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A B S T R A C T

Several kinases have been implicated in the pathogenesis of Parkinson's disease (PD), most notably leucine-rich
repeat kinase 2 (LRRK2), as LRRK2 mutations are the most common genetic cause of a late-onset parkinsonism
that is clinically indistinguishable from sporadic PD. More recently, several other kinases have emerged as
promising disease-modifying targets in PD based on both preclinical studies and clinical reports on exenatide,
the urate precursor inosine, nilotinib and lithium use in PD patients. These kinases include protein kinase B
(Akt), glycogen synthase kinases-3β and -3α (GSK-3β and GSK-3α), c-Abelson kinase (c-Abl) and cyclin-de-
pendent kinase 5 (cdk5). Activities of each of these kinases are involved either directly or indirectly in phos-
phorylating tau or increasing α-synuclein levels, intracellular proteins whose toxic oligomeric forms are strongly
implicated in the pathogenesis of PD. GSK-3β, GSK-3α and cdk5 are the principle kinases involved in phos-
phorylating tau at sites critical for the formation of tau oligomers. Exenatide analogues, urate, nilotinib and
lithium have been shown to affect one or more of the above kinases, actions that can decrease the formation and
increase the clearance of intraneuronal phosphorylated tau and α-synuclein. Here we review the current pre-
clinical and clinical evidence supporting kinase-targeting agents as potential disease-modifying therapies for PD
patients enriched with these therapeutic targets and incorporate LRRK2 physiology into this novel model.

1. Introduction

Parkinson's disease (PD) is the second most common and fastest
growing neurodegenerative disorder with a worldwide prevalence that
is predicted to more than double over the next 25 years [1]. Identifi-
cation of viable druggable targets that mediate neuroprotection is cri-
tical to the search and discovery of disease-modifying treatments for
PD, which are treatments that can delay the onset of PD and/or slow PD
progression, and many such targets have been proposed [2]. However,
cell culture and animal models from which these targets have been
identified may not accurately reflect the disease process in humans with
PD and, therefore, may result in futile efforts to engage inappropriate
targets [3,4]. Although much progress has been made in the develop-
ment of animal models that appear to more closely reflect PD [5,6], it
remains to be determined if such models will bear fruit in identifying
clinically meaningful disease-modifying therapies.

Considering this caveat, results from genetic and observational
studies and early stage clinical trials that are supportive of disease-

modifying actions of an agent may be more informative. Although such
data have their own inherent biases, their distinct advantage is that
they are derived from PD patients. Recently, such clinical data have
identified several FDA-approved or repurposed drugs as potential dis-
ease-modifying therapies for PD. These therapies include the diabetes
medication exenatide [7]; the urate precursor inosine [8–10]; the
cancer medication nilotinib [11]; and the bipolar disorder medication
lithium [12–17]. Three of these therapies (exenatide, inosine and ni-
lotinib) are currently being investigated in PD clinical trials [7,18–20]
and all 4 have demonstrated neuroprotective actions in preclinical
models, which are detailed below. Although these compounds differ
extensively in their chemical structures, interestingly, they all share
common mechanisms of action. Specifically, each affects one or more
kinases that have been implicated in neurodegenerative disease, in
general, and PD, in particular. The fact that these diverse therapies all
share common targets suggests that one or more of these kinases may be
a valid druggable target(s) for disease-modification in PD. Here we
review both the preclinical and clinical evidence supporting the
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repurposing of these therapeutics for treating PD and offer a unifying
model for how these diverse compounds may mitigate PD neuro-
pathology and clinical progression by affecting one or more kinases. We
also incorporate into this model current knowledge regarding leucine-
rich repeat kinase 2 (LRRK2) physiology.

It should be noted that clinical PD may actually represent several
disease subtypes each with its own relevant therapeutic targets [21].
Therefore, potential PD modifying therapies, including the kinase-tar-
geting therapies reviewed here, may only be effective in PD patients
enriched with such therapeutic targets.

2. LRRK2

The kinase that has been most implicated in the pathogenesis of PD
is LRRK2. LRRK2 mutations (pathLRRK2) are the most common genetic
cause of a late-onset parkinsonism clinically indistinguishable from
sporadic PD. [22,23] As a result, there has been much interest in
identifying pathLRRK2 physiology as a means to identify potential PD
therapeutic targets.

