[ Pharmacological Treatment of
Parkinson’s Disease

Insha Zahoor'? ¢ Amrina Shafi? e Ehtishamul Haq'?

IBioinformatics Centre, University of Kashmir, Srinagar, J&K, India;
“Department of Biotechnology, School of Biological Sciences, University
of Kashmir, Srinagar, J&K, India

Author for correspondence: Insha Zahoor, Bioinformatics Centre, Ground
Floor, Science Block, University of Kashmir, Hazratbal, Srinagar, J&K,
190006, India. E-mail: inshazahoorl1@gmail.com

Doi: http://dx.doi.org/10.15586/codonpublications. parkinsonsdisease.2018.ch7

Abstract: Parkinson’s disease (PD) is one of the common chronic degenerative
conditions of the nervous system. There is currently no cure for PD, but a num-
ber of drugs offer benefits in terms of controlling the motor symptoms. While
these drugs can offer significant improvements to motor function, they may
lead to problematic adverse effects, particularly as disease progresses. In this
chapter, we focus on the drugs that are currently employed for the treatment of
PD, including discussion on their mode of action, clinical utility, and adverse
effects. We also cover some interesting emerging approaches that are currently
under investigation.
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INTRODUCTION

Parkinson’s disease (PD) is a gradually progressive neurodegenerative condition.
The etiology and pathogenesis remain incompletely understood. There are cur-
rently no disease-modifying treatments for PD, and medical management is pre-
dominantly focused on controlling the motor symptoms using drugs. The
long-term duration of disease means that patients may take sophisticated medica-
tion regimes aimed at controlling the motor symptoms, with a likelihood of prob-
lematic side effects. The movement disorder of PD occurs largely due to the
selective loss of neurons in the substantia nigra pars compacta, with consequent
depletion of dopamine in the striatum (1-3). Dopaminergic drugs designed to
replace the action of dopamine in the deplete striatum form the mainstay of PD
treatment at present.

This may be achieved through drugs that are metabolized to dopamine, that
activate the dopamine receptor, or that prevent the breakdown of endogenous
dopamine (4-6). There is no gold standard of treatment strategy, with medica-
tion regimes being tailored to the individual patient, based on the severity and
temporal nature of their symptoms, as well as the side effects that they experi-
ence (1-4). In this context, this chapter will discuss treatment strategies involv-
ing pharmacological agents, with major emphasis on dopamine replacement
therapies.

DOPAMINE BIOSYNTHESIS AND METABOLISM

Dopamine is incapable of crossing the blood—brain barrier (BBB), and it must be
produced within the central nervous system (CNS) in order to act in the striatum.
It is primarily synthesized in dopamine-producing neurons (dopaminergic neu-
rons) within the brain, with small amounts of dopamine also being produced in
the medulla of the adrenal glands (7). Here, we discuss the pathway pertaining to
dopamine synthesis within the CNS.

In the classical biosynthetic pathway of dopamine, the direct metabolic pre-
cursor is L-dihydroxyphenylalanine (levodopa or L-DOPA) which is synthesized
either directly from tyrosine (a non-essential amino acid) or indirectly from
phenylalanine (an essential amino acid) (8). r-phenylalanine is converted into
L-tyrosine in the liver, by the enzyme phenylalanine hydroxylase (PH) in the pres-
ence of oxygen, iron, and tetrahydrobiopterin as cofactors (8, 9). Tyrosine pro-
duced in the liver is then transported by an active transport mechanism into the
dopaminergic neurons within the brain. This is followed by the conversion
of r-tyrosine into 1-DOPA through hydroxylation at the phenol ring by the
enzyme tyrosine hydroxylase (TH). Subsequently, .L-DOPA is converted into
3,4-dihydroxyphenethylamine (dopamine) through decarboxylation by the
enzyme 1-3,4-dihydroxyphenylalanine decarboxylase (DOPA decarboxylase) in
the pre-synaptic terminal (8). DOPA decarboxylase is also known as aromatic-1-
amino acid decarboxylase (AADC) due to its action on all naturally occurring
aromatic L-amino acids, in addition to 1-DOPA. Furthermore, under specific
conditions, dopamine can also be synthesized by a minor pathway, in which
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L-tyrosine is converted into p-tyramine (mediated by AADC), with subsequent
hydroxylation to dopamine by the enzyme CYP2D6 (Cytochrome P450 2D6)
which is found in the substantia nigra of human brain (10-12).

