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Abstract

The development of disease-modifying drugs and differential diagnostic agents is an urgent medical need in Parkinson’s
disease. Despite the complex pathophysiological pathway, the misfolding of alpha-synuclein has been identified as a putative
biomarker for detecting the onset and progression of the neurodegeneration associated with Parkinson’s disease. Identifying
the most appropriate alpha-synuclein-based diagnostic modality with clinical translation will revolutionize the diagnosis
of Parkinson’s. Likewise, molecules that target alpha-synuclein could alter the disease pathway that leads to Parkinson’s
and may serve as first-in class therapeutics compared to existing treatment options such as levodopa and dopamine agonist
that do not necessarily modify the disease pathway. Notwithstanding the promising benefits that alpha-synuclein presents
to therapeutics and diagnostics development for Parkinson’s disease, finding ways to address potential challenges such as
inadequate preclinical models, safety and efficacy will be paramount to achieving clinical translation. In this comprehensive
review paper, we described the role of alpha-synuclein in the pathogenesis of Parkinson’s disease, as well as how its struc-
ture and function relationship delineate disease onset and progression. We further discussed different alpha-synuclein-based
diagnostic modalities including biomolecular assays and molecular imaging. Finally, we presented current small molecules
and biologics that are being developed as disease-modifying drugs or positron emission tomography imaging probes for
Parkinson’s disease.
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DAT Dopamine active transporter

DLB Dementia with Lewy bodies

EGCG Epigallocatechin gallate

ELISA Enzyme-linked immunosorbent assay

FDA Food and drug administration

FLZ (N-2-(4-Hydroxy-phenyl)-ethyl]-2-(2,5-
dimethoxy-phenyl)-3-(3-methoxy-4-
hydroxy-phenyl)-acrylamide)

GIT Gastrointestinal tract

ITC Isothermal titration calorimetry

LSVT Lee Silverman Voice Treatment

MPP* 1-Methyl-4-phenylpyridinium

MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine

MSA Multiple system atrophy

MTOR Mechanistic targets of rapamycin

NDGA Nordihydroguaiaretic acid

NMR Nuclear magnetic resonance

PBR Peripheral benzodiazepine receptor

PD Parkinson’s disease

PDD PD with dementia

PET Positron emission tomography

P-gp P-glycoprotein

RatCAP Rat Conscious Animal PET

RBC Red blood cells

SNpc Substantia nigra pars compacta

SPECT Single photon emission computed
tomography

tp Half-life

TFED Transcription factor EB

Thio-T comp K; Thioflavin-T competitive K;

VMAT?2 Vesicular monoamine transporter 2
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Parkinson’s disease

Parkinson’s disease (PD) is ranked the second most com-
mon neurodegenerative disorder after Alzheimer’s disease
(AD), and more than ten million people worldwide are
diagnosed with PD [1]. Approximately 1% and 4% of the
general population over the ages of 60 and 80 years, respec-
tively, are diagnosed with PD [2]. PD is a chronic neurode-
generative disorder that is associated with the progressive
loss of dopaminergic neurons in the substantia nigra pars
compacta (SNpc) (Fig. 1) [3]. It is both chronic and pro-
gressive because it persists over a long period of time and
the symptoms get worse as more dopaminergic neurons die,
respectively [4]. Depending on the level of dopaminergic
cell death, PD can be diagnosed based on non-motor symp-
toms such as anosmia, depression, cognitive dysfunction and
autonomic failure and/or motor symptoms such as bradyki-
nesia, akinesia, tremors and muscle rigidity [5, 6]. The non-
motor symptoms are usually present at the early stage of the
disease, but the motor symptoms are observed at the later
stage of the disease [4, 7]. Because of the overlap in the
clinical, neurocognitive and pathological profile of PD with
other neurodegenerative disorders such as PD with demen-
tia (PDD), dementia with Lewy bodies (DLB) and multiple
system atrophy (MSA), accurate diagnosis is challenging
especially at the early stage of the disease [7]. Indeed, a
study by Parkinson’s UK [8] found that 1 in 4 PD cases were
initially misdiagnosed. Similarly, a previous study found that
at least 15% of PD patients do not strictly meet the clini-
cal criteria for the disease [9]. This highlights the need to
develop accurate diagnostic agents for early detection of the
onset and progression of dopaminergic neuronal death.

PD is the most common form of Parkinsonism. It is
sometimes called “idiopathic Parkinsonism,” mean-
ing Parkinsonism with no recognizable cause [10, 11].

Parkinson's
—1
Substantia
nigra Impairment and loss

dopaminergic neurons

Fig. 1 A schematic diagram of substantia nigra pars compacta region of healthy brain and Parkinson’s brain (Figure was created with biorender)
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Parkinsonism or Parkinsonian syndrome is a condition
with a similar clinical appearance as in PD but different
etiology; for instance, some patients have Parkinsonism
secondary to antidopaminergic drugs without the pathol-
ogy of the SNpc [4]. Neurotrophic viruses including West
Nile virus, herpes viruses, lethargic encephalitis, influenza
A virus, human immunodeficiency virus, severe acute res-
piratory syndrome coronavirus 2 are also associated with
Parkinsonism [12-19]. With the increasing prevalence
of PD among the elderly population, as well as the con-
tinuous evolution of neurotrophic viruses, it is important
to develop disease-modifying drugs that will serve this
patient population.

Currently, there is no cure for PD, and the only defini-
tive diagnostic approach is postmortem examination of
the diseased brain. Therefore, the development of disease-
modifying treatments and differential diagnostic agents
are important aspects of research in PD. Although alpha-
synuclein (AS) has been identified as one of the putative
biological targets for the development of therapeutic and
diagnostic agents for PD, none of these AS-targeting mol-
ecules have been moved from bench to bedside. A major
challenge with developing effective therapeutics and diag-
nostics for PD is the high possibility of clinical devel-
opment failures due to safety and efficacy issues partly
contributed by inadequate in vitro and in vivo models used
for preclinical studies.

Herein, we described the role of AS in the pathogenesis
of PD, as well as how its structure and function relation-
ship delineate disease onset and progression. We further
discussed different AS-based diagnostic modalities includ-
ing biomolecular assays and molecular imaging. Finally,

Fig.2 A schematic diagram of
alpha-synuclein-mediated mobi-
lization of synaptic vesicles for
exocytotic release of neuro-
transmitters into the synaptic
cleft (Figure was created with

biorender) Intrinsically disordered

Dopamine released
into the synapse
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we presented current small molecules and biologics that
are being developed as disease-modifying drugs or posi-
tron emission tomography (PET) imaging probes for PD.