LRRK2 is a large multidomain protein expressed most highly in
immune cells, kidney and lung that appears to be involved with a di-
verse array of cellular processes including microtubule binding, vesi-
cular trafficking, autophagy and mitophagy [24,25]. PathLRRK2 dis-
play increased kinase activity compared to wild-type LRRK2 (wtLRRK2)
the amplitude of which correlates with the clinical penetrance of each
particular pathLRRK2 [25]. Importantly, even in sporadic PD, LRRK2
kinase is activated in post-mortem substantia nigra (SN) neurons sug-
gesting that LRRK2 kinase inhibition may be a relevant therapy for both
pathLRRK2 and sporadic PD. [26]

On the other hand, evidence from cellular and rodent models in-
dicates that the magnitude of intracellular pathLRRK2 protein levels
may contribute more than its kinase activity to neuronal toxicity and
death [27,28]. Furthermore, several but not all studies [29], have de-
monstrated that use of LRRK2 kinase inhibitors promotes LRRK2 pro-
tein degradation, introducing a potential confound in the mechanistic
interpretation of LRRK2 kinase inhibitor-mediated neuroprotection
[27,30–33]. Clinically, individuals with LRRK2 variants that have de-
creased kinase activity, so called loss of function variants, have about a
50% reduction in LRRK2 protein levels in peripheral immune cells [34].
Also, in sporadic PD patients, who appear to have increased SN LRRK2
kinase activity [26], LRRK2 protein levels are increased in immune cells
compared to healthy controls [35]. These data support LRRK2 kinase
activity to be positively linked to its intracellular protein levels, which
may explain the similar lung and kidney pathological changes seen in
LRRK2 knock-out and LRRK2 kinase-dead transgenics as well as LRRK2
kinase inhibitor-treated animals [31,32,36–38]. Thus, although LRRK2
kinase inhibition may prove to be an effective disease-modifying
strategy for PD, other pathLRRK2 physiology that would be influenced
by its protein levels should be considered as such downstream targets
may illuminate effective and, perhaps, safer therapies than LRRK2 ki-
nase inhibitors for PD-modification.

PathLRRK2 PD can have diverse clinical pathology, including α-
synuclein and/or tau SN protein aggregates, with>80% of autopsy-
examined cases having typical Lewy Bodies [39–41]. Although the
pathological hallmark of sporadic PD is intraneuronal SN Lewy Bodies
composed primarily of aggregated α-synuclein, genome-wide associa-
tion studies (GWAS) consistently show polymorphisms not only in the
α-synuclein gene (SNCA) but also in the tau gene (MAPT) to be strongly
associated with PD, suggesting that both of these proteins are involved
in the pathophysiology of PD. [42–44] In addition to α-synuclein, Lewy
Bodies also contain tau aggregates [45,46]. Both phosphorylated-tau
(p-tau) and α-synuclein are elevated in post-mortem PD striata [47] as
well as in central nervous system-derived plasma exosomes from PD
patients, which correlate with PD disease severity [48,49]. These
findings, in addition to the known synergistic relationship between α-
synuclein and tau and their prion-like actions to promote progressive

neuronal demise in preclinical models [50–55], support α-synuclein
and tau as potential key contributors to pathLRRK2 and sporadic PD
pathophysiology.

A proposed pathLRRK2 mechanism distinct from its kinase actions is
its ability to act as a scaffolding protein bringing other functional
protein partners into close proximity thereby greatly increasing their
interactions [56–58]. Because this scaffolding action of LRRK2 is a
function of its protein structure and not its kinase action, higher LRRK2
protein levels would be expected to lead to greater functional protein
partner interactions. Three functional protein partners shown to in-
teract with LRRK2 are tau and two different kinases: glycogen synthase
kinase-3 beta (GSK-3β) and cyclin-dependent kinase 5 (cdk5) [57,58].
Importantly, these interactions have been shown to greatly increase the
formation of pathogenic p-tau.

Tau normally exists as an unphosphorylated monomer and functions
to stabilize microtubules. Several lines of evidence indicate that soluble
tau oligomers are the most toxic form to neurons [59]. Inhibition of tau
microtubule binding is the first step necessary to increase tau's cytosolic
concentration allowing tau oligomerization. Phosphorylation of tau at
Thr231 (pThr231) and Ser262 (pSer262), in particular, has been shown
to inhibit tau microtubule binding to the greatest extent and, therefore,
are predicted to be key events in subsequent tau oligomer formation
[59,60]. Indeed, both α-synuclein and pSer262 tau are significantly
elevated in post-mortem PD striata [47]. Furthermore, tau oligomers as
well as α-synuclein oligomers can seed their own monomers as well as
each other's monomers towards an oligomeric conformation, which can
then spread from cell to cell in a prion-like fashion [50,52,53,61–64].
These prion-like and synergistic actions of α-synuclein and tau oligo-
mers may, therefore, represent primary processes responsible for the
progressive neuronal death and clinical deterioration in PD as well as
other synucleinopathies and tauopathies [50]. Thus, inhibiting the
formation and/or stimulating the clearance of intraneuronal α-synu-
clein and tau oligomers represent promising disease-modifying strate-
gies for sporadic and pathLRRK2 PD. As one pre-clinical example, in the
A53T α-synuclein overexpressing mouse model of PD, selectively de-
pleting oligomeric tau via a single injection of tau-specific antibodies
led to decreases in cognitive and motor deficits as well as decreases in
both tau oligomers and the most toxic form of α-synuclein oligomers
[54].

