Chapter 2
Literature overview

2.1 Parkinson’s Disease

Parkinson’s disease (PD) is an age related, progressive disease that occurs
sporadically. It is thought that environmental and endogenous toxins may play a role
in the etiology of PD, (Dauer & Przedborski, 2003). For example, exposure to
insecticides and herbicides, such as rotenone and paraquat, may result in an
increased occurrence of PD (Tanner et al., 2011; Bove et al., 2005). A combination of
different environmental, genetic and endogenous factors could lead to PD. About 5%

of PD cases are genetic (Dauer & Przedborski, 2003).

The most perceptible manifestation of PD is the movement disorders associated with
this disease: tremor during rest, rigidity, akinesia, postural instability and freezing,
(Jankovic, 2008). On a cellular level, PD is characterized by the degeneration of
dopaminergic neurons in the substantia nigra pars compacta (SNpc) of the brain and
the subsequent depletion of dopamine (DA) (Uhl et al., 1994). The depleted DA
levels ultimately result in the observed movement disorders, since DA is responsible
for the regulation of normal movement in the body. Another characteristic trait of PD
is the presence of Lewy Bodies. Lewy Bodies are protein-like inclusions in the
cytoplasm of cells in the affected brain regions and may contribute to neuronal death
in PD (Dauer & Przedborski, 2003).

2.1.1 Mechanism

There are various mechanisms that may contribute to the manifestation of PD. A
minor cause of PD may be linked to genetic factors while other mechanisms involve
the misfolding and aggregation of proteins. Neurotoxicity, caused by exogenous and
endogenous factors along with oxidative stress, may also contribute to the
development of PD (Dauer & Przedborski, 2003). These mechanisms are discussed

below.
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2.1.1.1 Misfolding and aggregation of proteins

Misfolded and aggregated proteins can cause direct damage to cells by physically
deforming cells and interfering with intracellular transfer in neurons. Certain proteins,
like a-synuclein, are susceptible to oxidation by reactive oxygen species (ROS),
resulting in a higher possibility of protein aggregation (Giasson & Duda, 2000).
Herbicides and pesticides may also enhance the misfolding and aggregation of a-
synuclein (Uversky et al., 2001). It was found that a-synuclein is a major constituent
of Lewy Bodies along with parkin, ubiquitin and neurofilaments (Spilantini et al.,
1997). These protein inclusions may be indicative that the clearance mechanism to
remove soluble misfolded proteins from the cells are dysfunctional (Cummings et al.,
1999; Warrick et al., 1999). In the elderly, the cellular mechanism responsible for the
clearance of misfolded proteins is often impaired, contributing to the accumulation of
misfolded proteins and ultimately, cellular damage (Figure 7) (Sherman & Goldberg,
2001).

Genetic mutations on a-synuclein, parkin and ubiquitin are associated with higher
occurrences of hereditary PD (Polymeropoulos et al., 1997). Mutations in the gene
for parkin, that annihilates its function, were found in hereditary cases of early onset
PD. In these cases, neurodegeneration of the dopaminergic neurons were observed
while Lewy Bodies was not necessarily present (Mizuno et al., 2008). Parkin is
associated with the ubiquitin-proteasome system where it is responsible for the
identification of misfolded proteins and the subsequent targeting of these proteins to
the proteasomes for degradation (Sherman & Goldberg, 2001). Mutations of parkin
may result in a decrease in protein clearance activity and the accumulation of parkin
substrates. These accumulated proteins can contribute to dopaminergic
neurodegeneration (Dauer & Przedborski, 2003). Another protein of which mutations
may result in hereditary PD, is ubiquitin C-terminal hydrolase-L1 (UCH-L1) (Leroy et
al., 1998). UCH-L1 plays a role in the recycling of ubiquitin bound misfolded proteins
after degradation by the proteasomes (Wilkinson, 2000). Mutations on UCH-L1 may
thus lead to the accumulation and aggregation of misfolded proteins (Dauer &
Przedborski, 2003).
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Figure 7 A schematic representation of the contribution of misfolded and

aggregated proteins, specifically a-synuclein, to the etiology of PD.

2.1.1.2 Endogenous toxins
Endogenous toxins are generated within the body due to the impairment or over
stimulation of natural processes. MAO-B is implicated in one of the major processes
responsible for the generation of neurotoxins and harmful compounds within the body
(Youdim & Bakhle, 2006).

Increased activity of MAO-B has been observed in the brains of PD patients (Zhou et
al., 2001). This results in a higher rate of oxidative deamination of DA and could
possibly lead to the depletion of DA as well as neurodegeneration. During the

metabolism of DA the corresponding aldehyde is generated (Figure 8) (Youdim &
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Bakhle, 2006). These aldehydes can be neurotoxic if allowed to accumulate. Under
physiological conditions, aldehydes are further oxidized by aldehyde dehydrogenase
to the corresponding carboxylic acid which is then excreted. Since PD patients are
reported to have reduced levels of aldehyde dehydrogenase, these toxic aldehydes

can accumulate and contribute to neurodegeneration (Grinblatt et al., 2004).

Hydrogen peroxide (HO,) is also generated during the metabolism of DA. The
inactivation of H,O, is catalyzed by glutathione peroxidase in the brain (Youdim &
Bakhle, 2006). Since PD patients may also possess decreased levels of glutathione
peroxidase (Sian et al., 1994), H,O, can accumulate and contribute to oxidative
stress. In addition, elevated levels of iron in the substantia nigra of PD patients has
been observed (Dexter et al., 1989). Free iron can react with H,O, (Fenton reaction)
to yield highly reactive hydroxyl radicals which cause oxidative stress and ultimately

neurodegeneration (Figure 8) (Blum et al., 2001).

Significant amounts of DA, H,O, and free iron can be found in the dopaminergic
neurons of the substantia nigra, allowing the Fenton reaction to take place. Even a
small amount of hydroxyl radicals produced during the Fenton reaction may
participate in a non-enzymatic reaction in physiological conditions to vyield 6-
hydroxydopamine (6-OHDA), a neurotoxin that causes PD like symptoms (Slivka &
Cohen, 1985; Blum et al., 2001). The consequent autoxidation of 6-OHDA produces
toxic quinones, superoxide radicals, H,O, and hydroxyl radicals (Figure 8) (Soto-
Otero et al., 2000).
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Figure 8 Schematic representation of the role of DA in the formation of

endogenous toxins. The oxidative deamination of DA by MAO is
illustrated with the production and accumulation of aldehydes,
hydrogen peroxide and hydroxyl radicals shown by the highlighted
areas. The autoxidation products of DA namely, 6-OHDA and the
related DA quinone are also shown.
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2.1.1.3 Exogenous toxins

Various exogenous neurotoxins are used to create animal models of PD. Some of
the most common neurotoxins are 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), 6-OHDA, rotenone and paraquat (Bové et al., 2005).

MPTP

During the illicit synthesis of 1-methyl-4-phenyl-4-propionoxypiperidine (MPPP),
MPTP was inadvertently produced as a by-product and caused parkinsonian-like
symptoms, including tremor, rigidity, slowness of movement, postural instability and
freezing. Improvement could be observed with anti-parkinsonian treatments. It was
found that MPTP causes damage to the nigro-striatal pathway, resulting in DA
depletion and the observed movement disorders. Successful animal models have
been created using MPTP, but the formation of Lewy bodies are not observed in
these models (Boveé et al., 2005; Dauer & Przedborski, 2003).