Structure—function relationship
of alpha-synuclein

Synucleins are a group of small soluble proteins which
include alpha-, beta- and gamma-synuclein [20]. AS is
encoded by the SNCA gene and there are at least four known
isoforms of AS encoded by the same SNCA gene in humans
and produced through alternative splicing [21]. These vari-
ants are characterized by their unique number of amino acids
and aggregation potentials. Furthermore, the high molecular
weight isoforms (containing about 140 amino acids) retain
all the sites responsible for post-translational modifications
[22] while the low molecular weight isoforms (containing
112,126 or 98 amino acids) do not retain these sites and may
be predisposed to abnormal aggregation [22, 23]. This indi-
cates that post-translational modification may be a predis-
posing factor to amyloidosis. AS is mainly expressed in the
brain at the presynaptic terminals where it is thought to play
a significant role in the mobilization of synaptic vesicles for
the exocytotic release of neurotransmitters into the synaptic
cleft (Fig. 2) [24-26]. Although AS is mostly an intracellular
protein, it has also been found in extracellular fluids such as
cerebrospinal fluid (CSF), blood and plasma [27-31].

The structure of the major variant (AS-140) can be
divided into two functionally distinct regions, namely the
N and C terminuses. The N-terminal region ranges from
1 to 103 amino acid residues and contains amphipathic
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apolipoprotein binding helical motifs, which are responsible
for binding lipids such as phospholipids [32]. This binding
to phospholipids induces AS to adopt a helical conforma-
tion, [32] which is critical for its role in neurotransmission.
The N-terminal also includes a hydrophobic region, the
non-amyloid-B-component which is responsible for pro-
tein—protein interactions [32]. This protein—protein interac-
tion induces AS to adopt a beta sheet conformation which
is a critical event in the prion-like aggregation phenomena
associated with PD [32]. A unique feature of this prion-like
aggregation phenomena is permissive templating, in which
the misfolded AS interacts with a normal AS and converts
it to an amyloidogenic form [33-35]. The aggregation of the
misfolded AS results in the formation of insoluble fibrils
and their subsequent inclusion in Lewy bodies (Fig. 3) [36].
The C-terminal region has been suggested to be involved in
mediating interactions of AS with other cytosolic or mem-
brane-bound proteins [32, 33].

The role of alpha-synuclein in the diagnosis
of Parkinson’s disease

Clinical diagnosis of PD is mostly based on the triad motor
symptoms: resting tremors, rigidity and bradykinesia, non-
motor symptoms such as constipation, anosmia, cognitive
dysfunction, depression and dysautonomia [6, 37, 38], as
well as postmortem pathological examination. The clini-
cal diagnosis of PD can be less challenging when obvious
signs and symptoms are present, as well as good response
to levodopa treatment; however, diagnosis becomes more
challenging at the onset of the disease due to similar signs
and symptoms associated with PD and other neurode-
generative disorders such as PDD, DLB and MSA [38].
This implies that the only definitive confirmation of PD
remains postmortem pathological examination where
progressive degeneration of dopaminergic neurons at the
SNpc along with AS-rich Lewy bodies are observed [6,
39, 40]. Consequently, about 15% of patients diagnosed

Fig.3 A schematic representa-
tion of the pathological hall-
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with PD do not strictly meet the clinical criteria for the
disease [9] and postmortem pathological examination of
the diseased brain show a different diagnosis in about 35%
of PD patients [41-44]. The misdiagnosis of PD can be
explained by the overlapping neuropathological, cogni-
tive and clinical profile of PD with several other neurode-
generative disorders [7]. For example, depending on the
stage of the disease, dementia is present in 10% to 80% of
PD patients [45, 46] and so the cognitive profile of PDD
overlaps with DLB and MSA.

Accurate diagnosis is clearly a challenge in PD, and
current research has focused on developing accurate diag-
nostic methods that would be valuable for early detection
and tracking of disease progression. Early detection of the
disease will allow administration of disease-modifying
treatments and most likely circumvent the onset of motor
symptoms. To develop a putative biomarker, an under-
standing of the molecular and biochemical mechanism of
the disease will be an inevitable step. There is also a good
chance that such a putative biomarker will provide a novel
target for drug discovery and development in PD.

Given the implication of AS in the pathophysiology of
PD, AS might be a good candidate for diagnosis of PD.
Furthermore, the fact that the misfolding of AS is a criti-
cal event in the pathogenesis of PD implies that aberrant
AS may be present in the early stages of the disease. In
addition, a point mutation in the SNCA gene has been
implicated in familial PD [47, 48]. Also, genetic risk fac-
tors involving relatively rare duplications or triplications
of the SNCA gene locus result in elevated AS in both brain
and blood [49]. Hence, AS in plasma, serum or CSF may
serve as a useful diagnostic marker for PD. Several studies
have identified pathological AS in CSF, blood and saliva
[50-52].
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Assay of alpha-synuclein in peripheral
tissues and body fluids

As previously discussed, the non-motor symptoms of PD
are usually present at the onset of the disease before the
classical clinical symptoms appear [26]. Several analyti-
cal techniques such as western blot, enzyme-linked immu-
nosorbent assay (ELISA), luminex assay and mass spec-
trometry have been used to assay for total AS, as well as
oligomeric, and phosphorylated AS in body fluids such
as CSF, plasma and serum. The variation in the specific-
ity, sensitivity and precision of these analytical techniques
account for variations in the assay results. However, not
one method appears to be entirely better than the other as
each has its advantages and disadvantages.

Alpha-synuclein in peripheral tissues

Antemortem and postmortem tissue samples have been
studied for the presence of pathological AS. These tis-
sues include cardiac plexus [53], sympathetic ganglia [53,
54], gastric myenteric plexus [55], colonic tissue [56-60],
gastrointestinal tract (GIT) [54], cardiac sympathetic nerv-
ous system [61], heart [62, 63], salivary gland [64—-66]
and vagus nerve [66, 67]; however, the outcome of assays
using these tissues is quite variable. These variabilities can
be caused by different methods of AS analysis, the severity
of PD between studies, site of biopsy collection, specific-
ity and sensitivity of the applied analytical method and
cohort size [7, 68]. To overcome these challenges associ-
ated with the measurement of pathological AS in periph-
eral tissues, standardized protocols for sample collection
as well as validated analytical techniques are needed [7].

