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Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder
characterized by resting tremor, rigidity, and bradykinesia.
The pathological processes begin years/decades before the
first motor symptoms are observed. The prevalence of PD
increases with age, and a global burden of PD is expected
in coming decades. A recent study estimated that by 2030,
there may well be more than 2 million patients with PD in
the European Union and the United States [1].

PD is one of the few neurodegenerative disorders for
which highly effective symptomatic therapies have been
available for decades. Although levodopa is considered the
most potent for efficacy (gold standard), its use is
associated with motor complications including wearing
off, dyskinesia, and on—off phenomenon. Evidence from
preclinical studies suggests that these complications are
related to pulsatile stimulation of the striatal dopamine
receptors due to multiple orally administered levodopa
intake. Dopamine agonists provide more stable plasma
levels and therefore more stable receptor stimulation, but
they fail to reach the efficacy of levodopa. Despite recent
progress in the symptomatic treatment of PD, there are
numerous aspects that have not been adequately addressed
[2]. These include the prevention of motor complications,
the question of neuroprotection, postural instability, cogni-
tive dysfunction, freezing, gait disturbances, and others. In
animal studies, a substantial number of drugs have proved
effective either in preventing neurodegeneration or in
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producing symptomatic benefit. However, in the subse-
quent human clinical trials, many of them failed to produce
the same efficacy as seen in preclinical studies. These
failures are not necessarily an indication of drug failure or
drug action but may be related to inadequate administration,
misjudged clinical endpoints, study duration, and poor trial
design. Besides the dopaminergic deficit, alterations in
other neurotransmitter systems in the brain of patients with
PD have been clearly demonstrated, including the norad-
renergic, serotoninergic, glutamate, adenosine, noradrena-
line, and 5-hydroxytryptamine systems. These so called
nondopaminergic drugs offer new therapeutic options for
complications where dopaminergic drugs have already
failed.

We made use of the www.clinicaltrials.gov database to
summarize some of the pharmacological compounds being
investigated in clinical trials relating to the motor symptoms
of PD. Due to space limitations, we are unable to discuss
the numerous compounds already in clinical trials that do
not address motor symptoms or complications.

Nicotine

Epidemiological studies have consistently indicated that
smoking can delay the onset of PD symptoms [3],
suggesting that smoke may contain compounds that are
potentially neuroprotective. This observation is supported
by experimental studies showing a protective effect of
nicotine against neurotoxic insults [4]. It has recently been
demonstrated that nicotine and hydroquinone inhibit alpha
synuclein aggregation, indicating a protective action against
nigrostriatal damage [5]. Moreover, a variable and moderate
symptomatic effect of nicotine has also been revealed. In a
pilot open-label trial involving a small group of six patients,
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nicotine administration improved motor symptoms [6],
whereas in larger randomized, double-blind trials with 16
and 32 patients, it was ineffective [7, 8]. On the other hand,
recent data on primates showed that nicotine can attenuate
levodopa-induced dyskinesias [9]. Taken together, these
observations suggest that nicotine or nicotinic receptor
ligands may be beneficial to patients with PD by slowing
disease progression, improving motor symptoms, and
decreasing levodopa-induced dyskinesias [10]. To prove
this hypothesis and to clarify the previous contradictory
data, a phase II, randomized, open-label, efficacy study
(NICOPARK?2) of transdermal nicotine administration is
under way.

Inosine

The natural antioxidant urate has been proposed as a
predictor of both risk and progression of PD. The neuro-
protective effect of antioxidants has been well demonstrated
in animal models of PD [11]. In a retrospective analysis of
the patients who participated in the DATATOP [12] and
PRECEPT [13] trials, those with baseline serum urate
levels in the upper normal range displayed a 40% slower
rate of clinical progression compared with those with a
lower baseline level. Similarly, the dopamine transporter
(DAT) single photon emission computed tomography
(SPECT) indicated a lower rate of loss of striatal DAT in
patients with higher baseline urate levels. This association
was verified in a large PRECEPT prospective clinical trial
on 804 patients with early PD. Oral administration of the
blood-brain-barrier-penetrant urate precursor inosine can
readily elevate the serum urate level, and its effect will be
studied in patients in a phase II clinical trial (SURE-PD)
designed to clarify the safety of urate elevation.

