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Parkinson’s disease is the most common neurodegenerative movement disorder. It arises as a result of neuronal cell death in
specific brain regions, notably the substantia nigra pars compacta, and is characterized by the accumulation of α-synuclein in
these brain regions. Current pharmacological therapies alleviate the motor symptoms of the disease and are particularly effective
in the early stages of the disease. Ongoing drug development efforts focus on disease-modifying strategies that aim to halt or slow
disease progression. In this review, we explore a number of emerging disease-modifying strategies with a focus on direct and
indirect targeting of α-synuclein dysfunction. We summarize newer classes of small molecules and biological agents intended to
attenuate protein aggregation or to target enzymes that may increase the degradation of the pathogenic forms of α-synuclein.
Finally, we discuss emerging strategies that are demonstrating the potential for disease modification at the preclinical stage.
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Introduction
Parkinson’s disease (PD) is a debilitating neurodegenerative
condition characterized by the prominent loss of dopaminer-
gic neurons in the substantia nigra pars compacta (SNpc) of
the midbrain. PD is the most common neurodegenerative
movement disorder, and age is the greatest risk factor for
developing the disease. PD is largely sporadic, although 5 to
10% of cases are due to genetic causes such as mutations in
the SNCA gene that encodes the protein α-synuclein (Kalia
and Lang, 2015). The SNpc is part of the basal ganglia, a group
of neuronal nuclei primarily associated with regulating
motor function; thus, progressive cell death in this region
predominantly affects movement resulting in the cardinal
motor symptoms of the disease, including bradykinesia, mus-
cular rigidity and tremor. As the disease progresses, other
types of cells such as serotonergic, noradrenergic and cholin-
ergic neurons in other areas of the brain also degenerate
(Kalia et al., 2013). Aside from having motor symptoms, PD
patients will often also experience non-motor symptoms,
such as cognitive dysfunction, sleeping difficulties, psychiat-
ric symptoms and autonomic dysfunction, partly due to the
involvement of these other neurotransmitter systems
(Chaudhuri and Schapira, 2009).

The main pathological hallmarks of PD are loss of SNpc
dopaminergic neurons as well as Lewy pathology that occurs
in the majority of cases. Lewy pathology includes Lewy
bodies (LBs) and Lewy neurites, which are found in the cyto-
sol of neuronal soma and neurites, respectively, and consist of
a dense core of aggregated protein surrounded by loose fila-
ments. These aggregates are predominantly composed of the
misfolded, insoluble and fibrillar forms of α-synuclein,
although ubiquitin and other cellular components are also
contained in LBs (Kalia and Kalia, 2015). Whether Lewy pathol-
ogy is neuroprotective, neurotoxic or both, depending on the
context, remains an area of active investigation (Halliday and
Mccann, 2010). Although SNCA mutations (missense and
multiplications) account for a very small proportion of cases
of genetic forms of PD, there is little doubt that aggregation of
the protein has an important role in the pathogenesis of
this condition and other related synucleinopathies, such as
dementia with Lewy bodies (DLB) and multiple system atrophy
(MSA). The normal ageing process gives rise to increased levels
of cytoplasmic α-synuclein, and a current hypothesis is that,
during the development of PD, α-synuclein misfolds, accumu-
lating into soluble pathogenic protein oligomers and later
insoluble fibrils and LBs (Burre et al., 2017).

There ismuch evidence for a causative role of α-synuclein in
PD, yet a number of othergenemutationshave also been linked
to the development of this disease, most commonlymutations
in LRRK2which is also autosomal dominant. The LRRK2 gene
encodes leucine-rich repeat kinase 2 (LRRK2), a kinase for
which the exact function is unknown. It is currently postulated
that progression of the disease in LRRK2-related PD may result
from an increase in kinase activity, an impairment in GTPase
function and/or a change in the ability of the protein to dimer-
ize, depending on the domain in which the mutation occurs
(Schulte andGasser, 2011). Other genes associated with autoso-
mal recessive forms of the disease include Parkin, PINK1 and
DJ1. Patients with PD as a result of mutations within these
genes can present with similar symptoms and pathological

features except in a subset of cases with mutations in
Parkin and LRRK2 in which Lewy pathology is not present
(Kalia et al., 2015; Schneider and Alcalay, 2017).