Because initial tau oligomer formation is most dependent on its
phosphorylation at Thr231 and Ser262 and post-mortem PD striatum
has significantly elevated levels of pSer262 and pSer396/404 tau
[47,59,60], a logical PD disease-modifying strategy would be to target
the primary kinases involved with phosphorylating tau at these sites.
GSK-3α, GSK-3β and cdk5 represent such kinases. GSK-3β phosphor-
ylates tau at Thr231 and Ser396/404 highlighting the potential im-
portance of this kinase in regards to tau oligomer formation and post-
mortem PD pathology [57,58,65,66]. Cdk5 and, to a lesser extent, GSK-
3α play important roles in the formation of pThr231 tau by priming tau
through Ser235 phosphorylation, which then robustly increases tau
Thr231 phosphorylation by GSK-3β [67,68]. However, GSK-3α, not
GSK-3β or cdk5, phosphorylates tau at Ser262 [67]. As previously
mentioned, LRRK2 can function as a scaffolding protein increasing the
interactions among tau, GSK-3β and cdk5 greatly increasing the for-
mation of p-tau [57,58,69]. Furthermore, pathLRRK2 leads to greater p-
tau formation than wtLRRK2 through this scaffolding mechanism. The
most common clinical pathLRRK2 mutation, G2019S, approximately
doubles GSK-3β-induced tau phosphorylation compared to wt-LRRK2
[57]. This pathLRRK2-mediated increase in p-tau was shown to be in-
dependent of its kinase action because both kinase-dead LRRK2 and
LRRK2 inhibitor-treated cells had the same magnitude of p-tau forma-
tion in this model [57]. Finally, α-synuclein can also function as a
scaffolding protein, akin to pathLRRK2, enhancing the association be-
tween GSK-3β and tau and can also directly stimulate GSK-3β resulting
in greatly increased p-tau formation (Fig. 1) [66,70]. Thus, therapies
shown to inhibit the kinase actions of GSK-3α, GSK-3β and/or cdk5 can
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not only decrease the formation of tau oligomers but also α-synuclein
oligomers by disrupting the viscous cycle between these toxic proteins.
Such therapeutic actions would represent promising approaches for
both sporadic and pathLRRK2 PD.

The pathLRRK2 physiology that has received the most attention is
its increased kinase-dependent phosphorylation of Rab10 [25,71].
Rab10 belongs to a family of GTPases known to play a critical role in
intracellular vesicular trafficking [72]. However, it is currently not
known whether pathLRRK2-mediated Rab10 phosphorylation leads to
increased p-tau or α-synuclein formation. Another proposed LRRK2
kinase substrate is protein kinase B (Akt) [73]. Akt is an upstream
regulator of GSK-3β (Fig. 1) as well as many other substrates including
the mammalian target of rapamycin (mTOR), nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB), cAMP response ele-
ment-binding protein (CREB) and Bcl-2 all of which are involved with
neuronal survival and have been implicated in PD pathophysiology
[74–77]. In general, increased Akt kinase activity causes downstream
events that promote neuronal survival, such as inhibition of GSK-3β
(Fig. 1).

Maximum activation of Akt is dependent on phosphorylation at its
Ser473 and Thr308 sites [74]. Post-mortem PD substantia nigra (SN)
displays reduced levels of pSer473 and pThr308 Akt compared to
healthy controls [78,79]. Of note, the pathLRRK2 mutations G2019S,
I2020T and R1441C also lead to significantly decreased pSer473 Akt
levels compared to wtLRRK2 [73], which would result in deactivation
of Akt, activation of GSK-3β and downstream effects impairing neu-
ronal survival. Furthermore, induced pluripotent stem cell (iPSC)-de-
rived neurons from PD patients with the I2020T pathLRRK2 mutation
showed increased p-tau levels and approximately 50% reductions in

both pSer473 and pThr308 Akt levels and a 70% reduction in Akt ki-
nase activity compared to healthy control patient iPSC-derived neurons
[80]. Because decreased Akt activity would be expected to increase
GSK-3β activity and p-tau formation (Fig. 1), tau phosphorylation was
assessed in these I2020T pathLRRK2 iPSC-derived neurons in response
to a GSK-3β inhibitor. Interestingly, tau phosphorylation was inhibited
to a greater extent following exposure to a GSK-3β inhibitor than to a
specific LRRK2 kinase inhibitor indicating that pathLRRK2-mediated
tau phosphorylation in this model is more a function of increased GSK-
3β kinase activity than increased pathLRRK2 kinase activity [80]. In-
deed, post-mortem brain from two I2020T pathLRRK2 patients showed
increased p-tau levels as well as increased GSK-3β kinase activity [80].
Furthermore, levels of activated GSK-3β are increased in post-mortem
striata from sporadic PD patients [47,66]. These data indicate that
decreased Akt and/or increased GSK-3β activity may contribute to both
pathLRRK2 and sporadic PD pathophysiology.

