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ABSTRACT 

Parkinson’s disease (PD) is the second most common neurodegenerative disease after 

Alzheimer’s disease, and it is estimated to affect approximately 1% of the population over the 

age of 65. PD is characterised by non-motor and motor symptoms such as resting tremor, 

bradykinesia and muscle rigidity, which are a result of neuronal dopamine deficiency due to the 

progressive loss of the dopaminergic pathway that leads from the substantia nigra pars 

compacta (SNpc) to the striatum. Non-motor symptoms of PD include sleep disturbances, 

depression and anxiety. 

There is presently no cure for PD, and the present treatment can neither reverse nor stop the 

disease progression. However, PD can be treated symptomatically with a variety of therapies 

which include L-dopa, dopamine agonists, aromatic L-amino acid decarboxylase (AADC) 

inhibitors, catechol-O-methyltransferase (COMT) inhibitors and monoamine oxidase (MAO) B 

inhibitors. L-dopa has been the mainstay of PD treatment for over 30 years, and it remains the 

most effective treatment to date. However, L-dopa should be combined with a peripheral AADC 

inhibitor to ensure its neuronal bioavailability and to avoid its peripheral side-effects. MAO-B 

inhibitors have also been found effective in PD treatment because they enhance brain 

dopamine levels in PD, and thus alleviate the symptoms. 

The MAO-A and MAO-B enzymes are mitochondrial outer membrane-bound flavoproteins that 

catalyse the oxidative deamination of monoamine neurotransmitters dopamine, norepinephrine 

and epinephrine. The MAOs are differently distributed in the body, with MAO-A dominating in 

the intestines, heart and placenta, while MAO-B dominates in the brain, glial cells in the brain 

and liver. Oxidation of dopamine by MAO generates hydrogen peroxide and aldehyde 

derivatives, by-products which are potentially neurotoxic. MAO-B inhibitors increase brain 

dopamine levels and also reduce levels of hydrogen peroxide and aldehyde derivatives in the 

brain, and therefore are neuroprotective in this respect. MAO-A inhibitors are used clinically in 

treatment of depression, while MAO-B inhibitors are used as therapy for PD. Selective and 

reversible MAO inhibitors are more clinically acceptable because they do not cause the side-

effects that are associated with irreversible and non-selective MAO inhibition.  

The aim of the present study was to explore 4(3H)-quinazolinone as a scaffold for design of 

potent and selective MAO-B inhibitors. 

The MAO inhibitory potential of quinazolinones has been illustrated in several studies. A study 

conducted by Bahadur (1982) revealed that quinazolinones can inhibit MAO activity by as much 

as 80%. In their study, Bahadur (1982) discovered that the increase or decrease in MAO 

inhibitory activity of quinazolinones depends on the type of substituent, as well as the position at 

which it is attached. This is in agreement with similar studies carried out by Rastogi et al. (1972) 
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and Lata et al. (1982). A number of studies have been conducted to evaluate quinazolinones as 

potential MAO inhibitors, but none have been done to study the structure-activity relationships 

(SARs) with respect to thiobenzyl and benzyloxy substitution. This study expanded on the SARs 

of MAO inhibition by quinazolinone derivatives to enable the design of novel potent MAO 

inhibitors of this chemical class. Particular attention was given to the benzyloxy and thiobenzyl 

derivatives of 4(3H)-quinazolinone. 

Chemistry: Two series of compounds were synthesised and evaluated as potential MAO 

inhibitors. The thioether (14 compounds), C6 mono- (12 compounds) and N3/C6 disubstituted (9 

compounds) derivatives of 4(3H)-quinazolinone were synthesised using standard chemical 

procedures. The reactants were suspended in either ethanol or N,N-dimethylformamide (DMF) 

in the presence of a base. The products were precipitated with ice-cold water and were 

subsequently dried or recrystallised from appropriate solvents. The structures and purities were 

confirmed by NMR, MS and HPLC. 