Alpha-synuclein in body fluids
Cerebrospinal fluid

There is evidence indicating that CSF AS may be the most
consistent, sensitive and specific marker for the diagnosis
of PD [7]. Assays of total CSF AS have been reported to
be 61-94% sensitive and 25-64% specific for distinguish-
ing PD from controls [30, 68-71].

It has been observed that while monomeric AS is not
affected in PD [27, 72], both oligomeric [70, 73, 74] and
phosphorylated [71, 75] AS increased in PD patients com-
pared with the control group. Several studies have shown
that CSF AS may be useful in the differential diagnosis
of parkinsonism caused by several other neurodegenera-
tive disorders [30, 76, 77]. Although CSF seems to be the

@ Springer

best specimen for diagnosis of PD, the relatively invasive
nature by which it is obtained makes the procedure almost
impracticable [68].

Plasma and serum

Given the less invasive nature by which plasma and serum
are collected as well as its availability, plasma and serum
may be the most appropriate clinical specimen for assay of
pathological AS. Assays of the levels of serum AS showed
conflicting results finding either that they are unaffected in
PD patients [78] or are decreased compared with control
groups in a larger cohort [79]. Similarly, several conflict-
ing results have been reported for the measurement of total
plasma AS using ELISA [29, 73, 80, 81], western blot [82],
mass spectrometry [81] and luminex assay [68, 83].

Furthermore, a recent study has shown that total plasma
AS measured with ELISA decreased in both familial and
sporadic PD patients compared with the control groups [84].
The authors suggested that the lack of significance could be
attributed to the small cohorts in the familial group [84].
The conflicting results in studies assessing plasma AS could
be caused by factors such as hemolysis, contamination of
platelets in plasma, inadequate age-matched controls and
variation in the specificity and sensitivity of the analytical
techniques used [68].

A way to overcome some of these confounders may be
to assay exosomal AS [7]. Measurement of exosomal AS
has shown diagnostic sensitivity and specificity compara-
ble to those determined by CSF AS [85], making it poten-
tially valuable in the diagnosis of PD and determination of
disease severity [7]. Another possible way to minimize the
confounding factors associated with measurement of plasma
AS is to assay for pathological variants of AS [7]. For exam-
ple, oligomeric AS has been reported to either increase [28,
80] or be unaffected [73, 81, 86] in PD patients compared
with controls while phosphorylated AS is increased in PD
patients compared with controls [81]. However, the interpre-
tation of these reports should be handled with caution as the
studies involved only a small cohort.

Blood

As red blood cells (RBC) are a significant source of AS,
accounting for about 99% of its blood levels, RBC may serve
as a potential specimen for diagnosis of PD [87]. Several
studies involving the assay of total RBC AS have shown
controversial results [49, 88]. Differences in the analyti-
cal technique utilized and cohort size could account for the
discrepancy in results. To validate the potential of blood
as a specimen for accurate diagnosis of PD, further stud-
ies should be conducted to determine the effect of PD on
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blood AS and RBC count which could cause alterations in
AS levels [7].

Saliva

As saliva is a readily available specimen compared to other
body fluids already discussed, salivary AS may be a good
candidate for diagnosis of PD; however, assays of unstimu-
lated salivary AS using western blot, luminex or mass spec-
trometry showed no significant difference in either the cel-
lular component, supernatant [89] or cellular pellet lysate
[90]. Previous studies have shown conflicting results of
either an increase in salivary AS in PD patients compared
with the control group [91] or no alterations in salivary AS
[89, 90]. Further studies are required to provide a stand-
ardized protocol for the collection of saliva, as well as the
most appropriate method of analysis [7]. The advantages
and disadvantages of the different assays for PD diagnosis
are summarized in Table 1.

Given the current challenges with the diagnosis of PD by
estimation of pathological AS from body fluids or tissues,
recent research has focused on developing molecular imag-
ing probes for PD diagnosis.

Molecular imaging probes for diagnosis
of Parkinson’s disease

Molecular imaging is one of the most widely used technolo-
gies in clinical and preclinical studies that help research-
ers to understand the pathophysiology, and drug treatment
monitoring of various diseases including neurodegenerative
disorders such as PD, by providing a real-time visualization
for in vivo characterization and qualification of biological
processes at the molecular and cellular level [92]. Molecular
imaging consists of the imaging probe and imaging modali-
ties. A molecular imaging probe is an agent used to visual-
ize, characterize and quantify biological processes in living
systems [93, 94].

The molecular imaging probe exists in a number of forms
such as radiotracers, contrast agents or molecular beacons
[95]. A molecular imaging probe consists of a linker, a sig-
nal moiety and a target moiety. The signal agent usually
produces a signal that can be detected in an in vivo model to
image different tissues. The type of imaging probe used for
a given imaging modality can be determined by the physical
property of the signal moiety; for example, a PET imaging
probe requires a positron-emitting radionuclide as the signal
agent, whereas a single photon emission computed tomog-
raphy (SPECT) imaging probe employs a gamma-emitting
radionuclide [95].

The targeting moiety interacts with a biomarker in a spe-
cific biological process, and such targeting ligands include

but are not limited to small molecules, peptides, proteins,
antibodies and its fragments and nanoparticles [95]. The
linker used in a molecular imaging probe can couple the tar-
geting moiety with the signal agent, minimize the interaction
between the targeting moiety and the signal agent and, most
importantly, modify the pharmacokinetics of the imaging
probe [95]. Because many aspects need to be optimized to
obtain the best imaging outcome, in some cases not all three
components—the signal agent, the linker and the targeting
moiety—are simultaneously present in a molecular imaging
probe [95].

A molecular imaging probe with clinical translation is
expected to have high binding affinity to the target, high
specificity to target, high sensitivity, high contrast ratio,
high in vivo stability, low immunogenicity and toxicity [95].
Several emerging molecular neuroimaging modalities have
made it possible to noninvasively identify the fundamental
biological processes involved in several degenerative disor-
ders [92]. These molecular imaging modalities include mag-
netic resonance imaging, X-ray computed tomography, PET
and SPECT. The advantages of molecular imaging reside
in the real-time elucidation of the complex biological and
metabolic pathways of various diseases at the molecular and
cellular levels [94] compared to the quantitative estimation
of the biological target which can be challenged by both
variations in analytical techniques and specimen. Addition-
ally, molecular imaging provides useful information that
makes it possible to diagnose diseases at an early stage as
well as conduct therapeutic trials of various disease condi-
tions [96]. Of all the molecular imaging modalities, PET and
SPECT have been used extensively in clinical neuroscience
for the diagnosis of neurodegenerative disorders such as PD
(Table 1) and AD; however, we will focus on the application
of PET in the diagnosis of PD.

