in PD patients (von Euler Chelpin et al., 2020).
The increased baseline level of misfolded α-synuclein aggregate
in CSF (measured by protein misfolding cyclic amplification
technique) has been reported in a follow-up study as a risk
factor for the development of dementia in PD (Ning et al.,
2019). These varied α-synuclein levels and forms in PD patients
reported by various study groups might be the result of changes
in the secretion, solubility, and aggregation of the protein, thereby
affecting its overall turnover.

Post-translational modifications of α-synuclein affect its
solubility and make it prone to aggregation. The most common
pathological post-translational modification of α-synuclein is
phosphorylation, particularly at Ser129. Phosphorylated α-
synuclein (pS129) has been identified in CSF by mass
spectrometry. A cross-sectional study reported higher pS129 in
PD patients compared to healthy controls or MSA or PSP; the
ratio of pS129/total α-synuclein is significantly higher in PD
than in healthy controls or PSP (Wang Y. et al., 2012). Unlike
the CSF levels of total α-synuclein, the levels of pS129 have
a weak correlation with PD severity (Wang Y. et al., 2012).
A study by the same group in the longitudinal DATATOP cohort
(deprenyl and tocopherol antioxidative therapy of Parkinsonism)
which included individuals with early PD in a placebo-controlled
clinical trial reported increased CSF pS129 and pS129/total α-
synuclein ratio over 2 years of disease progression (Stewart et al.,
2015). Another important study corroborated the earlier findings
of decreased α-synuclein and elevated levels of o-α-syn and pS129
in CSF in PD than that in controls, and further demonstrated that
the combined measurements of o-α-syn/total α-synuclein and
pS129/total α-synuclein could clearly improve the discrimination
of PD from controls (Majbour et al., 2016). However, this study
did not find any correlation of the CSF level of pS129 with the
severity of PD and instead showed a modest inverse correlation
with o-α-syn levels with the latter.

Although CSF appears to be an ideal body fluid to look for PD
biomarkers, as it is in direct contact with the brain and the spinal
cord, it may be mentioned that the process of obtaining CSF
involves an invasive, painful procedure requiring skilled staff, and
there may be additional technical and ethical issues related to CSF
collection for a particular disease.

α-Synuclein as a Blood Biomarker of PD
The easy accessibility of blood makes it an important body fluid to
monitor biomarker levels of disease for diagnostic or prognostic
evaluation. α-Synuclein levels have been examined in plasma,
serum, erythrocytes, and even in peripheral blood mononuclear
cells in PD. The level of α-synuclein in plasma exceeds many
times that of CSF, and the major source of plasma or serum α-
synuclein is the erythrocytes (Barbour et al., 2008). In familial PD
patients with SNCA multiplications, high levels of α-synuclein in

blood were reported (Miller et al., 2004). One recent case-control
study reported increased levels of α-synuclein in the peripheral
circulation (plasma and serum) in PD with respect to age-
matched healthy controls, and further, the serum levels correlated
with the clinical severity of the disease (Chang et al., 2020).
Other studies also observed increased levels of α-synuclein in the
plasma of PD patients than that in controls, but the correlation
of this parameter with the degree of motor disability was variably
reported (Lee et al., 2006; Ding et al., 2017; Lin et al., 2017; Wang
et al., 2019). A small study with 34 PD patients and 27 controls
earlier reported an increased plasma level of soluble oligomeric α-
synuclein in the patients’ group (El-Agnaf et al., 2006). However,
several other studies either showed decreased levels of α-
synuclein in plasma in PD subjects than that in controls or failed
to observe any significant difference in this parameter between
the two groups (Li et al., 2007; Shi et al., 2010). In a longitudinal
study, PD patients were followed for up to 20 years after initial
presentations and plasma total α-synuclein and phosphorylated
α-synuclein or pS129 were measured repeatedly (Foulds et al.,
2013). Plasma levels of pS129 but not total α-synuclein were
higher in PD subjects compared to healthy controls on the
first presentation, but during the follow-up period of the PD
patients, the levels of total α-synuclein in the plasma increased
and that of pS129 remained unaltered (Foulds et al., 2013).
These somewhat inconsistent results could be due to technical
reasons such as contamination from erythrocyte α-synuclein as a
result of hemolysis, different assay techniques employed, and the
differential ability of the antibodies to bind to different forms of
α-synuclein. In contrast to such studies, attempts have been made
to validate the biomarker potential of erythrocyte α-synuclein in
PD. In a recent extensive study, total and aggregated α-synuclein
and also pS129 were separately measured in the membrane,
and cytosolic fractions of erythrocytes; significantly increased
levels of total and aggregated α-synuclein in the membrane
fraction and remarkably high levels of pS129 in cytosolic fraction
were observed in PD cases in comparison to that in healthy
controls (Tian et al., 2019). Likewise, another large study of 334
healthy controls, 333 PD and 114 MSA patients, erythrocyte α-
synuclein oligomers or o-α-syn were found to be much elevated
in PD patients compared to that in other two groups, and
apparently, this measurement could differentiate PD patients
from control or MSA subjects with good sensitivity and specificity
(Li et al., 2019). This study further showed in rat models
that an increase in erythrocyte o-α-syn reflected an increased
brain level of α-synuclein. An increased level of erythrocyte α-
synuclein with respect to healthy controls was also reported
in PD patients in another study which, however, showed that
higher plasma levels of α-synuclein in PD than controls had
better positive predictive value and stronger correlation with
disease severity than erythrocyte α-synuclein levels (Wang et al.,
2019). The erythrocyte levels of α-synuclein dimers were higher
in idiopathic PD and those with GBA mutations than in age
and sex-matched controls (Papagiannakis et al., 2018). Likewise,
a decreased ratio of total to proteinase K resistant α-synuclein
(phospholipid-bound α-synuclein) in red blood cells was shown
to discriminate PD patients from healthy controls (Abd-Elhadi
et al., 2015). The same group in a later study measured
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multiple forms of α-synuclein consisting of total α-synuclein,
proteinase-K resistant α-synuclein, oxidized α-synuclein, and
pS129 and demonstrated that the higher levels of total and
proteinase K resistant α-synuclein and pS129 differentiated PD
patients with motor symptoms (without dementia) from healthy
controls with a high degree of accuracy (Abd-Elhadi et al.,
2019). On the other hand, a recent study estimated the levels
of total α-synuclein, o-α-syn, total-tau, phosphorylated tau, α-
synuclein-amyloid β42 complex, and α-synuclein-tau complex
in red blood cells of PD patients; decreased total α-synuclein
and increased levels of o-α-syn, phosphorylated-tau, and α-
synuclein-amyloid β42 complex were observed in PD subjects
with respect to controls (Daniele et al., 2018). This study also
suggested that the level of α-synuclein-amyloid β42 complex in
red blood cells correlated well with the degree of disease severity.
Another extensive study detected different post-translationally
modified α-synuclein in the lysate of red blood cells such as
different types of phosphorylated α-synuclein apart from pS129,
nitrated or glycated or small ubiquitin-like modifier or SUMO-
ylated α-synuclein, and showed that phosphorylated, nitrated,
and glycated α-synucleins were elevated and SUMO-ylated α-
synuclein was decreased in PD patients with respect to that in
controls (Miranda et al., 2017).

α-Synuclein in oligomerized or aggregated form is known
to be released outside from the neurons packed in extracellular
vesicles (EVs), and such EVs may be responsible for the
neuron-to-neuron transfer of α-synuclein and the spread of PD
pathogenesis in the brain (Lööv et al., 2016; Yu et al., 2020).
The EVs from the brain likewise may carry toxic oligomeric
α-synuclein to the peripheral circulation, and some studies
examined the biomarker potential of EV-α-synuclein in blood
(Vandendriessche et al., 2020; Yu et al., 2020). For the latter
purpose, α-synuclein present in neuron-derived EVs, positive
for neuronal cell adhesion molecule LCAM1, were analyzed
(Lööv et al., 2016; Vandendriessche et al., 2020). Thus, a large
study measured α-synuclein content in plasma as well as in
LCAM1 positive EVs isolated from the blood of 267 PD and
215 controls; the plasma levels of α-synuclein did not differ in
the groups, but LCAM1 positive EV-α-synuclein was significantly
higher in the PD cases compared to that in the controls (Shi
et al., 2014). Similarly, increased α-synuclein content of neuron-
derived EVs in serum of PD patients could differentiate them
from the controls not only in the presence of motor deficits but
even during the prodromal phase (Jiang et al., 2020). The authors
further showed that simultaneous measurements of α-synuclein
and clusterin in neuron-derived EVs could distinguish PD from
several other parkinsonian disorders.

α-Synuclein in Saliva
α-Synuclein has been detected in the saliva of PD patients.
A decrease in the level of total α-synuclein in the saliva of PD
patients in comparison to controls has been reported from several
studies (Devic et al., 2011; Al-Nimer et al., 2014). Vivacqua
et al. (2016) reported a significant increase in o-α-syn and o-
α-syn/total α-synuclein ratio, but a decreased level of total α-
synuclein in the saliva of PD patients. The authors suggested that
the decrease in total α-synuclein in saliva in PD subjects could

partly be accounted for by the oligomerization of monomeric
α-synuclein. Similar findings were reported by Shaheen et al.
(2020), which also showed a positive correlation between the level
of o-α-syn and disease duration; further, in PD patients, higher
levels of o-α-syn were seen in bradykinesia and rigidity-dominant
than in tremor-dominant phenotypes. Another study measured
the salivary total α-synuclein and o-α-syn between controls and
PD cases and analyzed single nucleotide polymorphisms or SNP
variants of SNCA in the PD group (Kang et al., 2016). The
study failed to observe any significant difference in salivary total
α-synuclein level between the PD and healthy control groups,
but the o-α-syn level was significantly higher in the PD group.
This study further showed that salivary level of total α-synuclein
decreased with age with no correlation with disease duration or
severity but depended upon the SNP variant of SNCA (Kang
et al., 2016). A meta-analysis of existing studies on salivary α-
synuclein as a biomarker for PD concluded that the association
of increased o-α-syn in saliva with PD looks significant, but no
such association with PD could be established for salivary total
α-synuclein (Bougea et al., 2019). In various other tissues like
the enteric nervous system, retina, and skin, α-synucleinopathy is
being investigated vigorously to understand various non-motors
features of PD and overall pathology of the disease, but the
biomarker implications of these studies are not clear at this
moment

α-Synuclein in Skin
Wang et al. (2013) compared the deposition of α-synuclein in
the cutaneous nerves between PD patients and healthy controls.
The study reported increased deposits of α-synuclein, detected
by immunohistochemistry followed by confocal imaging, in the
cutaneous sympathetic nerves (both cholinergic and adrenergic)
in PD subjects with higher deposition observed in the advanced
cases of the disease and with more autonomic dysfunction. In
a similar study, Gibbons et al. (2016) reported a higher deposit
of α-synuclein in the skin biopsy samples of PD patients than
control subjects with a greater deposition in patients of more
severity or longer duration or with autonomic dysfunction. The
authors further observed that α-synuclein deposition was more in
sympathetic adrenergic fibers than in cholinergic ones. In a recent
study, the oligomeric form of α-synuclein or o-α-syn was detected
for the first time in autonomic nerve terminals in skin biopsy
samples using a proximity ligation assay; a significantly higher
deposition of o-α-syn was seen in 38 consecutive PD patients
in comparison to 29 consecutive healthy controls (Mazzetti
et al., 2020). Interestingly, the authors of this study further
analyzed o-α-syn deposition in skin biopsy samples of 19 pairs
of monozygotic twins discordant for PD. Within this cohort of
twins, a higher deposition of o-α-syn was noticed in PD patients.

Several studies demonstrated the deposition of pS129 in
the cutaneous nerves in PD subjects in comparison to that in
control subjects (Donadio et al., 2014, 2016). Zange et al. (2015)
demonstrated that deposition of pS129 in skin sympathetic
nerve fibers could distinguish PD from patients of MSA and
essential tremor. Doppler et al. (2014) in their study observed
the deposition of phosphorylated α-synuclein in skin nerve fibers
in PD patients predominantly in autonomic nerves supplying
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FIGURE 1 | Different forms of α-Synuclein as a prospective biomarkers in Parkinson’s disease (PD). Image was created using BioRender.com.

blood vessels, erector pili muscles and sweat glands, but some
deposition also occurred in somatosensory and other types of
nerve fibers in the epidermis and dermis. This study suggested
that the accumulation of phosphorylated α-synuclein caused
peripheral neurodegeneration in PD. Another group utilized
two new techniques, real-time quaking-induced conversion and
protein misfolding cyclic amplification assays, to measure the
aggregation-seeding activity of phosphorylatexd α-synuclein or
pS129 in tissue samples (Wang et al., 2021). The authors then
analyzed the aggregation-seeding activity of pS129 in autopsied
skin samples from PD and non-PD control cadavers as well
as skin biopsy samples from living PD patients and non-PD
control subjects (Wang et al., 2021). A higher aggregation-
seeding activity of pS129 was seen in skin samples from PD than
that in non-PD controls in this study.