MAO inhibition studies: To determine the 50% inhibitory concentration (IC50) values and 

selectivity index (SI), a fluorometric assay was carried out employing recombinant human MAO-

A and MAO-B as enzyme sources, and kynuramine as substrate. The first series consisted of 

14 compounds, 12 of which exhibited good MAO-B inhibition properties, with IC50 values in the 

micromolar to sub-micromolar range. The most potent compound in this series (3k) exhibited an 

IC50 value of 0.142 µM. Interesting trends were observed through the SAR analyses of the 

compounds in this series. For example, meta-halogen substitution of the thioether derivatives 

dramatically increased the inhibitor potencies. A number of derivatives (5 of 21) in the second 

series showed selective inhibition of MAO-B. The disubstituted compounds 2b and 2h are 

notable as the most potent inhibitors in this series with IC50 values of 0.685 µM and 0.847 µM, 

respectively. However, meaningful SARs for MAO inhibition could not be derived because most 

compounds in this series did not inhibit the MAOs. 

The 4(3H)-quinazolinone derivatives were successfully synthesised in this study, and it may be 

concluded that they are potent and selective MAO-B inhibitors, thus promising leads for the 

future design of PD therapies. 

Keywords: Parkinson’s disease, monoamine oxidase, quinazolinone 
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CHAPTER 1  

INTRODUCTION  

1.1 Introduction 

James Parkinson initially described Parkinson’s disease (PD) as involuntary tremulous 

motion, with decreased muscle power at rest (Parkinson, 2002), which diminishes during 

voluntary activity (Rang et al., 2007) and is accompanied by slowness of movement and 

impairment of postural balance with a tendency to bent the trunk forward and to pass from a 

walking to a running pace. The senses and intellect remain unharmed in PD (Parkinson, 

2002). PD is a progressive disorder whose symptoms worsen with time (Roach & Scherer, 

2004), and the symptoms usually begin on one side of the body and gradually spread to the 

other side (Fahn, 2003). 

PD is the second most common age-related neurodegenerative disorder after Alzheimer’s 

disease, and it affects approximately 1% of the population over the age of 65 (Gibrat et al., 

2009). According to Rang et al. (2007) this disease has no known underlying cause, but is 

the result of a deficiency of dopamine (DA) and an excess of acetylcholine (Ach) in the 

central nervous system (CNS) (Roach & Scherer, 2004). Today, PD is characterised by 

resting tremor which decreases with voluntary movement, increased resistance to passive 

movement of the limbs (rigidity), slowness of movement (bradykinesia), reduction in 

movement amplitude (hypokinesia) and absence of normal unconscious movements such as 

arm swing in walking (akinesia) (Dauer & Przedborski, 2003). 

Pathologically, PD is characterised by the progressive loss of dopaminergic neurons 

projecting from the substantia nigra pars compacta (SNpc) to the striatal motor loci (Gibrat et 

al., 2009). Cell loss in the locus ceruleus, dorsal nuclei of the vagus, raphe nuclei, nucleus 

basalis of the Meynert and some other catecholaminergic brain stem structures, including 

the ventral tegmental area, also exist (Lees et al., 2009). According to Vila and Przedborski 

(2004), the presence of intraneuronal inclusions called Lewi bodies (LBs) is one of the 

hallmarks of PD. Susceptible genes such as α-synuclein, leucin rich repeat kinase 2 (LRRK-

2) and glucocerebrocidase (GBA) have shown that genetic predisposition is another 

important causal factor (Lees et al., 2009). 

Age is the major risk factor for PD (Lees et al., 2009). The mean age of onset is 55 years 

(Dauer & Przedborski, 2003), although 10% of people with the disease are younger than 45 

years of age (Lees et al., 2009). The incidence of PD increases significantly with age, from 

200/100 000 overall to 200/10 000 at age 70, and it seems to decrease in the ninth decade 

of life (Dauer & Przedborski, 2003; Lees et al., 2009). There is no apparent genetic cause in 
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about 95% of PD cases, but the disease is inherited in the remaining cases (Dauer & 

Przedborski, 2003). 

1.2 Monoamine oxidase 

Monoamine oxidase (MAO) is an enzyme that is found in all tissues and almost all cells of 

the body, bound to the outer mitochondrial membrane. Its active site contains flavin adenine 

dinucleotide (FAD), which is bound to the cysteine of a –Ser-Gly-Gly-Cys-Tyr– sequence 

(Prisinzano, 2006). MAO catalyses the oxidative deamination of catecholamines such as 

norepinephrine, epinephrine and DA, as well as the monoamines serotonin and histamine, to 

the corresponding aldehyde and free amine, with the generation of hydrogen peroxide 

(H2O2) (Youdim et al., 2006). 