PET molecular imaging

PET is a high-performance molecular imaging technique
that has found relevant applications in medical sciences due
to its excellent sensitivity of 1071'-1072 mol/L and limit-
less depth of penetration [92]. The modus operandi of PET
involves recording pairs of high-energy y-rays emitted indi-
rectly from the decay of radioisotopes which are introduced
into the subject [92]. Most commonly used PET radioiso-
topes include e, 13N, 15O, ]SF, 64Cy, 68Ga, 82Rb and '°°Ho.
The positrons emitted from the radioactive decay of these
imaging probes travel a few millimeters through the sur-
rounding tissue, then they lose their kinetic energy rapidly
[92]. The positrons move slowly and annihilate with elec-
trons to generate two 511 keV y-rays (Fig. 4), which travel
in opposite directions [97]. Given that these radioisotopes
have short half-lives (t,,,) such as '3F: ¢,,,=109.8 min, ''C:
t,,=20.3 min and °O: ¢,,, =2.04 min, they need to be made
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Fig.4 A schematic diagram of PET imaging principle

at the site and introduced into the subject quickly [98]. Of all
the radioisotopes, 'C, 130 and '8F are the most frequently
used radioisotopes for brain imaging [92].

PET scanning with the metabolic tracer '®F-2-Fluoro-
2-deoxy-D-glucose (["8F]FDG) is widely used for detect-
ing tumors, staging cancers and drug treatment monitor-
ing because cancer cells are actively metabolizing glucose
[92]. ['®F] FDG is a structural analog of glucose and when
injected into the subject, it is transported into the cell by
glucose transporters where it is phosphorylated by hexoki-
nase; however, the phosphorylated ['®F] FDG does not have
a transporter; hence, it is trapped in the cell. The idea is
that trapping the intact radiolabeled imaging probe provides
information about the target cell.

Although PET has played a critical role in clinical
research, a recent report has suggested that PET can be
used in preclinical research involving small animal mod-
els; for instance, the Rat Conscious Animal PET (Rat-
CAP) is a microPET instrument with a spatial resolution
of 1-2 mm and sensitivity of 107'=107'2 mol/L that has
been constructed to allow small animal free of anesthesia to
be scanned [92]. Despite the benefits associated with PET,
there are two major limitations of the technique and these
are the use of high-cost cyclotron [99] for the development
of radioisotopes and the short ¢/, of the radioisotopes [92].

Several PET imaging probes have been reported to be
used for diagnosing several central nervous system (CNS)
diseases such as 1-(6-[(2-[]8F]ﬂuoroethyl)(methyl)amino]—
2-naphthyl)ethylidene) malononitrile (['®F]-FDDNP) for
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AD [100],"®F-dihydroxyphenylalanine (['*F]-DOPA) for
PD [101], N-methyl-[''C]2-(4'-methylaminophenyl)-6-
hydroxybenzothiazole termed Pittsburgh Compound-B
(PIB) ([''C]-PIB) for AD [102, 103], [''C]-raclopride
for PD, schizophrenia and depression [104, 105],
[''C]-1-(2-chrorophynyl)-N-methylpropyl)-3 isoquinoline
carboxamide ([“C]—PKI 1195) for AD, multiple sclerosis
and huntington’s disease [106, 107], ['C]-flumazenil for
epilepsy [108] and [''C]-nicotine for AD [109] (Fig. 5).

PET molecular imaging in Parkinson’s disease

It is important to emphasize that PET imaging probes are
chosen based on their ability to interact with a given molecu-
lar target involved in the etiology of a disease condition. Of
all molecular agents, small molecules have been the most
useful in diagnosing CNS disorders because of their ability
to cross the blood—brain barrier (BBB) and be cleared from
the tissue at a very fast rate [92]. Some of these small mol-
ecules have a high affinity for specific transporters, ion chan-
nels or specific receptors such as peripheral benzodiazepine
receptor (PBR) while others can reflect the enzymatic or
metabolic activity of a given biochemical pathway involved
in various disease conditions [92] such as the glycolytic
pathway.

The development of [!'C]PIB (Fig. 6), an analog of
Thioflavin-T facilitated the in vivo imaging of amyloid beta
(Ap) plaques with PET, providing a breakthrough in clinical
evaluation of patients suspected of having AD [102].
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There are currently three food and drug administration
(FDA)-approved '®F-PET imaging radiotracers: florbetaben,
florbetapir and flutemetamol (Fig. 6) for in vivo imaging
of AP plaques in AD; however, there have been no report/
approval of clinically relevant '*F-PET imaging radiotrac-
ers for in vivo imaging of AS aggregates in PD [110]. The
development of PET probes for monitoring the pathology of
PD will be useful in evaluation of therapeutics designed for
slowing down the disease [111].

The success of PET probes for AP plaques (Ap1-42) and
Tau fibrils has prompted relevant research into development
of PET probes for AS fibrils in PD. Due to the similarity in
beta-sheet structure of Ap and AS after aggregation, [!!C]
PIB was evaluated against AS fibrils. [''C]PIB exhibited a
similar in vitro binding affinity (K;=4 nM) for AS fibrils
compared to AP1-42 [112] but failed to bind to Lewy bod-
ies in brain homogenates [113]. '®F-BF227 (Fig. 7), a ben-
zoxazole known to bind to AB1-42 in AD displayed lower
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binding affinity for AS fibrils (K;=9.63 nM) and also failed
to bind to Lewy bodies in brain homogenates [114]. In order
to develop compounds with good and selective binding affin-
ity for AS fibrils, Yu et al. [115] explored a phenothiazine
pharmacophore (SIL compounds) as probes for the fibrils.
Among the different SIL compounds synthesized, SIL26
(Fig. 7) was synthesized as an '®F-radiolabel compound.
Ex vivo biodistribution studies in Sprague—Dawley rats
indicate that SIL26 is able to cross the BBB with high ini-
tial uptake percentage injected dose per gram (%ID/g) of
0.76 +0.01 while showing good affinity for AS aggregates
(Thio-T comp K;=49.0+4.9 nM, '°T comp K,;=19.9 nM)
[116] and moderate selectivity for AS fibrils (6.6- and 8.1-
fold selectivity versus amyloid-beta and tau aggregates)
[110, 116]. Indolinone and indolinone-diene analogs have
been reported as new generation lead compounds for AS
fibrils imaging. Among these series of compounds, 46a
(indolinone-diene pharmacophore) (Fig. 7) displayed the
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highest affinity for AS fibrils (Thio-T comp K;=2.1 nM)
and favorable selectivity for AS fibrils (70- and 840-fold
selectivity versus AP1-42 and tau aggregates) [117].