MPTP readily traverses the blood-brain barrier (BBB) after which it is taken up in the
glial cells. Within the glial cells MAO-B oxidizes MPTP to 1-methyl-4-phenyl-2,3-
dihydropyridinium (MPDP") which then spontaneously disproportionates to yield the
active toxin, 1-methyl-4-phenylpyridinium (MPP*). MPP" is actively transported out of
the glial cells and taken up in the dopaminergic neurons by means of the dopamine
transporter (DAT). From here MPP*-mediated mitochondrial inhibition occurs, leading
to a decrease in cellular ATP production and ultimately cell death (Figure 9) (Blum et
al., 2001; Smeyne & Jackson-Lewis, 2005; Dauer & Przedborski, 2003). In addition
to the damage caused by MPP”, further neuronal damage can be caused by the
formation of H,O,-derived oxygen species during the oxidation of MPTP (Zang &
Misra, 1993; Przedborski et al., 2004). The discovery that MAO-B converts MPTP to
the neurotoxin MPP*, supports the notion that endogenous processes may play a

role in activating exogenous toxins (Elbaz & Tranchant, 2007).
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Figure 9 Schematic representation of the mechanism by which MPTP exert its

neurotoxic effect on the dopaminergic neurons.
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6-OHDA

Animal models of PD using 6-OHDA have also been created in the past. Systemic
administration of 6-OHDA does not result in high enough levels in the brain, since 6-
OHDA crosses the BBB poorly. Direct injection into the substantia nigra is thus
necessary to obtain specific damage to the nigro-striatal dopaminergic neurons
(Ungerstedt, 1968). There is a close structural resemblance of 6-OHDA with DA as
well as with norepinephrine (Figure 10). This implies a high affinity of 6-OHDA for the
DA and norepinephrine transporters and consequently accumulation of 6-OHDA in
these neurons (Bové et al., 2005). Rat models of 6-OHDA display characteristic
rotational behaviour after treatment with dopaminergic drugs. This behaviour is
related to the degree of the lesion (Przedborski et al., 1995). An improvement in
rotational behaviour could be observed after administration of L-dopa (Bové & Perier,
2012). Lewy bodies also could not be demonstrated convincingly with this model
(Bové et al., 2005).

Lesions of the dopaminergic neurons were observed and may be attributed to the
actions of hydroxyl radicals, superoxide radicals and hydrogen peroxide. Since 6-
OHDA is very similar to DA, 6-OHDA also acts as a substrate for MAO. During MAO
activity and the autoxidation of 6-OHDA, hydrogen peroxide is formed, which reacts
with free iron to produce highly reactive hydroxyl radicals (Blum et al., 2001; Soto-
Otero et al., 2000) . Similar to MPTP, 6-OHDA impairs mitochondrial function and

decreases ATP production by inhibiting mitochondrial complex I (Blum et al., 2001).
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Figure 10 The chemical structures of 6-OHDA, DA and norepinephrine.
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Rotenone

Rotenone (Figure 11) is an insecticide and piscicide that produces parkinsonian
motor symptoms, possibly due to the inhibition of mitochondrial complex | (Schuler &
Casida, 2001). Although it has been shown that exposure to rotenone increases the
risk of developing PD (Tanner et al., 2011), it is thought unlikely that rotenone by
itself causes PD. Rotenone is rapidly broken down by the sun and does not leach
from the ground to pollute ground water. The rate of absorption from the stomach is
also very slow and incomplete (Bové et al., 2005). However, rotenone is very
lipophilic and easily traverses the BBB after systemic administration where it freely
crosses cellular membranes and can accumulate in the mitochondria (Bové & Perier,
2012).

In the rotenone rat model, neurodegeneration of the nigrostriatal dopaminergic
neurons could be observed along with motor abnormalities. An improvement of the
motor abnormalities was obtained after treatment with L-dopa. Proteinaceous
inclusions, resembling Lewy bodies, were found in these models (Bové et al., 2005;
Bové & Perier, 2012). Of the available neurotoxic animal models of PD, the rotenone
model is not favourable since the effect on the nigro-striatal pathway is inconsistent
and unpredictable (Bové et al., 2005).

OCHg

Rotenone

Figure 11 Chemical structure of rotenone
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Paraquat

Paraquat is a herbicide and share structural similarity with MPP* (Figure 12), the
neurotoxic metabolite of MPTP (Bové & Perier, 2012). Lethal poisoning by paraquat
has been reported due to ingestion or dermal exposure (Smith, 1988). The
neurotoxic effect of paraquat is exerted through the induction of oxidative stress
through ROS (Drechsel & Patel, 2008). Increased expression of a-synuclein was
observed in animals treated with this compound (Bové et al., 2005). A greater
deleterious effect on the dopaminergic system was obtained when paraquat was

used in combination with the fungicide, maneb (Wang et al., 2011).
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Figure 12 The chemical structures of MPP* and paraquat.

2.1.2 Treatment

There are various treatment options available for the management of PD. Since it is
not possible to reverse the neurodegenerative process, treatments are mainly
focused on the symptomatic management of PD and the improvement of the
patient’s quality of life. Symptomatic treatment of PD can be achieved by directly
stimulating dopaminergic neurons, increasing the supply of DA in the brain or by the

inhibition of the reuptake and metabolism of DA (Lees, 2005).
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L-dopa

One of the most important treatment options in PD is the administration of the DA
precursor, L-dopa. L-dopa undergoes decarboxylation by aromatic amino acid
decarboxylase (AADC) in the brain to form DA (Hornykiewicz, 2002) (Figure 13).
Administration of L-dopa can thus directly increase the supply of DA in the brain and
consequently improves motor function. Unfortunately, long-term use of L-dopa is
associated with fluctuating motor function, dyskineasias and neurobehavioural
problems (Guttman et al., 2003; Olanow & Jankovic, 2005).
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Figure 13 The decarboxylation of L-dopa to DA by aromatic amino acid
decarboxylase (AADC).

Dopamine agonists

Dopamine agonists directly increase DA in the brain by the stimulation of
dopaminergic receptors. Pramipexole (Figure 14) is one of the most popular DA
agonists and selectively stimulates the dopamine D; receptors. Activation of the
dopamine D3 receptors results in an inhibitory effect on motor function and can bring
about symptomatic relief for PD patients (Bennett & Piercey, 1999). Unlike L-dopa,
the DA agonists do not display side effects associated with long-term use. The DA
agonists can be used as mono-therapy or as an adjunct to L-dopa. When used in
combination with L-dopa, especially in the initial treatment of PD, the required dose

of L-dopa can be lowered (Holloway, 2004).