α-Synuclein in the Enteric Nervous
System (ENS)
Most PD patients exhibit non-motor symptoms, including
autonomic dysfunction of the gastrointestinal tract. The
detection of LBs in the ENS of PD patients was made very
early (Qualman et al., 1984). They identified these inclusions

in the esophagus and colon of two PD patients with dysphagia
(Qualman et al., 1984). Wakabayashi et al. (1988, 1990) reported
in several publications the presence of LBs in Auerbach’s and
Meissner’s plexuses and paravertebral and coeliac sympathetic
ganglia in the human ENS. Other studies further confirmed
the accumulation and aggregation of α-synuclein in the gut
mucosa of PD patients (Braak et al., 2006; Lebouvier et al.,
2010; Gold et al., 2013; Sánchez-Ferro et al., 2014). The
aggregates of α-synuclein in the gastro-intestinal mucosa also
contained a significant amount of the phosphorylated protein
(Lebouvier et al., 2010; Barrenschee et al., 2017; Beck et al.,
2020). A large-scale study demonstrated the accumulation of
α-synuclein in mucosal biopsy samples from the gastrointestinal
tract in the pre-motor phase of PD (Hilton et al., 2013). The
aggregation of α-synuclein in ENS could be responsible for
the enteric abnormality observed in clinical PD cases. It also
strengthens the hypothesis that PD may begin peripherally
in the gut wall and then proceed toward the central nervous
system. As a diagnostic biomarker of PD, the identification
of α-synuclein pathology in mucosal biopsy samples from the
gastrointestinal tract could be important as well. α-Synuclein
aggregates are frequent and of a higher degree in PD patients
as compared to age-matched healthy controls (Lebouvier et al.,
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2010; Forsyth et al., 2011; Shannon et al., 2012; Gold et al.,
2013; Sánchez-Ferro et al., 2014; Yan et al., 2018). However,
other studies with enteric tissue biopsy samples identified
α-synuclein immunoreactivity in normal aged persons or could
not find any difference in α-synuclein accumulation between PD
patients and controls or observed increased immunoreactivity
of phosphorylated but not total α-synuclein in PD subjects
(Böttner et al., 2012; Chung et al., 2015; Lee et al., 2018; Beck
et al., 2020). Another retrospective study with post-mortem
gastro-intestinal mucosal samples of PD patients and controls
even claimed decreased deposition of α-synuclein and pS129 in
PD subjects (Harapan et al., 2020). In fact, there are multiple
problems of using α-synuclein pathology in mucosal biopsies
from the gastrointestinal tract in the diagnosis of PD (Visanji
et al., 2013; Chung et al., 2015). Further, the content of mucosal
α-synuclein in the gastrointestinal tract in sporadic PD patients
was claimed to vary with SNCA variants present in those subjects
(Chung et al., 2019). Nevertheless, a recent systematic review
and meta-analysis confirmed a strong association between gut
α-synuclein and PD (Bu et al., 2019).

The accumulation of α-synuclein in neural structures within
the submandibular gland in PD was demonstrated in multiple
studies showing a good degree of consistency. Del Tredici
et al. (2010) analyzed the deposition of α-synuclein immuno-
histochemically in the submandibular gland and anatomically
related sympathetic nerves and ganglion as well as the vagal nerve
in autopsy study. The study included pathologically confirmed
9 PD patients, 19 controls, and some patients of MSA and
incidental Lewy body disease. α-Synuclein immunoreactivity
was observed in tissue samples in nearly all cases of PD, but
none in the control or MSA subjects (Del Tredici et al., 2010).
However, in a recent study of 59 cases of PD (early, moderate
and advanced) and 21 healthy controls, biopsies from the
submandibular gland showed immuno-reactivity to α-synuclein
with a specific monoclonal antibody only in 56.1% cases but
with 100% specificity (Chahine et al., 2020). Another study
demonstrated that in the submandibular gland total α-synuclein
(measured by a sensitive laser-based immuno-assay) in PD cases
was similar to that in controls. However, the oligomeric form
of α-synuclein (o-α-syn) content (measured by gel filtration
followed by immuno-blotting) was higher in PD cases than in
controls (Kang et al., 2016). This study further showed that total
α-synuclein content in submandibular salivary gland tissue in PD
cases varied with specific SNCA variants present in the patients.
In a couple of studies, Beach and his group showed that immuno-
reactive pS129 was present conspicuously in submandibular
salivary gland tissue collected from autopsied persons in a high
percentage of PD cases that were absent in controls (Beach
et al., 2013, 2016). The studies considered only the immuno-
reactive α-synuclein in nerve fibers within the salivary gland, and
apart from PD cases, pS129 immunoreactivity was also present
in a significant percentage of Lewy body dementia cases. Real-
time quaking-induced conversion assay with the post-mortem
submandibular salivary gland tissue (kept frozen or as paraffin-
embedded tissue sections) reported a higher aggregation-seeding
activity of pS129 in all cases of PD compared to control
(Manne et al., 2020).

α-Synuclein in Retina
Endogenous α-synuclein is present in all three different layers
but predominantly in the inner plexiform layer in the retina
(Surguchov et al., 2001; Beach et al., 2014). Visual problems
and structural alterations in the retina in PD are being
investigated intensively especially with techniques like optical
coherence tomography (OCT), electroretinography (ERG), and
visual evoked potentials (VEP) (Indrieri et al., 2020). The visual
alterations in PD could be linked to α-synucleinopathy in the
retina, which may also reflect the PD pathology in the brain
(Veys et al., 2019; Indrieri et al., 2020). Many animal models
of PD develop α-synucleinopathy in the retina (Price et al.,
2016; Mammadova et al., 2019). From the point of view of the
biomarker potential of retinal α-synuclein in PD, only limited
information is available. Bodis-Wollner et al. (2014) reported
the existence of α-synuclein aggregates in the retina of patients
with PD and implicated their role in impaired vision and retinal
morphology in the latter condition. Beach et al. (2014) also
reported the presence of pS129 in the nerve fibers at the inner
retinal surface in PD in contrast to controls. Likewise, in another
study, pS129 immunoreactivity was reported in the retina in PD
patients but not in controls; the deposits of pS129 appearing
like LBs and LNs were observed in ganglion cells in perikarya
as well as axonal and dendritic processes (Ortuño-Lizarán et al.,
2018). This study mentioned that α-synuclein immunoreactivity
in the retina was similar in control and PD subjects. On the
other hand, another group used enucleated eyes at autopsy and
observed α-synuclein immunoreactivity in the retina both in
PD patients (67%) and controls (50%) without any indication
of LBs and LNs in the patients (Ho et al., 2014). Figure 1
schematically summarizes the different forms of α-synuclein in
biofluids and peripheral tissues studied to date as prospective
biomarkers in PD.

CONCLUSION AND FUTURE DIRECTION

It is evident from the present discussion that though α-synuclein
is a promising biomarker candidate, its specificity as a single
diagnostic or prognostic biomarker of PD is far from established
in any of the biological fluids or peripheral tissues. Some
obvious reasons for this failure lie in the significant degree of
inconsistencies among different studies, small sample sizes in
predominantly cross-sectional studies, recruitment of patients
with different degrees of disease severity and duration in different
studies, and lack of participation of early PD patients in most
studies. In addition, most studies compared PD with healthy
controls or neurological controls but did not compare PD
with other parkinsonian disorders or other kinds of movement
disorders that may be confused with PD.

The technical issues of α-synuclein measurements in
biological fluids are also very serious in the context of the
variability of results in different studies. The chances of
contamination of CSF with blood or that of plasma and serum
with lysed red blood cells cannot be ignored. More serious
could be the variations in immuno-assays, immuno-blotting
methods, and various other purification procedures adopted
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by the different groups. α-Synuclein exists in monomeric and
different types of oligomeric forms as well as in different post-
translationally modified forms, and it is not known with what
efficacy the antibody to one form of α-synuclein (supplied
by the commercial manufacturers or produced in the lab by
different groups) cross-reacts with other forms of α-synuclein
in a particular assay. This could add serious errors to the
measurement, making comparisons difficult among different
studies. As already indicated, SNCA variants can result in
different amounts of α-synuclein in different PD subjects,
which might have also contributed to differences between
the two studies. Further, most studies did not mention the
storage of biological samples (time period and temperature
of storage) before immunoassays were performed. Further,
the effect of storage on the conversion of monomeric to
different oligomeric forms or the stability of post-translationally
modified forms of α-synuclein were also not analyzed. In
other words, properly validated immunoassay methods are
paramount in establishing the biomarker role of α-synuclein
in PD. Likewise, for the peripheral tissue α-synuclein, the
variations in immunohistochemical techniques and the lack of
knowledge on different forms of α-synuclein present in the tissue
in normal and pathological conditions and the limited number
of commercially available antibodies are the major concerns.
In most publications with tissue α-synuclein, the presence of
immuno-reactivity to α-synuclein or pS129 was thought to
indicate LB pathology without ascertaining the oligomeric state
of α-synuclein present in the tissue.

Having discussed these limitations, we can say that
measurements of o-α-syn, total α-synuclein, pS129 with or
without total tau in CSF or red blood cell lysate or the saliva
could be important in finally developing a good biomarker
for PD. Future studies should focus more on red blood cell
lysate and saliva in this regard. Likewise, the measurement
of total α-synuclein in neuron-derived EVs may be equally
promising in this context. For tissue α-synuclein and its
oligomers, the skin biopsy studies, though limited in number,
so far have provided consistent results. Further, a skin biopsy
is a minimally invasive procedure that would be acceptable to
PD patients. So the assessment of α-synuclein deposition in

cutaneous nerve fibers in skin biopsy specimens in PD patients
may emerge as a future diagnostic method. The same may
be said for submandibular salivary gland α-synuclein in PD
cases where the published results are very consistent, and thus
larger studies should be conducted in the future with needle
biopsy specimens from this gland. It may be equally important
to use dyes like Thioflavin-S, which can bind to α-synuclein
oligomers to give rise to fluorescent products that could be
detectable under a fluorescence microscope. This can provide
better information on the oligomeric state of α-synuclein in
peripheral tissue. Intra-vitreal administration of Thioflavin S or
a similar compound for visualization of fluorescent dye-bound
α-synuclein aggregates in the retina, taking into consideration
the toxicity angle, should be a future endeavor. Overall, it appears
that establishing α-synuclein as a good biomarker for PD will
require well-validated detection methods and larger clinical
studies (cross-sectional and follow-up) with PD patients, patients
of parkinsonian disorders, and non-parkinsonian movement
disorders. The use of a combination of imaging biomarkers
or other biochemical biomarkers along with α-synuclein for
the diagnostic and prognostic evaluation of PD should also be
explored more vigorously.

AUTHOR CONTRIBUTIONS

UG contributed to the conceptualization, writing, editing, and
project management. SS and SoP contributed to the writing.
SuP and BA contributed to the editing and supervision. RS
contributed to the conceptualization, editing, and supervision.
SC contributed to the conceptualization, writing, editing,
supervision, and project management. All authors contributed to
the article and approved the submitted version.

ACKNOWLEDGMENTS

The authors thank the management at Maharishi
Markandeshwar University (Deemed to be) for their support
in writing this review article.

REFERENCES
Abbas, M. M., Xu, Z., and Tan, L. C. S. (2018). Epidemiology of Parkinson’s

disease-east versus west. Mov. Disord. Clin. Pract. 4, 14–28. doi: 10.1002/mdc3.
12568

Abd-Elhadi, S., Grigoletto, J., Poli, M., Arosio, P., Arkadir, D., and Sharon,
R. (2019). α-Synuclein in blood cells differentiates Parkinson’s disease from
healthy controls. Ann. Clin. Transl. Neurol. 6, 2426–2436. doi: 10.1002/acn3.
50944

Abd-Elhadi, S., Honig, A., Simhi-Haham, D., Schechter, M., Linetsky, E., Ben-
Hur, T., et al. (2015). Total and proteinase K-Resistant α-Synuclein Levels in
erythrocytes, determined by their ability to Bind Phospholipids, Associate with
Parkinson’s disease. Sci. Rep. 5:11120. doi: 10.1038/srep11120

Abou-Sleiman, P. M., Muqit, M. M. K., McDonald, M. Q., Yang, Y. X.,
Gandhi, S., Healy, D. G., et al. (2006). A heterozygous effect for PINK1
mutations in Parkinson’s disease? Ann. Neurol. 60, 414–419. doi: 10.1002/ana.
20960

Aerts, M. B., Esselink, R. A. J., Abdo, W. F., Bloem, B. R., and Verbeek, M. M.
(2012). CSF α-synuclein does not differentiate between parkinsonian disorders.
Neurobiol. Aging 33, 430.e1–430.e3. doi: 10.1016/j.neurobiolaging.2010.12.001

Alexander, G. E. (2004). Biology of Parkinson’s disease: pathogenesis and
pathophysiology of a multisystem neurodegenerative disorder. Dialogues Clin.
Neurosci. 6, 259–280. doi: 10.31887/DCNS.2004.6.3/galexander

Al-Nimer, M. S. M., Mshatat, S., and Abdulla, H. I. (2014). Saliva α-synuclein and a
high extinction coefficient protein: a novel approach in assessment biomarkers
of Parkinson’s disease. N. Am. J. Med. Sci. 6, 633–637. doi: 10.4103/1947-2714.
147980

Arawaka, S., Sato, H., Sasaki, A., Koyama, S., and Kato, T. (2017). Mechanisms
underlying extensive Ser129-phosphorylation in α-synuclein aggregates. Acta
Neuropathol. Commun. 5:48. doi: 10.1186/s40478-017-0452-6

Ayala, A., Triviño-Juárez, J. M., Forjaz, M. J., Rodríguez-Blázquez, C., Rojo-Abuin,
J. M., and Martínez-Martín, P. (2017). Parkinson’s disease severity at 3 years
can be predicted from non-motor symptoms at baseline. Front. Neurol. 8:551.
doi: 10.3389/fneur.2017.00551

Frontiers in Aging Neuroscience | www.frontiersin.org 13 July 2021 | Volume 13 | Article 702639

https://doi.org/10.1002/mdc3.12568
https://doi.org/10.1002/mdc3.12568
https://doi.org/10.1002/acn3.50944
https://doi.org/10.1002/acn3.50944
https://doi.org/10.1038/srep11120
https://doi.org/10.1002/ana.20960
https://doi.org/10.1002/ana.20960
https://doi.org/10.1016/j.neurobiolaging.2010.12.001
https://doi.org/10.31887/DCNS.2004.6.3/galexander
https://doi.org/10.4103/1947-2714.147980
https://doi.org/10.4103/1947-2714.147980
https://doi.org/10.1186/s40478-017-0452-6
https://doi.org/10.3389/fneur.2017.00551
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-702639 July 8, 2021 Time: 12:47 # 14

Ganguly et al. Alpha-Synuclein as a Potential Biomarker in Parkinson’s Disease

Ayton, S., and Lei, P. (2014). Nigral iron elevation is an invariable feature of
Parkinson’s disease and is a sufficient cause of neurodegeneration. Biomed Res.
Int. 2014:581256. doi: 10.1155/2014/581256