More recently, several studies have shown the GSK-3β substrate β-
catenin to be significantly less active in pathLRRK2 G2019S, R1441G
and Y1699C transfected fibroblasts and significantly more active in fi-
broblasts transfected with the PD protective LRRK2 mutation, R1398H
[81], compared to wtLRRK2 [82,83]. These pathLRRK2 effects were due
to direct binding of β-catenin to pathLRRK2 thereby inhibiting the ac-
tivity of this protein [82]. β-catenin is a transcriptional cofactor that,
when concentrated in the nucleus, upregulates the expression of ca-
nonical Wnt (Wingless/Int) target genes many of which regulate neu-
ronal survival, axonal outgrowth and synaptic integrity [83–85]. Thus,
pathLRRK2-mediated reduction in β-catenin-mediated activity would
be expected to impair neuronal survival. Reduced β-catenin-mediated
activity has also been implicated in the pathophysiology of common PD
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Fig. 1. Interactions among kinases, toxic protein moieties and kinase-targeting potential PD therapeutics.
Toxic proteins and kinase therapeutic targets are depicted as stars and diamonds, respectively. BDNF/GDNF: brain-derived neurotrophic factor/glial cell line-derived
neurotrophic factor, Akt: protein kinase B, GSK-3α+β: glycogen synthase kinase-3 alpha and beta, pathLRRK2: pathogenic leucine-rich repeat kinase 2, c-Abl: c-
Abelson kinase, cdk5: cyclin-dependent kinase 5, p-tau: phosphorylated tau, α-syn: alpha synuclein, ABeta: Beta amyloid. Green/red arrows depict actions that
increase/decrease kinase activity or protein levels. Dashed green lines signify pathLRRK2 and α-syn functioning as scaffolding proteins enhancing the associations of
GSK-3β and cdk5 with tau resulting in increased p-tau formation.
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genetic risks, most notably mutations in the glucocerebrosidase gene
(GBA), which represents the most common genetic risk for PD. [86–89]
IPS cells with neuronopathic GBA mutations (pathGBA) show impaired
canonical Wnt/β-catenin signaling, increased levels of activated GSK-
3β and impaired ability to differentiate into dopaminergic cells, which
are all reversed by either application of a canonical Wnt/β-catenin
activator or introduction of functional recombinant glucocerebrosidase
[89]. Finally, polymorphisms in the GSK-3β gene leading to increased
GSK-3β enzyme activity are associated with an increased rate of
sporadic PD. [90] GSK-3β phosphorylates β-catenin leading to its fur-
ther ubiquitination and eventual proteasomal degradation [91,92],
while use of GSK-3β inhibitors decreases β-catenin phosphorylation and
increases β-catenin-mediated transcription activity [93].

One transcription factor upregulated by β-catenin is nuclear re-
ceptor related 1 (Nurr1), which regulates the expression of genes es-
sential for dopamine cell differentiation, maintenance and survival
[94,95]. Nurr1 expression in human SN decreases with increasing age,
the major risk factor for PD, and is highly positively correlated with
expression of tyrosine hydroxylase, the rate-limiting step in dopamine
production [96]. Nurr1 and α-synuclein negatively affect the expression
of each other and restoration of Nurr1 expression ameliorates α-synu-
clein-mediated dopamine cell toxicity [97–99]. Nurr1 levels are re-
duced by about 65% in PD SN compared to healthy controls [100] and
several Nurr1 gene mutations have been identified as genetic risks for
both familial and sporadic PD. [94,97,101,102] Thus, therapies that
can increase Nurr1 expression, such as GSK-3β inhibitors, could lead to
decreased α-synuclein expression and enhanced survival of SN dopa-
mine neurons.

In summary, pathLRRK2 may cause PD, in part, by influencing the
actions of other kinases including Akt, GSK-3β and cdk-5, which are
also relevant therapeutic targets for sporadic PD. With this landscape in
mind (Fig. 1), it becomes apparent that several currently available
therapies including exenatide, inosine, nilotinib and lithium share
common kinase therapeutic targets that may provide disease-modifying
effects in sporadic PD or, perhaps, a subtype of sporadic PD enriched
with these therapeutic targets [103]. Table 1 summarizes the clinical
data supporting each of these therapies' potential disease-modifying
effects.

3. BDNF/GDNF

There has been much interest in the use of brain-derived and glial
cell line-derived neurotrophic factors (BDNF and GDNF) as disease-
modifying therapies in PD due to their neuroprotective actions ob-
served in PD animal models [109]. However, negative results from
several neurotrophin PD clinical trials has tempered enthusiasm for this
approach [110,111]. BDNF and GDNF act through their plasma mem-
brane receptors (TrkB and Ret, respectively), which results in activation
of major signaling pathways including Akt (Fig. 1) [112]. More re-
cently, α-synuclein has been shown to interfere with neurotrophin ac-
tivity at their receptors, which may help explain the negative results
from previous neurotrophin PD trials. For example, α-synuclein can
block BDNF-mediated effects by binding to the kinase domain of the

TrkB receptor and by down-regulating its expression [113]. Also, α-
synuclein can block GDNF-mediated effects by decreasing the expres-
sion of transcription factor Nurr1 leading to decreased expression of the
GDNF receptor, Ret. [98] Thus, therapies that could decrease in-
tracellular α-synuclein may enable neurotrophin-mediated neuropro-
tection to be realized in PD by stabilizing TrkB and Ret receptor ex-
pression. Further work needs to be performed with α-synuclein targeted
therapies to explore this theory.xs