Interestingly, many of the genes associated with PD
encode for proteins involved in pathways regulating mito-
chondrial and/or proteasomal and lysosomal dysfunction.
In healthy individuals, PTEN-induced putative kinase 1
(PINK1) and Parkin play important roles in regulating mito-
chondrial quality control by inducing clearance of dysfunc-
tional mitochondria via mitophagy. Under basal conditions,
low levels of the kinase PINK1 span both the mitochondrial
inner and outer membranes, where it acts in respirasomes
and influences complex I activity (Morais et al., 2009). Parkin
is an E3 ubiquitin ligase normally present in the cytosol, but
it is rapidly recruited to mitochondria in the context of
mitochondrial stress. Parkin mutations are associated with
reduced levels of ATP, which is possibly related to the E3
ubiquitin ligase activity of the protein as it regulates the
expression levels of many of the electron transport chain sub-
units (Sarraf et al., 2013), while defective mitophagy will also
induce increases in ROS production and overall mitochon-
drial dysfunction. Additionally, α-synuclein has been shown
to have a mitochondrial targeting sequence in its N-terminal
region, and accumulation of the protein at the mitochondria
reduces complex I activity and increases oxidative damage
(Devi et al., 2008). Mutant α-synuclein blocks lysosomal
translocation, which in turn impairs its own degradation,
enhancing accumulation of the misfolded protein (Maria
Cuervo et al., 2004, Martinez-Vicente et al., 2008). Overexpres-
sion of α-synuclein also causes the autophagosome formation
protein Atg9 to mislocalize and thus impairs macroautophagy
(Winslow et al., 2010). Mutations in LRRK2 have been shown
to accelerate age-related autophagy dysfunction, through
reductions in chaperone-mediated autophagy of mutant
LRRK2 (Orenstein et al., 2013), and expression of wild-type
LRRK2 improves autophagic clearance (Saha et al., 2015). The
most common genetic risk factor for PD development is a
mutation of glucocerebrosidase (GBA), which codes for the
lysosomal enzyme β-glucocerebrosidase (GCase) that
is important in glycolipid metabolism. GBA mutations can
cause Gaucher disease, an autosomal recessive lysosomal stor-
age disorder. Interestingly, patients with Gaucher disease and
GBA mutation carriers have an increased risk of developing
PD, DLB and possibly MSA. The pathogenic mechanism has
yet to be elucidated but it is hypothesized to be a loss of GCase
enzyme activity resulting in a deterioration of lysosomal func-
tion and endoplasmic reticulum (ER) stress (O’Regan et al.,
2017). There is also evidence of an interaction between GCase
and α-synuclein where a reciprocal relationship exists with de-
creases in GCase enzyme activity resulting in increased intra-
cellular α-synuclein and intracellular α-synuclein inhibiting
the lysosomal activity of normal GCase in neurons (Man-
ning-Bog et al., 2009, Mazzulli et al., 2011). Taken together, re-
search to date suggests that multiple molecular pathways are
involved in the pathobiology of PD, many of which act up-
stream of α-synuclein aggregation.

Current treatments for PD focus on increasing dopami-
nergic tone through the use of the dopamine precursor
levodopa (L-Dopa), dopamine agonists and monoamine
oxidase B (MAO-B) or catechol-O-methyltransferase
(COMT) inhibitors (Figure 1). L-Dopa has been regarded as
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the most effective treatment for PD since its introduction in
1967 and it is included inmost treatment regimens, but treat-
ment complications occur over time (Fahn et al., 2004). Small
molecules such as pramipexole, ropinirole and apomorphine
act as agonists of dopamine receptors, with particular affinity
for D2-like receptors, while antagonizing serotonergic and
β-adrenergic neurotransmission (Nutt et al., 2000). MAO-B
and COMT inhibitors such as selegiline and entacapone,
respectively, act to slow down the breakdown of dopamine
in the synapse and increase overall levels in the brain. Over
the course of the disease, these treatments are effective at
managing many of the motor symptoms of PD, especially
when used in combination, but do not halt or slow disease
progression. An important focus remains on the develop-
ment of therapeutics that will halt the neurodegeneration
that occurs in the disease, rather than simply provide tempo-
rary symptomatic relief. This review will focus on some of the
disease-modifying therapeutics in clinical development that
directly or indirectly target α-synuclein as well as examine
other potential disease-modifying therapies that have not
yet entered clinical trials (Figure 2).