Dopamine is metabolized after reuptake into dopaminergic neurons or glial
cells (13). It undergoes oxidative deamination, catalyzed by the enzyme mono-
amine oxidase (MAO) in the presence of flavin adenine dinucleotide (FAD),
to produce reactive aldehyde 3,4-dihydroxyphenylacetaldehyde (DOPAL).
DOPAL is inactivated by conversion to 3,4-dihydroxyphenylethanol (DOPET)
by alcohol dehydrogenase (ADH) or to 3,4-dihydroxyphenylacetic acid
(DOPAC) by aldehyde dehydrogenase (ALDH) (13). DOPAC is then degraded
to the biologically inactive metabolite homovanillic acid (HVA) by the enzyme
catechol-O-methyl transferase (COMT). Alternatively, dopamine is metabolized
to 3-methoxytyramine by COMT, which is in turn converted to 3-methoxy-
4-hydroxyacetaldehyde by MAO. The aforementioned ALDH then converts
this to HVA, which is excreted in the urine (8). These pathways are illustrated
in Figure 1.

Multiple components in this pathway have been targeted for the treatment of
PD. For example, genes encoding the rate-limiting enzymes for dopamine synthe-
sis, TH and AADC, formed part of the experimental lentiviral gene therapy
ProSavin (Oxford Biomedica) which has been trialled in PD patients (14).
Levodopa forms the mainstay of PD treatment regimes, with inhibitors of the
metabolic enzymes MAO-B and COMT also being used. These drugs are dis-
cussed in detail in the remainder of this chapter.

DOPAMINE BIOSYNTHESIS
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Figure 1 Metabolic pathway of dopamine synthesis and clearance. Dopamine is synthesized
from phenylalanine or tyrosine via sequential reactions catalyzed mainly by PH, TH, and
DOPA decarboxylase. It can also be synthesized from tyramine in a minor pathway by
CYP2D6. Dopamine is effectively degraded into the main inactive metabolites DOPAC and
HVA via a series of reactions mediated predominantly by the enzymes MAO, COMT, ALDH,
and ADH.

131



132

Pharmacotherapy of Parkinson’s Disease

CURRENT TREATMENTS

There are currently no disease-modifying drugs for PD, but the treatments that are
used can offer significant symptomatic relief of the motor symptoms. They offer
little clinical benefit in terms of the non-motor manifestations of PD. It is usual
practice to delay the initiation of treatment until the patient’s symptoms become
troubling, to reduce the impact of adverse effects.

Levodopa

The mainstay of current PD treatment are levodopa-based preparations, designed
to replace the dopamine in the depleted striatum. As is described above, dopa-
mine itself is unable to cross the BBB and cannot be used to treat PD (2). In con-
trast, the dopamine precursor levodopa is able to cross the BBB and can be
administered as a therapy. After absorption and transit across the BBB, it is con-
verted into the neurotransmitter dopamine by DOPA decarboxylase (6) (Figure 1).
It is usual practice for patients to be commenced on a low dose of levodopa, with
the dose being titrated up based on the patient’s response to treatment, balanced
against the adverse effects experienced. Most patients require a dose in the range
of 150-1000 mg daily, divided into multiple doses (15). Increasing doses result in
elevated risk of developing problematic adverse effects, as discussed below (15).
Generally, the clinical effect of levodopa is noticed quickly, and may last for several
hours, particularly in the early stages of disease (15). However, as disease becomes
more advanced, the effect of the drug usually wears off after shorter durations,
and an increased frequency of dosing is often required.