N

Pramipexole

Figure 14 The chemical structure of the dopamine agonist, pramipexole.
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Adenosine A, receptor antagonists

These compounds have the ability to decrease the effects of reduced post synaptic
DA in PD. Adenosine A,a antagonists can thus reduce motor discrepancies and bring
about symptomatic relief for PD patients. In addition to the symptomatic effects,
adenosine A,, antagonists also possess neuroprotective properties. The mechanism
of neuroprotection is still uncertain, but one of the hypotheses is that A, antagonism
reduces the release of glutamate in the brain and prevents the neurotoxic effects that
are associated with elevated glutamate levels in the brain (Schwarzschild et al.,
2006; Prediger, 2010). One of the well-defined antagonists of adenosine Aja
receptors is KW-6002 (Figure 15), a xanthine derivative. KW-6002 has been used in
combination with a reduced dose of L-Dopa in animal models of PD. The
combination of KW-6002 with L-dopa resulted in symptomatic relief equivalent to that
of a full dose of L-dopa with the further advantage of reduced dyskinesia (Hickey &
Stacy, 2012; Morelli et al.,, 2012). The mechanism of action of adenosine Aga
antagonists involves mainly the indirect GABAergic pathway. Adenosine Aja
antagonism opposes the activity of the dopamine D, receptors and consequently
inhibits the GABAergic striatopallidal neurons (indirect pathway) (Figure 16)
(Schwarzschild et al., 2006; Morelli et al., 2012).
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Figure 15 Chemical structure of the adenosine A,x receptor antagonist, KW-
6002.
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Amantadine

Schematic representation of the mechanism of action of
adenosine A, antagonists. The dopaminergic input from the
substantia nigra pars compacta (SNpc) to the striatum is impaired
in PD. The direct pathway co-expresses dopamine D; receptors
with the neuropeptide dynorphin (dyn) while the indirect pathway
expresses adenosine A, receptors, dopamine D, receptors and
the neuropeptide enkephalin (enk). The scheme on the left shows
the effect of DA depletion on the direct and indirect pathways in
PD that leads to motor impairment. The scheme on the right
shows the effect of treatment with L-Dopa and an adenosine Axa
antagonist. The indirect pathway is inhibited to effect motor
stimulation with decreased dyskinesia (Morelli et al., 2012).

Amantadine prolongs the action of DA by preventing it from being taken up pre-

synaptically. It can be administered as adjunct therapy with L-dopa or anticholinergic

drugs or it can be used on its own. Although amantadine shows a better long-term

safety profile than L-dopa, some patients may develop tolerance for the effects of
amantadine (Schwab et al., 1972; Adler et al., 1997).
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Anti-cholinergic drugs

The use of anti-cholinergic drugs in PD is restricted, especially with elderly patients,
due to the numerous side effects associated with this class. Some of the most
common anti-cholinergic drugs used are trihexyphenidyl, benztropine and
procyclidine. These drugs reduce tremor associated with PD and are reserved as last
resort for patients with debilitating tremor resistant to dopaminergic treatments
(Rezak, 2007; Rao et al., 2006).

Catechol-O-methyltransferase (COMT) inhibitors

Entacapone and tolcapone are the two most commonly known COMT inhibitors.
COMT is responsible for the metabolism of L-dopa in the gastrointestinal tract.
Inhibition of COMT can thus increase the concentration of L-dopa that reaches the
substantia nigra and ultimately the levels of DA in the brain. COMT inhibitors are
often co-administered with L-dopa since they are able to reduce the ‘wearing off’
effect of L-dopa. The use of tolcapone should be closely monitored, since fatal

hepatotoxicity was observed for this drug (Rezak, 2007; Rao et al., 2006).

MAO inhibitors

These compounds may possibly conserve DA and as a result provide symptomatic
relief for PD patients. MAO inhibitors may also reduce neurodegeneration by
restricting the production of neurotoxic metabolic products. The use of MAO inhibitors
in early PD may delay the need for L-dopa (Youdim et al., 2006). Previously non-
selective, irreversible inhibitors such as tranylcypromine (figure 17) were used in the
treatment of PD, but these drugs may lead to hypertensive crisis when combined with
tyramine containing foods. Since DA is the preferred substrate of MAO-B, selective
MAO-B inhibitors such as selegiline and rasagiline (figure 17) were developed which
proved more successful (Yamada & Yasuhara, 2004). Unfortunately selegiline has
unfavourable psychotoxic and cardiovascular side effects. Irreversible inhibitors have
the added disadvantage of a slow recovery rate of enzyme activity after termination
of drug treatment (Tipton et al., 2004). A new reversible, selective MAO-B inhibitor,
safinamide (figure 17), is currently in clinical trials and promises to have a better
safety profile than the irreversible MAO-B inhibitors (Fernandez & Chen, 2007).
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Figure 17 Chemical structures of the non-selective MAO inhibitor,
tranylcypromine, and the selective, reversible MAO-B inhibitor,
safinamide. The structures of the selective, irreversible MAO-B
inhibitors, selegiline and rasagiline are also given.
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2.2 Monoamine oxidase

MAO is the main enzyme responsible for the oxidative deamination of various
neurotransmitters and dietary amines. There are two isoforms of MAO, MAO-A and
MAO-B. Both these isozymes are tightly bound to the outer membrane of
mitochondria. The two MAO isoforms share a 70% sequence identity and both
contain a flavin adenine dinucleotide (FAD) co-factor (Nagatsu, 2004; Youdim &
Bakhle, 2006).

MAO-A and —-B have different substrate and inhibitor specificities. MAO-A preferably
catalyzes the oxidation of serotonin and is inhibited by low concentrations of
clorgyline. MAO-B on the other hand, catalyzes the oxidation of benzylamine and 2-
phenylethylamine and is inhibited by low concentrations of selegiline. Both MAO-A
and —B use DA as substrate (Youdim et al., 2006).

The two isoforms are also differently expressed in tissues throughout the body.
Human placenta is a rich source of MAO-A while high concentrations of MAO-B can
be found in the blood platelets. In the brain, MAO-A is mainly localized to the
catecholaminergic neurons while MAO-B is expressed in the serotoninergic neurons,
the histaminergic neurons and the glial cells (Nagatsu, 2004). Although both isoforms
are present in the brain, MAO-B is mainly responsible for DA metabolism in this
region (Lees, 2005; Yamada & Yasuhara, 2004). An age related increase of MAO-B
levels in the brain was observed, especially for patients between the ages of 50 and
60 (Saura et al., 1997). MAO-A, on the other hand, already reaches mature levels at
birth (Nicotra et al., 2004). Since PD is an age related disease, increased MAO-B
levels in elderly PD patients may further increase DA metabolism which would result
in the depletion of DA in the brain and an elevation in the production of metabolic by-

products.

Inhibition of MAO may therefore be an effective strategy of increasing DA levels in
the PD brain as well as reducing neurodegeneration by limiting the production of
potentially neurotoxic metabolic by-products (Youdim et al., 2006; Youdim & Bakhle,
2006).
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2.2.1 Catalytic mechanism of MAO

MAO-A and —B are thought to employ the same catalytic mechanism, since the
active sites of these two isoforms are similar (De Colibus et al., 2005). Oxidation of
amine substrates occur at the 5 or 4a positions of the isoalloxazine ring of the FAD
co-factor. When a substrate binds to the active site of MAO, a-CH cleavage of the
amine substrate occurs, to produce the relevant imine. During this process the FAD
co-factor is reduced. In the case of a primary amine substrate, the imine is
hydrolyzed to an aldehyde and ammonia. Imines from secondary and tertiary amine
substrates are hydrolyzed to form another amine. The FAD is re-oxidized with the
concurrent production of hydrogen peroxide (Figure 18) (Binda et al., 2002a;
Edmondson et al., 2004).
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Figure 18 The FAD cycle during the oxidation of amines. FAD is firstly
reduced and then re-oxidized with the concurrent production of
hydrogen peroxide

The exact mechanism of MAO catalysis is still unknown, but a few possible
mechanisms have been proposed. Silverman (1995) suggested a single electron
transfer mechanism where the first step of catalysis involves the single electron
oxidation of the amine to produce the aminium cation radical. This step results in an
intermediary product with an acidic a-proton which allows for proton abstraction by a
basic amino acid residue in the active site (Figure 19a). Unfortunately there exists no
direct evidence to support the formation of a flavin radical intermediate. Also no basic

amino acid residues are found in the MAO-A and —B active sites.
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A more likely mechanism is the polar nucleophilic mechanism. In this mechanism the
amine substrate binds covalently to the 4a position of the flavin in a nucleophilic
manner. This activates and enables position N5 to act as a strong active site base
(Figure 19b) (Binda et al., 2002a; Edmondson et al., 2004). More recently it was
suggested that a hydride transfer mechanism cannot be excluded since there is no
direct evidence against this mechanism. It is also known that other amine oxidazes,
like the D-amino acid oxidazes, employ a single hydride transfer mechanism (Figure
19c) (Fitzpatrick, 2010).
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Figure 19 a) The single electron transfer mechanism. b) The polar nucleophilic
mechanism. ¢) The hydride transfer mechanism.