Creatine

Creatine (CRT) exerts neuroprotective effects in vivo
against various neurotoxins and in transgenic mouse
models of both amyotrophic lateral sclerosis (ALS) and
Huntington’s disease [14—16]. The mitochondrial dysfunc-
tion and energy deficit have been well demonstrated in all
neurodegenerative disorders, including PD. CRT acts in the
mitochondria; its administration increases brain concentra-
tions of both CRT and phosphocreatine (PCr) and it
interacts with the mitochondrial isoform of creatine kinase
(Mi-CK) to inhibit the mitochondrial transient pore. Neuro-
protection against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyr-
idine (MPTP) has been demonstrated in mice deficient in
Mi-CK, which suggests that the neuroprotective effects of
creatine are not mediated by an effect on this kinase to
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inhibit the transient pore but by and PCr, thereby buffering
the energy deficit [17]. Several clinical trials have been
conducted in different disorders without providing a robust
clinical benefit, including a randomized double-blind,
placebo-controlled trial on 104 patients with ALS [18], a
2-year open-label pilot study on 13 Huntington’s disease
patients [19], and a randomized, double-blind phase II trial
of CRT in early PD [20]. A phase III, long-term (5-year
follow-up), multicenter, double-blind, placebo-controlled
study of PD is ongoing (NET-PD LS1).

Folic acid

Folate is an essential vitamin that participates in many
essential cell functions. Folate deficiency is related with an
increased level of homocysteinemia, which is characteristic
of PD. In some patients, an antibody is produced against
folate that prevents it from properly entering the brain and
could worsen certain symptoms of PD, such as cognitive
function [21]. A study is being conducted to assess the
impact of folate on the progression of PD. Although
epidemiological data suggest an inverse association be-
tween the folate status and colorectal tumors, it is important
to point out that recent folate trials have raised concern
about the potential association with a higher risk of
cardiovascular disease and some forms of cancer [22].

Fipamezole

Previous studies with the MPTP nonhuman primate model
of PD [2] have demonstrated that alpha adrenergic receptor
antagonists such as fipamezole can attenuate levodopa-
induced dyskinesia [23]. Unfortunately, data from these
studies were not always consistent and could not be
translated into a direct clinically significant benefit. A
well-designed, phase II, randomized, double-blind,
placebo-controlled study of the efficacy, safety, and
tolerability of fipamezole in the treatment of levodopa-
induced dyskinesia in advanced PD is recruiting patients.

Vitamin D

Retrospective observations suggest that an inadequate
vitamin D intake, particularly in the elderly, may be a
significant factor in the pathogenesis of PD [24]. A
retrospective systemic analysis of stored samples in a
clinical research database indicated that vitamin D defi-
ciency occurs in the majority of patients with PD (55%),
more frequently than in internal medicine clinics (36%)
[25]. Moreover, low vitamin D levels have been associated
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with slower walking speeds, poorer memory and thinking,
and depression. A phase IV, randomized, double-blind,
active-control, efficacy study is now being conducted to
evaluate the effects of a high-dose of vitamin D supple-
mentation (54,200 IU/week) on the clinical symptoms of
PD (VIDIP PILOT).

Coenzyme Q10 (CoQ10)

The major steps in the pathophysiology of PD are cellular
energy depletion and consequent oxidative stress, leading to
a cellular dysfunction and cell death. CoQ10 is an electron
acceptor bridging mitochondrial complexes I and II/III and
a potent antioxidant that partially recovers the function of
neurones. In a previous phase II, multicenter, randomized,
parallel-group, placebo-controlled, double-blind, dosage-
ranging clinical trial, it was demonstrated that CoQ10 at
dosages of 300, 600, and 1,200 mg/day was safe and well-
tolerated in 80 patients with early, untreated PD. The data
also indicated that CoQ10 may slow the progression of PD,
as measured by the Unified Rating Scale (UPDRS) [26,
27]. A randomized, placebo-controlled, phase III trial of
two doses (1,200 and 2,400 mg/day) of CoQ10 has been
initiated to confirm and extend the results of the earlier
phase II study in early PD (QE3). This study will also
evaluate independent function, cognition, and quality of
life.