Barbour, R., Kling, K., Anderson, J. P., Banducci, K., Cole, T., Linnea, D., et al.
(2008). Red blood cells are the major source of alpha-synuclein in blood.
Neurodegener. Dis. 5, 55–59. doi: 10.1159/000112832

Barrenschee, M., Zorenkov, D., Böttner, M., Lange, C., Cossais, F., Scharf,
A. B., et al. (2017). Distinct pattern of enteric phospho-alpha-synuclein
aggregates and gene expression profiles in patients with Parkinson’s disease.
Acta Neuropathol. Commun. 5:1. doi: 10.1186/s40478-016-0408-2

Beach, T. G., Adler, C. H., Dugger, B. N., Serrano, G., Hidalgo, J., Henry-
Watson, J., et al. (2013). Submandibular gland biopsy for the diagnosis of
Parkinson disease. J. Neuropathol. Exp. Neurol. 72, 130–136. doi: 10.1097/NEN.
0b013e3182805c72

Beach, T. G., Adler, C. H., Serrano, G., Sue, L. I., Walker, D. G., Dugger,
B. N., et al. (2016). Prevalence of submandibular gland synucleinopathy in
Parkinson’s disease, dementia with Lewy Bodies and other Lewy Body disorders.
J. Parkinsons Dis. 6, 153–163. doi: 10.3233/JPD-150680

Beach, T. G., Carew, J., Serrano, G., Adler, C. H., Shill, H. A., Sue, L. I., et al.
(2014). Phosphorylated α-synuclein-immunoreactive retinal neuronal elements
in Parkinson’s disease subjects. Neurosci. Lett. 571, 34–38. doi: 10.1016/j.neulet.
2014.04.027

Beck, G., Hori, Y., Hayashi, Y., Morii, E., Takehara, T., and Mochizuki, H. (2020).
Detection of phosphorylated Alpha-synuclein in the Muscularis propria of the
gastrointestinal tract is a sensitive predictor for Parkinson’s disease. Parkinsons
Dis. 2020:4687530. doi: 10.1155/2020/4687530

Belarbi, K., Cuvelier, E., Destée, A., Gressier, B., and Chartier-Harlin, M. C.
(2017). NADPH oxidases in Parkinson’s disease: a systematic review. Mol.
Neurodegener. 12:84. doi: 10.1186/s13024-017-0225-5

Bisaglia, M., Filograna, R., Beltramini, M., and Bubacco, L. (2014). Are dopamine
derivatives implicated in the pathogenesis of Parkinson’s disease? Ageing Res.
Rev. 13, 107–114. doi: 10.1016/j.arr.2013.12.009

Bodis-Wollner, I., Kozlowski, P. B., Glazman, S., and Miri, S. (2014). α-synuclein in
the inner retina in parkinson disease. Ann. Neurol. 75, 964–966. doi: 10.1002/
ana.24182

Book, A., Guella, I., Candido, T., Brice, A., Hattori, N., Jeon, B., et al. (2018). A
meta-analysis of α-synuclein multiplication in familial Parkinsonism. Front.
Neurol. 9:1021. doi: 10.3389/fneur.2018.01021

Böttner, M., Zorenkov, D., Hellwig, I., Barrenschee, M., Harde, J., Fricke, T., et al.
(2012). Expression pattern and localization of alpha-synuclein in the human
enteric nervous system. Neurobiol. Dis. 48, 474–480. doi: 10.1016/j.nbd.2012.
07.018

Bougea, A., Koros, C., and Stefanis, L. (2019). Salivary alpha-synuclein as a
biomarker for Parkinson’s disease: a systematic review. J. Neural Transm. 126,
1373–1382. doi: 10.1007/s00702-019-02062-4

Bouwmans, A. E. P., Vlaar, A. M. M., Mess, W. H., Kessels, A., and Weber, W. E. J.
(2013). Specificity and sensitivity of transcranial sonography of the substantia
nigra in the diagnosis of Parkinson’s disease: prospective cohort study in 196
patients. BMJ Open 3:e002613. doi: 10.1136/bmjopen-2013-002613

Braak, H., de Vos, R. A. I., Bohl, J., and Del Tredici, K. (2006). Gastric alpha-
synuclein immunoreactive inclusions in Meissner’s and Auerbach’s plexuses in
cases staged for Parkinson’s disease-related brain pathology. Neurosci. Lett. 396,
67–72. doi: 10.1016/j.neulet.2005.11.012

Braak, H., Ghebremedhin, E., Rub, U., Bratzke, H., and Del Tridici, K. (2004).
Stages in the development of Parkinson’s disease-related pathology. Cell Tissue
Res. 318, 121–134. doi: 10.1007/s00441-004-0956-9

Breydo, L., Wu, J. W., and Uversky, V. N. (2012). A-synuclein misfolding and
Parkinson’s disease. Biochim. Biophys. Acta 1822, 261–285. doi: 10.1016/j.
bbadis.2011.10.002

Brooks, D. J. (2016). Molecular imaging of dopamine transporters. Ageing Res. Rev.
30, 114–121. doi: 10.1016/j.arr.2015.12.009

Bu, J., Liu, J., Liu, K., and Wang, Z. (2019). Diagnostic utility of gut α-synuclein
in Parkinson’s disease: a systematic review and meta-analysis. Brain Behav. Res.
364, 340–347. doi: 10.1016/j.bbr.2019.02.039

Caggiu, E., Arru, G., Hosseini, S., Niegowska, M., Sechi, G. P., Zarbo, I. R.,
et al. (2019). Inflammation, infectious triggers, and Parkinson’s disease. Front.
Neurol. 10:122. doi: 10.3389/fneur.2019.00122

Calabria, F. F., Calabria, E., Gangemi, V., and Cascini, G. L. (2016). Current status
and future challenges of brain imaging with (18)F-DOPA PET for movement
disorders. Hell. J. Nucl. Med. 19, 33–41. doi: 10.1967/s002449910335

Chahine, L. M., Beach, T. G., Brumm, M. C., Adler, C. H., Coffey, C. H., Mosovsky,
S., et al. (2020). In vivo distribution of α-synuclein in multiple tissues and
biofluids in Parkinson disease. Neurology 95, e1267–e1284. doi: 10.1212/WNL.
0000000000010404

Chang, C. W., Yang, S. Y., Yang, C. C., Chang, C. W., and Wu, Y. R. (2019).
Plasma and serum Alpha-synuclein as a biomarker of diagnosis in patients with
Parkinson’s disease. Front. Neurol. 10:1388. doi: 10.3389/fneur.2019.01388

Chung, E., Choi, Y., Park, J., Nah, W., Park, J., Jung, Y., et al. (2020).
Intracellular delivery of Parkin rescues neurons from accumulation of damaged
mitochondria and pathological α-synuclein. Sci. Adv. 6:eaba1193. doi: 10.1126/
sciadv.aba1193

Chung, S. J., Kim, J., Lee, H. J., Ryu, H. S., Kim, K., Lee, J. H., et al. (2015). Alpha-
synuclein in gastric and colonic mucosa in Parkinson’s disease: limited role as a
biomarker. Mov. Disord. 31, 241–249. doi: 10.1002/mds.26473

Chung, S. J., Konig, I. R., Lohmann, K., Hinrichs, F., Kim, J., Ryu, H. S., et al.
(2019). Association of SNCA variants with α-synuclein of gastric and colonic
mucosa in Parkinson’s disease. Parkinsonism Relat. Disord. 61, 151–155. doi:
10.1016/j.parkreldis.2018.10.028

Chung, S. Y., Kishinevsky, S., Mazzulli, J. R., Graziotto, J., Mrejeru, A., Mosharov,
E. V., et al. (2016). Parkin and PINK1 Patient iPSC-Derived midbrain dopamine
neurons exhibit mitochondrial dysfunction and α-Synuclein accumulation.
Stem Cell Rep. 7, 664–677. doi: 10.1016/j.stemcr.2016.08.012

Cipriani, S., Chen, X., and Schwarzschild, M. A. (2010). Urate: a novel biomarker
of Parkinson’s disease risk, diagnosis and prognosis. Biomark. Med. 4, 701–712.
doi: 10.2217/bmm.10.94

Daniele, S., Frosini, D., Pietrobono, D., Petrozzi, L., Lo Gerfo, A., Baldacci, F.,
et al. (2018). α-Synuclein Heterocomplexes with β-Amyloid are increased in red
blood cells of Parkinson’s disease patients and correlate with disease severity.
Front. Mol. Neurosci. 11:53. doi: 10.3389/fnmol.2018.00053

Dawson, T. M., Seok Ko, H., and Dawson, V. L. (2010). Genetic animal models of
Parkinson’s disease. Neuron 66, 646–661. doi: 10.1016/j.neuron.2010.04.034

Dehay, B., and Fernagut, P. O. (2016). Alpha-synuclein-based models of
Parkinson’s disease. Rev. Neurol. 172, 371–378. doi: 10.1016/j.neurol.2016.04.
003

Del Tredici, K., Hawkes, C. H., Ghebremedhin, E., and Braak, H. (2010). Lewy
pathology in the submandibular gland of individuals with incidental Lewy
body disease and sporadic Parkinson’s disease. Acta Neuropathol. 119, 703–713.
doi: 10.1007/s00401-010-0665-2

Devic, I., Hwang, H., Edgar, J. S., Izutsu, K., Presland, R., Pan, C., et al. (2011).
Salivary α-synuclein and DJ-1: potential biomarkers for Parkinson’s disease.
Brain 134:e178. doi: 10.1093/brain/awr015

Dickson, D. W. (2012). Parkinson’s disease and parkinsonism: neuropathology.
Cold Spring Harb. Perpect. Med. 2:a009258. doi: 10.1101/cshperspect.a009258

Dilger, R. N., and Johnson, R. W. (2008). Aging, microglial cell priming, and
the discordant central inflammatory response to signals from the peripheral
immune system. J. Leukoc. Biol. 84, 932–939. doi: 10.1189/jlb.0208108

Ding, J., Zhang, J., Wang, X., Zhang, L., Jiang, S., Yuan, Y., et al. (2017).
Relationship between the plasma levels of neurodegenerative proteins and
motor subtypes of Parkinson’s disease. J. Neural Transm. 124, 353–360. doi:
10.1007/s00702-016-1650-2

Do, J., McKinney, C., Sharma, P., and Sidransky, E. (2019). Glucocerebrosidase
and its relevance to Parkinson disease. Mol. Neurodegener. 14:36. doi: 10.1186/
s13024-019-0336-2

Donadio, V., Incensi, A., Leta, V., Giannoccaro, M. P., Scaglione, C.,
Martinelli, P., et al. (2014). Skin nerve α-synuclein deposits: a biomarker for
idiopathic Parkinson disease. Neurology 82, 1362–1369. doi: 10.1212/WNL.
0000000000000316

Donadio, V., Incensi, A., Piccinini, C., Cortelli, P., Giannocarro, M. P., Baruzzi,
A., et al. (2016). Skin nerve misfolded α-synuclein in pure autonomic
failure and Parkinson disease. Ann. Neurol. 79, 306–316. doi: 10.1002/ana.
24567

Doppler, K., Ebert, S., Uceyler, N., Trenkwalder, C., Ebentheuer, J., Volkmann, J.,
et al. (2014). Cutaneous neuropathy in Parkinson’s disease: a window into brain
pathology. Acta Neuropathol. 128, 99–109. doi: 10.1007/s00401-014-1284-0

Frontiers in Aging Neuroscience | www.frontiersin.org 14 July 2021 | Volume 13 | Article 702639

https://doi.org/10.1155/2014/581256
https://doi.org/10.1159/000112832
https://doi.org/10.1186/s40478-016-0408-2
https://doi.org/10.1097/NEN.0b013e3182805c72
https://doi.org/10.1097/NEN.0b013e3182805c72
https://doi.org/10.3233/JPD-150680
https://doi.org/10.1016/j.neulet.2014.04.027
https://doi.org/10.1016/j.neulet.2014.04.027
https://doi.org/10.1155/2020/4687530
https://doi.org/10.1186/s13024-017-0225-5
https://doi.org/10.1016/j.arr.2013.12.009
https://doi.org/10.1002/ana.24182
https://doi.org/10.1002/ana.24182
https://doi.org/10.3389/fneur.2018.01021
https://doi.org/10.1016/j.nbd.2012.07.018
https://doi.org/10.1016/j.nbd.2012.07.018
https://doi.org/10.1007/s00702-019-02062-4
https://doi.org/10.1136/bmjopen-2013-002613
https://doi.org/10.1016/j.neulet.2005.11.012
https://doi.org/10.1007/s00441-004-0956-9
https://doi.org/10.1016/j.bbadis.2011.10.002
https://doi.org/10.1016/j.bbadis.2011.10.002
https://doi.org/10.1016/j.arr.2015.12.009
https://doi.org/10.1016/j.bbr.2019.02.039
https://doi.org/10.3389/fneur.2019.00122
https://doi.org/10.1967/s002449910335
https://doi.org/10.1212/WNL.0000000000010404
https://doi.org/10.1212/WNL.0000000000010404
https://doi.org/10.3389/fneur.2019.01388
https://doi.org/10.1126/sciadv.aba1193
https://doi.org/10.1126/sciadv.aba1193
https://doi.org/10.1002/mds.26473
https://doi.org/10.1016/j.parkreldis.2018.10.028
https://doi.org/10.1016/j.parkreldis.2018.10.028
https://doi.org/10.1016/j.stemcr.2016.08.012
https://doi.org/10.2217/bmm.10.94
https://doi.org/10.3389/fnmol.2018.00053
https://doi.org/10.1016/j.neuron.2010.04.034
https://doi.org/10.1016/j.neurol.2016.04.003
https://doi.org/10.1016/j.neurol.2016.04.003
https://doi.org/10.1007/s00401-010-0665-2
https://doi.org/10.1093/brain/awr015
https://doi.org/10.1101/cshperspect.a009258
https://doi.org/10.1189/jlb.0208108
https://doi.org/10.1007/s00702-016-1650-2
https://doi.org/10.1007/s00702-016-1650-2
https://doi.org/10.1186/s13024-019-0336-2
https://doi.org/10.1186/s13024-019-0336-2
https://doi.org/10.1212/WNL.0000000000000316
https://doi.org/10.1212/WNL.0000000000000316
https://doi.org/10.1002/ana.24567
https://doi.org/10.1002/ana.24567
https://doi.org/10.1007/s00401-014-1284-0
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-702639 July 8, 2021 Time: 12:47 # 15