4. Exenatide

Exenatide is a glucagon-like peptide 1 (GLP-1) receptor agonist
FDA-approved for treating diabetes mellitus (DM). GLP-1 is an en-
dogenous hormone secreted by the small intestine in response to food
intake and, via stimulation of its receptor, mediates glucose home-
ostasis. GLP-1 is quickly metabolized after secretion and, therefore,
would not be a viable exogenous treatment for DM [114]. Long-acting
GLP-1 analogues, such as exenatide, were developed after the discovery
of the first such analogue, exendin-4, isolated from the saliva of the Gila
monster lizard [115]. Although mainly expressed in the pancreas, GLP-
1 receptors are also widely expressed in the brain [116]. GLP-1 ana-
logues have demonstrated several neuroprotective actions including
reduction in inflammation and enhanced neurotrophic and neurogenic
actions [75]. Treatment with GLP-1 analogues diminish SN cell loss and
motor deficits and preserve striatal dopamine in MPTP-treated mice
[117]. GLP-1 analogue treatment was shown to prevent neuronal
toxicity and p-tau formation both in cell culture and a rodent model of
DM through activation of Akt and inhibition of GSK-3β (Fig. 1)
[118,119]. Interestingly, GSK-3α and GSK-3β were originally identified
for their roles in insulin receptor signaling [120,121].

Due to these preclinical neuroprotective actions, a proof-of-concept,
single-blind study was performed to compare the progression of
symptoms among 45 PD patients randomly assigned to exenatide
treatment or no exenatide treatment for 12months followed by a 2-
month washout period [104]. Results showed a significant 2.7 point
improvement and 2.2 point worsening in Movement Disorder Society-
Unified Parkinson's Disease Rating Scale (MDS-UPDRS) scores in the
exenatide and no exenatide groups, respectively, after 12months. In
addition, a significant intergroup difference persisted after the 2-month
washout. A follow-up assessment 12months after subjects discontinued
exenatide showed persistence of significant intergroup differences in
change in MDS-UPDRS scores as well as change in cognition in favor of
exenatide treatment [105].

These promising results led to a double-blind, randomized con-
trolled trial (RCT) examining the effects of exenatide on PD progression
[7]. In this study, 62 PD subjects with a mean disease duration of
6.4 years were randomized to exenatide or placebo for 48weeks fol-
lowed by a 12-week washout period. The primary outcome was the
MDS-UPDRS part 3 motor subscale in the practically defined off-med-
ication state at Week 60. Results showed a significant 3.5-point relative
advantage for the exenatide group for the primary outcome. However,
on closer examination of the data, maximum improvement in motor
scores was achieved by week 12 in the exenatide group, remained fairly

Table 1
Clinical evidence supporting potential disease-modifying effects of exenatide, urate/inosine, nilotinib and lithium.

Clinical trial data Observational data

Double-blind Single-blind Open-label

Exenatide x7 x104, 105

Urate/inosine In progress19 x8, 10, 106

Nilotinib In progress18, 20 x11

Lithium x12, 16 x13–15, 17, 107, 108
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constant out to week 48 and worsened greatly after the 12-week
washout period, suggesting that exenatide mostly provided sympto-
matic and not disease-modifying benefits. In addition, there were no
significant intergroup differences in cognition, mood, activities of daily
living or quality of life outcomes. Therefore, despite the supportive pre-
clinical data and promising proof-of-concept clinical trial, the more
rigorously designed RCT could not support a strong disease-modifying
effect of exenatide in PD; although, it also could not rule it out. Newer
generation GLP-1 analogues also show neuroprotective effects in PD
animal models and may soon enter PD clinical trials [122]. Never-
theless, the prolonged and inconclusive saga of repurposing exenatide
for treating PD exemplifies the urgent need for disease progression
biomarkers to be used in such clinical trials in order to more objectively
assess a therapy's disease-modifying actions [123]. One such trial ex-
amining exenatide's effects on a promising disease progression bio-
marker in PD, SN free water assessed from diffusion sequence magnetic
resonance imaging, is currently in progress [124–126].

5. Urate

Urate, the anionic form of uric acid, is an end product of purine
metabolism and serves as an endogenous anti-oxidant accounting for
about 60% of the plasma anti-oxidant capacity [127,128]. Because in-
creased oxidative stress is believed to play a central role in PD patho-
genesis and post-mortem PD SN has relatively low urate levels
[129–131], several studies have explored the association between
plasma urate levels and risk of PD. Retrospective studies have shown
reduced serum urate levels in PD compared to healthy controls and in
more advanced PD compared to early PD. [132] When examining urate
levels by PD sub-type, those with tremor dominant PD had higher
serum urate levels and striatal dopamine transporter (DAT) binding, an
in vivo assessment of nigrostriatal terminal integrity, compared to those
with a postural instability/gait disorder phenotype [106]. This is in-
teresting as the tremor dominant PD subtype is known to have a slower
disease progression. In addition, individuals that longitudinally main-
tained a tremor dominant phenotype also had higher urate levels and
DAT binding compared to those that converted to the postural in-
stability and gait disorder phenotype [133]. These data all suggest that
urate may influence PD progression.