Strategies at the clinical trial stage

Direct targeting of α-synuclein
α-Synuclein as a therapeutic target. α-Synuclein is a pre-
synaptic protein of 140 amino acids whose exact
physiological function remains unknown. It is known
to associate with membranes where it forms α-helical
structures when bound to negatively charged lipids and,
after longer incubation periods, can form β-sheet structures.

There are three distinct regions within the protein: an
N-terminus that is an amphipathic region, a non-Aβ
component (NAC) domain that is important for fibril
formation and a C-terminus that is negatively charged and
contains an aggregation inhibition region (Rosborough
et al., 2017). Immunohistochemical staining reveals that
α-synuclein follows a pattern consistent with the pre-
synaptic terminals and associates primarily with, but not
within, synaptic vesicles (Kahle, 2008). Some evidence
points to α-synuclein acting to reduce neurotransmission
after sustained periods of firing as it disperses from vesicles
after fusion with the outer neuronal membrane but returns
to inhibit refilling of the readily releasable synaptic vesicle
pool (Fortin et al., 2005). Both wild-type and mutant forms
of the protein form β-sheet structures (similar to the β-sheet
structure of β-amyloid) and subsequently fibrils upon long-
term incubation in solution, and these fibrils are widely
acknowledged to be the main component of Lewy
pathology in PD. Prior to the formation of mature fibrils,
there are a number of intermediate forms of α-synuclein that
assume ring, string and spherical-like characteristics, and it
is these forms that are believed to be the pathogenic
oligomeric forms of the protein (Kalia et al., 2013). Direct
targeting of α-synuclein aims to prevent this type of
pathogenic aggregation and thus halt disease progression by
inhibiting α-synuclein toxicity.

Small molecules to target α-synuclein. Several α-synuclein
inhibitors are being investigated for efficacy at reducing
aggregation and toxicity. NPT200-11 is a small molecule
that works by targeting α-synuclein and stabilizing its
physiological structure, leaving it incapable of assembling

Figure 1
Current symptomatic pharmacological therapies for Parkinson Disease. Current treatments involve the use of the dopamine precursor L-Dopa to
increase dopaminergic neurotransmission, dopamine agonists to mimic dopaminergic neurotransmission andMAO-B or COMT inhibitors to slow
dopamine metabolism and re-uptake by neighbouring glial cells.
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into toxic oligomers. It has been shown to prevent the
formation of pathogenic α-synuclein oligomeric aggregates
and to lead to improvements in neuropathological and
biochemical outcomes in α-synuclein transgenic murine
models (Koike et al., 2014, Price et al., 2014). Furthermore,
NPT200-11 has been tested for safety in humans in a phase
I clinical trial (NCT02606682). Another small molecule
known as ANLE138b has been shown to cross the
blood–brain barrier and reduce aggregation of α-synuclein as
well as block the aggregation of pathogenic forms of prion
protein in cell culture and mouse models (Levin et al., 2014,
Wagner et al., 2013).

NPT088 is a compound that binds to a putative amyloid
fold common to several toxic misfolded proteins including
α-synuclein, tau and β-amyloid. It is a fusion protein that
combines a human immunoglobulin backbone with a gen-
eral amyloid interaction motif (GAIM) and is the most prom-
ising candidate in this class of drugs. Gene 3 protein (g3p) of
filamentous bacteriophage (the active protein fused to immu-
noglobulin) has shown promise in a mouse model of PD
where it binds α-synuclein aggregates (Krishnan et al.,
2014). This compound has also shown promise for the treat-
ment of Alzheimer’s disease (AD) where it reduced β-amyloid
plaques, improved cognitive performance and reduced phos-
phorylated tau pathology in the brains of transgenic mouse
models of the disease (Levenson et al., 2016).