Ganguly et al. Alpha-Synuclein as a Potential Biomarker in Parkinson’s Disease

Ebrahimi-Fakhari, D., Cantuti-Castelvetri, I., Fan, Z., Rockenstein, E., Masliah,
E., Hyman, B. T., et al. (2011). Distinct roles in vivo for the ubiquitin-
proteasome system and the autophagy-lysosomal pathway in the degradation
of α-synuclein. J. Neurosci. 31, 14508–14520. doi: 10.1523/JNEUROSCI.1560-
11.2011

El-Agnaf, O. M. A., Salem, S. A., Paleologou, K. E., Curran, M. D., Gibson, M. J.,
Court, J. A., et al. (2006). Detection of oligomeric forms of alpha-synuclein
protein in human plasma as a potential biomarker for Parkinson’s disease.
FASEB J. 20, 419–425. doi: 10.1096/fj.03-1449com

Emamzadeh, F. N., and Surguchov, A. (2018). Parkinson’s disease: biomarkers,
treatment, and risk factors. Front. Neurosci. 12:612. doi: 10.3389/fnins.2018.
00612

Eriksen, J. L., Wszolek, Z., and Petrucelli, L. (2005). Molecular pathogenesis of
Parkinson disease. Arch. Neurol. 62, 353–357. doi: 10.1001/archneur.62.3.353

Eschbach, J., Einem, B. V., Müller, K., Bayer, H., Scheffold, A., Morrison, B. E.,
et al. (2015). Mutual exacerbation of peroxisome proliferator-activated receptor
γ coactivator 1α deregulation and α-synuclein oligomerization. Ann. Neurol.
77, 15–32. doi: 10.1002/ana.24294

Fields, C. R., Bengoa-Vergniory, N., and Wade-Martins, R. (2019). Targeting
Alpha-synuclein as a therapy for Parkinson’s disease. Front. Mol. Neurosci.
12:299. doi: 10.3389/fnmol.2019.00299

Forsyth, C. B., Shannon, K. M., Kordower, J. H., Voigt, R. M., Shaikh, M., Jaglin,
J. A., et al. (2011). Increased intestinal permeability correlates with sigmoid
mucosa alpha-synuclein staining and endotoxin exposure markers in early
Parkinson’s disease. PLoS One 6:e28032. doi: 10.1371/journal.pone.0028032

Foulds, P. G., Diggle, P., Mitchell, J. D., Parker, A., Hasegawa, M., Masuda-
Suzukake, M., et al. (2013). A longitudinal study on α-synuclein in blood plasma
as a biomarker for Parkinson’s disease. Sci. Rep. 3:2540. doi: 10.1038/srep02540

Gandhi, S., Wood-Kaczmar, A., Yao, Z., Plun-Favreau, H., Deas, E., Klupsch,
K., et al. (2009). PINK1-associated Parkinson’s disease is caused by neuronal
vulnerability to calcium-induced cell death. Mol. Cell 33, 627–638. doi: 10.1016/
j.molcel.2009.02.013

Ganguly, G., Chakrabarti, S., Chatterjee, U., and Saso, L. (2017). Proteinopathy,
oxidative stress and mitochondrial dysfunction: cross talk in Alzheimer’s disease
and Parkinson’s disease. Drug Des. Devel. Ther. 11, 797–810. doi: 10.2147/
DDDT.S130514

Ganguly, U., Banerjee, A., Chakrabarti, S. S., Kaur, U., Sen, O., Cappai, R., et al.
(2020). Interaction of α-synuclein and Parkin in iron toxicity on SH-SY5Y
cells: implications in the pathogenesis of Parkinson’s disease. Biochem. J. 477,
1109–1122. doi: 10.1042/BCJ20190676

Ganguly, U., Chakrabarti, S. S., Kaur, U., Mukherjee, A., and Chakrabarti, S.
(2018). Alpha-synuclein, proteotoxicity and Parkinson’s disease: search for
neuroprotective therapy. Curr. Neuropharmacol. 16, 1086–1097. doi: 10.2174/
1570159X15666171129100944

Gao, L., Tang, H., Nie, K., Wang, L., Zhao, J., Gan, R., et al. (2015). Cerebrospinal
fluid alpha-synuclein as a biomarker for Parkinson’s disease diagnosis: a
systematic review and meta-analysis. Int. J. Neurosci. 125, 645–654. doi: 10.
3109/00207454.2014.961454

GBD 2016 Neurology Collaborators (2018). Global, regional, and national burden
of Parkinson’s disease, 1990–2016: a systematic analysis for the Global Burden of
Disease Study 2016. Lancet Neurol. 17, 939–953. doi: 10.1016/S1474-4422(18)
30295-3

Gibbons, C. H., Garcia, J., Wang, N., Shih, L. C., and Freeman, R. (2016).
The diagnostic discrimination of cutaneous α-synuclein deposition in
Parkinson disease. Neurology 87, 505–512. doi: 10.1212/WNL.000000000000
2919

Giguère, N., Nanni, S. B., and Trudeau, L. E. (2018). On cell loss and selective
vulnerability of neuronal populations in Parkinson’s disease. Front. Neurol.
9:455. doi: 10.3389/fneur.2018.00455

Gold, A., Turkalp, Z. T., and Munoz, D. G. (2013). Enteric alpha-synuclein
expression is increased in Parkinson’s disease but not Alzheimer’s disease. Mov.
Disord. 28, 237–241. doi: 10.1002/mds.25298

Goldstein, D. S., Holmes, C., Lopez, G. J., Xu, T., and Sharabi, Y. (2018).
Cerebrospinal fluid biomarkers of central dopamine deficiency predict
Parkinson’s disease. Parkinsonism Relat. Disord. 50, 108–112. doi: 10.1016/j.
parkreldis.2018.02.023

Greenland, J. C., and Barker, R. A. (2018). The Differential Diagnosis of
Parkinson’s Disease. Parkinson’s Disease: Pathogenesis and Clinical Aspects

[Internet]. Brisbane: Codon Publications. doi: 10.15586/codonpublications.
parkinsonsdisease.2018.ch6

Gubellini, P., and Kachidian, P. (2015). Animal models of Parkinson’s disease: an
updated overview. Rev. Neurol. 171, 750–761. doi: 10.1016/j.neurol.2015.07.011

Guo, J. D., Zhao, X., Li, Y., Li, G. R., and Liu, X. L. (2018). Damage to dopaminergic
neurons by oxidative stress in Parkinson’s disease (Review). Int. J. Mol. Med. 41,
1817–1825. doi: 10.3892/ijmm.2018.3406

Hall, S., Ohrfelt, A., Constantinescu, R., Andreasson, U., Surova, Y., Bostrom, F.,
et al. (2012). Accuracy of a panel of 5 cerebrospinal fluid biomarkers in the
differential diagnosis of patients with dementia and/or parkinsonian disorders.
Arch. Neurol. 69, 1445–1452. doi: 10.1001/archneurol.2012.1654

Hansson, O., Hall, S., Ohrfelt, A., Zetterberg, H., Blennow, K., Minthon, L., et al.
(2014). Levels of cerebrospinal fluid α-synuclein oligomers are increased in
Parkinson’s disease with dementia and dementia with Lewy bodies compared
to Alzheimer’s disease. Alzheimers Res. Ther. 6:25. doi: 10.1186/alzrt255

Harapan, B. N., Frydrychowicz, C., Classen, J., Wittekind, C., Gradistanac, T.,
Rumpf, J. J., et al. (2020). No enhanced (p-) α-synuclein deposition in
gastrointestinal tissue of Parkinson’s disease patients. Parkinsonism Relat.
Disord. 80, 82–88. doi: 10.1016/j.parkreldis.2020.08.020

Hartmann, A. (2004). Postmortem studies in Parkinson’s disease. Dialogues Clin.
Neurosci. 6, 281–293. doi: 10.31887/DCNS.2004.6.3/ahartmann

He, R., Yan, X., Guo, J., Xu, Q., Tang, B., and Sun, Q. (2018). Recent advances in
biomarkers for Parkinson’s disease. Front. Aging Neurosci. 10:305. doi: 10.3389/
fnagi.2018.00305

He, S., Wang, F., Yung, K. K. L., Zhang, S., and Qu, S. (2021). Effects of α-Synuclein-
associated post-translational modifications in Parkinson’s disease. ACS Chem.
Neurosci. 12, 1061–1071. doi: 10.1021/acschemneuro.1c00028

Heegaard, N. H. H., Tanassi, J. T., Bech, S., Salvesen, L., Lüttge, P., Montezinho,
L. C. P., et al. (2014). Cerebrospinal fluid α-synuclein in the differential
diagnosis of parkinsonian syndromes. Future Neurol. 9, 525–532. doi: 10.2217/
fnl.14.51

Heeman, B., Haute, C. V. D., Aelvoet, S. A., Valsecchi, F., Rodenburg, R. J.,
Reumers, V., et al. (2011). Depletion of PINK1 affects mitochondrial
metabolism, calcium homeostasis and energy maintenance. J. Cell Sci. 124,
1115–1125. doi: 10.1242/jcs.078303

Heman-Ackah, S. M., Manzano, R., Hoozemans, J. J. M., Scheper, W., Flynn,
R., Haerty, W., et al. (2017). Alpha-synuclein induces the unfolded protein
response in Parkinson’s disease SNCA triplication iPSC-derived neurons. Hum.
Mol. Genet. 26, 4441–4450. doi: 10.1093/hmg/ddx331

Hilton, D., Stephens, M., Kirk, L., Edwards, P., Potter, R., Zajicek, J., et al. (2013).
Accumulation of α-synuclein in the bowel of patients in the pre-clinical phase
of Parkinson’s disease. Acta Neuropathol. 127, 234–241. doi: 10.1007/s00401-
013-1214-6

Ho, C. Y., Troncosco, J. C., Knox, D., Stark, W., and Eberhart, C. G. (2014). Beta-
amyloid, phospho-tau and alpha-synuclein deposits similar to those in the brain
are not identified in the eyes of Alzheimer’s and Parkinson’s disease patients.
Brain Pathol. 24, 25–32. doi: 10.1111/bpa.12070

Holmqvist, S., Chutna, O., Bousset, L., Aldrin-Kirk, P., Li, W., Björklund, T., et al.
(2014). Direct evidence of Parkinson pathology spread from the gastrointestinal
tract to the brain in rats. Acta Neuropathol. 128, 805–820. doi: 10.1007/s00401-
014-1343-6

Hong, Z., Shi, M., Chung, K. A., Quinn, J. F., Peskind, E. R., Galasko, D., et al.
(2010). DJ-1 and alpha-synuclein in human cerebrospinal fluid as biomarkers
of Parkinson’s disease. Brain 133, 713–726. doi: 10.1093/brain/awq008

Indrieri, A., Pizzarelli, R., Franco, B., and Leonibus, E. D. (2020). Dopamine,
Alpha-synuclein, and mitochondrial dysfunctions in parkinsonian eyes. Front.
Neurosci. 14:567129. doi: 10.3389/fnins.2020.567129

Irrcher, I., Aleyasin, H., Seifert, E. L., Hewitt, S. J., Chhabra, S., Phillips, M., et al.
(2010). Loss of the Parkinson’s disease-linked gene DJ-1 perturbs mitochondrial
dynamics. Hum. Mol. Genet. 19, 3736–3746. doi: 10.1093/hmg/ddq288

Jackson-Lewis, V., Blesa, J., and Przedborski, S. (2012). Animal models of
Parkinson’s disease. Parkinsonism Relat. Disord. 18, 183–185. doi: 10.1016/
S1353-8020(11)70057-8

Jana, S., Sinha, M., Chanda, D., Roy, T., Banerjee, K., Munshi, S., et al.
(2011). Mitochondrial dysfunction mediated by quinone oxidation products
of dopamine: implications in dopamine cytotoxicity and pathogenesis of
Parkinson’s disease. Biochim. Biophys. Acta 1812, 663–673. doi: 10.1016/j.
bbadis.2011.02.013

Frontiers in Aging Neuroscience | www.frontiersin.org 15 July 2021 | Volume 13 | Article 702639

https://doi.org/10.1523/JNEUROSCI.1560-11.2011
https://doi.org/10.1523/JNEUROSCI.1560-11.2011
https://doi.org/10.1096/fj.03-1449com
https://doi.org/10.3389/fnins.2018.00612
https://doi.org/10.3389/fnins.2018.00612
https://doi.org/10.1001/archneur.62.3.353
https://doi.org/10.1002/ana.24294
https://doi.org/10.3389/fnmol.2019.00299
https://doi.org/10.1371/journal.pone.0028032
https://doi.org/10.1038/srep02540
https://doi.org/10.1016/j.molcel.2009.02.013
https://doi.org/10.1016/j.molcel.2009.02.013
https://doi.org/10.2147/DDDT.S130514
https://doi.org/10.2147/DDDT.S130514
https://doi.org/10.1042/BCJ20190676
https://doi.org/10.2174/1570159X15666171129100944
https://doi.org/10.2174/1570159X15666171129100944
https://doi.org/10.3109/00207454.2014.961454
https://doi.org/10.3109/00207454.2014.961454
https://doi.org/10.1016/S1474-4422(18)30295-3
https://doi.org/10.1016/S1474-4422(18)30295-3
https://doi.org/10.1212/WNL.0000000000002919
https://doi.org/10.1212/WNL.0000000000002919
https://doi.org/10.3389/fneur.2018.00455
https://doi.org/10.1002/mds.25298
https://doi.org/10.1016/j.parkreldis.2018.02.023
https://doi.org/10.1016/j.parkreldis.2018.02.023
https://doi.org/10.15586/codonpublications.parkinsonsdisease.2018.ch6
https://doi.org/10.15586/codonpublications.parkinsonsdisease.2018.ch6
https://doi.org/10.1016/j.neurol.2015.07.011
https://doi.org/10.3892/ijmm.2018.3406
https://doi.org/10.1001/archneurol.2012.1654
https://doi.org/10.1186/alzrt255
https://doi.org/10.1016/j.parkreldis.2020.08.020
https://doi.org/10.31887/DCNS.2004.6.3/ahartmann
https://doi.org/10.3389/fnagi.2018.00305
https://doi.org/10.3389/fnagi.2018.00305
https://doi.org/10.1021/acschemneuro.1c00028
https://doi.org/10.2217/fnl.14.51
https://doi.org/10.2217/fnl.14.51
https://doi.org/10.1242/jcs.078303
https://doi.org/10.1093/hmg/ddx331
https://doi.org/10.1007/s00401-013-1214-6
https://doi.org/10.1007/s00401-013-1214-6
https://doi.org/10.1111/bpa.12070
https://doi.org/10.1007/s00401-014-1343-6
https://doi.org/10.1007/s00401-014-1343-6
https://doi.org/10.1093/brain/awq008
https://doi.org/10.3389/fnins.2020.567129
https://doi.org/10.1093/hmg/ddq288
https://doi.org/10.1016/S1353-8020(11)70057-8
https://doi.org/10.1016/S1353-8020(11)70057-8
https://doi.org/10.1016/j.bbadis.2011.02.013
https://doi.org/10.1016/j.bbadis.2011.02.013
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-702639 July 8, 2021 Time: 12:47 # 16