MAO is not a single enzyme, but it exists in two forms, MAO-A and MAO-B (Youdim et al., 

2006). These isoforms are differently distributed in the body. MAO-B is found predominantly 

in the brain and platelets, whereas MAO-A is found predominantly in the intestinal tract. 

MAO-A and MAO-B differ in their substrate preferences, immunological properties, 

molecular weight and anatomical locations, and they are inhibited by different inhibitors 

(Victor & Waters, 2003).  

During development, MAO-A appears before MAO-B, with the level of MAO-B increasing 

greatly in the brain after birth (Youdim et al., 2006). The distribution of the two MAO isoforms 

also differs in the human brain; the highest MAO-A concentrations are in the 

catecholaminergic neurons of the locus ceruleus, whereas the highest MAO-B 

concentrations are in the serotonergic and histaminergic neurons of the raphe and posterior 

hypothalamus (Foley et al., 2000; Youdim et al., 2006). Foley et al. (2000) notes that there 

are high concentrations of both forms of the MAO enzyme in the human basal ganglia. 

Youdim et al. (2006) indicates that MAO in peripheral tissues oxidise amines and prevent 

their entry into the systemic circulation, and thus serve as protective barriers. For example, 

MAO-B in the microvessels of the blood-brain barrier (BBB) metabolises amines thereby 

preventing their entry into the CNS (Youdim et al., 2006; Legoabe et al., 2012a). Another 

example of the protective effect of MAO is found with the “cheese reaction”. Tyramine, an 

indirectly acting sympathomimetic amine which is present in fermented foods, is metabolised 

by intestinal MAO-A. This reduces the amount of tyramine that enters the systemic 

circulation and prevents the tyramine induced release of norepinephrine from peripheral 

neurons known as the “cheese reaction” (Legoabe et al., 2012a). In addition, intraneuronal 

MAO-A and MAO-B in the CNS and peripheral nervous system (PNS) protect neurons from 
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exogenous amines, terminate the actions of amine neurotransmitters, and regulate the 

contents of intracellular amine stores (Youdim et al., 2006). 

Oxidant stress may occur via the formation of H2O2 and oxygen derived free radicals in the 

MAO catalytic cycle (Fahn & Cohen, 1992). Because the substantia nigra is rich in DA, 

which can undergo both enzymatic oxidation via MAO and non-enzymatic autoxidation, H2O2 

and oxyradicals are generated in the midbrain nucleus (Fahn & Cohen, 1992). Oxidant 

stress may cause loss of monoaminergic neurons in patients with PD. Neurotoxins that 

selectively destroy dopaminergic neurons in the nigra, such as 6-hydroxydopamine (6-

OHDA) and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) appear to act by 

generating oxidant stress (Fahn & Cohen, 1992).  

MAO inhibition interrupts the metabolism of catecholamines leading to an increase in 

endogenous and exogenous substrates as well as trace amines (tyramine, tryptamine etc.). 

MAO inhibition thus increases the levels of biogenic amine neurotransmitters (Volz & Gleiter, 

1998). MAO inhibitors are primarily used for the treatment of depression and neurological 

disorders such as PD (Volz & Gleiter, 1998). These inhibitors belong to the earliest drugs 

used in PD, and they have been used for many years alone or in combination with L-dopa, 

the metabolic precursor of DA (Riederer & Laux, 2011). However, earlier use of non-

selective irreversible MAO inhibitors was terminated due to their ability to cause fatal drug-

food interactions (e.g. the “cheese reaction”) (Kumar et al., 2016; Schatzberg & Nemeroff, 

2017). When MAO-A is inhibited in the PNS, tyramine enters the blood stream (Robakis & 

Fahn, 2015) and acts as a false neurotransmitter at nerve terminals, triggering the release of 

norepinephrine which results in hypertensive crisis. 