An intrabody is an antibody fragment that works within
the cell to bind an intracellular protein. The single chain var-
iable fragment (scFv) can be expressed without the full-length

immunoglobulin, thus retaining conventional antibody
specificity but allowing increased stability in the intracellular
environment. Different intrabodies have been developed,
which can bind monomeric, oligomeric and fibrillary forms
of α-synuclein and appear to be neuroprotective by modulat-
ing aggregated forms of the protein (Bhatt et al., 2013). VH14
is a single domain intrabody against the NAC hydrophobic
interaction domain which, when fused to a proteasome
targeting signal (VH14PEST), can protect against α-synuclein
toxicity in cell culture systems. NbSyn87PEST, a similar
nanobody targeting the C-terminus, was similarly effective
at degrading α-synuclein (Butler et al., 2016). Further research
has shown that these two intrabodies have the ability to elim-
inate aggregated α-synuclein, replenish striatal dopamine
and improve motor function in rats overexpressing wild-type
α-synuclein (Brundin et al., 2017). While these therapeutics
show promise, a significant challenge is maintaining high
levels of the intrabodies in specific brain regions for
prolonged periods of time, and thus, current drug delivery
technology would require direct delivery to affected regions
using viral vectors.

Immunotherapy to target α-synuclein. The current ‘prion-like
spreading’ hypothesis for PD proposes cell-to-cell transfer of
α-synuclein as a leading cause of propagation of PD
pathology throughout the striatum into other brain regions
as the disease progresses. This phenomenon would likely
require α-synuclein to traverse the synapse or alternate
extracellular spaces, and so reducing the extracellular pool

Figure 2
Potential disease-modifying strategies for Parkinson disease. Development of novel treatments for PD focus on targeting α-synuclein by decreas-
ing its accumulation into oligomers, increasing its degradation by lysosomes, removing it from the extracellular space using immunotherapy or
reducing transcription of the protein by activating β2-adrenoceptors.
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of the misfolded or aggregated protein may reduce the
propagation or act as a sink. Thus, a number of companies
have begun to target this property of α-synuclein by using
antibodies generated by active immunization or passive
transfer. Active immunization stimulates the body’s own
immune system to produce antibodies against the toxic
protein while passive transfer requires direct
administration of antibodies. There is a possibility of off-
target responses and non-specific inflammatory responses
with these types of treatment, but a number of
therapeutics have advanced to the clinical trial stage and
shown promise to date.

C-terminal cleavage of α-synuclein by calpain is thought
to contribute to the formation of toxic oligomers (Dufty et al.,
2007), and many immunization approaches are designed to
directly target this domain of the protein. Using the active
immunotherapy approach, Affris is currently testing two
short immunogenic peptides that mimic the C-terminus
region of α-synuclein, known as PD01A and PD03A. These
AFFITOPEs® illicit an immune response in the absence of a
T-cell response, thus reducing the potential for a damaging
autoimmune response. Initial vaccination in mouse models
of PD resulted in high antibody titres in both the CSF and
plasma. These antibodies were also shown to cross the
blood–brain barrier and target α-synuclein directly. The re-
sults indicated a decreased accumulation of α-synuclein in
axons and synapses and a reduction in the degeneration of
dopaminergic neuron fibres in the striatum as well as an
improvement in motor symptoms (Mandler et al., 2014).
Both of these vaccines are currently in phase I development
while early results have indicated that 55% (12 of 22) of sub-
jects administered PD01A generated serum antibodies
against α-synuclein. Results from a follow-up ‘booster’ study
have shown that 86% of subjects generated an immune
response, 63% of whom generated α-synuclein specific
antibodies, and a cohort of these subjects did not require
any increase in symptomatic dopaminergic medications
during the study period (NCT02216188). It was reported
that, in a phase I safety trial of PD03A, both high and low
dose groups showed no serious adverse events or reactions
and both doses were well tolerated (NCT02267434). The
company has also reported that vaccination with PD03A
exhibited a dose-dependent immune response against the
peptide itself and cross reactivity against the α-synuclein
targeted epitope over time.

PRX002 (Prothena/Roche) is a humanized monoclonal
antibody, which specifically binds to the C-terminus of
α-synuclein, developed for passive immunization. Results
from PD mouse models showed antibody treatment
attenuated synaptic and axonal pathology, reduced the accu-
mulation of C-terminal truncated α-synuclein and improved
motor and memory deficits (Games et al., 2014). It has been
shown to be well tolerated in a pilot phase I trial while reduc-
ing α-synuclein serum levels up to 96.5% in a dose-dependent
manner (NCT02157714) (Schenk et al., 2017). A phase II trial
is currently recruiting and will test the effects of the antibody
versus placebo for 52 weeks in 300 patients with early stage
PD who have not received L-Dopa treatment. BIIB054 is a
monoclonal antibody developed by Biogen that targets forms
of α-synuclein thought to be pathogenic. A randomized
double-blind, placebo-controlled phase I trial in 48 healthy