Ganguly et al. Alpha-Synuclein as a Potential Biomarker in Parkinson’s Disease

Jankovic, J. (2008). Parkinson’s disease: clinical features and diagnosis. J. Neurol.
Neurosurg. Psychiatry 79, 368–376. doi: 10.1136/jnnp.2007.131045

Jellinger, K. A. (2019). Is Braak staging valid for all types of Parkinson’s disease?
J. Neural Transm. 126, 423–431. doi: 10.1007/s00702-018-1898-9

Jenner, P. (2003). Oxidative stress in Parkinson’s disease. Ann. Neurol. 53, S26–S38.
doi: 10.1002/ana.10483

Jiang, C., Hopfner, F., Katsikoudi, A., Hein, R., Catli, C., Evetts, S., et al. (2020).
Serum neuronal exosomes predict and differentiate Parkinson’s disease from
atypical parkinsonism. J. Neurol. Neurosurg. Psychiatry 91, 720–729. doi: 10.
1136/jnnp-2019-322588

Jiang, L., Zhang, H., Wang, C., Ming, F., Shi, X., and Yang, M. (2019). Serum level of
brain-derived neurotrophic factor in Parkinson’s disease: a meta-analysis. Prog.
Neuropsychopharmacol. Biol. Psychiatry. 88, 168–174. doi: 10.1016/j.pnpbp.
2018.07.010

Jiang, X., Jin, T., Zhang, H., Miao, J., Zhao, X., Su, Y., et al. (2019). Current progress
of mitochondrial quality control pathways underlying the pathogenesis of
Parkinson’s disease. Oxid. Med. Cell. Longev. 2019:4578462. doi: 10.1155/2019/
4578462

Jiménez-Jiménez, F. J., Alonso-Navarro, H., García-Martín, E., and Agúndez,
J. A. G. (2014). Cerebrospinal fluid biochemical studies in patients with
Parkinson’s disease: toward a potential search for biomarkers for this disease.
Front. Cell. Neurosci. 8:369. doi: 10.3389/fncel.2014.00369

Kalia, L. V., and Lang, A. E. (2015). Parkinson’s disease. Lancet 386, 896–912.
doi: 10.1016/S0140-6736(14)61393-3

Kang, W., Chen, W., Yang, Q., Zhang, L., Zhang, L., Wang, X., et al. (2016). Salivary
total α-synuclein, oligomeric α-synuclein and SNCA variants in Parkinson’s
disease patients. Sci. Rep. 6:28143. doi: 10.1038/srep28143

Katayama, T., Sawada, J., Takahashi, K., and Yahara, O. (2020). Cerebrospinal
fluid biomarkers in Parkinson’s disease: a critical overview of the literature and
meta-analyses. Brain Sci. 10:466. doi: 10.3390/brainsci10070466

Kiely, A. P., Asi, Y. T., Kara, E., Limousin, P., Ling, H., Lewis, P., et al. (2013).
α-Synucleinopathy associated with G51D SNCA mutation: a link between
Parkinson’s disease and multiple system atrophy? Acta Neuropathol. 125, 763–
769. doi: 10.1007/s00401-013-1096-7

Klein, C., and Westenberger, A. (2012). Genetics of Parkinson’s disease. Cold Spring
Harb. Perspect. Med. 2:a008888. doi: 10.1101/cshperspect.a008888

Kouli, A., Torsney, K. M., Kuan, W. L., Stoker, T. B., and Greenland,
J. C. (2018). Parkinson’s Disease: Etiology, Neuropathology, and Pathogenesis.
Parkinson’s Disease: Pathogenesis and Clinical Aspects [Internet]. Brisbane:
Codon Publications. doi: 10.15586/codonpublications.parkinsonsdisease.2018.
ch1

Krüger, R., Kuhn, W., Müller, T., Woitalla, D., Graeber, M., Kösel, S., et al. (1998).
Ala30Pro mutation in the gene encoding alpha-synuclein in Parkinson’s disease.
Nat. Genet. 18, 106–108. doi: 10.1038/ng0298-106

Lashuel, H. A., Overk, C. R., Oueslati, A., and Masliah, E. (2013). The many
faces of α-synuclein: from structure and toxicity to therapeutic target. Nat. Rev.
Neurosci. 14, 38–48. doi: 10.1038/nrn3406

Lebouvier, T., Neunlist, M., des Varannes, S. B., Coron, E., Drouard, A., N’Guyen,
J. M., et al. (2010). Colonic biopsies to assess the neuropathology of Parkinson’s
disease and its relationship with symptoms. PLoS One 5:e12728. doi: 10.1371/
journal.pone.0012728

Lee, E., Hwang, I., Park, S., Hong, S., Hwang, B., Cho, Y., et al. (2019). MPTP-
driven NLRP3 inflammasome activation in microglia plays a central role in
dopaminergic neurodegeneration. Cell Death Differ. 26, 213–228. doi: 10.1038/
s41418-018-0124-5

Lee, H. J., Jung, K. W., Chung, S. J., Hong, S. M., Kim, J., Lee, J. H., et al. (2018).
Relation of enteric α-Synuclein to gastrointestinal dysfunction in patients with
parkinson’s disease and in neurologically intact subjects. J. Neurogastroenterol.
Motil. 24, 469–478. doi: 10.5056/jnm17141

Lee, P. H., Lee, G., Park, H. J., Bang, O. Y., Joo, I. S., and Huh, K. (2006). The plasma
alpha-synuclein levels in patients with Parkinson’s disease and multiple system
atrophy. J. Neural Transm. 113, 1435–1439. doi: 10.1007/s00702-005-0427-9

Lesage, S., and Brice, A. (2009). Parkinson’s disease: from monogenic forms to
genetic susceptibility factors. Hum. Mol. Genet. 18, R48–R59. doi: 10.1093/hmg/
ddp012

LeWitt, P., Schultz, L., Auinger, P., Lu, M., and Parkinson Study Group Datatop
Investigators. (2011). CSF xanthine, homovanillic acid, and their ratio as

biomarkers of Parkinson’s disease. Brain Res. 1408, 88–97. doi: 10.1016/j.
brainres.2011.06.057

Li, Q. X., Mok, S. S., Laughton, K. M., McLean, C. A., Cappai, R., Masters, C. L.,
et al. (2007). Plasma alpha-synuclein is decreased in subjects with Parkinson’s
disease. Exp. Neurol. 204, 583–588. doi: 10.1016/j.expneurol.2006.12.006

Li, X., Yang, W., Li, X., Li, X., Chen, Z., Wang, C., et al. (2019). Levels of oligomeric
alpha-synuclein in red blood cells are elevated in patients with Parkinson’s
disease and affected by brain alpha-synuclein expression. Int. J. Clin. Exp. Med.
12, 10470–10477.

Lin, C. H., Yang, S. Y., Horng, H. E., Yang, C. C., Chieh, J. J., Chen, H. H., et al.
(2017). Plasma α-synuclein predicts cognitive decline in Parkinson’s disease.
J. Neurol. Neurosurg. Psychiatry 88, 818–824. doi: 10.1136/jnnp-2016-314857

Ludtmann, M. H. R., Angelova, P. R., Horrocks, M. H., Choi, M. L., Rodrigues,
M., and Baev, A. Y. (2018). α-synuclein oligomers interact with ATP synthase
and open the permeability transition pore in Parkinson’s disease. Nat. Commun.
9:2293. doi: 10.1038/s41467-018-04422-2

Lööv, C., Scherzer, C. R., Hyman, B. T., Breakefield, X. O., and Ingelsson, M. (2016).
α-Synuclein in extracellular vesicles: functional implications and diagnostic
opportunities. Cell. Mol. Neurobiol. 36, 437–448. doi: 10.1007/s10571-015-
0317-0

Majbour, N. K., Vaikath, N. N., van Dijk, K. D., Ardah, M. T., Varghese, S.,
Vesterager, L. B., et al. (2016). Oligomeric and phosphorylated alpha-synuclein
as potential CSF biomarkers for Parkinson’s disease. Mol Neurodegener. 11:7.
doi: 10.1186/s13024-016-0072-9

Mammadova, N., Summers, C. M., Kokemuller, R. D., He, Q., Ding, S., Baron, T.,
et al. (2019). Accelerated accumulation of retinal α-synuclein (pSer129) and tau,
neuroinflammation, and autophagic dysregulation in a seeded mouse model of
Parkinson’s disease. Neurobiol. Dis. 121, 1–16. doi: 10.1016/j.nbd.2018.09.013

Manne, S., Kondru, N., Jin, H., Anantharam, V., Huang, X., Kanthasamy,
A., et al. (2020). α-Synuclein real-time quaking-induced conversion in the
submandibular glands of Parkinson’s disease patients. Mov. Disord. 35, 268–
278. doi: 10.1002/mds.27907

Marras, C., Beck, J. C., Bower, J. H., Roberts, E., Ritz, B., Ross, G. W., et al. (2018).
Prevalence of Parkinson’s disease across North America. NPJ Parkinsons Dis.
4:21. doi: 10.1038/s41531-018-0058-0

Marsili, L., Rizzo, G., and Colosimo, C. (2018). Diagnostic Criteria for Parkinson’s
disease: from James Parkinson to the concept of Prodromal disease. Front.
Neurol. 9:156. doi: 10.3389/fneur.2018.00156

Martínez-Martín, P., Chaudhuri, K. R., Rojo-Abuin, J. M., Rodriguez-Blázquez,
C., Alvarez-Sanchez, M., Arakaki, T., et al. (2015). Assessing the non-motor
symptoms of Parkinson’s disease: MDS-UPDRS and NMS Scale. Eur. J. Neurol.
22, 37–43. doi: 10.1111/ene.12165

Martínez-Martín, P., Rojo-Abuin, J., Rodríguez-Violante, M., Serrano-Dueñas, M.,
Garretto, N., Martínez-Castrillo, J. C., et al. (2016). Analysis of four scales for
global severity evaluation in Parkinson’s disease. NPJ Parkinsons Dis. 2:16007.
doi: 10.1038/npjparkd.2016.7

Martín-Jiménez, R., Lurette, O., and Hebert-Chatelain, E. (2020). Damage in
mitochondrial DNA associated with Parkinson’s disease. DNA Cell Biol. 39,
1421–1430. doi: 10.1089/dna.2020.5398

Mazzetti, S., Basellini, M. J., Ferri, V., Cassani, E., Cereda, E., Paolini, M., et al.
(2020). α-Synuclein oligomers in skin biopsy of idiopathic and monozygotic
twin patients with Parkinson’s disease. Brain 143, 920–931. doi: 10.1093/brain/
awaa008

Meyer, P. T., Frings, L., Rücker, G., and Hellwig, S. (2017). 18 F-FDG PET in
Parkinsonism: differential diagnosis and evaluation of cognitive impairment.
J. Nucl. Med. 58, 1888–1898. doi: 10.2967/jnumed.116.186403

Miller, D. W., Hague, S. M., Clarimon, J., Baptista, M., Gwinn-Hardy, K., Cookson,
M. R., et al. (2004). Alpha-synuclein in blood and brain from familial Parkinson
disease with SNCA locus triplication. Neurology 62, 1835–1838. doi: 10.1212/
01.wnl.0000127517.33208.f4

Miranda, H. V., Cássio, R., Correia-Guedes, L., Antonio Gomes, M., Chegão, A.,
Miranda, E., et al. (2017). Posttranslational modifications of blood-derived
alpha-synuclein as biochemical markers for Parkinson’s disease. Sci. Rep.
7:13713. doi: 10.1038/s41598-017-14175-5

Mogi, M., Harada, M., Narabayashi, H., Inagaki, H., Minami, M., and Nagatsu, T.
(1996). Interleukin (IL)-1β, IL-2, IL-4, IL-6 and transforming growth factor-α
levels are elevated in ventricular cerebrospinal fluid in juvenile parkinsonism