27



Chapter 2 Literature overview

2.2.2 MAO inhibition

MAO inhibition may provide symptomatic relief to PD patients as well as a measure
of neuroprotection by limiting the production of toxic metabolites. MAO inhibitors
generally consist of reversible and irreversible inhibitors, among which there are
selective and non-selective inhibitors. Irreversible inhibition involves the covalent
attachment of an inhibitor to the FAD co-factor of the enzyme. This is associated with
unfavourable side effects, since it may require weeks to regain normal enzyme
activity after termination of treatment. With reversible inhibition, enzyme recovery is
almost immediate after drug withdrawal (Riederer et al., 2004; Tipton et al., 2004).
Since MAO-B is mainly responsible for DA metabolism in the brain, focus has been
on the development of selective MAO-B inhibitors. However, it has been shown that,
in the brain, MAO-A can still sufficiently metabolize DA when MAO-B is inhibited
(Kalaria et al., 1988; Fowler et al., 1980). Thus, there may be merit in the

development of reversible, non-selective inhibitors of MAO for the treatment of PD.

2.2.2.1 MAO-A inhibitors

MAO-A inhibitors are widely used as antidepressant agents, since they elevate
serotonin levels by inhibiting the metabolism of serotonin in the brain. Initially non-
selective MAO inhibitors such as tranylcypromine were used as anti-depressants, but
severe side effects, due to the ‘cheese reaction’, hampered its further use. The
cheese reaction is caused by the accumulation of tyramine and other
sympathomimetic amines taken in by food. Usually these amines are metabolized by
MAO-A in the gut wall. Non-selective, irreversible inhibition of MAO consequently
causes the accumulation of tyramine which then enters the circulation and increases
the release of noradrenaline (NA) (Figure 20) (Youdim & Bakhle, 2006). This can
result in the occurrence of a hypertensive crisis and could be fatal (Finberg et al.,
1981).

More recently, reversible inhibitors of MAO, such as moclobemide, were developed
for the treatment of depressive illnesses. These inhibitors have better safety profiles
since they do not precipitate the ‘cheese reaction’. Inhibition of MAO-A may find
application in the management of PD since research has showed that PD patients

often suffer from depression (Slaughter et al., 2001; Leentjies et al., 2011)
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Figure 20 lllustration of the mechanism of the cheese reaction. MAO-A inhibition

results in increased levels of tyramine in the circulation which then
enters the adrenergic neurons. In the adrenergic neurons, tyramine can
increase the release of noradrenaline (NA) and result in hypertensive
crisis.

2.2.2.2 MAO-B inhibitors

MAO-B inhibitors are mainly used as mono-therapy or adjunct therapy to L-dopa in
the treatment of PD. There are currently two MAO-B inhibitors in use, namely
selegiline and rasagiline. Both of these inhibitors are selective, irreversible inhibitors
of MAO-B (Riederer et al.,, 2004). They are mechanism-based inhibitors of MAO-B
and form covalent adducts with the N5 or C(4a) positions of the FAD co-factor.
Rasagiline, for instance, bind covalently to N5 of the FAD co-factor (Figure 21)
(Edmondson et al., 2004).
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Figure 21 Chemical structure of rasagiline covalently bound to FAD

Selegiline undergoes extensive first pass metabolism and has a low bioavailability.
Amphetamine and methamphetamine metabolites are produced during the
metabolism of selegiline (Figure 22) and may result in neurotoxicity, cardiovascular
as well as psychiatric side effects. The possible neuroprotective effects of selegiline
are reduced due to the side effects associated with the metabolites of this drug
(Riederer et al., 2004; Youdim & Bakhle, 2006; Chen et al., 2007). Rasagiline has a
better safety profile compared to selegiline since no amphetamine-like compounds
are produced when rasagiline is metabolized (Zhu et al., 2008). One of the major
metabolites of rasagiline, aminoindan, may indeed have neuroprotective properties
(Figure 22) (Bar-Am et al., 2007). The mechanism of neuroprotection by MAO
inhibitors is unknown, but the reduction of oxidative stress and the prevention of
apoptosis may play a role (Riederer et al., 2004; Youdim & Bakhle, 2006). Other
irreversible inhibitors of MAO-B are the cyclopropylamines (tranylcypromine) and
hydrazines, which are non-selective MAO inhibitors and therefore have limited use in
PD.
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Figure 22 The metabolic pathway of selegiline to yield methamphetamine and
amphetamine as metabolites. The metabolism of rasagiline to
aminoindan by cytochrome P450 (CYP) is also shown.

Safinamide is a selective, reversible inhibitor of MAO-B which also inhibits DA
reuptake. Since safinamide is a reversible inhibitor, it does not interact covalently
with the FAD co-factor and enzyme recovery after withdrawal is almost immediate.
Safinamide binds in an extended conformation within the active site of MAO-B with
the primary amide moiety oriented towards the FAD co-factor (Fernandez & Chen,
2007; Binda et al., 2007).

2.2.3 MAO active sites and rational inhibitor design

MAO-A and —-B have different substrate and inhibitor specificities, since the
structures of their active site cavities are different. By gaining a better understanding
of each of these active sites (MAO-A and —B), a rational approach can be employed

in the design of specific inhibitors for these enzymes.

2.2.3.1 MAO-B

The crystal structure of human MAO-B was initially solved to a resolution of 3 A
which made it possible to predict and explain the behaviour of specific inhibitors
within the active site of MAO-B. The crystal structure can be used to design new
inhibitors of MAO-B (Binda et al., 2002b).

It was found that MAO-B consists of 520 amino acids and naturally occurs as a

dimer, bound to the outer mitochondrial membrane. The enzyme attaches itself to the
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mitochondria by a transmembrane a-helix at the C-terminal of MAO. The C-terminal
consists of 32 amino acids and is hydrophobic in nature. It protrudes perpendicularly
into the phospholipid bilayer of the mitochondrial membrane where it anchors the
enzyme (Binda et al., 2002b; Edmondson et al., 2004). There are two theories
concerning the conformation of the C-terminal within the mitochondrial membrane.
One theory suggests that the C-terminal traverses the membrane with 5 amino acids
protruding on the other side. The other hypothesis proposes that the C-terminal folds
within the membrane so that the end of the helix protrudes on the same side as the
enzyme (Figure 23) (Binda et al., 2004). The anchoring of the C-terminal into the
mitochondrial membrane might be crucial for MAO catalytic activity. The substrate
cavity faces the membrane surface and has a hydrophobic region near the C-
terminal which may assist in membrane binding and the stabilization of the enzyme.
Residues 99 — 112 forms a loop which acts as a gate to the active site. This loop is
believed to be partly embedded in the membrane which may control its function as a
gate to the active site. The mitochondrial membrane is anionic and possibly
concentrates the positively charged amine substrates near the active site entrance
(Binda et al., 2002b; Edmondson et al., 2004; Binda et al., 2004).