In a search for new scaffolds, Watanabe et al. [110]
synthesized new radioiodinated benzimidazole deriva-
tives as probes for AS fibrils; despite the moderate affinity
(K3=99.5+20.8 nM) and good selectivity (7.3-fold selec-
tivity versus amyloid-beta aggregates), the brain uptake and
clearance of ['2’I]BI-2 (Fig. 7) did not meet the criteria for
in vivo imaging of AS fibrils. While several PET/SPECT
tracers targeting dopamine system have been developed, the
current clinical diagnosis with dopamine system occurs at
the later stage of disease progression involving severe loss of
dopaminergic neurons and as a result, there is urgent need to
develop probes for imaging early pathology which includes
the formation of AS fibrils [118]. There is still an unmet
need in the development of PET/SPECT probes for AS
fibrils in diagnosis and monitoring of disease progression.

As previously mentioned, PD is characterized by the pro-
gressive loss of dopaminergic neurons in the SNpc [119,
120]. By imaging the dopaminergic system, several func-
tional and neurochemical changes can be used for early diag-
nosis, as well as differential diagnosis of PD.

Previous PET studies with ''C-PK11195 for PBR have
been used to understand the progression of the neurode-
generative process and disease state in PD patients [92].
Furthermore, several studies suggest that there may be a
correlation between the activation of the microglia and
the loss of dopaminergic neurons in the SNpc [121-125].
Microglia are known to be involved in the modulation of
immune responses in the intact brain and become activated
in response to inflammation, trauma, ischemia, tumor and
neurodegeneration [126, 127]. Two PET studies have meas-
ured microglial activation using 1C_PK11195, as well as the
availability of the presynaptic dopamine active transporter

\
\\©\OCH3

['*1]BI-2

(DAT) using ''C-2B-carbomethoxy-3p-(4-fluorophenyl)
tropane (['!C]-CFT) [127] and ['®F]-DOPA [128]. DAT is
a membrane-bound protein that is responsible for the high-
affinity uptake of dopamine from the synaptic cleft back into
the presynaptic neuron. The decrease in DAT may be indica-
tive of loss of dopaminergic nerve terminals [127]. Ouchi
et al. [127] suggested that these in vivo imaging methods
play dual roles in monitoring the progressive degeneration
of dopaminergic neurons and these roles are: alterations in
neuroinflammatory reactions on the cell body side and the
resulting deletion of nerve terminals in the striatum.

Ouchi et al., studied the binding potential (BP) of
["'C]-PK11195 and [''C]-CFT in ten early-stage drug-
naive PD patients and ten age-matched healthy subjects and
showed that ['!C]-PK 11195 BP in the midbrain is inversely
related with ['!C]-CFT BP in the putamen, which regu-
lates movement, and directly related to motor severity. This
inverse relationship was also reported to be positively corre-
lated with the severity of motor symptoms [127]. This study
suggests that the oxidative stress triggered by microglia-
mediated immune response contributes to the loss of dopa-
minergic nerve terminals indicating the importance of early
therapeutic intervention with neuroprotective drugs [127].

Another study examined [''C](R)-PK11195 BP and
['®F]-DOPA BP using 18 PD patients and 11 healthy sub-
jects [128]. Their study showed a significant increase in
mean levels of ['!C](R)-PK11195 binding in the pons, basal
ganglia, as well as frontal and temporal cortical regions
compared to the healthy subjects [128]. Furthermore, the
longitudinal study conducted on 8 PD patients showed that
their [''C](R)-PK11195 signal remained stable for 2 years
[128]. The authors suggested that the absence of changes
during the longitudinal study indicates that microglia are
activated early in the disease and their levels remain rela-
tively static, possibly driving the disease through cytokine
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release [128]. The conclusion of their study agrees with that
of Ouchi et al. [127, 128] that the activation of microglia
is associated with the pathogenesis of PD. However, Ger-
hard et al. [128] reported that there is no positive correlation
between the levels of microglia activation and the clinical
severity of PD or putamen ['®F]-DOPA uptake. ['*F]-DOPA
PET was the first neuroimaging technique suited for measur-
ing the integrity of dopaminergic nerve terminals [119, 129].

These previous studies indicate that PET imaging pro-
vides useful information about the biochemical and neu-
rological changes associated with PD. Not only can this
information be used for diagnosis, but also for the discovery
of neurotherapeutic agents for PD. Given the benefits asso-
ciated with PET, further studies are underway to identify
imaging probes for differential diagnosis, early diagnosis
and drug treatment monitoring of PD.

Management of Parkinson’s disease

Although several drugs can help provide relief from the
symptoms of PD, there is currently no cure for PD. Fur-
thermore, the gold standard treatment depends on the phase
of the disease; therefore, PD patients are usually on sev-
eral treatment regimens. These treatment regimens can be
grouped into pharmacological and non-pharmacological
therapies.

Non-pharmacological therapies include psychosocial
intervention methods that can augment clinical improve-
ment in PD patients [4]. These methods include multiple
forms of physical exercise such as tai chi or Lee Silverman
Voice Treatment (LSVT Global, Inc, Tucson, AZ, USA) and
speech therapy with the LSVT [130]. Furthermore, exercise,
physical therapy, speech and/or occupational therapy have
been reported to have a sustainable effect for PD patients
by improving their quality of life [130]. Despite the impor-
tance of these non-pharmacological therapies, its relevance
becomes useless without an augmentation of medical
treatments.

Pharmacological therapies include drugs that provide
symptomatic relief of the motor and non-motor deficits in
PD patients [4]. Ayano has previously reported the three
different categories of medications for PD [4]. The first cat-
egory includes drugs that increase the level of dopamine in
the brain such as levodopa. The second category involves
drugs that affect other neurotransmitters in the body with
the overall aim of easing the symptoms of the disease; for
example, anticholinergic drugs interfere with the produc-
tion or uptake of acetylcholine and are effective in reducing
tremors. The third category includes drugs that help control
the non-motor symptoms of PD; for example, PD patients
with depression may be prescribed antidepressants.
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Additionally, there are several emerging new therapeutic
options such as continuous pump therapies; for example,
with apomorphine or parenteral levodopa, or the implanta-
tion of electrodes for deep brain stimulation [130].