Levodopa, though effective, comes with significant side effects that constitute
an important part of the illness experienced by the patient, particularly in
advanced disease. Some of its associated side effects result from the conversion of
levodopa to dopamine outside the CNS (peripheral conversion) by DOPA decar-
boxylase (6, 16). These effects are minimized by administering levodopa in com-
bination with peripheral inhibitors of DOPA decarboxylase, as is discussed below.
Prolonged use can result in significant motor complications, including dyskine-
sias, and severe on—off motor fluctuations (6).

Dyskinesias are involuntary twisting hyperkinetic movements, which usually
occur when the drug is at peak dose (but may also occur as the drug is wearing-off
or even during off-periods) (17, 18). The emergence of problematic dyskinesias
may be treated by a reduction in levodopa dose, meaning that a difficult balance
must be struck between optimizing the control of the motor symptoms, while
minimizing the adverse effects. In patients that have previously responded well
to levodopa, but that have developed problematic dyskinesias, deep brain
stimulation may be considered, which may allow for the control of motor symp-
toms on a reduced dose of levodopa. This is discussed in detail in Chapter 8. The
on—off phenomenon refers to the fact that patients with advanced PD may experi-
ence rapid fluctuations in their motor function. During the “on” state, motor
symptoms are controlled relatively well, but rapid wearing-off of the effect of
levodopaleaves the patient in the “off” state, in which they have severe Parkinsonian
motor features. These fluctuations can be particularly problematic and severely
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limit function. The probable causes of these motor symptoms are variable drug
absorption and transit across the BBB, and resultant fluctuations in pre-synaptic
and post-synaptic dopamine levels in the nigrostriatal pathway (19-25). Other
important side effects include gastrointestinal disturbances such as nausea and
vomiting, and orthostatic hypotension. Neuropsychiatric features including anxi-
ety and hallucinations may occur due to “off-target” effects of dopamine acting in
extranigral brain regions (6, 16).

Some strategies used to counteract the adverse effects of levodopa include
using the minimum effective dose, fractionation of the dose, and the use of alter-
native dopaminergic treatments. Historically, temporary withdrawal of levodopa
was used (“levodopa holidays”), but this is no longer recommended (6, 26). To
reduce its peripheral side effects, levodopa is administered in combination with
DOPA decarboxylase inhibitors such as benserazide and carbidopa. These com-
pounds do not cross the BBB, but selectively prevent the peripheral conversion
of levodopa to dopamine, thereby reducing the peripheral side effects (27, 28).
The most frequently prescribed combination drugs are carbidopa/levodopa
(co-careldopa [trade names Sinemet, Pharmacopa, Atamet]) and benserazide/
levodopa (co-beneldopa [trade name Madopar]) (29). These compounds are
available in several formulations, including modified release preparations, which
can be useful for controlling symptoms overnight, and limiting early morning
symptoms, as well as suspensions, which can be useful for patients that have swal-
lowing difficulties (6, 29-31).

More recently, continuous intestinal infusion of levodopa gel (Duodopa
[AbbVie Limited]—a combination of levodopa with carbidopa) has shown to be
effective in terms of decreasing severe motor fluctuations when compared to oral
levodopa—probably a result of more consistent levodopa absorption. However,
this treatment is currently prohibitively expensive for widespread use (29).
Researchers continue to focus on the development of other long-acting oral prepa-
rations as well as other modes of drug delivery, which may allow for improved
clinical efficacy and side-effect profiles in the future (29).