Frontiers in Aging Neuroscience | www.frontiersin.org 16 July 2021 | Volume 13 | Article 702639

https://doi.org/10.1136/jnnp.2007.131045
https://doi.org/10.1007/s00702-018-1898-9
https://doi.org/10.1002/ana.10483
https://doi.org/10.1136/jnnp-2019-322588
https://doi.org/10.1136/jnnp-2019-322588
https://doi.org/10.1016/j.pnpbp.2018.07.010
https://doi.org/10.1016/j.pnpbp.2018.07.010
https://doi.org/10.1155/2019/4578462
https://doi.org/10.1155/2019/4578462
https://doi.org/10.3389/fncel.2014.00369
https://doi.org/10.1016/S0140-6736(14)61393-3
https://doi.org/10.1038/srep28143
https://doi.org/10.3390/brainsci10070466
https://doi.org/10.1007/s00401-013-1096-7
https://doi.org/10.1101/cshperspect.a008888
https://doi.org/10.15586/codonpublications.parkinsonsdisease.2018.ch1
https://doi.org/10.15586/codonpublications.parkinsonsdisease.2018.ch1
https://doi.org/10.1038/ng0298-106
https://doi.org/10.1038/nrn3406
https://doi.org/10.1371/journal.pone.0012728
https://doi.org/10.1371/journal.pone.0012728
https://doi.org/10.1038/s41418-018-0124-5
https://doi.org/10.1038/s41418-018-0124-5
https://doi.org/10.5056/jnm17141
https://doi.org/10.1007/s00702-005-0427-9
https://doi.org/10.1093/hmg/ddp012
https://doi.org/10.1093/hmg/ddp012
https://doi.org/10.1016/j.brainres.2011.06.057
https://doi.org/10.1016/j.brainres.2011.06.057
https://doi.org/10.1016/j.expneurol.2006.12.006
https://doi.org/10.1136/jnnp-2016-314857
https://doi.org/10.1038/s41467-018-04422-2
https://doi.org/10.1007/s10571-015-0317-0
https://doi.org/10.1007/s10571-015-0317-0
https://doi.org/10.1186/s13024-016-0072-9
https://doi.org/10.1016/j.nbd.2018.09.013
https://doi.org/10.1002/mds.27907
https://doi.org/10.1038/s41531-018-0058-0
https://doi.org/10.3389/fneur.2018.00156
https://doi.org/10.1111/ene.12165
https://doi.org/10.1038/npjparkd.2016.7
https://doi.org/10.1089/dna.2020.5398
https://doi.org/10.1093/brain/awaa008
https://doi.org/10.1093/brain/awaa008
https://doi.org/10.2967/jnumed.116.186403
https://doi.org/10.1212/01.wnl.0000127517.33208.f4
https://doi.org/10.1212/01.wnl.0000127517.33208.f4
https://doi.org/10.1038/s41598-017-14175-5
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-702639 July 8, 2021 Time: 12:47 # 17

Ganguly et al. Alpha-Synuclein as a Potential Biomarker in Parkinson’s Disease

and Parkinson’s disease. Neurosci. Lett. 211, 13–16. doi: 10.1016/0304-3940(96)
12706-3

Mollenhauer, B., Cullen, V., Kahn, I., Krastins, B., Outerio, T. F., Pepivani, I., et al.
(2008). Direct quantification of CSF alpha-synuclein by ELISA and first cross-
sectional study in patients with neurodegeneration. Exp. Neurol. 213, 315–325.
doi: 10.1016/j.expneurol.2008.06.004

Mollenhauer, B., Locascio, J. J., Schulz-Schaeffer, W., Sixel-Doring, F., Trenkwalder,
C., and Schlossmacher, M. G. (2011). alpha-Synuclein and tau concentrations
in cerebrospinal fluid of patients presenting with parkinsonism: a cohort study.
Lancet Neurol. 10, 230–240. doi: 10.1016/S1474-4422(11)70014-X

Mollenhauer, B., Trautmann, E., Taylor, P., Manninger, P., Sixel-Doring, F.,
Ebentheuer, J., et al. (2013). Total CSF α-synuclein is lower in de novo
Parkinson patients than in healthy subjects. Neurosci. Lett. 532, 44–48. doi:
10.1016/j.neulet.2012.11.004

Mullin, S., and Schapira, A. (2015). The genetics of Parkinson’s disease. Br. Med.
Bull. 114, 39–52. doi: 10.1093/bmb/ldv022

Nagatsu, T., Mogi, M., Ichinose, H., and Togari, A. (2000). “Changes in
cytokines and neurotrophins in Parkinson’s disease,” in Advances in Research
on Neurodegeneration, eds P. Riederer, et al. (Vienna: Springer). doi: 10.1007/
978-3-7091-6301-6_19

Niethammer, M., Feigin, A., and Eidelberg, D. (2012). Functional neuroimaging in
Parkinson’s disease. Cold Spring Harb. Perspect. Med. 2:a009274. doi: 10.1101/
cshperspect.a009274

Ning, H., Wu, Q., Han, D., Yao, T., Wang, J., Lu, W., et al. (2019). Baseline
concentration of misfolded α-synuclein aggregates in cerebrospinal fluid
predicts risk of cognitive decline in Parkinson’s disease. Neuropathol. Appl.
Neurobiol. 45, 398–409. doi: 10.1111/nan.12524

Nussbaum, R. L., and Polymeropoulos, M. H. (1997). Genetics of Parkinson’s
disease. Hum. Mol. Genet. 6, 1687–1691. doi: 10.1093/hmg/6.10.1687

Ohrfelt, A., Grognet, P., Andreasen, N., Wallin, A., Vanmechelen, E., Blennow, K.,
et al. (2009). Cerebrospinal fluid α-synuclein in neurodegenerative disorders—
A marker of synapse loss? Neurosci. Lett. 450, 332–335. doi: 10.1016/j.neulet.
2008.11.015

Ordonez, D. G., Lee, M. K., and Feany, M. B. (2018). α-synuclein induces
mitochondrial dysfunction through Spectrin and the Actin cytoskeleton.
Neuron 97, 108–124. doi: 10.1016/j.neuron.2017.11.036

Ortuño-Lizarán, I., Beach, T. G., Serrano, G. E., Walker, D. G., Adler, C. H., and
Cuenca, N. (2018). Phosphorylated α-synuclein in the retina is a biomarker
of Parkinson’s disease pathology severity. Mov. Disord. 33, 1315–1324. doi:
10.1002/mds.27392

Oueslati, A. (2016). Implication of Alpha-Synuclein phosphorylation at S129 in
synucleinopathies: What have we learned in the last decade? J. Parkinsons Dis.
6, 39–51. doi: 10.3233/JPD-160779

Paganoni, S., and Schwarzschild, M. A. (2017). Urate as a marker of risk and
progression of neurodegenerative disease. Neurotherapeutics 14, 148–153. doi:
10.1007/s13311-016-0497-4

Paillusson, S., Gomez-Suaga, P., Stoica, R., Little, D., Gissen, P., Devine, M. J.,
et al. (2017). α-Synuclein binds to the ER-mitochondria tethering protein
VAPB to disrupt Ca 2+ homeostasis and mitochondrial ATP production. Acta
Neuropathol. 134, 129–149. doi: 10.1007/s00401-017-1704-z

Pajares, M., Jiménez-Moreno, N., Dias, I. H. K., Debelec, B., Vucetic, M., Fladmark,
K. E., et al. (2015). Redox control of protein degradation. Redox Biol. 6, 409–420.
doi: 10.1016/j.redox.2015.07.003

Pajares, M., Rojo, A. I., Manda, G., Boscá, L., and Cuadrado, A. (2020).
Inflammation in Parkinson’s disease: mechanisms and therapeutic implications.
Cells 9:1687. doi: 10.3390/cells9071687

Palasz, E., Wysocka, A., Gasiorowska, A., Chalimoniuk, M., Niewiadomski, W.,
and Niewiadomska, G. (2020). BDNF as a promising therapeutic agent in
Parkinson’s disease. Int. J. Mol. Sci. 21:1170. doi: 10.3390/ijms21031170

Pankratz, N., and Foroud, T. (2007). Genetics of Parkinson’s disease. Gen. Med. 9,
801–811. doi: 10.1097/GIM.0b013e31815bf97c

Papagiannakis, N., Koros, C., Stamelou, M., Simitsi, A. M., Maniati, M., Antonelou,
R., et al. (2018). Alpha-synuclein dimerization in erythrocytes of patients with
genetic and non-genetic forms of Parkinson’s Disease. Neurosci. Lett. 672,
145–149. doi: 10.1016/j.neulet.2017.11.012

Park, J. H., Kim, D. H., Kwon, D. Y., Choi, M., Kim, S., Jung, J. H., et al. (2019).
Trends in the incidence and prevalence of Parkinson’s disease in Korea: a

nationwide, population-based study. BMC Geriatr. 19:320. doi: 10.1186/s12877-
019-1332-7

Park, J. S., Davis, R. L., and Sue, C. M. (2018). Mitochondrial dysfunction in
Parkinson’s disease: new mechanistic insights and therapeutic perspectives.
Curr. Neurol. Neurosci. Rep. 18, 21. doi: 10.1007/s11910-018-0829-3

Park, M. J., Cheon, S. M., Bae, H. R., Kim, S. H., and Kim, J. W. (2011). Elevated
levels of alpha-synuclein oligomer in the cerebrospinal fluid of drug-naive
patients with Parkinson’s disease. J. Clin. Neurol. 7, 215–222. doi: 10.3988/jcn.
2011.7.4.215

Parnetti, L., Chiasserini, D., Bellomo, G., Giannandrea, D., De Carlo, C.,
Qureshi, M. M., et al. (2011). Cerebrospinal fluid Tau/alpha-synuclein ratio in
Parkinson’s disease and degenerative dementias. Mov. Disord. 26, 1428–1435.
doi: 10.1002/mds.23670

Parnetti, L., Chiasserini, D., Persichetti, E., Eusebi, P., Varghese, S., Qureshi, M. M.,
et al. (2014a). Cerebrospinal fluid lysosomal enzymes and alpha-synuclein in
Parkinson’s disease. Mov. Disord. 29, 1019–1027. doi: 10.1002/mds.25772

Parnetti, L., Farotti, L., Eusebi, P., Chiasserini, D., De Carlo, C., Giannandrea, D.,
et al. (2014b). Differential role of CSF alpha-synuclein species, tau, and Aβ42 in
Parkinson’s Disease. Front. Aging Neurosci. 6:53. doi: 10.3389/fnagi.2014.00053

Pintér, D., Martinez-Martin, P., Janszky, J., and Kovács, N. (2019). The Parkinson’s
disease composite scale is adequately responsive to acute levodopa challenge.
Parkinsons Dis. 2019:1412984. doi: 10.1155/2019/1412984

Polymeropoulos, M. H., Lavedan, C., Leroy, E., Ide, S. E., Dehejia, A., Dutra,
A., et al. (1997). Mutation in the alpha-synuclein gene identified in families
with Parkinson’s disease. Science 276, 2045–2047. doi: 10.1126/science.276.
5321.2045

Price, D. L., Rockenstein, E., Mante, M., Adame, A., Overk, C., Spencer, B., et al.
(2016). Longitudinal live imaging of retinal α-synuclein: GFP deposits in a
transgenic mouse model of Parkinson’s Disease/Dementia with Lewy Bodies.
Sci. Rep. 6:29523. doi: 10.1038/srep29523

Pringsheim, T., Jette, N., Frolkis, A., and Steeves, T. D. L. (2014). The prevalence
of Parkinson’s disease: a systematic review and meta-analysis. Mov. Disord. 29,
1583–1590. doi: 10.1002/mds.25945

Puspita, L., Chung, S. Y., and Shim, J. W. (2017). Oxidative stress and cellular
pathologies in Parkinson’s disease. Mol. Brain 10:53. doi: 10.1186/s13041-017-
0340-9

Pyatigorskaya, N., Gallea, C., Garcia-Lorenzo, D., Vidailhet, M., and Lehericy,
S. (2014). A review of the use of magnetic resonance imaging in Parkinson’s
disease. Ther. Adv. Neurol. Disord. 7, 206–220. doi: 10.1177/1756285613511507

Qin, X. Y., Zhang, S. P., Cao, C., Loh, Y. P., and Cheng, Y. (2016). Aberrations
in peripheral inflammatory cytokine levels in Parkinson disease: a systematic
review and meta-analysis. JAMA Neurol. 73, 1316–1324. doi: 10.1001/
jamaneurol.2016.2742

Qualman, S. J., Haupt, H. M., Yang, P., and Hamilton, S. R. (1984). Esophageal Lewy
bodies associated with ganglion cell loss in achalasia. Similarity to Parkinson’s
disease. Gastroenterology 87, 848–856.

Ramalingam, M., Huh, Y. J., and Lee, Y. I. (2019). The Impairments of α-synuclein
and mechanistic target of Rapamycin in Rotenone-Induced SH-SY5Y cells and
mice model of Parkinson’s disease. Front. Neurosci. 13:1028. doi: 10.3389/fnins.
2019.01028

Ross, O. A., Soto-Ortolaza, A. I., Heckman, M. G., Aasly, J. O., Abahuni, N., Annesi,
G., et al. (2011). Association of LRRK2 exonic variants with susceptibility to
Parkinson’s disease: a case-control study. Lancet Neurol. 10, 898–908. doi: 10.
1016/S1474-4422(11)70175-2

Salehi, Z., and Mashayekhi, F. (2009). Brain-derived neurotrophic factor
concentrations in the cerebrospinal fluid of patients with Parkinson’s disease.
J. Clin. Neuosci. 16, 90–93. doi: 10.1016/j.jocn.2008.03.010

Sánchez-Ferro, A., Rabano, A., Catalan, M. J., Rodriguez-Valcarcel, F. C., Diez,
S. F., Herreros-Rodriguez, J., et al. (2014). In vivo gastric detection of α-
synuclein inclusions in Parkinson’s disease. Mov. Disord. 30, 517–524. doi:
10.1002/mds.25988

Sanchez-Guajardo, V., Tentillier, N., and Romero-Ramos, M. (2015). The relation
between α-synuclein and microglia in Parkinson’s disease: recent developments.
Neuroscience 302, 47–58. doi: 10.1016/j.neuroscience.2015.02.008

Sanders, L. H., and Greenamyre, J. T. (2013). Oxidative damage to macromolecules
in human Parkinson disease and the rotenone model. Free Radic. Biol. Med. 62,
111–120. doi: 10.1016/j.freeradbiomed.2013.01.003