Promising agents for preventing alpha-synuclein
mediated toxicity in Parkinson’s disease

Although the misfolding of AS is a critical event in the
pathogenesis of PD, the exact cause of dopaminergic cell
death is not well understood [36]. However, it has been sug-
gested that increasing the activity of the clearance pathways
for the misfolded protein might provide improved therapies
[131-133]. Additionally, since the misfolding and prion-like
aggregation of AS is a crucial event in the pathophysiology
of PD, an emerging therapeutic target might be the preven-
tion of the misfolding pathway [134].

Previous studies suggest that caffeine, nicotine, 1-ami-
noindan and metformin might be neuroprotective [135-145];
however, it is not exactly clear how these compounds exert
their neuroprotective effects. It was previously hypothesized
that compounds which bind to AS at the N and C terminuses
and induce it to adopt a loop conformation could be neuro-
protective, whereas compounds which cause more compact
structure could be neurotoxic [36]. In view of this hypoth-
esis, Kakish et al. [134] used nanopore analysis and isother-
mal calorimetry (ITC) to show that nicotine, caffeine and
I-aminoindan all bind to AS at the N- and C-terminal. Their
research showed that caffeine, nicotine and 1-aminoindan
induce AS to adopt a loop conformation and that the stoichi-
ometry of drug to AS in the complex is 1:1 [134]. They also
reported that since metformin does not interact with the N
terminus, it may exert its neuroprotective effect by inhibiting
C-terminal cleavage of AS [36]. It was previously reported
that C-terminal cleavage of AS increases the rate of aggrega-
tion and aggravates the neurodegeneration and propagation
of PD in mouse models [146, 147].

In light of this new evidence, Kakish et al. [36] reasoned
that modifications to these neuroprotective compounds
might increase their efficacy without necessarily increasing
their toxicity. To do this, they prepared bifunctional com-
pounds which are a linked combination of any two neuro-
protective compounds such as caffeine—nicotine (Cg-6-N),
caffeine—caffeine (C4-6-Cg) and caffeine—1-aminoindan
(Cs-6-1) [36] (with structures shown in Fig. 8). These neu-
roprotective bifunctional compounds all had a caffeine scaf-
fold and were linked through a six-carbon alkyl chain to
minimize solubility problems and yet retain enough flexibil-
ity to allow both moieties to bind simultaneously [36]. The
bifunctional compounds were screened by nanopore analysis
and ITC. Finally, a yeast model of PD which expresses an
AS-green fluorescent protein (AS-GFP) construct under the
control of a galactose promoter was used to test the ability of
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Fig.8 Structures of some of the
small molecules investigated
for inhibiting AS fibrillation or
facilitating AS fibril clearance
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these compounds to interact with AS in a cell system [36].
Fluorescent microscopy revealed that in 5 mM galactose
the yeast strain would not grow and large cytoplasmic foci
were observed [36]. This implies that aberrant AS might
have prevented the growth of the yeast strain. All the bifunc-
tional compounds and monomers were tested; however, it
was observed that two of the compounds, Cg-6-I and Cg-6-N
at a concentration of 0.1 pM were the most effective at res-
cuing yeast from AS-mediated cell death [36]. This shows
that some of the bifunctional compounds are more effective
at rescuing yeast growth compared to the monomers, either
alone or in combination [36]. The study concluded that
C;-6-1 and C;-6-N are the only bifunctional compounds that

did not cause AS to adopt a more compact structure at high
concentrations making these compounds the most promising
candidates for preventing the progression of PD by prion-
like aggregation [36]. Given that the binding constants were
in the order of 10%/M, the authors suggested that other fac-
tors might be responsible for the protective effects of these
compounds and these factors include: increased clearance of
the compound/AS complexes, inhibition of vesicle cluster-
ing, decreased expression of AS and inhibition of multimer
formation by binding to key intermediates [36].

Since these novel bifunctional compounds can bind AS,
they can be developed as PET imaging probes for PD. To
achieve this goal, preclinical studies such as metabolism was
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conducted, and metabolic studies of these compounds pro-
vided useful information about their in vitro lifetime as well
as the most appropriate position to include a signal moiety
on the bifunctional compounds. Nwabufo et al., developed
an appropriate analytical method for the qualitative and
quantitative analysis of these novel bifunctional compounds
[148] and in vitro phase 1 metabolism of these compounds in
mouse, rat and human liver microsomes showed that Cg-6-N
undergoes rapid metabolism, Cg-6-I undergoes moderate
metabolism, and Cg-6-C; remained intact after 60 min incu-
bation time [149, 150].

Isorhynchophylline (Fig. 8) is another alkaloid that has
been investigated for its ability to degrade AS fibrils and pro-
tect neuronal cells via autophagy—lysosome pathways [151,
152]. Similarly, acetylcorynoline (Fig. 8), an alkaloid from
Corydalis Bungeana has been reported to reduce AS aggre-
gation and dopaminergic degenerations in animal models of
PD [152]. The neuroprotective property of acetylcorynoline
is due to its antioxidant, and antiapoptotic activity and due to
the mediation of the proteasome system. Previous research
has shown that the neuroprotective effect of acetylcorynoline
may be linked to increase in expression of rpn5, a subunit
of 19S proteasome [153]. Leem et al. [154] reported that
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the opium alkaloid, papaverine (Fig. 8) can modulate AS
aggregation by inhibiting the phosphorylation of AS at ser-
ine 129 amino acid residue. Papaverine is also able to pre-
vent nigrostriatal dopaminergic degeneration and neuroin-
flammation in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)/P-treated mice. Jayaraj et al. [155] reported that the
benzylisoquinoline alkaloid, noscapine (Fig. 8), exhibited
neuroprotective effects in rotenone-induced PD rat model by
suppression of rotenone-induced oxidative stress, suppres-
sion of microglia and astrocytes inflammation activity, and
regulation of the autophagy pathway promoting lysosomal
degradation of AS. Recently, Ghanem et al., have reported
a study that suggests that synephrine, trigonelline, cytisine,
harmine, koumine, hupehenine and peimisine may act as
strong inhibitors of AS seeded aggregation in accordance
with thioflavin-s assay and electron microscopy. However,
all except hupehenine was successful in reducing the neuro-
toxic effect provoked by AS fibril seeding process as demon-
strated by WT SH-SYS5Y cell viability studies [156].