The role of urate in the rate of PD progression has also been ret-
rospectively evaluated in two PD clinical trials: the Parkinson Research
Examination of CEP-1347 (PRECEPT) study and the Deprenyl and
Tocopherol Antioxidative Therapy in Parkinsonism (DATATOP) study.
In the PRECEPT study, when individuals were divided into 5 groups
based on baseline urate levels, those in the highest quintile for baseline
urate levels were 50% less likely to reach the primary endpoint of need
for dopaminergic therapy compared to those in the lowest baseline
quintile. In addition, those with higher urate levels had higher striatal
DAT binding [10]. In the DATATOP study, analysis of urate levels in
serum and CSF also revealed that higher baseline urate levels were
associated with slower rates of clinical decline in PD. [8]

In addition to functioning as a potent antioxidant, urate can also
ameliorate neurotoxin-induced behavioral deficits and SN cell loss by
interfering with neurotoxin-induced Akt inhibition and GSK-3β acti-
vation (Fig. 1) [134]. Finally, urate can induce autophagy, the primary
process for clearing intraneuronal aggregated α-synuclein, via inhibi-
tion of the mammalian target of rapamycin (mTOR) [135]. There is
known impairment in autophagy and lysosomal function in PD that
contribute to α-synuclein aggregation [136,137]. Thus, urate may not
only directly reduce oxidative stress and reduce the formation of p-tau
through Akt activation, but may also enhance the clearance of α-sy-
nuclein by inducing autophagy (Fig. 1). These mechanisms of action in
addition to the PRECEPT and DATATOP clinical data support urate as a
potential disease-modifying therapy for PD.

An alternative treatment to the direct administration of urate to
individuals with PD is administration of its precursor, inosine. Due to

elevated urate levels being associated with increased risk of gout, cor-
onary artery disease, kidney disease, hypertension and stroke [138], the
safety of inosine treatment was first explored in the Safety of Urate
Elevation in PD (SURE-PD) study. SURE-PD was a RCT that evaluated
the safety, tolerability and efficacy of urate elevation with inosine
treatment for 24months [9]. Among 75 early PD subjects not requiring
dopaminergic therapy, inosine was found to be generally safe and well
tolerated and led to significant urate elevations in both the serum and
CSF. Secondary analysis demonstrated non-futility of inosine based on
the change in total UPDRS score, but the study was not sufficiently
powered to assess the efficacy of inosine compared to placebo. There
was also a dose dependent increase in anti-oxidant capacity in serum at
6months in inosine treated participants compared to placebo but no
difference in CSF [139]. Based on the SURE-PD study results, the SURE-
PD3 RCT was initiated to assess inosine's ability to slow PD progression
over 24months among 270 early PD subjects [19].

6. Nilotinib

Nilotinib is FDA approved for treating chronic myeloid leukemia
(CML). Nilotinib functions as a break point cluster-Abelson (c-Abl)
tyrosine kinase inhibitor leading to strong autophagy induction and
death of rapidly dividing tumor cells [140]. Administration of low-dose
nilotinib penetrates the blood-brain barrier and has been shown to re-
duce inflammation [141], inhibit brain c-Abl and enhance autophagic
clearance of intraneuronal α-synuclein in A53T transgenic mice and
lentiviral gene transfer models of PD. [142] c-Abl may also be a ther-
apeutic target to mitigate prion-mediated neurotoxicity [143,144].
Clearance of α-synuclein by nilotinib was associated with reduced SN
cell loss and improved motor performance in these studies. Activated c-
Abl can phosphorylate α-synuclein and both are increased in post-
mortem PD striatum [145,146]. Activated c-Abl can also phosphorylate
and inhibit the protein parkin leading to loss of its ubiquitin ligase
activity and cytoprotective actions [145]. Parkin mutations are known
to result in a recessively inherited form of clinical PD likely through a
loss of parkin function [147,148]. Therefore, decreased parkin function
may also contribute to the pathophysiology of sporadic PD. Use of a c-
Abl inhibitor was shown to normalize parkin function and preserve
striatal dopamine levels in MPTP-treated mice [145]. Finally, beta
amyloid (ABeta), which aggregates into extracellular plaques in Alz-
heimer's disease, has been shown to activate c-Abl leading to activation
of cdk5 and increased p-tau formation all of which were prevented with
use of a c-Abl inhibitor (Fig. 1) [149].

Based on the above preclinical data, a pilot open-label, proof-of-
concept study was conducted to evaluate the safety and tolerability of
nilotinib in patients with advanced PD, PD with dementia (PDD), or
dementia with Lewy bodies (DLB) [11]. Additional exploratory out-
comes included measures of motor and cognitive functions and cere-
brospinal fluid (CSF) biomarkers.