\ ]
520 520

Figure 23 The two proposed conformations of C-terminal anchorage of
MAO-B within the mitochondrial membrane. The first panel
shows the C-terminal folding on itself to protrude on the same
side as the enzyme. The second panel shows the suggestion that
the C-terminal traverses the membrane to protrude on the other
side (Binda et al., 2004).
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The active site of MAO-B consists of two cavities (Figure 24a). Both of these cavities,
the substrate and entrance cavities, are hydrophobic in nature. The substrate cavity
appears to be flat in comparison to the smaller entrance cavity. The two cavities are
separated by residues Lue 171, lle 199 and Tyr 326. Rotation of the side chain of lle
199 can either fuse the two cavities or separate them, allowing this residue to act as
a gate between the cavities (Figure 24b). When smaller substrates or inhibitors bind
to the substrate cavity of MAO-B, lle 199 is in a ‘closed’ conformation. In the case of
larger inhibitors that traverse both cavities, lle 199 is in an ‘open’ conformation (Binda
et al., 2002b; Binda et al., 2003).

Within the substrate cavity, the FAD co-factor is situated to the back of the cavity
flanked by the residues Tyr 398 and Tyr 435 to form an aromatic cage (Figure 24b).
The aromatic cage is more hydrophilic in nature and plays a role in the orientation
and recognition of amine groups (Binda et al., 2002b; Li et al., 2006).

One of the unique features of MAO is the fact that the isoalloxazine moiety of the
FAD, in its oxidized form, is bent and twisted, not planar. This twisted form may
possibly assist the FAD co-factor in substrate binding by allowing the N5 and C(4a)
positions to exhibit more sp® character. The N5 position can thus act as a better
nucleophile while the C(4a) position act as a better nucleophile target (Li et al.,
2006). Another feature is the cis conformation of the peptide bond of the FAD-linking
cysteinyl residue (Cys 397-Tyr 398). The cis conformation is energetically much more
unfavourable than the trans conformation but it allows the phenolic ring of Tyr 398 to
be perpendicular to the flavin ring and thus form the aromatic cage which plays a
critical role in substrate recognition and orientation (Binda et al., 2003; Edmondson et
al., 2004).
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FAD

Substrate cavity

Entrance cavity

TYR-3

Figure 24 a) An illustration of MAO-B. The transmembrane helix is pointed
downward with the entrance and substrate cavities indicated in red.
The FAD co-factor is situated to the back of the substrate cavity
and is indicated in yellow. b) The active site cavity of MAO-B. The
two cavities are fused with lle 199 in an ‘open’ conformation. Tyr
435 and Tyr 398 form the aromatic cage (Binda et al., 2007).
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2.2.3.2 MAO-A

The crystal structure of human MAO-A, co-crystallized with harmine, has been solved
to a resolution of 2.17 A (Son et al., 2008). It was found that MAO-A and MAO-B are
very similar in their structures, in fact the catalytic regions of these two isoforms,
containing the FAD co-factor and the aromatic cage are almost identical. This implies
the same catalytic mechanism for the two isoforms. Another feature similar to that of
MAO-B is the transmembrane helix that anchors the enzyme to the outer
mitochondrial membrane (Figure 25a) (De Colibus et al., 2005). It appears that
transmembrane anchorage also play a critical role in the catalytic activity of MAO-A,
the same as with MAO-B (Son et al., 2008). There are 16 major residues in the active
site cavities of MAO-A and —B, of which 6 MAO-A residues differ from that found in
the active site of MAO-B (Son et al., 2008).

A unique feature of MAO-A is that this enzyme, unlike MAO-B, naturally occurs as a
monomer (Figure 25a). The active site cavity of MAO-A is shaped by residues 210 —
216 which forms a loop that distinguishes the perimeter of the cavity and stretches
from the entrance to the FAD co-factor at the back. Compared to MAO-B, the active
site cavity of MAO-A is shorter, wider and much smaller (Figure 25b). This cavity is
also hydrophobic in nature with a hydrophilic pocket in front of the FAD in the
aromatic cage. The difference in active site residues between MAO-A and MAO-B
may contribute to the different substrate and inhibitor specificities of the two isoforms.
For example, the residue Phe 208 in MAO-A is in the homologues position to residue
lle 199 in MAO-B. In MAO-B lle 199 is able to rotate out of the way of larger
inhibitors, such as safinamide, in order to fuse the two cavities of the active site. Phe
208 on the other hand is a much larger residue and is not able to rotate to
accommodate larger inhibitors. MAO-A also has residue lle 335 in the place of Tyr
326 in MAO-B. Where lle 335 would allow the binding of certain inhibitors, such as
clorgyline, within MAO-A, the residue Tyr 326 may restrict such binding within MAO-
B (De Colibus et al., 2005; Son et al., 2008).
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Figure 25

FAD co-factor

Active site cavity

Transmembrane helix

Loop, 210 - 216

a) The overall structure of the human MAO-A monomer. The FAD
co-factor is situated to the back of the single active site cavity. b) An
illustration of the active site cavity of MAO-A. FAD is indicated in
yellow at the bottom with Tyr 407 and Tyr 444 forming the aromatic
cage. Loop 210 — 216 define the outer perimeter of the active site
(Son et al.,2008).
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2.2.3.3 Rational inhibitor design

Considering the differences of the active site cavities of MAO-A and —B, different
structural properties are required for compounds to act as inhibitors of the respective
enzymes. Thus, the shape, size and composition of the active site cavity determines

the structure of the inhibitor.

The larger, bipartite active site cavity of MAO-B is able to accommodate larger
molecules, since lle 199 can rotate to fuse the two cavities. This mode of binding,
with the inhibitor traversing both entrance and substrate cavities, may be an
important determinant of selective MAO-B inhibition (Hubalek et al., 2005). Since the
active site cavity of MAO-A is much smaller and Phe 208 restricts the binding of
larger inhibitors, smaller molecules are more suited for the MAO-A active site. For
example, safinamide, that traverses both the entrance and the substrate cavity, is a
selective MAO-B inhibitor. Safinamide would not be able to bind within the smaller
active site cavity of MAO-A, since unfavourable interactions with Phe 208 may occur
(Figure 26) (Binda et al., 2007; Son et al., 2008). Harmine, on the other hand, is a
selective MAO-A inhibitor and binds easily within the smaller active site cavity of
MAO-A with lle 335 oriented to accommodate this molecule (Son et al., 2008). Within
the active site of MAO-B, however, harmine might undergo unfavourable interactions

with Tyr 326 which is in the homologues position to lle 335 (Figure 26).
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Figure 26 Overlays of the MAO-A active site on that of MAO-B. The identifiers
of the residues for MAO-A are indicated in parenthesis. a) The
orientation of safinamide within MAO-B (Binda et al.,, 2007).
Safinamide traverses both the entrance and active site cavities of
MAO-B with the side chain of lle 199 in an open conformation. The
same orientation of safinamide would not be possible within MAO-A
since the inhibitor would overlap with Phe 208 as indicated. b) The
orientation of harmine within MAO-A (Son et al., 2008). The same
orientation of harmine within MAO-B may result in unfavourable
interactions with the phenolic ring of Tyr 326.