It is worth noting that selective irreversible MAO inhibitors lose their selectivity at high 

concentrations (Foley et al., 2000). For example, when given at high doses, selegiline, an 

irreversible selective MAO-B inhibitor, also inhibits MAO-A and potentiates the 

sympathomimetic action of tyramine (Youdim & Weinstock, 2004). The development of 

selective MAO inhibitors which are reversible in nature emerged in recent years (Schatzberg 

& Nemeroff, 2017). At normal doses, MAO-B inhibitors do not act on tyramine metabolism in 

the gut, while possessing the ability to increase striatal neuronal responses to DA. Therefore 

MAO-B inhibitors are useful in the treatment of PD (Robakis & Fahn, 2015). Selegiline was 

the first synthesised selective MAO-B inhibitor, and because of its inability to cause the 

cheese reaction (at normal doses), it has served as the benchmark against which new MAO-

B inhibitors are measured (Foley et al., 2000).  
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There is evidence that if MAO-B inhibitors are used in the very early stages of PD, they may 

delay the need to start L-dopa therapy (Youdim & Weinstock, 2004), and delay the onset of 

more severe disability (Rossiter et al., 2012). Based on the clinical utility of MAO inhibitors, 

the discovery of new classes of MAO inhibitors is merited. The current study is focused on 

exploring the quinazolinone scaffold for the design and synthesis of potent reversible MAO 

inhibitors. 

 

Figure 1.1: Some common MAO inhibitors used in the treatment of depression 
and Parkinson’s disease.  

1.3 Rationale 

Quinazolinone is a class of fused heterocycles that are found in approximately 150 naturally 

occurring alkaloids isolated from a number of families of the plant kingdom. Quinazolinones 

are also found in microorganisms and animals (Arora et al., 2011; Rajput & Mishra, 2012; 

Banu et al., 2015). Due to their diverse range of biological properties, synthetic methods 

have been explored to develop quinazoline and quinazolinone derivatives (Khan et al., 

2016). The MAO inhibitory profiles of quinazolinones have previously been reported by 

various researchers (Lata et al., 1982; Gökhan-Kelekçi et al., 2009; Khattab et al., 2015).  
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A study carried out by Khattab et al. (2015) revealed that selected amino acid derivatives of 

quinazolinones (compounds 1, 2 and 3) inhibit MAO competitively, with the majority of tested 

compounds exhibiting selectivity for MAO-A over MAO-B. Compounds with shorter linkers 

between the hydrophobic head and the terminal functional group displayed better inhibition 

activities. This observation was attributed to differing orientations of the inhibitors in the 

binding side and the formation of hydrogen bonds with the MAO-A backbone (Khattab et al., 

2015). A study conducted by Bahadur (1983) revealed that MAO inhibition potency 

increases when quinazolinones are substituted with a phenyl at position 2 and an optimum 

substituent at position 6 and/or position 8. The most potent inhibitors (compounds 4 and 5) 

were substituted with a halogen on C6 and these compounds inhibited MAO to a level of 

more than 80%. This is in agreement with results reported by Rastogi et al. (1972), where 

the introduction of a halogen substituent on position 6 of the quinazolinone nucleus 

enhanced the inhibitor potency. 

Lata et al. (1982) synthesised and screened 16 quinazolinone derivatives as MAO inhibitors 

and discovered that their potencies are dependent on the position of attachment of the 

substituent and on the type of substituent attached. In addition, Srivastava et al. (1980) 

reported that the potency of MAO inhibition increases when quinazolinones are substituted 

with halogens on the C6 and C8 positions of the quinazolinone backbone. In summary, the 

above discussions show that attachment of suitable substituents on the appropriate positions 

of the quinazolinone moiety is a prerequisite for the development of potent MAO inhibitors of 

this class. 
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Figure 1.2: Quinazolinone derivatives found to actively inhibit MAO in previous 
studies (Bahadur, 1983; Khattab et al., 2015). 

Based on these discussions, this study will examine the MAO inhibitory properties of a series 

of 4(3H)-quinazolinone derivatives. A total of 35 compounds will be synthesised, with the first 

series comprising of fourteen different thioether derivatives (3a-m) of 4(3H)-quinazolinone, 

and the second series consisting of twelve C6 mono- (1a-l) and nine N3/C6 di-substituted 

(2a-i) derivatives of 4(3H)-quinazolinone. 