subjects found BIIB054 was well tolerated, with the exception
of the highest dose (135 mg·kg�1), and Cmax values were dose
proportional, with a 28-day serum half-life. BIIB054 was
detectable in CSF in the range expected for monoclonal
antibodies (Alzforum, 2017). Phase II trials were planned to
start in November 2017 (NCT03318523). MEDI1341 is a com-
bined Astra Zeneca/Takeda effort aimed at targeting extracel-
lular α-synuclein through passive immunization. A press
release highlighted the fact that the antibody has a high affin-
ity for α-synuclein and reduced effector function, making this
therapeutic more efficacious and safer by decreasing immune
system interaction. A phase I safety trial involving treatment
with a single ascending dose began in September 2017
(NCT03272165). Finally, BioArctic Neuroscience and AbbVie
have combined to produce a clinical phase antibody called
BAN0805, which targets oligomeric forms of pathogenic
α-synuclein. This therapeutic has shown promise in mouse
models but has not yet entered the clinical trial stage
(Fagerqvist et al., 2013).

The success of these approaches likely depends on valida-
tion of the ‘prion-like spreading’ hypothesis of α-synuclein
propagation throughout the brain and how much of the
pathogenic protein is maintained in the extracellular
space for a limited amount of antibody to target it. The
potential off-target effects of these antibodies (e.g. due to
affecting α-synuclein outside of the brain) will need to be
examined.

Indirect targeting of α-synuclein
Increasing GCase activity. As mentioned above, mutations in
GBA are a strong risk factor for the development of PD as well
as other synucleinopathies. It is estimated that 7 to 10% of PD
patients carry a GBA mutation, which confers up to a 30-fold
increased risk of developing PD (Migdalska-Richards and
Schapira, 2016). Most potential GBA-related therapeutics
focus on enhancing enzyme activity since experimental
evidence demonstrates that decreased GCase activity leads
to an increase in α-synuclein misfolding. Additional
evidence suggests that mutations in GBA interfere with the
correct function of the autophagy-lysosomal system as
decreased GCase activity may result in a build-up of its
substrate in the lysosome, while there is also evidence of ER
stress (O’regan et al., 2017). Such evidence suggests that any
enhancement of GCase activity pharmacologically could
decrease α-synuclein accumulation but also enhance the
function of the lysosome and ER, both of which have been
shown to be dysfunctional in PD, and thus enhance
degradation of the misfolded protein (Kilpatrick et al., 2016).

At present, it is not possible to directly supplement the en-
zyme using enzyme replacement therapy as those currently
available do not penetrate the blood–brain barrier. Research
is focusing on other upstream targets, which limit substrates,
or on molecular chaperones (Figure 3). Glucosylceramide,
a glycosphingolipid, is a substrate of GCase that is thought
to stabilize α-synuclein oligomers. Sanofi/Genzyme have
started a phase II clinical trial (NCT02906020), which will test
the efficacy of a glucosylceramide inhibitor called ibiglustat
(SAR402671) in patients with early stage PD carrying a GBA
mutation. An alternative target within this pathway is to
use molecular chaperones to alleviate misfolding of mutated
forms of GCase in the ER and thus reduce build-up of the
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enzyme in the lysosome and increase its activity. Ambroxol is
an anti-mucolytic drug, used in the treatment of respiratory
diseases, which has recently been shown to enhance the
activity of GCase in fibroblasts from control and GBA
mutation carriers (Sanchez-Martinez et al., 2016). A phase I
proof-of-concept trial has now begun examining the effect
of ambroxol on brain GCase activity and α-synuclein accu-
mulation in PD patients with and without GBA mutations
(NCT02914366). Lysosomal Therapeutics has developed a
brain-penetrant, small molecule that targets GCase, increas-
ing its activity, and thus reducing levels of glucosylceramide.
Animal studies have demonstrated that LTI-291 reduces
glucosylceramide levels in the brain, and GCase activation
effects are exacerbated when GCase enzyme activity is
more impaired and glucosylceramide levels are higher
(Lysosomal-Therapeutics-Website, 2017).