It has been shown that larger inhibitors, which possess a high to moderate degree of
flexibility, may bind within the smaller active site of MAO-A. Although not considered
to be the optimal binding mode, larger inhibitors may bind in a folded conformation in
the MAO-A active site, thus avoiding unfavourable interactions with the MAO-A active
site residues (Van der Walt et al., 2009; Strydom et al., 2010). Since the cavities of
both isoforms are lipophilic in nature, the binding of lipophilic compounds will be
favoured (De Colibus et al., 2005; Binda et al., 2002Db).

As mentioned earlier, there may be merit in developing non-selective inhibitors of
MAO. Non-selective inhibition has the possible advantage of anti-depressive action
via MAO-A inhibition in addition to the antiparkinsonian effects of MAO-B inhibition
(Slaughter et al., 2001; Leentjies et al., 2011). Since DA is a substrate for both MAO-

A and -B, non-selective inhibition of MAO may further increase DA levels (Kalaria et
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al.,, 1988; Fowler et al., 1980). In order to develop non-selective inhibitors, the
differences in the active sites of the two isoforms have to be considered. The
required inhibitor would need the necessary flexibility to orient itself optimally within
both enzymes. For example, 8-benzyloxycaffeine is a potent inhibitor of MAO-B with
activity towards MAO-A. 8-Benzyloxycaffeine consists of a caffeine moiety which
binds within the substrate cavity in front of the FAD co-factor and a benzyloxy side
chain which extends into the entrance cavity of MAO-B. In order to allow this
extended binding conformation, lle 199 undergoes a rotation of its side chain to fuse
the two cavities. Within MAO-A the benzyloxy side chain undergoes a considerable
conformational change to allow binding of 8-benzyloxycaffeine within the smaller
active site cavity of MAO-A and avoid overlapping with active site residues. In fact,
the benzyloxy side chain bends at the ether oxygen bond by about 34 degrees
(Figure 27). Therefore the benzyloxy moiety can be considered as a suitable
substituent to enhance the non-selective character of an inhibitor by increasing the
conformational freedom of a molecule (Van der Walt et al., 2009; Strydom et al.,
2010).

Orientation in MAQ-A
R
: S

QOrientation in MAO-B

Figure 27 The orientation of 8-benzyloxycaffeine within MAO-B superimposed
on the orientation within MAO-A. The benzyloxy side chain is bent
at an angle of about 34° at the ether oxygen linkage. This flexible
mode of binding enables 8-benzyloxycaffeine to act as an inhibitor
of both MAO-A and —B (Strydom et al., 2010).

2.3 Conclusion

This chapter discussed the pathology, etiology and treatment of PD. MAO inhibitors
are of particular interest and the mechanism for symptomatic and neuroprotective
effects of these compounds were discussed. The protein structure and active site
cavities of MAO-A and —B were investigated to facilitate in rational inhibitor design for

these target enzymes.

39



Chapter 2 Literature overview

References

Adler, C.H., Stern, M.B., Vernon, G. & Hurtig, H.l. (1997) Amantadine in advanced
Parkinson’s disease: good use of an old drug. Journal of Neurology, 244: 336-
337.

Bar-Am, O., Amit, T. & Youdim, M.B.H. (2007) Aminoindan and hydroxyaminoindan,
metabolites of rasagiline and ladostigil, respectively, exert neuroprotective

properties in vitro. Journal of Neurochemistry, 103: 500-508.

Bennett, J.P. & Piercey, M.F. (1999) Pramipexole — a new dopamine agonist for the
treatment of Parkinson’s disease. Journal of the Neurological Sciences, 163:
25-31.

Binda, C., Hubalek, F., Li, M., Herzig, Y., Sterling, J., Edmondson, D.E. & Mattevi, A.
(2004) Crystal structures of monoamine oxidase B in complex with four
inhibitors of the N-propargylaminoindan class. Journal of Medicinal Chemistry,
47:1767-1774.

Binda, C., Li, M., Hubalek, F., Restelli, N., Edmondson, D.E. & Mattevi, A. (2003)
Insights into the mode of inhibition of human mitochondrial monoamine oxidase
B from high-resolution crystal structures. Proceedings of the National Academy
of Sciences of the United States of America, 100: 9750-9755.

Binda, C., Mattevi, A., & Edmondson, D.E. (2002a) Structure-function relationships in
flavoenzyme-dependent amine oxidations: a comparison of polyamine oxidase

and monoamine oxidase. Journal of Biological Chemistry, 277: 23973-23976.

Binda, C., Newton-Vinson, P., Hubalek, F., Edmondson, D.E. & Mattevi, A. (2002b)
Structure of human monoamine oxidase B, a drug target for the treatment of

neurological disorders. Nature Structural Biology, 9: 22-26.

Binda, C., Wang, J., Pisani, L., Caccia, C., Carotti, A., Salvati, P., Edmonson, D.E. &
Mattevi, A. (2007) Structures of human monoamine oxidase B complexes with
selective noncovalent inhibitors: safinamide and coumarin analogues. Journal
of Medicinal Chemistry, 50: 5848-5852.

40



Chapter 2 Literature overview

Blum, D., Torch, S., Lambeng, N., Nissou, M., Benabid, A., Sadoul, R. & Verna, J.
(2001) Molecular pathways involved in the neurotoxicity of 6-OHDA, dopamine
and MPTP: contribution to the apoptotic theory in Parkinson's disease.
Progress in Neurobiology, 65: 135-172.

Bové, J. & Perier, C. (2012) Neurotoxin-based models of Parkinson’'s disease.
Neuroscience, 211: 51-76.

Bové, J., Prou, D., Perier, C. & Przedborski, S. (2005) Toxin-induced models of
Parkinson's disease. The Journal of the American Society for Experimental
Neurotherapeutics, 2: 484-494.

Chen, J.J., Swope, D.M. & Dashtipour, K. (2007) Comprehensive review of
rasagiline, a second-generation monoamine oxidase inhibitor, for the treatment

of Parkinson’s disease. Clinical Therapeutics, 29: 1825-1849.

Cummings, C.J., Reinstein, E., Sun, Y., Antalffy, B., Jiang, Y., Ciechanover, A., Orr,
H.T., Beaudet, A.L. & Zoghbi, H.Y. (1999) Mutation of the E6-AP ubiquitin
ligase reduces nuclear inclusion frequency while accelerating polyglutamine-
induced pathology in SCA1 mice. Neuron, 24: 879-892.

Dauer, W. & Przedborski, S. (2003) Parkinson's disease: mechanisms and models.
Neuron, 39: 889-909.

De Colibus, L., Li, M., Binda, C., Lustig, A., Edmondson, D.E. & Mattevi, A. (2005)
Three-dimensional structure of human monoamine oxidase A (MAO-A):
Relation to the structures of rat MAO-A and human MAO-B. The National
Academy of Sciences of the United States of America, 102: 12684-12689.

Dexter, D.T., Wells, F.R., Lees, A.J., Agid, F., Agid, Y., Jenner, P. & Marsden, C.D.
(1989) Increased nigral iron content and alterations in other metal ions
occurring in brain in Parkinson’s disease. Journal of Neurochemistry, 52: 1830-
1836.

Drechsel, D.A. & Patel, M. (2008) Role of reactive oxygen species in the
neurotoxicity of environmental agents implicated in Parkinson’s disease. Free
Radical Biology and Medicine, 44: 1873-1886.