Frontiers in Aging Neuroscience | www.frontiersin.org 17 July 2021 | Volume 13 | Article 702639

https://doi.org/10.1016/0304-3940(96)12706-3
https://doi.org/10.1016/0304-3940(96)12706-3
https://doi.org/10.1016/j.expneurol.2008.06.004
https://doi.org/10.1016/S1474-4422(11)70014-X
https://doi.org/10.1016/j.neulet.2012.11.004
https://doi.org/10.1016/j.neulet.2012.11.004
https://doi.org/10.1093/bmb/ldv022
https://doi.org/10.1007/978-3-7091-6301-6_19
https://doi.org/10.1007/978-3-7091-6301-6_19
https://doi.org/10.1101/cshperspect.a009274
https://doi.org/10.1101/cshperspect.a009274
https://doi.org/10.1111/nan.12524
https://doi.org/10.1093/hmg/6.10.1687
https://doi.org/10.1016/j.neulet.2008.11.015
https://doi.org/10.1016/j.neulet.2008.11.015
https://doi.org/10.1016/j.neuron.2017.11.036
https://doi.org/10.1002/mds.27392
https://doi.org/10.1002/mds.27392
https://doi.org/10.3233/JPD-160779
https://doi.org/10.1007/s13311-016-0497-4
https://doi.org/10.1007/s13311-016-0497-4
https://doi.org/10.1007/s00401-017-1704-z
https://doi.org/10.1016/j.redox.2015.07.003
https://doi.org/10.3390/cells9071687
https://doi.org/10.3390/ijms21031170
https://doi.org/10.1097/GIM.0b013e31815bf97c
https://doi.org/10.1016/j.neulet.2017.11.012
https://doi.org/10.1186/s12877-019-1332-7
https://doi.org/10.1186/s12877-019-1332-7
https://doi.org/10.1007/s11910-018-0829-3
https://doi.org/10.3988/jcn.2011.7.4.215
https://doi.org/10.3988/jcn.2011.7.4.215
https://doi.org/10.1002/mds.23670
https://doi.org/10.1002/mds.25772
https://doi.org/10.3389/fnagi.2014.00053
https://doi.org/10.1155/2019/1412984
https://doi.org/10.1126/science.276.5321.2045
https://doi.org/10.1126/science.276.5321.2045
https://doi.org/10.1038/srep29523
https://doi.org/10.1002/mds.25945
https://doi.org/10.1186/s13041-017-0340-9
https://doi.org/10.1186/s13041-017-0340-9
https://doi.org/10.1177/1756285613511507
https://doi.org/10.1001/jamaneurol.2016.2742
https://doi.org/10.1001/jamaneurol.2016.2742
https://doi.org/10.3389/fnins.2019.01028
https://doi.org/10.3389/fnins.2019.01028
https://doi.org/10.1016/S1474-4422(11)70175-2
https://doi.org/10.1016/S1474-4422(11)70175-2
https://doi.org/10.1016/j.jocn.2008.03.010
https://doi.org/10.1002/mds.25988
https://doi.org/10.1002/mds.25988
https://doi.org/10.1016/j.neuroscience.2015.02.008
https://doi.org/10.1016/j.freeradbiomed.2013.01.003
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-702639 July 8, 2021 Time: 12:47 # 18

Ganguly et al. Alpha-Synuclein as a Potential Biomarker in Parkinson’s Disease

Sarkar, S., Olsen, A. L., Sygnecka, K., Lohr, K. M., and Feany, M. B. (2021).
α-synuclein impairs autophagosome maturation through abnormal actin
stabilization. PLoS Genet. 17:e1009359. doi: 10.1371/journal.pgen.1009359

Schapira, A. H. V. (2007). Mitochondrial dysfunction in Parkinson’s disease. Cell
Death Differ. 14, 1261–1266. doi: 10.1038/sj.cdd.4402160

Schwarz, S. T., Afzal, M., Morgan, P. S., Bajaj, N., Gowland, P. A., and Auer,
D. P. (2014). The ‘Swallow Tail’ appearance of the healthy Nigrosome – a
new accurate test of Parkinson’s disease: a case-control and retrospective cross-
sectional MRI Study at 3T. PLoS One 9:e93814. doi: 10.1371/journal.pone.
0093814

Shaheen, H., Sobhy, S., El Mously, S., Abuomira, M., and Mansour, M. (2020).
Salivary alpha-synuclein (total and oligomeric form): potential biomarkers in
Parkinson’s disease. Egypt. J. Neurol. Psychiatry Neurosurg. 56:22. doi: 10.1186/
s41983-020-0159-7

Shaltouki, A., Sivapatham, R., Pei, Y., Gerencser, A. A., Momèiloviæ, O., Rao, M. S.,
et al. (2015). Mitochondrial alterations by PARKIN in dopaminergic neurons
using PARK2 patient-specific and PARK2 knockout isogenic iPSC lines. Stem
Cell Rep. 4, 847–859. doi: 10.1016/j.stemcr.2015.02.019

Shannon, K. M., Keshavarzian, A., Mutlu, E., Dodiya, H. B., Daian, D., Jaglin,
J. A., et al. (2012). Alpha-synuclein in colonic submucosa in early untreated
Parkinson’s disease. Mov. Disord. 27, 709–715. doi: 10.1002/mds.23838

Shi, M., Bradner, J., Hancock, A. M., Chung, K. A., Quinn, J. F., Peskind, E. R.,
et al. (2011). Cerebrospinal fluid biomarkers for Parkinson disease diagnosis
and progression. Ann. Neurol. 69, 570–580. doi: 10.1002/ana.22311

Shi, M., Liu, C., Cook, T. J., Bullock, K. M., Zhao, Y., Ginghina, C., et al.
(2014). Plasma exosomal α-synuclein is likely CNS-derived and increased in
Parkinson’s disease. Acta Neuropathol. 128, 639–650. doi: 10.1007/s00401-014-
1314-y

Shi, M., Zabetian, C. P., Hancock, A. M., Ginghina, C., Hong, Z., Yearout, D., et al.
(2010). Significance and confounders of peripheral DJ-1 and alpha-synuclein
in Parkinson’s disease. Neurosci. Lett. 480, 78–82. doi: 10.1016/j.neulet.2010.06.
009

Singleton, A. B., Farrer, M., Johnson, J., Singleton, A., Hague, S., Kachergus, J., et al.
(2003). alpha-Synuclein locus triplication causes Parkinson’s disease. Science
302:841. doi: 10.1126/science.1090278

Skorvanek, M., Martinez-Martin, P., Kovacs, N., Rodriguez-Violante, M., Corvol,
J. C., Taba, P., et al. (2017). Differences in MDS-UPDRS Scores Based on Hoehn
and Yahr Stage and Disease Duration. Mov. Disord. Clin. Pract. 4, 536–544.
doi: 10.1002/mdc3.12476

Stefani, A., Pierantozzi, M., Olivola, E., Galati, S., Cerroni, R., D’Angelo, V., et al.
(2017). Homovanillic acid in CSF of mild stage Parkinson’s disease patients
correlates with motor impairment. Neurochem. Int. 105, 58–63. doi: 10.1016/
j.neuint.2017.01.007

Stefanis, L. (2012). α-Synuclein in Parkinson’s disease. Cold Spring Harb. Perspect.
Med. 2:a009399. doi: 10.1101/cshperspect.a009399

Stewart, T., Sossi, V., Aasly, J. O., Wszolek, Z. W., Uitti, R. J., Hasegawa, K., et al.
(2015). Phosphorylated α-synuclein in Parkinson’s disease: correlation depends
on disease severity. Acta Neuropathol. Commun. 3:7. doi: 10.1186/s40478-015-
0185-3

Stoessel, D., Schulte, C., Teixeira Dos Santos, M. C., Scheller, D., Rebollo-Mesa,
I., Deuschle, C., et al. (2018). Promising metabolite profiles in the plasma
and CSF of early clinical Parkinson’s disease. Front. Aging Neurosci. 10:51.
doi: 10.3389/fnagi.2018.00051

Stojkovska, I., Wagner, B. M., and Morrison, B. E. (2015). Parkinson’s disease
and enhanced inflammatory response. Exp. Biol. Med. 240, 1387–1395. doi:
10.1177/1535370215576313

Su, X., Chu, Y., Kordower, J. H., Li, B., Cao, H., Huang, L., et al. (2015). PGC-
1α promoter Methylation in Parkinson’s disease. PLoS One 10:e0134087. doi:
10.1371/journal.pone.0134087

Sui, Y. T., Bullock, K. M., Erickson, M. A., Zhang, J., and Banks, W. A. (2014).
Alpha synuclein is transported into and out of the brain by the blood-brain
barrier. Peptides 52, 197–202. doi: 10.1016/j.peptides.2014.09.018

Surguchov, A., McMahan, B., Masliah, E., and Surgucheva, I. (2001). Synucleins in
ocular tissues. J. Neurosci. Res. 65, 68–77. doi: 10.1002/jnr.1129

Thomas, K. J., McCoy, M. K., Blackinton, J., Beilina, A., van der Brug, M.,
Sandebring, A., et al. (2011). DJ-1 acts in parallel to the PINK1/parkin pathway
to control mitochondrial function and autophagy. Hum. Mol. Genet. 20, 40–50.
doi: 10.1093/hmg/ddq430

Tian, C., Liu, G., Gao, L., Soltys, D., Pan, C., Stewart, T., et al. (2019).
Erythrocytic α-Synuclein as a potential biomarker for Parkinson’s disease.
Transl. Neurodegener. 8:15. doi: 10.1186/s40035-019-0155-y

Tokuda, T., Salem, S. A., Allsop, D., Mizuno, T., Nakagawa, M., Qureshi,
M. M., et al. (2006). Decreased alpha-synuclein in cerebrospinal fluid of
aged individuals and subjects with Parkinson’s disease. Biochem. Biophys. Res.
Commun. 349, 162–166. doi: 10.1016/j.bbrc.2006.08.024

Tokuda, T., Qureshi, M. M., Ardah, M. T., Varghese, S., Shehab, S. A. S., Kasai, T.,
et al. (2010). Detection of elevated levels of α-synuclein oligomers in CSF from
patients with Parkinson disease. Neurology 75, 1766–1772. doi: 10.1212/WNL.
0b013e3181fd613b

Toledo, J. B., Korff, A., Shaw, L. M., Trojanowski, J. Q., and Zhang, J. (2013).
CSF alpha-synuclein improves diagnostic and prognostic performance of CSF
tau and Abeta in Alzheimer’s disease. Acta Neuropathol. 126, 683–697. doi:
10.1007/s00401-013-1148-z

Toulorge, D., Schapira, A. H. V., and Hajj, R. (2016). Molecular changes in the
postmortem parkinsonian brain. J. Neurochem. 139(Suppl. 1), 27–58. doi: 10.
1111/jnc.13696

Trupp, M., Jonsson, P., Ohrfelt, A., Zetterberg, H., Obudulu, O., Malm, L., et al.
(2014). Metabolite and peptide levels in plasma and CSF differentiating healthy
controls from patients with newly diagnosed Parkinson’s disease. J. Parkinsons
Dis. 4, 549–560. doi: 10.3233/JPD-140389

van Dijk, K. D., Persichetti, E., Chiasserini, D., Eusebi, P., Beccari, T., Calabresi, P.,
et al. (2013). Changes in endolysosomal enzyme activities in cerebrospinal fluid
of patients with Parkinson’s disease. Mov. Disord. 28, 747–754. doi: 10.1002/
mds.25495

van Steenoven, I., Majbour, N. K., Vaikath, N. N., Berendse, H. W., van der Flier,
W. M., van de Berg, W. D. J., et al. (2018). α-Synuclein species as potential
cerebrospinal fluid biomarkers for dementia with lewy bodies. Mov. Disord. 33,
1724–1733. doi: 10.1002/mds.111

Vandendriessche, C., Bruggeman, A., Van Cauwenberghe, C., and Vandenbroucke,
R. E. (2020). Extracellular vesicles in Alzheimer’s and Parkinson’s disease: small
entities with large consequences. Cells 9:2485. doi: 10.3390/cells9112485

Varcin, M., Bentea, E., Michotte, Y., and Sarre, S. (2012). Oxidative stress in genetic
mouse models of Parkinson’s disease. Oxid. Med. Cell. Longev. 2012:624925.
doi: 10.1155/2012/624925

Ventriglia, M., Zanardini, R., Bonomini, C., Zanetti, O., Volpe, D., Pasqualetti,
P., et al. (2013). Serum brain-derived neurotrophic factor levels in different
neurological diseases. Biomed Res. Int. 2013:901082. doi: 10.1155/2013/901082

Veys, L., Vandenabeele, M., Ortuño-Lizarán, I., Baekelandt, V., Cuenca, N., Moons,
L., et al. (2019). Retinal α-synuclein deposits in Parkinson’s disease patients
and animal models. Acta Neuropathol. 137, 379–395. doi: 10.1007/s00401-018-
01956-z

Visanji, N. P., Marras, C., Hazrati, L. N., Liu, L. W. C., and Lang, A. E. (2013).
Alimentary, my dear Watson? The challenges of enteric α-synuclein as a
Parkinson’s disease biomarker. Mov. Disord. 29, 444–450. doi: 10.1002/mds.
25789

Vivacqua, G., Latorre, A., Suppa, A., Nardi, M., Pietracupa, S., Mancinelli, R., et al.
(2016). Abnormal salivary total and oligomeric Alpha-synuclein in Parkinson’s
disease. PLoS One 11:e0151156. doi: 10.1371/journal.pone.0151156

von Euler Chelpin, M., Söderberg, L., Fälting, J., Möller, C., Giorgetti, M.,
Constantinescu, R., et al. (2020). Alpha-Synuclein Protofibrils in cerebrospinal
fluid: a potential biomarker for Parkinson’s disease. J. Parkinsons Dis. 10,
1429–1442. doi: 10.3233/JPD-202141

Wakabayashi, K., Takahashi, H., Ohama, E., and Ikuta, F. (1990). Parkinson’s
disease: an immunohistochemical study of Lewy body-containing neurons
in the enteric nervous system. Acta Neuropathol. 79, 581–583. doi: 10.1007/
BF00294234

Wakabayashi, K., Takahashi, H., Takeda, S., Ohama, E., and Ikuta, F. (1988).
Parkinson’s disease: the presence of Lewy bodies in Auerbach’s and Meissner’s
plexuses. Acta Neuropathol. 76, 217–221. doi: 10.1007/BF00687767