Dopamine agonists

Dopamine receptor agonists came into the market for the treatment of PD in
1978. The commonly used agonists contain an ethanolamine moiety, and they
may be categorized into ergot and non-ergot derived, based on receptor specifici-
ties (see Table 1) (32). These drugs stimulate the activity of the dopamine system
by binding to the dopaminergic receptors and, unlike levodopa, do not need to be
converted into dopamine (2, 6). Dopamine agonists are often prescribed as an
initial therapy for PD, particularly in younger patients (6, 33). This approach
allows for a delay in the use of levodopa, which may reduce the impact of the
problematic motor complications, discussed above (6, 33). Some of the drugs
listed in Table 1 are no longer used in clinical practice, as significant idiosyncratic
adverse effects were observed. For example, pergolide was withdrawn as a treat-
ment in 2007, after studies found that it was associated with a risk of pericardial,
retroperitoneal, and pleural fibrosis (34).

Some of these drugs are available in controlled or prolonged release formula-
tions in the form of tablets, patches, and injections. Rotigotine patches,
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TABLE 1 Classification of dopamine agonists

Ergot derived Non-ergot derived

Bromocriptine (Parlodel, Oral) Apomorphine (Apokyn, Subcutaneous)
Pergolide (Permax, Oral) Pramipexole (Mirapex, Oral)
Cabergoline (Oral) Ropinirole (Requip, Oral)

Lisuride (Oral) Rotigotine (NeuPro, Transdermal Patch)

for example, are useful in patients that are unable to take oral medications, for
example, when they are kept nil-by-mouth in preparation for surgery. Switching
a patient onto rotigotine patches in this setting requires calculation of the
levodopa-equivalent dose of their existing treatment regime, to ensure that they
are adequately medicated. While they may be less effective than levodopa in
controlling the motor symptoms of PD, with the majority of patients ultimately
requiring levodopa therapy, dopamine agonists can be useful in patients with
minor symptoms, in those that are unable to tolerate levodopa, or as an adjunct
to levodopa therapy.

The drug half-life, and therefore duration of action, varies with patients and
the type of agonist prescribed (6). On initiation of dopamine agonists, the dose is
usually gradually increased, based on the patient’s response and the side effects
experienced (6). Of the commonly prescribed dopamine agonists, the usual dos-
ing is as follows: 9-16 mg (maximum 24 mg) total daily dose for ropinirole,
divided into three to four doses; up to 3.3 mg total daily dose of pramipexole,
divided into three doses; and 4-6 mg once daily for rotigotine (35). Apomorphine
is used less frequently but can be useful in relieving severe “off” episodes when
given as a subcutaneous injection, or in patients with severe motor fluctuations
(despite optimization of other medications), as a subcutaneous infusion. Some
preclinical and imaging studies have suggested that dopamine agonists may pos-
sess antioxidant properties and lead to reduced loss of dopaminergic neurons,
though there is no convincing evidence that these drugs offer a disease-modifying
effect (36-40).

Treatment with dopamine agonists has been shown to result in a reduced inci-
dence and severity of dystonia, motor fluctuations, and dyskinesia in comparison
to levodopa (6, 33). However, they may cause other severe adverse effects (41).
Common side effects include nausea and vomiting (which occurs due to stimula-
tion of the area postrema, situated in the medulla at a site in which the BBB is
disrupted), dry mouth, insomnia, peripheral edema, constipation, fainting, hal-
lucinations, and sleepiness (2, 6, 33).

Perhaps, the most important adverse effect of dopamine agonists is the devel-
opment of compulsive and impulsive behavioral problems (impulse control disor-
der [ICD]). Symptoms may include hypersexuality, gambling, binge eating,
compulsive buying/shopping, punding, and hobbyism (compulsive Internet use,
artistic endeavors, and writing) (42—48). It is important that clinicians are vigilant
for such problems after initiation of dopamine agonists because they can result in
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significant issues for the patient, from a financial and social perspective. ICD may
result in problems with interpersonal relations, caregiver well-being, and quality
of life. Certain behaviors may be more common in males (e.g. hypersexuality) or
females (e.g. compulsive shopping), and ICD is more common in those with a
history of addiction (e.g. to alcohol or gambling) (41). ICD occurs in 15-20% of
PD patients taking dopamine agonists (there is also an increased risk of ICD with
levodopa, though this is much less than that associated with dopamine agonists)
(49, 50). Proposed mechanisms have included the action of dopamine agonists on
the mesolimbic dopaminergic pathway, orbitofrontal cortex, and opiate and sero-
tonin systems (42, 47).