41



Chapter 2 Literature overview

Edmondson, D.E., Mattevi, A., Binda, C., Li, M. & Hubdalek, F. (2004) Structure and
mechanism of monoamine oxidase. Current Medicinal Chemistry, 11: 1983-
1993.

Elbaz, A. & Tranchant, C. (2007) Epidemiologic studies of environmental exposures

in Parkinson's disease. Journal of the Neurological Sciences, 262: 37-44.

Fernandez, H.H. & Chen, J.J. (2007) Monoamine oxidase-B inhibition in the

treatment of Parkinson's disease. Pharmacotherapy, 27: 174S-185S.

Finberg, J.P.M., Tenne, M. & Youdim, M.B.H. (1981) Tyramine antagonistic
properties of AGN 1135, an irreversible inhibitor of monoamine oxidase type B.

Brittish Journal of Pharmacology, 73: 65-74.

Fitzpatrick, P.F. (2010) Oxidation of amines by flavoproteins. Archives of
Biochemistry and Biophysics, 493: 13-25.

Fowler, C.J., Wiberg, A., Oreland, L. & Winblad, B. (1980) Titration of human brain

type-B monoamine oxidase. Neurochemical Research, 5: 697-708.

Giasson, B.l. & Duda, J.E. (2000) Oxidative damage linked to neurodegeneration by
selective alpha-synuclein nitration in synucleinopathy lesions. Science, 290:
985-989.

Grinblatt, E., Mandel, S., Jacob-Hirsch, J., Zeligson, S., Amariglo, N., Rechavi, G.,
Li, J., Ravid, R., Roggendorf, W., Riederer, P. & Youdim, M.B.H. (2004) Gene
expression profiling of parkinsonian substantia nigra pars compacta; alterations
in ubiquitin-proteasome, heat shock protein, iron and oxidative stress regulated
proteins, cell adhesion/cellular matrix and vesicle trafficking genes. Journal of
Neural Transmission, 111: 1543-1573.

Guttman, M., Kish, S.J. & Furukawa, Y. (2003) Current concepts in the diagnosis and
management of Parkinson's disease. Canadian Medical Association Journal,
168: 293-301.

Hickey, P. & Stacy, M. (2012) Adenosine A,a antagonists in Parkinson’s disease:

what's next? Current Neurology & Neuroscience Reports, 12: 376-385.

42



Chapter 2 Literature overview

Holloway, R.G. (2004) Pramipexole vs levodopa as initial treatment for Parkinson’s
disease: a 4-year randomized controlled trial. Archives of Neurology, 61: 1044-
1063.

Hornykiewicz, O. (2002) L-dopa: from a biologically inactive amino acid to a

successful therapeutic agent. Amino Acids, 23: 65-70.

Hubdlek, F., Binda, C., Khalil, A., Li, M., Mattevi, A., Castagnoli, N. & Edmondson,
D.E. (2005) Demonstration of isoleucine 199 as a structural determinant for the
selective inhibition of human monoamine oxidase B by specific reversable
inhibitors. Journal of Biological Chemistry, 280: 15761-5766.

Jankovic, J. (2008) Parkinson’s disease: clinical features and diagnosis. Journal of

Neurology, Neurosurgery and Psychiatry, 79: 368-376.

Kalaria, R.N., Mitchell, M.J. & Harik, S.I. ( 1988) Monoamine oxidases of the brain
and liver. Brain, 111: 1441-1451.

Leentjies, A.F.G., Dujardin, K., Marsh, L., Martinez-Martin, P., Richard, I.LH. &
Starkstein, S.E. (2011) Symptomatology and markers of anxiety disorders in
Parkinson’s disease: a cross-sectional study. Movement Disorders, 26: 484-
492,

Lees, A. (2005) Alternatives to levodopa in the initial treatment of early Parkinson's
disease. Drugs & Aging, 22: 731-740.

Leroy, E., Boyer, R., Auburger, G., Leube, B., Ulm, G., Mezey, E., Harta, G.,
Brownstein, M.J., Jonnalagada, S., Chernova, T., Dehejia, A., Lavedan, C.,
Gasser, T., Steinbach, P.J., Wilkinson, K. & Polymeropoulos, M.H. (1998) The
ubiquitine pathway in Parkinson's disease. Nature, 395: 451-452.

Li, M., Binda, C., Mattevi, A. & Edmondson, D.E. (2006) Functional role of the
“aromatic cage” in human monoamine oxidase B: structures and catalytic

properties of Tyr435 mutant proteins. Biochemistry, 45: 4775-4784.

Mizuno, Y., Hattori, N., Kubo, S., Sato, S., Nishioka, K., Hatano, T., Tomiyama, H.,
Funayama, M., Machida, Y. & Mochizuki, H. (2008) Progress in the

43



Chapter 2 Literature overview

pathogenises and genetics of Parkinson’s disease. Philosophical Transactions
of the Roayal Society of London B-Biological Sciences, 363: 2215-2227.

Morelli, M., Blandini, F., Simola, N. & Hauser, R.A. (2012) A, receptor antagonism
and dyskinesia in Parkinson’s disease. Parkinson’s Disease, 2012: art. no.
489853.

Nagatsu, T. (2004) Progress in monoamine oxidase (MAO) research in relation to

genetic engineering. Neurotoxicology, 25: 197-217.

Nicotra, A., Pierucci, F., Parvez, H. & Senatori, O. (2004) Monoamine oxidase

expression during development and aging. Neurotoxicology, 25: 155-165.

Olanow, C.W. & Jankovic, J. (2005) Neuroprotective therapy in Parkinson’s disease
and motor complications: a search for a pathogenesis-targeted, disease-

modifying strategy. Movement Disorders, 20: S3-S10.

Polymeropoulos, M.H., Lavedan, C., Leroy, E., Ide, S.E., Dehejia, A., Dutra, A., Pike,
B., Root, H., Rubenstein, J., Boyer, R., Stenroos, E.S., Chandrasekharappa,
S., Athanassiadou, A., Papapetropoulos, T., Hohnson, W.G., Lazzarini, A.M.,
Duvoisin, R.C., Di lorio, G., Golbe, L.l. & Nussbaum, R.L. (1997) Mutation in
the a-synuclein gene indentified in families with Parkinson's disease. Science,
276: 2045-2047.

Prediger, R.D.S. (2010) Effects of caffeine in Parkinson’s disease: from
neuroprotection to the management of motor and non-motor symptoms. Journal
of Alzheimer’s Disease, 20: S205-S220.

Przedborski, S., Levivier, M., Jiang, H., Ferreira, M., Jackson-Lewis, V., Donaldson,
D. & Togasaki, D.M. (1995) Dose-dependant lesions of the dopaminergic
nigrostriatal pathway induced by intrastriatal injection of 6-hydroxydopamine.
Neuroscience, 67: 631-647.

Przedborski, S., Tieu, K., Perier, C. & Vila, M. (2004) MPTP as a mitochondrial
neurotoxic model of Parkinson’s disease. Journal of Bioenergetics and
Biomembranes, 36: 375-379.

44



Chapter 2 Literature overview

Rao, S.S., Hofmann, L.A. & Shakil, A. (2006) Parkinson’s disease: diagnosis and
treatment. American Family Physician, 74: 2046-2054.

Rezak, M. (2007) Current Pharmacotherapeutic treatment options in Parkinson’s
disease. Disease-a-Month, 53: 214-222.

Riederer, P., Danielczyk, W. & Grinblatt, E. (2004) Monoamine oxidase-B inhibition

in Alzheimer's disease. Neurotoxicology, 25: 271-277.