Inhibiting c-Abl activity. Another approach is to inhibit a
tyrosine kinase, c-Abl, which has been shown to have
enhanced activity in the brain of PD patients, leading to a
downstream increase in phosphorylation, and subsequently,
aggregation of α-synuclein. Interestingly, enhanced c-Abl
activity inhibits the ubiquitination of Parkin, reducing its
activity (Mahul-Mellier et al., 2014). Mutations in c-Abl
enhance its kinase activity, leading to an increase in cell
proliferation, so inhibitors of c-Abl have primarily been
developed as an anti-cancer treatment. Nilotinib is a drug
approved for the treatment of imatinib-resistant chronic
myelogenous leukaemia and has previously been shown

to penetrate into the brain and protect dopaminergic
neurons from toxicity in a viral-vector mediated α-synuclein
overexpression mouse model (Hebron et al., 2013). Phase I
safety trials have indicated two doses (150 and 300 mg) are
safe and tolerable in PD and DLB patients and suggested
possible target engagement, although this was an open label
trial (Pagan et al., 2016). A phase II, randomized, double-
blind, placebo-controlled clinical trial to measure the
effects of nilotinib treatment on clinical outcomes and
biomarkers in mid-stage PD patients is currently underway
(NCT03205488).

Altering levels of endogenous metals. Metals are a vital
component of the earth’s ecosystem and also play integral
roles in the human body where they act as co-factors in a
variety of enzymatic reactions. Essential metals include iron,
copper (Cu), zinc and manganese, and these are important
in regulating gene expression, neurotransmission and the
immune response. There is accumulating evidence from
post-mortem studies, MRI and ultrasound studies that PD
patients have high levels of iron deposition in the neurons
of the SNpc (Gotz et al., 2004). The presence of excess
amounts of low molecular weight iron can cause oxidative
damage to lipids, proteins and DNA through the generation
of increased amounts of ROS, which cannot be scavenged by
the usual enzymes. Cellular damage due to ROS is believed
to be an important contributor to neurodegeneration in
the PD brain (Manoharan et al., 2016). Furthermore, iron
can translationally increase protein levels of α-synuclein

Figure 3
Targeting GCase as a potential disease-modifying strategy for Parkinson disease. Development of therapeutics targeting GCase for treatment of
PD focus on increasing enzyme activity, decreasing GCase misfolding and inhibiting glucosylceramide (GluCer), a substrate of GCase. The net
result of these therapeutics is anticipated to be decreased α-synuclein accumulation and enhanced lysosomal function.
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through its promoter region, and iron markedly induces
aggregation of α-synuclein into intracellular inclusions.
Accordingly, iron chelation has been shown to reduce
the amount of insoluble α-synuclein aggregates and
rescue behavioural deficits in transgenic murine models.
A number of iron chelators have shown favourable results
in preclinical testing for treatment of PD including
desferrioxamine, deferasirox, VK28 and deferiprone.
Deferiprone is of particular interest as it is already approved
for use in the treatment of thalassaemia and has been
identified as a potential therapeutic for Freidreich’s ataxia,
another neurodegenerative condition. Deferiprone works by
translocating iron from cells with excessive levels of iron to
those with deficient levels, keeping overall iron content
relatively stable (Cabantchik et al., 2013). Two trials have
demonstrated that deferiprone treatment reduced iron
content in the SNpc in some PD patients while all patients
showed a trend towards improved Unified Parkinson’s Disease
Rating Scale (UPDRS) motor scores (Devos et al., 2014;
Martin-Bastida et al., 2017). Based on these results, larger
phase II trials will assess the ability of deferiprone to attenuate
the progression of PD (NCT02655315) and examine the
effects of an extended-release tablet formulation of the drug
on motor features (measured using UPDRS motor scores) over
a 9-month treatment period (NCT02728843).