Twelve subjects with PDD or DLB were randomized to nilotinib
150mg (n=5) or 300mg (n=7) for 24weeks followed by a 12-week
washout period. Both motor and cognitive outcomes suggested a pos-
sible beneficial effect of the drug. There was an average improvement of
3.4 and 3.6 points in the 150mg and 300mg treatment arms, respec-
tively, in the UPDRS-III (motor) scores at week 24 compared to base-
line, which were no longer apparent after the 12-week washout period.
The mini-mental state examination score improved incrementally
during the treatment period by an average of 3.85 and 3.5 points in the
two treatment groups, respectively, at week 24, returning to baseline at
week 36. Although these clinical results are encouraging, they should
be regarded as preliminary due to the large placebo effects that can
occur in PD. CSF dopamine metabolite levels were significantly in-
creased at weeks 8 and 24 from baseline and some subjects experienced
increased psychotic symptoms and dyskinesias, side effects consistent
with increased CNS dopamine levels. In addition, CSF tau was reduced
in both treatment arms while ABeta-40 was only reduced in the 300mg
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nilotinib arm. These biomarker findings suggest that nilotinib may have
symptomatic and, perhaps, disease-modifying effects in PD. The col-
lective observations from this small, proof-of-concept study has
prompted two larger randomized, double-blind, placebo-controlled
trials of nilotinib in PD. [18,20]

7. Lithium

Lithium was FDA-approved in 1970 for treating bipolar disorder,
although its mechanism of action has never been clearly understood for
this indication. In addition to its symptomatic benefits for bipolar dis-
order, lithium also has several neuroprotective actions including de-
creasing the aggregation and phosphorylation of α-synuclein and tau;
enhancing autophagy and reducing oxidative stress, inflammation,
microglia activation and apoptosis [66,150–154]. Lithium has also
demonstrated neuroprotective actions in several animal models of PD
including neurotoxin and transgenic models [155–157]. Lithium's
ability to inhibit GSK-3β, GSK-3α and cdk5 and activate Akt have been
implicated in most of lithium's neuroprotective actions (Fig. 1).

Lithium inhibits GSK-3β at physiologic concentrations by increasing
its phosphorylation at Ser9, which results in reduced p-tau formation
[158–160]. Some studies have shown lithium-mediated GSK-3β Ser9
phosphorylation to be dependent on its ability to stimulate Akt activity
(Fig. 1) [161,162]. Clinically, lithium treatment in patients with bipolar
disorder is associated with an 8-fold increase in pSer9 GSK-3β levels in
peripheral blood mononuclear cells compared to healthy controls
[163]. A prospective trial among 27 bipolar disorder patients also
showed lithium treatment to significantly increase platelet pSer9 GSK-
3β levels and for this increase to positively correlate with clinical im-
provement [164].

Besides GSK-3β, the other major kinase that phosphorylates tau is
cyclin-dependent kinase 5 (cdk5) which, as previously noted, has been
implicated in pathLRRK2 physiology [58]. One study showed single
nucleotide polymorphisms in GSK-3β and cdk5 to have a synergistic
interaction leading to a doubling in sporadic PD risk [165]. Lithium can
prevent cdk5 activation by inhibiting calcium-mediated activation of
calpain-1 and cleavage of p35 to p25 (Fig. 1) [166–168].

Perhaps due to its ability to inhibit GSK-3β and cdk5, the clinical
use of lithium was shown to reduce CSF p-tau levels. A randomized
controlled trial (RCT) among 45 patients with amnestic mild cognitive
impairment (aMCI) examined the effects of 1-year of low-dose lithium
therapy (about ½ the dosages used for bipolar disorder) on cognition
and CSF biomarkers. This RCT showed low-dose lithium therapy to
provide significant improvements to cognition and to significantly re-
duce CSF p-tau levels compared to placebo [12]. Lithium treatment also
led to a 45% reduced rate of conversion from aMCI to Alzheimer's
disease; however, this failed to reach statistical significance perhaps
due to the very small sample size. Interestingly, subgroup analyses
showed that among the lithium-treated subjects, significant reductions
in CSF p-tau occurred only in those who did not progress from aMCI to
Alzheimer's disease, suggesting that CSF p-tau may be a therapeutic
biomarker of disease-modifying effects in aMCI. Several epidemiologic
studies have also associated lithium use with a reduced risk of Alzhei-
mer's disease [13–15,17,107].

In addition to reducing p-tau levels, GSK-3β inhibition by lithium
also leads to increased β-catenin levels and increased expression of
Nurr1 protein, which has been shown to enhance dopaminergic cell
viability and reduce the expression of α-synuclein [85,93]. As noted
above, reduced β-catenin-mediated activity has been implicated in
sporadic PD as well as pathLRRK2 and pathGBA physiology
[82,83,86,100]. Therefore, lithium therapy could potentially provide
disease-modifying effects in PD through inhibition of GSK-3β resulting
in decreased p-tau formation, enhanced β-catenin signaling, increased
Nurr1 expression and reduced α-synuclein expression.