1.4 Hypothesis of this study 

As discussed above, the MAO inhibitory activity of the quinazolinone scaffold has been 

reported in a number of studies. However, the effect of benzyloxy and thiobenzyl substitution 

of the quinazolinone moiety has not yet been explored. Based on the observation that 

benzyloxy substitution enhances the MAO-B inhibition potency and selectivity of heterocyclic 

compounds (Legoabe et al., 2012a; Legoabe et al., 2012b), we predict that benzyloxy 

substituted 4(3H)-quinazolinones will exhibit similar properties. A previous study carried out 

on a structurally similar bicyclic scaffold, coumarin, reported that thiobenzyl substitution of 

the coumarin backbone markedly increases affinity and selectivity for the MAO-B isoenzyme 

(Catto et al., 2006). We envisage that a similar trend will be observed in thioether-containing 

4(3H)-quinazolinone derivatives. It is also hypothesised that further substitution of the phenyl 
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ring with halogen (F, Cl, Br, I) and alkyl (CN, CF3) substituents will significantly enhance the 

inhibition potency of the quinazolinone derivatives. 

1.5 Objectives of this study 

The main aim of this study is to explore 4(3H)-quinazolinone as a scaffold for design of 

potent and selective MAO-B inhibitors. 

The primary objectives of this study are; 

 To design, synthesise and characterise novel quinazolinone derivatives.  

 To evaluate the synthesised compounds as recombinant human MAO-A and MAO-B 

inhibitors by determination of the IC50 values. 

 To determine the reversibility of inhibition by the selected active compounds. The 

recovery of the enzymatic activity after dialysis of enzyme-inhibitor complexes will be 

evaluated. 

 To determine if a selected inhibitor’s mode of inhibition is competitive or non-competitive. 

 To determine the structure-activity relationships of the synthesised compounds as 

inhibitors of the MAO enzymes. 
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Table 1.1: Proposed compounds to be synthesised in this study 
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CHAPTER 2 

LITERATURE OVERVIEW 

2.1 Parkinson’s disease 

2.1.1  General background 

Parkinson’s disease (PD) is a slowly progressive CNS disorder characterised by involuntary 

contraction of skeletal muscles at rest, with a tendency to bend forward and to pass from a 

walking to a running pace (Parkinson, 2002). The major clinical signs and symptoms for 

diagnosis of PD are dyskinesia (slowness and poverty of movement), muscular rigidity, 

resting tremor (which subsides with voluntary movement) and impaired postural movement, 

leading to tendency to fall forward or backwards when the centre of gravity is displaced 

(Bruton et al., 2008). 

The earliest physical signs of PD occur gradually and may be unnoticed for a long time, and 

include slight dragging of one foot, fatigue and stiffness, stooped posture, flexion of one arm 

with lack of swing and poor quality of speech (Lees et al., 2009). As time and disease 

progress, difficulties increase. For example a change in a patient’s writing occurs, with a 

tendency to slope usually in an upward direction, and then get smaller and more cramped 

after a line or two (Parkinson, 2002; Lees et al., 2009). Other symptoms include early loss of 

smell and sleep disturbances (Lees et al., 2009). Lees et al. (2009) indicates that in the late 

stages of PD, the face becomes mask-like and open mouthed with a wide-eyed, unblinking 

stare. All dextrous movements become increasingly difficult and a patient may need help in 

getting out of bed, bathing, dressing and eating (Lees et al., 2009). 

2.1.1.1 Neurochemical and neuropathological features 

The pathological hallmark of PD is loss of pigmented dopaminergic neurons in the SNpc that 

provide dopaminergic innervation to the striatum (caudate and putamen) (Bruton et al., 

2008) and the presence of LBs (Dauer & Przedborski, 2003). LBs are intracytoplasmic 

inclusions that are composed of a variety of proteins such as α-synuclein, parkin, ubiquitin 

and neurofilaments. They can be found in every affected brain region (Przedborski, 2005), 

and they are a result of defective response to oxidative neuronal injury (Tugwell, 2008). 

According to Uhl et al. (1994), the pattern of SNpc cell loss coincides with the level of DA 

transporter (DAT) messenger ribonucleic acid (mRNA) expression, and it is consistent with 

the finding that DA depletion is most pronounced in the dorsolateral putamen.  
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Figure 2.1: Neuropathology of PD (Dauer & Przedborski, 2003). 

The cell bodies of the mesolimbic dopaminergic neurons that reside adjacent to the SNpc in 

the ventral tegmental (VTA) area are less affected in PD (Dauer & Przedborski, 2003). 

Research indicates that there is less depletion of DA in the caudate, the main site of 

projection of these neurons (Dauer & Przedborski, 2003). Cell loss in PD is concentrated in 

the ventrolateral and caudal portions of SNpc, and the degree of terminal loss in the striatum 

is more pronounced than the extent of SNpc dopaminergic neuron loss, suggesting that the 

striatal dopaminergic nerve terminals are the major targets for the degenerative process 

(Dauer & Przedborski, 2003). 