Cu is another essential trace element of which elevated
brain levels have been associated with increased ROS genera-
tion, DNA damage and mitochondrial dysfunction (Desai
and Kaler, 2008). Rasia et al. (2005) demonstrated that Cu2+

ions are effective in accelerating α-synuclein aggregation at
physiologically relevant concentrations by binding to spe-
cific sites on the N- and C-termini. Yet this effect is abolished
in the acetylated form of α-synuclein, which is more com-
monly found in the brain (Moriarty et al., 2014). Interest-
ingly, copper concentrations in the SNpc of PD patients are
not elevated but are 34 to 51% lower than age-matched
controls; this decrease is even greater when examined at the
single cell level (Davies et al., 2016). Cell death seen with
decreased copper levels in later disease stages may be
mediated by decreased function of copper-binding proteins,
such as ceruloplasmin and SOD1, both of which have
decreased activity in PD patients (Trist et al., 2017). These
findings suggest that augmenting or redistributing copper
in affected brain regions may hold therapeutic potential
for the treatment of PD. Indeed, increasing copper delivery
using the compound Cu2+ complex of diacetylbis(4-
methylthiosemicarbazone) (Cu2+(atsm)) was shown to have
neuroprotective properties in four different animal models
of PD (Hung et al., 2012). Treatment with this drug re-
sulted in a decrease in α-synuclein dimers in MPTP-lesioned
mice as well as in MPTP-lesioned A53T α-synuclein trans-
genic mice, possibly due to peroxynitrite inhibition, which
decreases α-synuclein nitration. A phase I dose escalation
clinical trial of Cu2+(atsm) for early idiopathic PD has
started recruiting subjects (NCT03204929). In addition, a
metal protein attenuating compound called PBT2 demon-
strated safety in a phase I trial for AD and significantly
lowered levels of Aβ42 in CSF (Faux et al., 2010). As of
yet, no clinical trials examining the safety or efficacy of
PBT2 in PD have begun, yet preclinical results with related
compounds have suggested it may hold promise.

Strategies at the preclinical stage

β-Adrenoceptor stimulation
Another potential strategy to reduce the risk of developing
PD is to regulate the amount of α-synuclein transcribed
from the SNCA gene. Transcription is regulated by GATA
transcription factor occupancy of enhancers, the nerve
growth factor and basic FGF (FGF-2) pathway, methyla-
tion and microRNAs. An eloquent study by Mittal et al.
(2017) identified three agonists of β2-adrenoceptor that
could regulate SNCA gene expression in a high-throughput
drug screen: metaproterenol, clenbuterol and salbutamol.
Treatment of rat primary cortical neurons with these
three candidate drugs significantly reduced endogenous
SNCA mRNA and α-synuclein protein levels while treatment
with propranolol (a β-blocker) increased endogenous
SNCA mRNA and α-synuclein protein levels in SK-N-MC
cells. The authors identified histone 3 lysine 27 (H3K27)
acetylation signals at the promotor and enhancer regions
of SNCA and showed clenbuterol treatment decreased
H3K27 acetylation levels and relative SNCA mRNA abun-
dance. Thus, the β2-adrenoceptor regulates the transcrip-
tion of α-synuclein via a mechanism that controls H3K27
acetylation levels across the promotor and enhancers in
the human SNCA locus. Finally, the authors examined the
risk of developing PD amongst populations prescribed
salbutamol and propranolol, the most commonly used
β2-adrenoceptor agonist and antagonist, respectively, in
Norway and found that salbutamol (a drug commonly used
to treat asthma) was associated with a decreased risk of PD
(rate ratio of 0.66) and propranolol was associated with a
markedly increased risk of PD (rate ratio of 2.20). β2-
adrenoceptor agonists are not currently approved for
treatment of PD, but these results demonstrate a potential
therapeutic role for these drugs if further trials prove bene-
ficial in patients with PD.