Saura, J., Andrés, N., Andrade, C., Ojuel, J., Eriksson, K. & Mahy, N. (1997) Biphasic
and region-specific MAO-B response to aging in normal human brain.
Neurobiology of Aging, 18: 497-507.

Schuler, F. & Casida, J.E. (2001) The insecticide target in the PSST subunit of
complex I. Pest Management Science, 57: 932-940.

Schwab, R.S., Poskanzer, D.C., England, A.C. & Young, R.R. (1972) Amantadine in
Parkinson’s disease: review of more than two years’ experience. The Journal of
the American Medical Association, 222: 792-795.

Schwarzschild, M.A., Agnati, L., Fuxe, K., Chen, J. & Morelli, M. (2006) Targeting
adenosine A,a receptors in Parkinson’s disease. Trends in Neuroscience, 29:
647-654.

Sherman, M.Y. & Goldberg, A.L. (2001) Cellular defences against unfolded proteins:

a cell biologist thinks about neurodegenerative diseases. Neuron, 29: 15-32.

Sian, J., Dexter, D.T., Lees, A.J., Daniel, S., Agid, Y., Javoy-Agid, Y., Jenner, P. &
Marsden C.D. (1994) Alterations in glutathione levels in Parkinson’s disease
and other neurodegenerative disorders affecting basal ganglia. Annals of
Neurology, 36: 348-355.

Silverman, R. (1995) Radical ideas about monoamine oxidase B. Accounts of
Chemical Research, 28: 335-342.

Slaughter, J.R., Slaughter, K.A., Nichols, D., Holmes, S.E. & Martens, M.P. (2001)

Prevalence, clinical manifestations, etiology, and treatmentof depression in

45



Chapter 2 Literature overview

Parkinson’s disease. Journal of Neuropsychiatry and Clinical Neurosciences,
13:187-196.

Slivka, A. & Cohen, G. (1985) Hydroxyl radical attack on dopamine. The Journal of
Biological Chemistry, 260: 15466-15472.

Smeyne, R. & Jackson-Lewis, V. (2005) The MPTP model of Parkinson's disease.
Molecular Brain Research, 134: 57-66.

Smith, L.L. (1988) The toxicity of paraquat. Adverse Drug Reactions and Acute

Poisoning Review, 7: 1-17.

Son, S., Ma, J., Kondou, Y., Yoshimura, M., Yamashita, E. & Tsukihara, T. (2008)
Structure of human monoamine oxidase A at 2.2-A resolution: The control of
opening the entry for substrates/inhibitors. The National Academy of Sciences
of the United Stated of America, 105: 5739-5744.

Soto-Otero, R., Méndez-Alvarez, E., Hermida-Ameijeiras, A., Mufioz-Patifio, A. &
Labandeira-Garcia, J. (2000) Autoxidation and neurotoxicity of 6-
hydroxydopamine in the presence of some antioxidants: potential implication in
relation to the pathogenesis of Parkinson’s disease. Journal of Neurochemistry,
74:1605-1612.

Spillantini, M.G., Schmidt, M.L., Lee, V.M., Trojanowski, J.Q., Jakes, R. & Goedert,
M. (1997) A-Synuclein in Lewy bodies. Nature, 388: 839-840.

Strydom, B., Malan, S.F., Castagnoli, N., Bergh, J.J. & Petzer, J.P. (2010) Inhibition
of monoamine oxidase by 8-benzyloxycaffeine analogues. Bioorganic &
Medicinal Chemistry, 18: 1018-1028.

Tanner, C.M., Kamel, F., Ross, G.W., Hoppin, J.A., Goldman, S.M., Korell, M.,
Marras, C., Bhudhikanok, G.S., Kasten, M., Chade, A.R., Comyns, K.,
Richards, M.B., Meng, C., Priestley, B., Fernandez, H.H., Cambi, F., Umbach,
D.M., Blair, A.,Sandler, D.P. & Langston, J.W. (2011) Rotenone, paraquat, and

Parkinson’s disease. Environmental Health Perspectives, 119: 866-872.

46



Chapter 2 Literature overview

Tipton, K.F., Boyce, S., O’'Sullivan, J., Davey, G.P. & Healy, J. (2004) Monoamine
oxidase: certainties and uncertainties. Current Medicinal Chemistry, 11: 1965-
1982.

uhl, G.R., Walther, D., Mash, D., Faucheux, B. & Javoy-Agid, F. (1994) Dopamine
transporter messenger RNA in Parkinson’s disease and control substantia

nigra neurons. Annals of Neurology, 35: 494-498.

Ungerstedt, U. (1968) 6-Hydroxy-dopamine induced degeneration of central

monoamine neurons. European Journal of Pharmacology, 5: 107-110.

Uversky, V.N., Li, J. & Fink, A.L. (2001) Pesticides directly accelerate the rate of a-
synuclein fibril formation: a possible factor in Parkinson’s disease. Federation

of European Biochemical Societies Letters, 500: 105-108.

Van der Walt, E.M., Milczek, E.M., Malan, S.F., Edmondson, D.E., Castagnoli, N.,
Bergh, J.J. & Petzer, J.P. (2009) Inhibition of monoamine oxidase by (E)-
styrylisatin analogues. Bioorganic & Medicinal Chemistry Letters, 19: 2509-
2513.

Wang, A., Costello, S., Cockburn, M., Zhang, X., Bronstein, J. & Ritz, B. (2011)
Parkinson’s disease risk from ambient exposure to pesticides. European
Journal of Epidemiology, 26: 547-555.

Warrick, J.M., Chan, E.H.Y., Gray-Board, G.L., Paulson, H.L. & Bonini, N.M. (1999)
Suppression of polyglutamine-mediated neurodegeneration in Drosophila by
the molecular chaperone HSP70. Nature Genetics, 23: 425-428.

Wilkinson, K. (2000) Ubiquitination and deubiquitination: targeting of proteins for
degradation by the proteasome. Seminars in Cell & Developmental Biology, 11:
141-148.

Yamada, M. & Yasuhara, H. (2004) Clinical Pharmacology of MAO inhibitors: safety
and future. Neurotoxicology, 25: 215-221.

Youdim, M.B.H. & Bakhle, Y.S. (2006) Monoamine oxidase: isoforms and inhibitors in
Parkinson's disease and depressive illness. British Journal of Pharmacology,
147: S287-S296.

47



Chapter 2 Literature overview

Youdim, M.B.H., Edmondson, D.E. & Tipton, K.F. (2006) The therapeutic potential of

monoamine oxidase inhibitors. Nature Reviews. Neuroscience, 7: 295-309.

Zang, L. & Misra, H. (1993) Generation of reactive oxygen species during the
monoamine oxidase-catalyzed oxidation of the neurotoxicant, 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine. The Journal of Biological Chemistry, 266:
16504-16512.

Zhou, G., Miura, Y., Shoji, H., Yamada, S. & Matsuishi, T. (2001) Platelet monoamine
oxidase B and plasma B-phenylethylamine in Parkinson’s disease. Journal of

Neurology, Neurosurgery and Psychiatry, 70: 229-231.

Zhu, W., Xie, W., Pan, T., Jankovic, J., Li, J., Youdim, M.B.H. & Le, W. (2008)
Comparison of neuroprotective and neurorestorative capabilities of rasagiline
and selegiline against lactacystin-induced nigrostriatal dopaminergic

degeneration. Journal of Neurochemistry, 105: 1970-1978.

48