Levetiracetam (LEV)

Levetiracetam is a widely used antiepileptic drug, which
can also be administered to treat chronic pain. Its
mechanism of action is complex: it has an indirect effect
on the gamma aminobutyric acid (GABAergic) system,
modulates ionic currents, influences expression of several
genes, and binds to the synaptic vesicle protein 2a. In an
open-label, small study involving only nine PD patients
with moderate to severe levodopa-induced dyskinesia, LEV
was not well tolerated, resulting in deterioration and
worsening of some PD symptoms, intolerable somnolence,
and worsening of dyskinesia in most patients. The dose was
titrated up to a high level (3,000 mg/day) [28]. In another
small, open-label, pilot study also involving only nine PD
patients who experienced peak-dose dyskinesia, LEV
significantly improved the ‘on time’ without dyskinesia or
with nontroublesome dyskinesia. In this case, the mean
dose was lower (625 £ 277 mg/day) [29]. A multicenter,
randomized, double-blind, placebo-controlled trial (LeLe-
Dys) has been designed to determine the efficacy and safety
of levetiracetam on levodopa-induced dyskinesias in ad-
vanced PD.

SYN 115

Adenosine serves as a signaling molecule in the central
nervous system. One of its receptors, the adenosine A
(2A) receptor, is localized to the basal ganglia and
modifies the indirect output pathway. A(2A) antagonists
can modulate the output of the striatum, which is
believed to be critical for the occurrence of motor
complications of PD, and they have been shown to be
associated with an improved motor function in animal
models of PD. SYN 115, a potent and selective inhibitor
of the A(2A) receptor, modulates the production of
dopamine, glutamine, and serotonin in specific regions
of the brain. In preclinical models of PD and in clinical
trials with other A(2A) antagonists, the inhibition has
resulted in increased levels of dopamine and improved
motor deficits [30]. To prove its efficacy, a phase Ila and a
phase IIb trial with SYN 115 were initiated in 2009. The
efficacy measures are also included in functional magnetic
resonance imaging (fMRI) studies.

Safinamide

Safinamide has a novel mode of action, targeting
multiple systems, and potentially provides better motor
control. This orally administered alpha-aminoamide
derivative of milacemide behaves as a monoamine
oxidase B (MAOB) and glutamate release inhibitor
and blocks voltage-sensitive sodium (Na') and calcium
(Ca™) channels and glutamate release. The high selectiv-
ity for the sigma-1 receptor site does not entail psychoto-
mimetic or behavioral changes. In several experimental in
vitro and in vivo models, safinamide exerts neurorescuing
and neuroprotective effects. In a small pilot study
involving 13 PD patients receiving a high dose of
safinamide, a symptomatic motor benefit was detected
[31]. A phase III, double-blind, placebo-controlled study
is ongoing to investigate the efficacy and safety of higher
doses of safinamide (50-200 mg/day) as add-on therapy in
patients with early PD.

Aplindore

Aplindore is an orally active, small-molecule, partial
dopamine agonist. The striatal dopamine D, receptor
selective profile of aplindore suggests that it should be
effective for the treatment of PD. In 2008, a successful
phase II efficacy and safety trial was completed in early PD
patients [32]. Another randomized, double-blind, placebo-
controlled efficacy and safety trial in patients with early PD
is being conducted (APLIED).
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Methylphenidate (MPH)