Targeting O-linked β-N-acetyl glucosamine
The O-linked β-N-acetyl glucosamine (O-GlcNAc) modifica-
tion is a type of glycosylation that involves the addition or
removal of an uncharged acetylated hexosamine sugar to
a serine or threonine residue on a nucleocytoplasmic or
mitochondrial target protein. The addition or removal of
O-GlcNAc is catalysed by the intracellular enzymes O-GlcNAc
transferase and O-GlcNAcase, respectively (Bond and
Hanover, 2015). Transcripts encoding these enzymes are
most highly expressed in immune cells, brain and pancreas,
and the post-translational modification has been linked to
increased risk for the development of numerous human
diseases including lupus, AD, autism and X-linked dystonia-
parkinsonism (Bond and Hanover, 2013). O-GlcNAc cycling
has become an intense area of focus for research into neuro-
degenerative diseases as a result of the discovery that many
pathogenic protein aggregates appear to have altered levels
of O-GlcNAcylation (Yuzwa et al., 2014). Much of the re-
search thus far has focused on the role of O-GlcNAc in the
aggregation of β-amyloid and tau, but α-synuclein has also
been shown to have a number of O-GlcNAcylation sites (Cole
and Hart, 2001). Many of the O-GlcNAc sites of α-synuclein
identified are located within the NAC region of the protein,
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with O-GlcNAc at threonine 72 (T72) appearing to be partic-
ularly important. One study has shown that the addition of
a single O-GlcNAc residue at T72 completely blocks the
formation of both fibril and oligomer aggregates but does
not affect the membrane binding capabilities of α-synuclein.
In addition, researchers showed that this post-translational
modification inhibits the toxicity of α-synuclein when it is
added to neurons in culture (Marotta et al., 2015). A more
recent study has also shown that increasing O-GlcNAc levels
in neurons resulted in an increase in the accumulation of
monomeric α-synuclein (Wani et al., 2017). Perhaps the most
important observation in relation to a role for O-GlcNAc in
PD pathogenesis is the discovery that O-GlcNAcylation at
T72 and serine 87 inhibit the cleavage of α-synuclein by
calpain, which is associated with aggregation of the protein
(Levine et al., 2017). There are no toxic effects reported in
mice with long-term treatment with thiamet G, a potent
O-GlcNAcase inhibitor (Hastings et al., 2017). Further
preclinical studies are required before thiamet G or a similar
compound ASN120290 can be considered for disease-
modifying therapy trials for PD.

Intestinal microbiota targeted therapies
Much evidence has begun to accumulate for the existence of a
gut-brain axis and the influence of the intestinal microbiota on
neurodevelopment, modulation of behaviour and neurological
disorders. Research has shown that PD patients have a signifi-
cantly different microbiome to that of healthy controls, with
associations between abundance of particular types of bacteria
and severity of gait difficulty (Scheperjans et al., 2015). These
findings open the possibility of analysing an individual’s
microbiome as a potential biomarker for early stage PD.
Furthermore, a recent paper reports that gut microbiota is re-
quired for motor deficits, microglial activation and α-synuclein
pathology in mice overexpressing α-synuclein (Sampson et al.,
2016). The authors showed colonization of these mice with
microbiota from human PD patients enhanced the motor
dysfunction compared to microbiota transplants from healthy
human donors. These remarkable findings indicate that the
microbiome may represent a risk factor for the development
of PD but also outlines a potential therapeutic avenue for
microbiome transplants to impact the pathobiology of PD.

Conclusions
Several lines of evidence support α-synuclein as a promising
disease-modifying therapeutic target for PD. The therapies
presented above either directly or indirectly target
α-synuclein to halt or slow the disease process. Currently,
the generally accepted hypothesis is that α-synuclein is a na-
tively unfolded, monomeric protein and its pathogenic
misfolding and aggregation are driven by specific gene muta-
tions, toxin exposure, post-translational modifications
and/or cellular dysfunction. Challenges exist in that it has
not yet been fully elucidated which form(s) of the protein (di-
mer, trimer, oligomer, fibril) is the true pathogen in disease
progression. Other caveats exist as it is not known if mito-
chondrial failure, oxidative stress or lysosomal dysfunction
are triggers for α-synuclein misfolding or occur after protein
misfolding. Furthermore, the physiological functions of

α-synuclein within and outside the CNS remain to be fully
elucidated, and thus, targeting α-synuclein must be pursued
with caution. Despite these caveats, many of the emerging
therapies have shown much promise in animal models and
have entered phase I/II clinical trials with encouraging initial
results. In the coming years, it is likely the development of ac-
curate biomarkers, such as the microbiome or a positron
emission tomography tracer for α-synuclein, will become ever
more important considering how pathological changes begin
many years before the presentation of clinical symptoms. In
addition, amore personalizedmedicine-based approach is ex-
pected as genome sequencing becomes more prevalent and
affordable. There has been a significant re-evaluation into
how we may treat PD in recent years with many promising
early results, yet more basic research into disease pathogene-
sis is vital to refine the newer class of emerging therapies.

Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked
to corresponding entries in http://www.guidetophar-
macology.org, the common portal for data from the
IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al.,
2018), and are permanently archived in the Concise Guide
to PHARMACOLOGY 2017/18 (Alexander, 2017a,b).
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