Another important consideration is the risk of dopamine agonist withdrawal
syndrome (DAWS), which may occur when a person with compulsive or impul-
sive behavior either stops taking or reduces the dosage of dopamine agonists (48).
Symptoms of withdrawal syndrome may include anxiety, panic attacks, insomnia,
irritability, dysphoria, agitation, fatigue, orthostatic hypotension, diaphoresis, and
drug cravings (51). Thus, withdrawal of dopamine agonists must be performed
cautiously, with clinical vigilance for these problems. As with ICD, DAWS can
result in significant psychosocial consequences.

Monoamine Oxidase B (MAO-B) inhibitors

Other PD medications work by inhibiting the enzymes involved in dopamine
metabolism, which preserves the levels of endogenous dopamine. One such class
is the MAO-B inhibitors. As is discussed above, MAO-B is one of the main enzymes
involved in the breakdown of dopamine, and reducing the activity of this enzyme
therefore results in increased dopaminergic activity within the striatum, mediated
by endogenous dopamine (see Figure 1) (6). Their use relieves motor symptoms
in PD patients, and as with dopamine agonists they may be used as an initial treat-
ment option, to delay the need for levodopa therapy, to reduce the risk of
levodopa-induced motor complications (33). While they are sometimes sufficient
for control of symptoms in early disease, most patients ultimately require
levodopa-based treatment. MAO-B inhibitors may also be used in combination
with levodopa-based preparations, to allow for a reduction in the levodopa dose.

Commonly used MAO-B inhibitors include selegiline (Deprenyl, Eldepryl,
Zelapar) and rasagiline (Azilect). More recently, the drug safinamide (Xadago) was
also approved for use in PD, which appears to have multiple modes of action, one
of which is thought to be inhibition of MAO-B (52). The recommended dosage for
selegiline is 5-10 mg daily, and for rasagiline it is 0.5-1 mg once daily (35).
MAO-B inhibitors are generally well tolerated, with gastrointestinal side effects
being the most common problem. Other adverse effects include aching joints,
depression, fatigue, dry mouth, insomnia, dizziness, confusion, nightmares, hal-
lucinations, flu-like symptoms, indigestion, and headache (6, 33).

Catechol-O-methyl transferase inhibitors

As is discussed above, another enzyme that is involved in dopamine degradation
is COMT (Figure 1). Inhibitors of COMT therefore also offer a therapeutic means
of preserving endogenous dopamine levels, by reducing its breakdown (6, 33).
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These are predominantly used as adjunctive therapy to levodopa, prolonging its
duration of action by increasing its half-life and its delivery to the brain. In some
patients, this allows for control of motor symptoms, with a reduction in off time
in comparison to standard levodopa/DOPA decarboxylase inhibitor combina-
tions (36). They are often prescribed to the patients when end-of-dose “wearing-
off” is a particular problem, with levodopa therapy alone.