Multiple studies have shown low CSF ABeta levels, which reflect

high brain ABeta deposition, to consistently predict more rapid cogni-
tive decline in PD. [169] Considering that dementia is a common long-
term sequela of PD and is highly disabling [170], interfering with
ABeta-mediated physiology could potentially help preserve cognition
longitudinally in PD. ABeta can inhibit Akt and stimulate c-Abelson
kinase (c-Abl), actions known to increased p-tau formation via activa-
tion of GSK-3β and cdk5, respectively [149,171]. Besides lithium's
ability to inhibit ABeta's downstream effects via inhibition of GSK-3β
and cdk5, lithium can also decrease ABeta formation through inhibition
of GSK-3β and GSK-3α (Fig. 1) [172–174]. Lithium-mediated inhibition
of GSK-3α can also decrease tau phosphorylation at Ser262, which is
one of two key phosphorylation sites leading to tau dissociation from
microtubules and eventual formation of toxic tau oligomers, as re-
viewed above [67]. Reducing p-tau formation may also slow cognitive
decline in PD. [175]

As previously noted, the autophagy-lysosomal pathway is a key
route for degradation of intracellular aggregate-prone proteins such as
α-synuclein and p-tau [137]. Autophagy can be regulated through the
mTOR pathway [176]. Lithium can enhance autophagy and directly
reduce α-synuclein levels through mTOR-independent pathways via
inhibition of inositol monophosphate and elevation of heat shock pro-
tein-70 expression [154,177,178]. Because SN α-synuclein accumula-
tion leads to impaired autophagy and lysosomal function [179], which
then impairs α-synuclein clearance, therapies that can stimulate the
autophagy-lysosomal pathway- such as lithium, urate and nilotinib
(Fig. 1)- may break this vicious cycle of α-synuclein accumulation and
associated neuronal demise [137].

Although epidemiology and clinical trial data support possible dis-
ease-modifying effects of lithium for aMCI and Alzheimer's disease
[12–15,17,107], no such data currently exist for PD. On the other hand,
multiple epidemiologic studies have consistently shown cigarette
smokers to have a > 50% reduced risk of Parkinson's disease (PD) with
large prospective cohort studies showing a mean 77% reduced risk
[180–182]. These consistent epidemiologic findings suggest that to-
bacco may contain one or more neuroprotective elements that can
markedly reduce the incidence of PD. [183–185] In 1980, high levels of
lithium were reported in tobacco from India: levels about 20-fold
higher than any plant or animal food tested [186]. We recently reported
that tobacco from popular western cigarette brands has as high or
higher lithium levels than Indian tobacco and estimated that a pack-
per-day smoker may absorb about 169–338 μg of lithium/day [108].
For comparison, a daily oral lithium dose of 300 μg for 15months was
shown to significantly slow cognitive decline in a RCT among 110 pa-
tients with early Alzheimer's disease [16]. These combined data raise
the possibility that daily microdose lithium might not only slow neu-
rodegeneration in Alzheimer's disease, but that a similar biological
neuroprotective mechanism of microdose lithium might underlie the
reduced risk of PD in smokers.

It was also proposed that the current lack of epidemiologic data
associating lithium use in bipolar disorder patients with a reduced in-
cidence of PD may be due to the common occurrence of lithium-in-
duced hand tremors being misdiagnosed as PD when dosed for mood
stabilization (about 800–2000mg/day) [108,187]. Because lithium-
induced hand tremors are dose related, such tremors would not be
expected to occur from daily exposure to 169–338 μg of lithium in pack-
per-day cigarette smokers and, therefore, not obfuscate its potential
ability to reduce incident PD in this population.

These clinical findings in addition to the breadth of preclinical
evidence supporting lithium's ability to inhibit key kinases implicated
in pathLRRK2, pathGBA and sporadic PD pathophysiology support fu-
ture clinical investigation of lithium's potential disease-modifying ef-
fects in PD. In addition, adjunct lithium therapy may have symptomatic
benefits in PD and appears to be well tolerated when used in low doses
in PD patients with motor fluctuations [188–190].
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8. Conclusion

Genetic risks and causes of PD as well as PD brain pathology point
strongly towards oligomeric α-synuclein and tau as primary mediators
of the progressive neuronal demise in PD. The therapies reviewed here
(exenatide, inosine, nilotinib and lithium) can all decrease the forma-
tion and/or increase the clearance of these toxic intraneuronal protein
species in pre-clinical models. More importantly, use of all four thera-
pies has been associated with improved clinical outcomes in PD. It re-
mains to be determined whether one or more of these therapies has true
disease-modifying effects in PD patients enriched with these ther-
apeutic targets. However, the realization that all share common kinase
targets increases the chance that one or more are valid targets, which
may guide the development of current and future disease-modifying
therapies for PD. For example, PD clinical trials may be more in-
formative by assessing Akt, GSK-3β, GSK-3α and cdk-5 kinase activities
in subjects' peripheral blood mononuclear cells to not only confirm
target engagement but also to identify PD patients most likely to benefit
from kinase-targeting therapies.
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