The flavonoid polyphenol, epigallocatechin gallate
(EGCG:; Fig. 8) is probably the most studied small molecule
for inhibition of AS aggregation into structured and toxic
amyloid fibrils [118]. Andersen et al., utilized liquid-state
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nuclear magnetic resonance (NMR) spectroscopy to show
that EGCG binds to monomeric and oligomeric AS and
is able to promote the formation of AS oligomers that are
non-toxic and non-structured. Utilizing liquid-state NMR,
the authors indicated that a critical concentration of EGCG
is important to induce rapid and complete sequestration of
monomeric AS. Extrapolation led Andersen et al. [157] to
conclude that a 54:1 ratio of EGCG molecules to mono-
meric AS is critical for the formation of non-toxic oligom-
ers during oligomerization. Using molecular simulations,
Yao et al., have also shown that EGCG disrupts AS fibril
B-sheet structures by reducing the stability of two regions:
region 1 (residues 45-55) and region 2 (residues 86-96).
In addition, the authors also stated that EGCG destroys a
E46-K80 salt bridge, a bridge which helps in stabilization
of the Greek-key-like structure and inter-protofibril inter-
face [158]. In MPTP-intoxicated PD monkeys, Chen et al.,
showed that oral administration of tea polyphenols improves
motor function, and neurochemical, immunohistochemical
and cell viability studies indicate neuroprotection is due to
rescue of dopaminergic neurons in the substantia nigra from
1-methyl-4-phenylpyridinium (MPP*)-induced metabolic
toxicity. Additionally, their studies indicate that neuropro-
tection from MPTP toxicity is also a result of inhibiting toxic
AS oligomers in the striatum [159]. It is also believed that
the neuroprotective property of EGCG is a result of the poly-
phenol accelerating the removal of active oligomers which
could disrupt cell membrane and cause cellular degenera-
tion. Yang et al. [160] indicate that this process is made
possible as EGCG converts active oligomers into amyloid
fibrils. Low concentrations of baicalein and its oxidized form
have been reported to inhibit AS aggregation and disrupt
existing AS fibrils [161].

In 2019, Daniels et al., reported that interaction of
AS with nordihydroguaiaretic acid (NDGA; Fig. 8) and
its cyclized analogs inhibited the aggregation of AS into
fibrils. The authors note that previous investigation into the
neuroprotective properties of EGCG have focused on the
formation of oligomers in the presence of EGCG. While
AS aggregation in the presence of EGCG and NDGA does
produce oligomers, the authors report that monomers are the
predominant product in solution [162].

Two steroid polyamines, squalamine and trodusquemine,
are molecules investigated as therapeutics for PD [163].
Polyamines can interact with the negatively charged C ter-
minus of AS [164]. Perni et al., showed that squalamine
can interfere with the initial events in AS aggregation by
displacing AS from lipid membranes [165] and in 2018, the
same group reported that trodusquemine is able to inhibit
fibril-dependent secondary pathways in addition to the sup-
pression of initial AS aggregation events [166].

Another class of small molecules currently being investi-
gated for their neuroprotective activity is antibiotics. In vitro

studies have shown that rifampicin can inhibit AS fibrilla-
tion [167] process and prevent MTPT-induced PC12 cel-
lular toxicity [168]. However, in a clinical trial of MSA,
rifampicin failed to demonstrate efficacy in slowing down
progression of the disease [169, 170]. Dominguez-Meijide
et al. [171] reported that doxycycline may inhibit AS fibril-
lation by conversion of AS oligomers into non-toxic and
off-pathway, high molecular weight species. Their studies
show doxycycline is also able to reduce the levels of reac-
tive oxygen species produced by mitochondria. Ceftriaxone
has been reported to demonstrate neuroprotective effects
including modulation of glutamatergic activity in MTPT-
induced rat model and treatment of AS and beta-amyloid
related disorders [172].

A basic helix—loop-helix transcription factor EB (TFEB)
has been recognized as an important protein involved in the
regulation of several clearance pathways, a master regulator
of autophagy and lysosomal biogenesis [173, 174]. TFEB is
identified to play a role either in physiological or pathologi-
cal conditions. Under physiological conditions, dephospho-
rylated TFEB translocates into the nucleus and activates the
transcription of target genes [175]; however, under patho-
logical conditions, TFEB is colocalized with Lewy bodies
AS of substantia nigra dopaminergic cells in postmortem
human brains [176].

In 2020, Liu et al. [174] reported a highly efficient TFEB-
targeted nanoscavenger of AS and its mechanisms in models
of PD. The authors previously demonstrated that a curcumin
analog (CA) compound specifically binds to TFEB at the
N terminus promoting TFEB nuclear translocation without
inhibiting mechanistic targets of rapamycin (MTOR) activ-
ity [173]. MTOR plays a role in TFEB subcellular localiza-
tion by phosphorylating key serine residues such as S142
and S211 and inhibition of MTOR has a preventive effect
on dopaminergic loss [173]; however, due to the important
role of MTOR in cell metabolism and growth, TFEB activa-
tors that are independent of MTOR are more appropriate as
therapeutics for PD [174]. In the authors’ previous study,
they found that curcumin although a natural inhibitor of
MTOR, does not efficiently promote TFEB nuclear trans-
location. However, a CA (Fig. 8) was found to activate and
promote TFEB-mediated clearance pathways independent of
MTOR activity. Further investigation revealed that CA binds
directly and specifically to the N-terminal Gly and Ala-rich
domain of TFEB.

Apart from small compounds targeting AS, there has
been a lot of work with macromolecules such as antibodies
targeting AS for treatment of PD [177]. Several antibodies
targeting the N terminus or C terminus of AS were able to
alleviate neurodegeneration as well as attenuate behavioral
deficits in preclinical models of PD [146, 177-184]. Pro-
tein immunization can be achieved by “passive immuniza-
tion” or “active immunization.” In passive immunization, a
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protein-targeting antibody is administered while in active
immunization, the immune response is induced to produce
specific antibodies. The advantage of passive immunization
is the specificity of the antibodies for a protein target while
the advantage of active immunization is the sustained effect
and need for less doses [177]. There are currently five AS-
targeting antibodies in clinical trials.