2.1.1.2 Aetiology 

Environmental factors 

Several studies have identified that some environmental influences play an important role in 

the cause of PD (Warner & Schapira, 2003). Rural living is associated with the agricultural 

industry, and as a result it has been identified as one of the factors that increase the risk of 

developing PD. For example, paraquat is structurally similar to the N-methyl-4-phenyl-2,3-

dihydropyridinium ion (MPP+), the active metabolite of MPTP, and it has been used as a 

herbicide (Dauer & Przedborski, 2003). High PD incidence has also been shown in people 

who drink well water (Tugwell, 2008). 
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Genetic factors 

Genetic mutation is one of the causes of PD aetiology. A greater percentage of PD cases is 

not inherited, but it has been estimated that a parent with PD increases the child’s lifetime 

risk of developing the disease from 2% to 6% (Tugwell, 2008). Mutations in the SNpc gene 

are rare and highly penetrant, and they cause early onset autosomal dominant inherited 

forms of PD (Polito et al., 2016). On the other hand, mutations in the LRRK-2 gene are rare 

and have incomplete and age-dependant penetrance. These mutations cause late onset 

autosomal dominant inherited forms of PD (Polito et al., 2016). 

2.1.1.3 Pathogenesis 

The symptoms of PD result from the degeneration of the dopaminergic pathway that projects 

from the substantia nigra to the corpus striatum (Tugwell, 2008). Dauer and Przedborski 

(2003) propose that there are two major hypotheses for the pathogenesis of PD. One 

hypothesis suggests that misfolding and aggregation of proteins are key in the death of 

SNpc dopaminergic neurons, whereas the other hypothesis proposes that mitochondrial 

dysfunction and oxidative stress, including toxic oxidised DA species, are the main cause.  

According to Dauer and Przedborski (2003), available data argues that the mechanism of 

neuronal death in PD starts with a healthy dopaminergic neuron being affected by an 

aetiological factor such as mutant α-synuclein. On the other hand, there may be a cascade 

of deleterious factors within the neuron, that is made up of multiple factors such as free 

radicals, mitochondrial dysfunction, excitotoxicity, neuroinflammation and apoptosis 

(Przedborski, 2005).  

2.1.1.4 Genetics 

According to Lees et al. (2009), several mutations in several genes are linked with L-dopa-

responsive parkinsonism. Six pathogenic mutations in LRRK-2, a kinase encoding the 

protein dardarin, have been reported, and the most common of these is Gly2019Ser with a 

world-wide frequency of 1% in sporadic cases and 4% in patients with hereditary 

parkinsonism (Lees et al., 2009). Lees et al. (2009) suggests that loss-of-function mutations 

in four genes, parkin, DJ-1, phosphatase and tensin homolog (PTEN)-induced putative 

kinase 1 (PINK1) and adenosine triphosphate (ATP) 13A2 cause recessive early onset 

parkinsonism (age of onset < 40 years). Heterozygous loss of function of GBA increases the 

risk of developing PD more than fivefold, thus the risk of developing PD is increased thirteen 

times if one carries a severe GBA mutation, which reduces mean age of disease onset from 

60 to 55 years (Lees et al., 2009). Parkin mutations are the second most common genetic 

causes of L-dopa-responsive parkinsonism (Lees et al., 2009). 
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2.1.2 Symptomatic treatment 

2.1.2.1 L-Dopa  

L-Dopa, the metabolic precursor of DA is the most effective medication for PD and it should 

always be the initial treatment option regardless of the age of the patient (Lees et al., 2009). 

Oral L-dopa is absorbed rapidly from the small intestines and into the CNS through an 

aromatic amino acid membrane transporter, and it competes with dietary protein at this level 

(Bruton et al., 2008). In the CNS, dopa decarboxylase converts L-dopa to DA, mainly within 

the presynaptic terminals of dopaminergic neurons in the striatum (Bruton et al., 2008).  