The amphetamine derivate methylphenidate stimulates the
nervous system and also inhibits catecholamine reuptake,
therefore increasing dopamine levels in the brain. It is used
to treat patients with attention deficit and hyperactivity
disorder. Early observations with MPH suggest that this
compound is not useful for ameliorating cognitive and
affective symptoms, but in certain cases, it improves
attention [33]. The effects of MPH on motor deficits are
somewhat controversial. Some small, open, pilot studies
demonstrated that a low dose may improve gait, and
especially freezing, in patients with severe PD, without
the need for exogenous levodopa [33-35]. However, this
was not confirmed by other trials [36, 37], including one set
up in 2007. In another pilot study, MPH was effective in
lowering fatigue scores in patients with PD following a 6-
week treatment period [38]. To establish the efficacy of
MPH against gait impairment in PD, a randomized,
placebo-controlled, double-blind trial was set up in 2007,
which is still recruiting patients. Another study is about to
start this year (2009), concentrating on gait impairment and
attention deficit (PARKGAIT-II).

Isradipine

A substantial body of evidence supports the role of
increased level of intracellular Ca™" in neurodegeneration.
The elevated intracellular Ca™" level produces oxidative
stress, mitochondrial dysfunction, energy deficit, and
excitotoxicity [39]. Administration of isradipine, a blocker
of L-type Ca"" channels, confers neuroprotection in toxin
models of PD, pointing to a potential neuroprotective effect
with a drug class that has been used safely in humans for
decades. Isradipine-treated animals displayed a dose-
dependent reduction in levodopa-induced rotational behav-
ior and abnormal involuntary movements. The involuntary
movements were not reduced when isradipine treatment
was started concomitantly with levodopa. These results
indicate that isradipine, at a therapeutically relevant dose,
might be a treatment option for preventing levodopa-
induced dyskinesia in PD. [40]. To prove this hypothesis,
a phase II safety and tolerability trial was initiated in 2008.

V1512

After decades as treatment for PD, levodopa is still
considered the gold standard. V1512 combines levodopa
methyl ester, an enhanced soluble pro drug of levodopa,
with carbidopa. It is water soluble and available in an
effervescent formulation as a potential novel form of
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treatment for PD. There is evidence that some motor
complications, such as delayed onset or lack of effect of
levodopa, may be due to erratic drug absorption. This
water-soluble, effervescent formulation may overcome
some of these complications of levodopa treatment, as
indicated in a previous randomized, double-blind, double-
dummy study with 78 PD patients [41]. To test the efficacy
and safety of V1512, a randomized, double-blind, active-
controlled, phase I and II trial is ongoing.

Neu 120

Neu 120 has been developed as adjunct therapy to levodopa
in patients with motor fluctuations and in those who do not
tolerate optimum doses of levodopa. Neu 120 is a potent
and selective noncompetitive N-methyl-D-aspartic acid
(NMDA) receptor modulator and also inhibits MAOB and
glycogen synthase kinase 3 beta (GSK-3B) in vitro, without
significant interaction with other known receptors, trans-
porters, or enzymes. The aims of its administration are to
improve motor symptoms and to reduce levodopa-induced
dyskinesia. Neu 120 has been tested in many animal
models of PD and is entering a randomized, double-blind,
placebo-controlled phase Ila trial.

Sch 420814

Antagonism of the A(2A) receptor has opened up a new
approach in the treatment of PD. An exploration of
pyrazolo[4,3-¢]-1,2,4-triazolo[1,5-c]pyrimidine A(2A)
antagonists led to the clinical candidate Sch 420814 [41],
a potent, highly selective competitive antagonist of the
human A(2A) receptor. A randomized, single-blind,
placebo-controlled, pharmacodynamics study was com-
menced this year (2009) (Study PO5550AM1).

Kynurenine

Kynurenine is an intermediate in the pathway of the
tryptophan metabolism, the pathway known to be respon-
sible for nicotinamide adenine dinucleotide (NAD metab-
olism [43-45]. L-kynurenine, the central agent of this
pathway, can be converted to other important compounds:
the neuroprotective NMDA antagonist kynurenic acid and
the neurotoxic quinolinic acid. Abnormalities have been
demonstrated in the kynurenine pathway in PD [46]. This
NMDA receptor antagonist reduced levodopa-induced
dyskinesias in an animal model, and administration of
kynurenine-3-hydroxylase inhibitor delayed the develop-
ment of levodopa-induced dyskinesias in monkeys [47, 48].
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Fig. 1 The putative pathome-
chanism of Parkinson’s disease.
Both genetic and environmental
factors can initiate a cascade of
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Table 1 Some pharmacological compounds now in clinical trials aimed at alleviating motor symptoms of Parkinson’s disease (PD)