Wang, J. Y., Zhuang, G. G., Zhu, L. B., Zhu, H., Li, T., Li, R., et al. (2016).
Meta-analysis of brain iron levels of Parkinson’s disease patients determined by
postmortem and MRI measurements. Sci. Rep. 6:36669. doi: 10.1038/srep36669

Wang, K., Huang, J., Xie, W., Huang, L., Zhong, C., and Chen, Z.
(2016). Beclin1 and HMGB1 ameliorate the α-synuclein-mediated autophagy
inhibition in PC12 cells. Diagn. Pathol. 11:15. doi: 10.1186/s13000-016-
0459-5

Frontiers in Aging Neuroscience | www.frontiersin.org 18 July 2021 | Volume 13 | Article 702639

https://doi.org/10.1371/journal.pgen.1009359
https://doi.org/10.1038/sj.cdd.4402160
https://doi.org/10.1371/journal.pone.0093814
https://doi.org/10.1371/journal.pone.0093814
https://doi.org/10.1186/s41983-020-0159-7
https://doi.org/10.1186/s41983-020-0159-7
https://doi.org/10.1016/j.stemcr.2015.02.019
https://doi.org/10.1002/mds.23838
https://doi.org/10.1002/ana.22311
https://doi.org/10.1007/s00401-014-1314-y
https://doi.org/10.1007/s00401-014-1314-y
https://doi.org/10.1016/j.neulet.2010.06.009
https://doi.org/10.1016/j.neulet.2010.06.009
https://doi.org/10.1126/science.1090278
https://doi.org/10.1002/mdc3.12476
https://doi.org/10.1016/j.neuint.2017.01.007
https://doi.org/10.1016/j.neuint.2017.01.007
https://doi.org/10.1101/cshperspect.a009399
https://doi.org/10.1186/s40478-015-0185-3
https://doi.org/10.1186/s40478-015-0185-3
https://doi.org/10.3389/fnagi.2018.00051
https://doi.org/10.1177/1535370215576313
https://doi.org/10.1177/1535370215576313
https://doi.org/10.1371/journal.pone.0134087
https://doi.org/10.1371/journal.pone.0134087
https://doi.org/10.1016/j.peptides.2014.09.018
https://doi.org/10.1002/jnr.1129
https://doi.org/10.1093/hmg/ddq430
https://doi.org/10.1186/s40035-019-0155-y
https://doi.org/10.1016/j.bbrc.2006.08.024
https://doi.org/10.1212/WNL.0b013e3181fd613b
https://doi.org/10.1212/WNL.0b013e3181fd613b
https://doi.org/10.1007/s00401-013-1148-z
https://doi.org/10.1007/s00401-013-1148-z
https://doi.org/10.1111/jnc.13696
https://doi.org/10.1111/jnc.13696
https://doi.org/10.3233/JPD-140389
https://doi.org/10.1002/mds.25495
https://doi.org/10.1002/mds.25495
https://doi.org/10.1002/mds.111
https://doi.org/10.3390/cells9112485
https://doi.org/10.1155/2012/624925
https://doi.org/10.1155/2013/901082
https://doi.org/10.1007/s00401-018-01956-z
https://doi.org/10.1007/s00401-018-01956-z
https://doi.org/10.1002/mds.25789
https://doi.org/10.1002/mds.25789
https://doi.org/10.1371/journal.pone.0151156
https://doi.org/10.3233/JPD-202141
https://doi.org/10.1007/BF00294234
https://doi.org/10.1007/BF00294234
https://doi.org/10.1007/BF00687767
https://doi.org/10.1038/srep36669
https://doi.org/10.1186/s13000-016-0459-5
https://doi.org/10.1186/s13000-016-0459-5
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-702639 July 8, 2021 Time: 12:47 # 19

Ganguly et al. Alpha-Synuclein as a Potential Biomarker in Parkinson’s Disease

Wang, L., Wang, G., Duan, Y., Wang, F., Lin, S., Zhang, F., et al. (2019). A
comparative study of the diagnostic potential of plasma and Erythrocytic α-
synuclein in Parkinson’s disease. Neurodegener. Dis. 19, 204–210. doi: 10.1159/
000506480

Wang, L., Zhang, Q., Li, H., and Zhang, H. (2012). SPECT molecular imaging
in Parkinson’s disease. J. Biomed. Biotechnol. 2012:412486. doi: 10.1155/2012/
412486

Wang, N., Gibbons, C. H., Lafo, J., and Freeman, R. (2013). α-Synuclein in
cutaneous autonomic nerves. Neurology 81, 1604–1610. doi: 10.1212/WNL.
0b013e3182a9f449

Wang, Y., Shi, M., Chung, K. A., Zabetian, C. P., Leverenz, J. B., Berg, D., et al.
(2012). Phosphorylated α-synuclein in Parkinson’s disease. Sci. Transl. Med.
4:121ra20. doi: 10.1126/scitranslmed.3002566

Wang, Z., Becker, K., Donadio, V., Siedlak, S., Yuan, J., Rezaee, M., et al.
(2021). Skin α-synuclein aggregation seeding activity as a novel biomarker for
Parkinson disease. JAMA Neurol. 78, 1–11. doi: 10.1001/jamaneurol.2020.3311

Wei, Z., Li, X., Li, X., Liu, Q., and Cheng, Y. (2018). Oxidative stress in Parkinson’s
disease: a systematic review and meta-analysis. Front. Mol. Neurosci. 11:236.
doi: 10.3389/fnmol.2018.00236

Wen, M., Zhou, B., Chen, Y. H., Ma, Z. L., Gou, Y., Zhang, C. L., et al. (2017). Serum
uric acid levels in patients with Parkinson’s disease: a meta-analysis. PLoS One
12:e0173731. doi: 10.1371/journal.pone.0173731

Wennström, M., Surova, Y., Hall, S., Nilsson, C., Minthon, L., Boström, F., et al.
(2013). Low CSF levels of both α-synuclein and the α-synuclein cleaving enzyme
neurosin in patients with synucleinopathy. PLoS One 8:e53250. doi: 10.1371/
journal.pone.0053250

West, A. W., Maraganore, D., Crook, J., Lesnick, T., Lockhart, P. J., Wilkes, K. M.,
et al. (2002). Functional association of the parkin gene promoter with idiopathic
Parkinson’s disease. Hum. Mol. Genet. 11, 2787–2792. doi: 10.1093/hmg/11.22.
2787

Willkommen, D., Lucio, M., Moritz, F., Forcisi, S., Kanawati, B., Smirnov, K. S.,
et al. (2018). Metabolomic investigations in cerebrospinal fluid of Parkinson’s
disease. PLoS One 13:e0208752. doi: 10.1371/journal.pone.0208752

Winkler, S., Hagenah, J., Lincoln, S., Heckman, M., Haugarvoll, K., Lohmann-
Hedrich, K., et al. (2007). α-Synuclein and Parkinson disease susceptibility.
Neurology 69, 1745–1750. doi: 10.1212/01.wnl.0000275524.15125.f4

Wrangel, C. V., Schwabe, K., John, N., Krauss, J. K., and Alam, M. (2015).
The rotenone-induced rat model of Parkinson’s disease: behavioral and
electrophysiological findings. Brain Behav. Res. 279, 52–61. doi: 10.1016/j.bbr.
2014.11.002

Wu, D. C., Teismann, P., Tieu, K., Vila, M., Jackson-Lewis, V., Ischiropoulos,
H., et al. (2003). NADPH oxidase mediates oxidative stress in the 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine model of Parkinson’s disease. Proc. Natl.
Acad. Sci. U.S.A. 100, 6145–6150. doi: 10.1073/pnas.0937239100

Wuolikainen, A., Jonsson, P., Ahnlund, M., Antti, H., Marklund, S. L., Moritz,
T., et al. (2016). Multi-platform mass spectrometry analysis of the CSF and
plasma metabolomes of rigorously matched amyotrophic lateral sclerosis,
Parkinson’s disease and control subjects. Mol. Biosyst. 12, 1287–1298. doi: 10.
1039/c5mb00711a

Yan, F., Chen, Y., Li, M., Wang, Y., Zhang, W., Chen, X., et al. (2018).
Gastrointestinal nervous system α-synuclein as a potential biomarker
of Parkinson disease. Medicine 97:e11337. doi: 10.1097/MD.000000000001
1337

Yu, H., Sun, T., An, J., Wen, L., Liu, F., Bu, Z., et al. (2020). Potential roles of
exosomes in Parkinson’s disease: from pathogenesis, diagnosis, and treatment
to prognosis. Front. Cell Dev. Biol. 8:86. doi: 10.3389/fcell.2020.00086

Zange, L., Noack, C., Hahn, K., Stenzel, W., and Lipp, A. (2015). Phosphorylated
α-synuclein in skin nerve fibres differentiates Parkinson’s disease from multiple
system atrophy. Brain 138, 2310–2321. doi: 10.1093/brain/awv138

Zarranz, J. J., Alegre, J., Gómez-Esteban, J. C., Lezcano, E., Ros, R., Ampuero, I.,
et al. (2004). The new mutation, E46K, of alpha-synuclein causes Parkinson and
Lewy body dementia. Ann. Neurol. 55, 164–173. doi: 10.1002/ana.10795

Zhang, J., Li, X., and Li, J. D. (2019). The roles of post-translational modifications
on α-synuclein in the pathogenesis of Parkinson’s diseases. Front. Neurosci.
13:381. doi: 10.3389/fnins.2019.00381

Zhao, H., Wang, C., Zhao, N., Li, W., Yang, Z., Liu, X., et al. (2018). Potential
biomarkers of Parkinson’s disease revealed by plasma metabolic profiling.
J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 1081-1082, 101–108. doi:
10.1016/j.jchromb.2018.01.025

Zhao, J., Bi, W., Xiao, S., Lan, X., Cheng, X., Zhang, J., et al. (2019).
Neuroinflammation induced by lipopolysaccharide causes cognitive
impairment in mice. Sci. Rep. 9:5790. doi: 10.1038/s41598-019-42286-8

Zheng, B., Liao, Z., Locascio, J. J., Lesniak, K. L., Roderick, S. S., Watt, M. L.,
et al. (2010). PGC-1α, a potential therapeutic target for early intervention
in Parkinson’s disease. Sci. Transl. Med. 2:52ra73. doi: 10.1126/scitranslmed.
3001059

Zhou, B., Wen, M., Yu, W. F., Zhang, C. L., and Jiao, L. (2015). The diagnostic
and differential diagnosis utility of cerebrospinal Fluid α-Synuclein levels in
Parkinson’s disease: a meta-analysis. Parkinsons Dis. 2015:567386. doi: 10.1155/
2015/567386

Zhu, M., Li, W., and Lu, C. (2012). Role of Alpha-synuclein protein levels in
mitochondrial morphology and cell survival in cell lines. PLoS One 7:e36377.
doi: 10.1371/journal.pone.0036377

Zilocchi, M., Finzi, G., Lualdi, M., Sessa, F., Fasano, M., and Alberio, T. (2018).
Mitochondrial alterations in Parkinson’s disease human samples and cellular
models. Neurochem. Int. 118, 61–72. doi: 10.1016/j.neuint.2018.04.013

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Ganguly, Singh, Pal, Prasad, Agrawal, Saini and Chakrabarti.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 19 July 2021 | Volume 13 | Article 702639

https://doi.org/10.1159/000506480
https://doi.org/10.1159/000506480
https://doi.org/10.1155/2012/412486
https://doi.org/10.1155/2012/412486
https://doi.org/10.1212/WNL.0b013e3182a9f449
https://doi.org/10.1212/WNL.0b013e3182a9f449
https://doi.org/10.1126/scitranslmed.3002566
https://doi.org/10.1001/jamaneurol.2020.3311
https://doi.org/10.3389/fnmol.2018.00236
https://doi.org/10.1371/journal.pone.0173731
https://doi.org/10.1371/journal.pone.0053250
https://doi.org/10.1371/journal.pone.0053250
https://doi.org/10.1093/hmg/11.22.2787
https://doi.org/10.1093/hmg/11.22.2787
https://doi.org/10.1371/journal.pone.0208752
https://doi.org/10.1212/01.wnl.0000275524.15125.f4
https://doi.org/10.1016/j.bbr.2014.11.002
https://doi.org/10.1016/j.bbr.2014.11.002
https://doi.org/10.1073/pnas.0937239100
https://doi.org/10.1039/c5mb00711a
https://doi.org/10.1039/c5mb00711a
https://doi.org/10.1097/MD.0000000000011337
https://doi.org/10.1097/MD.0000000000011337
https://doi.org/10.3389/fcell.2020.00086
https://doi.org/10.1093/brain/awv138
https://doi.org/10.1002/ana.10795
https://doi.org/10.3389/fnins.2019.00381
https://doi.org/10.1016/j.jchromb.2018.01.025
https://doi.org/10.1016/j.jchromb.2018.01.025
https://doi.org/10.1038/s41598-019-42286-8
https://doi.org/10.1126/scitranslmed.3001059
https://doi.org/10.1126/scitranslmed.3001059
https://doi.org/10.1155/2015/567386
https://doi.org/10.1155/2015/567386
https://doi.org/10.1371/journal.pone.0036377
https://doi.org/10.1016/j.neuint.2018.04.013
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Alpha-Synuclein as a Biomarker of Parkinson's Disease: Good, but Not Good Enough
	Introduction
	Pd: an Overview
	Epidemiology
	Diagnosis of PD
	Pathology and Pathogenesis
	Mitochondrial Dysfunction in PD
	Oxidative Stress in PD
	Inflammation in PD Pathogenesis
	α-Synucleinopathy and PD Pathogenesis


	Biomarkers of Pd
	Imaging Biomarkers
	Genetic Biomarkers
	Biochemical Biomarkers

	α-Synuclein as a Biomarker
	α-Synuclein in Cerebrospinal Fluid (CSF)
	α-Synuclein as a Blood Biomarker of PD
	α-Synuclein in Saliva
	α-Synuclein in Skin
	α-Synuclein in the Enteric Nervous System (ENS)
	α-Synuclein in Retina

	Conclusion and Future Direction
	Author Contributions
	Acknowledgments
	References