According to Bruton et al. (2008), L-dopa is primarily decarboxylated in the intestinal mucosa 

and at other peripheral sites so that little of the parent drug reaches the cerebral circulation, 

and probably <1% penetrates the CNS. Therefore L-dopa should not be administered alone, 

but together with a peripherally acting inhibitor of aromatic L-amino acid decarboxylase 

(AADC), that does not penetrate well into the CNS. Bruton et al. (2008) states that inhibition 

of peripheral decarboxylase significantly increases the fraction of administered L-dopa that 

remains unmetabolised and available to cross the BBB, and reduces the incidence of 

nausea and other gastrointestinal (GI) side-effects due to peripheral conversion of the drug 

to DA. 

 

Figure 2.2: Structures of dopamine and L-dopa. 

Although L-dopa is the most effective agent for symptomatic treatment of PD, it loses its 

efficiency with long term use, and the patient’s motor state may fluctuate severely with each 

dose, resulting in the so-called “on/off phenomenon” in which each dose of L-dopa 

effectively improves mobility for a period of time, perhaps 1 to 2 hours, but rigidity and 

akinesia return rapidly at the end of the dosing interval (Bruton et al., 2008). 

2.1.2.2 DA agonists 

DA agonists provide effective relief either as first line therapy or in early PD as an adjunct to 

L-dopa (Fernandez & Chen, 2007). These drugs are a common first-line treatment in 

patients younger than 55 years of age (Lees et al., 2009). According to Bruton et al. (2008), 

most DA receptor agonists have a substantially longer duration of action than L-dopa, and 

they are particularly effective in the treatment of patients that have developed the on/off 
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phenomena. However, DA agonists are less potent than L-dopa and they do not target all 

symptoms of PD (Fernandez & Chen, 2007) .There are four orally administered DA agonists 

available for PD treatment: older ergot agents such as bromocriptine and pergolide, and two 

newer more selective compounds ropinirole and pramipexole (Bruton et al., 2008).  

 

Figure 2.3  Structures of bromocriptine, ropinirole, pramipexole and pergolide. 

Bromocriptine is a D2 receptor agonist and a partial D1 receptor antagonist while pergolide is 

an agonist of both receptor types (Bruton et al., 2008). Ropinirole and pramipexole have 

selective activity at D2 and D3 receptors, with little or no activity at receptors of the D1 class 

(Bruton et al., 2008). Bruton et al. (2008) states that initial treatment with bromocriptine or 

pergolide may cause nausea, fatigue and severe hypotension and should be initiated at a 

lower dose which can gradually be titrated over a period of weeks to months. On the other 

hand, ropinirole and pramipexole can be initiated more quickly, achieving therapeutically 

useful doses in a week or less. In addition to that, non-ergot DA receptor agonists cause 

lesser GI disturbances than ergot derivatives, but they can cause nausea and sleepiness 

(Bruton et al., 2008). 
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Apomorphine 

Apomorphine is a potent DA agonist which stimulates both the D1 and D2 receptors (Tugwell, 

2008; Rossiter et al., 2012). It is administered subcutaneously and has high affinity for D2, 

D3, D5, and adrenergic α1D, α2B and α2C receptors. Apomorphine has low affinity for D1 

receptors (Bruton et al., 2008). Apomorphine has a rapid onset of action and is used as 

“rescue therapy” for the acute treatment of the “off” response to dopaminergic therapy 

(Bruton et al., 2008; Tugwell, 2008; Rossiter et al., 2012). This drug has similar side effects 

to those of oral DA agonists. It is highly emetogenic and requires pre- and post-antiemetic 

therapy, starting 3 days prior to the initial dose of apomorphine, and continued at least 

during the first 2 months of therapy (Bruton et al., 2008). 

 

Figure 2.4: Structure of apomorphine. 

2.1.2.3 Carbidopa and benserazide  

Carbidopa and benserazide are inhibitors of peripheral AADC that do not penetrate well into 

the CNS. AADC is an enzyme that decarboxylates L-dopa, thus decreasing its conversion to 

DA in the peripheral tissues, and resulting in a decrease in its CNS bioavailability (Bruton et 

al., 2008). Inhibition of this enzyme markedly increases the fraction of administered L-dopa 

that remains unmetabolized and available to cross the BBB (Dhall & Kreitzman, 2016). 

Formulations of L-dopa with AADC inhibitors allows administration of lower doses of L-dopa, 

thus reducing peripheral side-effects (Carvey, 2010). 