Drug Mechanism of action Effects Clinical effect

Nicotine Nicotine receptor agonist Inhibit alpha-synuclein aggregation Improve motor symptoms,
reduce dyskinesia

Inosine Antioxidants Decreased free radical production Slow progression

Creatine Acts on mitochondria Improved energy homeostasis Slow progression

Folic acid Essential vitamin Decreased homocysteine levels Slow progression

Fipamezole «, adrenergic receptor antagonists «, receptor inhibition Reduced dyskinesia

Coenzyme Q10

Acts on mitochondria

Vitamin D Vitamin

Levetiracetam Complex

Syn 115 Adenosine 2A [A(2A)] receptor antagonists

Safinamide MAO-B/ glutamate release and Na™ and Ca™"
channels inhibitor

Aplindore Partial DA agonists

Methylphenidate  Inhibits catecholamine reuptake

Isradipine L-type Ca™" channel blocker

V1512 Levodopa

Sch 420814 A(2A) receptor antagonists

Neu 120 NMDA modulator MAO-B/GSK-3B
inhibitor

Kynurenine NMDA antagonists

Improved mitochondrial function
Unknown in PD

Complex

A(2A) receptor inhibition

Complex

Dopamine receptor stimulation
Increased dopamine level

Reduced excitotoxicity; improve
mitochondrial function
Dopaminergic stimulation

Decreased receptors activation

Complex

Inhibition of excitotoxicity

Slow progression

Improved motors symptoms
Reduced dyskinesia
Improved motor symptoms

Improved motor symptoms;
slow progression

Improved motor symptoms

Improved gait and attention
deficit

Reduced dyskinesia

Improved motor symptoms

Improved motor symptoms;
reduce dyskinesia

Improved motor symptoms;
reduce dyskinesia

Reduced dyskinesia

MAOB Monoamine oxidase B, Na" sodium, Ca™*

synthase kinase 3 beta

calcium, DA dopamine agonists, NMDA N-methyl-D-aspartic acid, GSK-3B glycogen
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On the bases of these data, a clinical trial with chloroky-
nurenine is being set up.

Summary

PD is a neurodegenerative disorder triggered by genetic
and/or environmental factors and the pathological pro-
cesses begin many years before motor symptom mani-
festation (Fig. 1). Several drugs are available to treat PD,
but there are still many aspects of the disease that have not
been well addressed. These include nonmotor symptoms,
disease progression, and preventing levodopa-induced
motor complications. Besides the concept of continuous
dopaminergic stimulation, the benefit of which has not been
proved in clinical settings (see the STRIDE-PD trial), the
nondopaminergic drugs offer promising alternatives to
dopaminergic medication. However, modification and
further development of dopaminergic molecules may
provide significant symptomatic improvement and im-
proved quality of life. In this review, we summarized new
treatments that are in the pipeline, with patients being
recruited for clinical trials. Among the compounds being
studied are well-known ones (e.g., folic acid or methylphe-
nidate), which have been used in other diseases, and newly
developed drugs with known mode of action (e.g., the
dopamine agonist aplindore) or compounds with complete-
ly new mechanisms, which have not yet been used in
clinical settings (e.g., levetiracetam or Neu 120) (Table 1).
A major breakthrough in treating Parkinson’s disease
cannot be expected with molecules from the first two
cases, whereas significant clinical benefits can be predicted
with the drugs in the last group. However, without these
large-scale, well-designed, multicenter trials, the promising
preclinical results cannot be directly adopted in patient care.
Hopefully, some of these trials will end soon with positive
results, and certain drugs will become available with which
to treat PD patients, although still many aspects (e.g., the
most problematic one, the question of neuroprotection) still
need to be addressed.
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