COMT inhibitors come in the form of tablets and are not generally prescribed
as monotherapy, as on their own they offer only limited effect on PD symptoms.
Examples of COMT inhibitors include entacapone (Comtan), tolcapone (Tasmar),
and opicapone (Ongentys). Entacapone is often used in a combination prepara-
tion along with carbidopa and levodopa (Stalevo, Sastravi) (6, 35). The typical
dosage for entacapone is 200 mg four to eight times a day with each levodopa
dose and 100 mg three times a day in the case of tolcapone—the two most com-
monly used COMT inhibitors. It should be noted that COMT inhibitors can lead
to the amplification of levodopa-induced side effects, including dyskinesias, and
it may be that they necessitate a reduction in the levodopa dose (35). Tolcapone
is associated with an uncommon, but potentially serious, risk of hepatotoxicity,
and as such entacapone is generally preferred (35). Treatment with tolcapone
therefore warrants monitoring of liver function tests. Other uncommon side
effects include sleepiness, nausea, loss of appetite, diarrhea, dizziness, orange
urine discoloration, hallucinations, abdominal pain, headaches, confusion, dry
mouth, and chest pain (6, 35).

Anticholinergics

The medications that have so far been discussed are all designed to increase dopa-
minergic activity in the striatum. There are a small number of drugs used in the
treatment of PD that act through non-dopaminergic mechanisms. One such class
of drugs are the anticholinergics. These reduce the activity of the neurotransmitter
acetylcholine, by acting as antagonists at cholinergic receptors (35). While their
role is limited and they are now prescribed infrequently, they may offer some ben-
efit in improving rigidity and tremor in PD (53). Loss of dopaminergic neurons
results in disturbance of the normal balance between dopamine and acetylcholine
in the brain, and anticholinergic drugs may lead to restoration and maintenance
of the normal balance between these two neurotransmitters (33).

The main role of these drugs is in young patients at early stages of the disease
for the relief of mild movement symptoms—particularly tremors and muscle stiff-
ness (35). Anticholinergic drugs play more of a role in tremor-predominant PD,
where they may be used as monotherapy in the early stages. However, when anti-
cholinergics are used, they are usually done so in combination with levodopa and
the other aforementioned medications. They are generally avoided in elderly
patients or those with cognitive problems, due to an increased risk of confusion
with this class of drugs (35). Tablet and oral suspension preparations exist.
Examples of anticholinergics include benztropine, orphenadrine, procyclidine,
and trihexyphenidyl (Benzhexol) (35). The common adverse effects include
blurred vision, dry mouth, constipation, drowsiness, trouble urinating, urinary
retention, confusion, cognitive impairment, hallucinations, dizziness, trouble
swallowing, dyskinetic movements, and memory problems. Although dry mouth
is listed as an adverse effect of anticholinergics, in patients in whom drooling is a
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particular problem, the reduced salivation brought on by anticholinergic drugs is
a desirable effect, and they may actually be used in the treatment of this symptom
(33, 35, 36).

Amantadine

Initially, amantadine (Symmetrel) was developed as an antiviral drug for treat-
ing flu, but it has subsequently been used for the treatment of PD. It may be
used for the treatment of rigidity, rest tremor, and sometimes fatigue, and may
offer a short-lived improvement in symptoms. It may also allow for a lower
dose of levodopa to be used, reducing the risk of dyskinesia. However, its
most useful property is probably the fact that it can be used to limit the sever-
ity of levodopa-induced dyskinesias (54). It should be noted that the evidence
for the use of amantadine in controlling PD symptoms is limited, with a 2003
Cochrane review concluding that there was insufficient evidence to recom-
mend its use in PD (55).

Chemically, it is the derivative of adamantine as l-adamantylamine or
l-aminoadamantane. It is not known how amantadine may have an anti-
Parkinsonian effect, but it acts as a weak glutamate antagonist at the N-methyl-p-
aspartate receptor (NMDAR) (54). Like most of the other anti-Parkinson drugs
that have been discussed, it is started with a low dose and is titrated up. It comes
in the form of tablets and liquid syrup. While generally well tolerated, possible
side effects associated with the use of amantadine include hallucinations, confu-
sion and impaired concentration, livedo reticularis, leg swelling, blurred vision,
nausea and vomiting, appetite loss, insomnia and nightmares, sweating, agitation,

and headache (35).