Prasinezumab (PRX002/R07046015/RG7935) is a
humanized IgG1 monoclonal antibody directed against
the C terminus of aggregated AS. Preclinical studies in a
mouse model of PD and DLB showed that the mouse version
(PRX002) of the antibody was able to reduce a truncated
C-terminal form of AS and also reduce AS cell to cell propa-
gation. Two phase I/II trials (NCT03100149) indicate that
the antibody was safe, well tolerated in healthy volunteers
and PD patients, and able to reduce plasmatic concentration
of AS up to 4% in a dose-dependent manner [182, 185-187].

ABBV-0805 (BANO08O0S5) is another humanized mono-
clonal antibody targeting oligomeric/protofibrillar AS with
nanomolar affinity. ABBV-0805 decreased AS aggregates in
a dose-dependent manner in mice model expressing human
AS [188, 189]. ABBV-0805 moved into phase I clinical
trial, but in July 2020, it was withdrawn for strategic reasons
(NCT04127695).

Cinpanemab (BIIB054), a human-derived monoclo-
nal antibody, binds to AS amino acid residues 1-10 with
800-fold higher affinity for aggregated AS over monomeric
AS. In vitro cell assays revealed that cinpanemab is able to
reduce AS proliferation and able to relieve motor symptoms
in a mice model [190]. Cinpanemab underwent a phase I
single ascending dose trial and was found to be safe and well
tolerated in healthy volunteers and PD patients [191]; how-
ever, a phase II SPARK (NCT03318523) clinical trial was
discontinued because primary and secondary endpoints were
not met [192]. MEDI134 (TAK-341); a monoclonal antibody
with high affinity for the C terminus of AS has been found
to block uptake of aggregated AS into cells and mitigate
spreading of AS in mouse brain [193]. There is currently an
ongoing multiple ascending dose Phase I (NCT04449484)
clinical study for MEDI134 [177]. LU AF82422, a human-
ized monoclonal antibody, also targets the C-terminal of AS.
In vitro and in vivo models revealed that LU AF82242 inhib-
its AS seeding and this antibody has been found to be safe in
mice and monkeys [194]. A phase I trial (NCT03611569) in
PD patients has been completed, and a phase II clinical trial
(NCTO05104476) to assess efficacy, safety and tolerability
in MSA patients has recently been initiated [177]. A sum-
mary of these investigational drugs for the treatment of PD
is provided in Table 2.

The translation of these compounds from bench to bed-
side is primarily dependent on their ability to demonstrate
sufficient clinical efficacy and safety profile. Drug metabo-
lizing enzymes and membrane-associated drug transporters
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are important modulators of the efficacy and safety profile
of drugs and their effect on the disposition of these potential
neuroprotective agents should be investigated at the early
discovery stage to avoid costly clinical development failures
[195-197].

P-glycoprotein (P-gp) and breast cancer resistance pro-
tein (BCRP) are two important efflux transporters that play
a critical role in limiting the CNS activity of some neu-
rotherapeutic agents by preventing their penetration across
the BBB [197, 198]. In fact, P-gp and BCRP are also impli-
cated in the neuropathology of PD [199, 200]. Hence, it is
important to ascertain the effect of these transporters in the
disposition of these potential neuroprotective agents using
a PD-pathological BBB model, as well as a non-PD-patho-
logical BBB model. There are several case studies implicat-
ing either P-gp, BCRP or both in the low CNS activity of
neurotherapeutic agents and a typical example is the novel
anti-PD candidate drug FLZ (N-2-(4-hydroxy-phenyl)-
ethyl]-2-(2,5-dimethoxy-phenyl)-3-(3-methoxy-4-hydroxy-
phenyl)-acrylamide) which showed low BBB penetration in
rat brain [198]. Given the role of P-gp and BCRP in both
efflux of substrates across the BBB, as well as neuropathol-
ogy of PD, a study was conducted to determine whether
P-gp and BCRP play a role in the low BBB permeability of
FLZ and also to examine the influence of PD-pathological
BBB in the transport of FLZ [201]. The study found greater
expression of P-gp and BCRP in the PD-pathological BBB
model associated with reduced in vitro BBB permeability
of FLZ compared to the non-PD-pathological BBB model.
The study concluded that P-gp but not BCRP is responsible
for the low BBB permeability of FLZ [201]. One way to
address this challenge would be to co-administer P-gp inhib-
itors such as haloperidol or the use of novel drug delivery
P-gp bypass systems and pharmaceutical excipients such as
chemosensitizers, natural and synthetic polymers, and for-
mulation excipients used as P-gp inhibitors [202].

Conclusion

The pathophysiology and pathogenesis of PD is a complex
process and not well understood. However, current clinical
signs and symptoms appear at the late stage of the disease
and therapeutic interventions at this stage only alleviate
those symptoms without necessarily inhibiting the patho-
logical pathway of the disease. AS misfolding and fibril-
lation has been implicated in early stages of Parkinson’s
and this makes it a suitable target for both diagnosis and
treatment of PD. The breakthrough in molecular imaging of
AP1-42 biomarker for diagnosis of AD has prompted more
research into finding the suitable molecule that can target AS
fibrils. A challenge currently being encountered is finding
molecules with good affinity for AS fibrils while maintaining
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moderate to good selectivity for AS fibrils compared to Ap1-
42 and Tau fibrils. Moreover, lead candidates for AS fibrils
should have high initial brain uptake and favorable in vivo
pharmacokinetics. Metabolic stability, plasma clearance,
pKa, solubility, etc. are some of the pharmacokinetic and
physicochemical parameters to take into consideration when
designing molecules for AS fibrils.

Despite the low success rate in finding the best imaging
probe for AS fibrils, there has been tremendous progress in
the area of finding neuroprotective molecules. One of the
reasons for the accelerated progress is the availability of nat-
ural products such as polyphenols, alkaloids, etc. for evalua-
tion of their ability to inhibit AS misfolding or enhance AS
fibril clearance pathway. The availability of suitable models
and specimen for many of the assays is a huge challenge. It is
still largely unknown how accurate our in vitro assays model
AS fibrillation in the brain and as a result small molecule
that have shown potentials to slow the fibrillation pathway
in cell assays may fail in further preclinical studies or clini-
cal trials.

Despite the difficulties in identifying the best probe(s)
or neuroprotective compounds, the AS fibrillation pathway
remains an important target for the diagnosis and treatment
of PD. A better understanding of the pathogenesis, as well as
the development of better PD models, may provide us with
better opportunities to identify the best lead compounds for
accurate diagnosis and treatment of PD.
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