EMERGING TREATMENTS

The drugs that have been discussed are used to control the symptoms of PD, but
none of them alter the course of disease. While there are currently no disease-
modifying treatments for PD, a number of promising novel approaches are cur-
rently under investigation (56, 57). As well as new experimental compounds, there
is also much interest in drug repurposing—the use of drugs that have an estab-
lished clinical indication—in a new setting. Because such drugs have been used
previously, safety data already exist, so progress through clinical trials may poten-
tially be expedited. In addition to new drugs, there are a number of regenerative
approaches currently in, or about to enter, clinical trials. These include gene thera-
pies, such as ProSavin—a lentivirus vector carrying the genes encoding DOPA
decarboxylase, TH, and guanosine triphosphate cyclohydrolase-1 (GTPCH1) and
stem cell approaches (with the latter being discussed in detail in Chapter 9)
(14, 57). These regenerative treatments are not designed to offer a disease-
modifying effect but to restore dopaminergic activity in the striatum in a more
physiological fashion than what is currently achieved with dopaminergic medica-
tions, theoretically with a reduced risk of the adverse effects of levodopa (58).
There is a plethora of evidence suggesting that alpha-synuclein (o-synuclein)
aggregation plays a central role in the pathogenesis of PD (59, 60). Thus, there is
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much interest in how this process may be targeted by potential therapies.
Therapeutic approaches have been developed aiming to:

(i)  reduce o-synuclein production

(i)  inhibit o-synuclein aggregation

(iii) increase intracellular and extracellular degradation of a-synuclein aggregates
(iv) reduce uptake of extracellular o-synuclein by neighboring cells (56)

Immunotherapies targeting o-synuclein are now beginning to enter clinical
testing. Recently, a Phase 1 clinical trial with the synthetic vaccine AFFITOPE
PDO3A, containing an o-synuclein mimicking peptide, has been completed by
Affiris (61). This formulation was tested in 36 patients with early stage PD, who
received the vaccine subcutaneously, and it was found to be very well tolerated,
with only mild side effects. An a-synuclein-targeting passive immunotherapeutic
agent PRX002 (Prothena) has also been tested in Phase 1a and Phase 1b clinical
trials. This is a humanized monoclonal antibody with which a 96.5% reduction in
free serum levels of a-synuclein was observed (62, 63). No major side effects or
toxicity occurred, and the drug has progressed to Phase 2 clinical trials (64).
Another o-synuclein-based passive immunotherapy, BIIB-054 (Biogen), was
found to be well tolerated with a satisfactory pharmacokinetic profile (65, 66). A
number of other experimental immunotherapeutic agents are also under investi-
gation (67-69). In addition, drugs aiming to result in increased extracellular deg-
radation of a-synuclein are being considered as potential therapeutic options for
PD, for example, the serine protease Kallikrein 6 (KLK6 or neurosin) (70, 71).

In addition to increasing o-synuclein clearance, another potential avenue would
be to reduce a-synuclein production, which may be achieved through RNA interfer-
ence (RNAI) technology. Although this has not reached in-human trials, in vitro and
animal studies have generated some interesting results. For example, short hairpin
RNA (shRNA) targeting o-synuclein has been delivered via a lentiviral vector to rats,
which resulted in silencing of the expression of ectopic human o-synuclein in the
striatum. Small interfering RNA (siRNA) delivered into the mouse hippocampus
also decreased the expression of endogenous a-synuclein after a 2-week infusion,
with no signs of toxicity (72, 73). Subsequent use of siRNA in non-human primates
demonstrated a reduction in a-synuclein levels by 40-50%. However, this approach
did not progress toward clinical trials due to lack of funding (74). Rats treated with
shRNA also demonstrated a reduction in o-synuclein levels of 35% (75). Of course,
the concern with suppressing o-synuclein levels to such a degree is that the normal
function of the protein is lost. In some studies, significant reduction in o-synuclein
levels was accompanied by escalated neurotoxicity, with some even showing degen-
eration of nigrostriatal system (76-78). Extensive preclinical safety data will there-
fore be necessary if these techniques are to enter clinical trials.

Another approach for reducing o-synuclein production involves reducing its
expression at a transcriptional level. Beta-2-adrenoreceptor (beta-2AR) agonists,
such as clenbuterol, have been suggested to do this, and have achieved a greater
than 35% reduction in a.-synuclein expression in a neuroblastoma cell-line and in
rat cortical neurons (79). It has been postulated that they act by histone 3 lysine
27 acetylation of a-synuclein promoters and enhancers. Supportive evidence for
a potential benefit of these drugs comes from two epidemiological studies carried
out in Norway involving very large numbers of patients, suggesting that beta-2AR
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agonists warrant further investigation, and that they may play a role in PD treat-
ment in the future (79).

Of the other existing drugs being considered for repurposing, two have entered
clinical trials—the chemotherapy agent, nilotinib, and the glucagon-like peptide-1
receptor agonist, exenatide. Nilotinib is a c-Abl tyrosine kinase inhibitor used in
the treatment of chronic myelogenous leukemia (CML). Activity of c-abl has been
found to be enhanced in brain tissue of PD patients, which may lead to increased
phosphorylation and aggregation of o-synuclein, and/or reduced function of the
Parkin protein involved in mitochondrial biogenesis (80). Nilotinib attenuated
o-synuclein levels in A53T transgenic mice and also provided a degree of neuro-
protection (81). Tt has been observed to be well tolerated by PD patients albeit at
a much lower dosage than what is usually prescribed for the treatment of
CML (82). Following these observations, nilotinib has entered a Phase 2a trial in
2017, and there is much hope about its treatment potential (83). However, a
potential limitation to the use of c-abl inhibitors in PD is the poor transit across
the BBB, and novel agents may need to be developed to circumvent this.

Similarly, exenatide, an established treatment for type 2 diabetes mellitus, is
emerging as a promising therapeutic option for PD. Neuroprotective potential has
been seen in preclinical models of the disease, with persistent clinical improve-
ments observed in an initial clinical trial (84). Therealfter, it was taken forward to
a single-center, randomized, double-blind, placebo-controlled Phase 2 clinical
trial in which a weekly dosage of 2 mg was administered to patients subcutane-
ously (85). Similarly, improvements in motor scores were observed, which per-
sisted even beyond discontinuation of treatment.

CONCLUSION

The current treatments available for PD are designed to restore dopaminergic
activity in the dopamine-deplete striatum of PD patients, with consequent
improvement in motor symptoms. Disappointingly, there is a paucity of pharma-
cological options for treatment of the non-motor features, which are unfortu-
nately often the most disabling aspects of disease. At the present time, there are no
established treatments able to slow, stop, or modify the disease course. Commonly
used drugs for PD include those based on exogenous administration of com-
pounds with dopaminergic activity (e.g. levodopa, dopamine agonists), and those
that inhibit the metabolism of endogenous dopamine (e.g. COMT, MAO-B inhibi-
tors) (6). While levodopa can cause significant adverse effects, the vast majority of
patients ultimately require treatment with this drug. It is important to note that
there is no standard treatment regime for PD, with each patient being treated
with a tailored approach taking into account the severity of their symptoms and
temporal nature of these, the side effects that they experience, and their personal
priorities.

While there have been few major developments in the field of PD treatment
since the introduction of levodopa, numerous experimental therapeutic approaches
are currently under investigation. These include drugs that specifically target
o-synuclein pathology—widely considered to be the driver of neurodegeneration
in PD. These drugs offer hope that a disease-modifying agent will be identified in
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the short- to medium-term future. In combination with a number of regenerative
approaches, including stem cells and gene therapies, therapeutics of PD is likely
to see significant advances over the coming years, with a number of novel, effec-
tive options likely to become available to clinicians in the foreseeable future.
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