 

Figure 2.5: Structures of carbidopa and benserazide 
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2.1.2.4 COMT inhibitors 

Catechol-O-methyltransferase (COMT) metabolises L-dopa as well as DA, resulting in the 

pharmacologically inactive compounds 3-O-methyl dopa (from L-dopa) and 3-

methoxytyramine (from DA) (Bruton et al., 2008). COMT inhibitors block this peripheral 

conversion of L-dopa to 3-O-methyl dopa, increasing both plasma half-life (t1/2) of L-dopa as 

well as the fraction that reaches the CNS (Bruton et al., 2008). COMT inhibitors can be used 

adjunctively with L-dopa in late phases of PD, reducing both the “off” time experience, and 

the end-of-dose deterioration (Tugwell, 2008; Rossiter et al., 2012).  

There are two COMT inhibitors currently available for the treatment of PD namely 

entacapone and tolcapone. Entacapone increases bioavailability of L-dopa by inhibiting 

COMT peripherally and does not cross the BBB (Tugwell, 2008). Several studies have 

shown that entacapone reduces motor fluctuations in patients with PD. Tugwell (2008) adds 

that there is a possibility that co-administration of entacapone with L-dopa may delay the 

development of motor fluctuations. 

 

Figure 2.6: Structures of tolcapone and entacapone 

2.1.2.5 MAO-B inhibitors 

MAO-B inhibitors block the B isoform of the MAO enzyme that is found in the human brain 

(Fernandez & Chen, 2007). Selectively inhibiting this enzyme enhances striatal 

dopaminergic activity by inhibiting the oxidative metabolism of DA, thus improving the motor 

symptoms of PD (Fernandez & Chen, 2007). Two drugs, selegiline [(R)-deprenyl] and 

rasagiline, are currently the most used inhibitors of MAO-B (Tugwell, 2008). Selegiline is 

used as an adjunct to L-dopa in the management of PD, whereas rasagiline is used as 

mono- or adjunct therapy (Rossiter et al., 2012).  
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Figure 2.7: Structures of selegiline and rasagiline 

2.1.2.6 Anticholinergic drugs 

Before the discovery of L-dopa, antagonists of muscarinic ACh receptors were widely used 

for treatment of PD (Bruton et al., 2008). Anticholinergics were first used when it was 

discovered that dopaminergic deficiency resulted in increased striatal cholinergic activity and 

a subsequent imbalance between these neurotransmitters (DeMaagd & Philip, 2015). 

Anticholinergic drugs can be used as adjuncts to L-dopa as well as monotherapy early in the 

course of the disease (Brocks, 1999). 

Bruton et al. (2008) suggests that anticholinergic drugs act in the neostriatum through the 

receptors that mediate the response to intrinsic cholinergic innervation. The agents acting as 

muscarinic antagonists that are currently used in treatment of PD include trihexyphenidyl, 

benztropine and diphenhydramine (Bruton et al., 2008). Trihexyphenidyl is a synthetic 

tertiary amine anticholinergic that is used as an adjunct to L-dopa therapy. This drug 

decreases striatal levels of Ach without increasing its turnover rate (Meltzer, 1991). 

Benztropine acts with a similar mechanism to trihexyphenidyl (Meltzer, 1991). 
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Figure 2.8: Structures of trihexyphenidyl, diphenhydramine, and benztropine. 

2.1.2.7 Adenosine A2A receptor antagonists 

Hauser and Schwarzschild (2005) state that specific adenosine A2A receptor antagonists 

reverse motor deficits or enhance dopaminergic treatments in animal models of PD. A2A 

blockade has been found to improve abnormalities of muscle tone and tremors in rodents, 

extending the potential benefits of A2A blockade for PD symptoms. Hauser and 

Schwarzschild (2005) state that co-administration of an A2A receptor antagonist with L-dopa 

produces a synergistic antiparkinsonian effect. A selective adenosine A2A antagonist 

istradefylline remediates PD by blocking A2A receptor-mediated striatopallidal medium spiny 

neuron modulation, thus facilitating nigral neurotransmitter release (Dungo & Deeks, 2013). 

A2A antagonists also have the potential for improving motor activity while showing a low 

potential for inducing or exacerbating dyskinesia. In addition, laboratory studies have raised 

the possibility that prolonged A2A blockade may prevent the development of dyskinesia 

(Hauser & Schwarzschild, 2005). 
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Figure 2.9: Structure of istradefylline (KW-6002) 

2.1.2.8  Amantadine 

Amantadine was originally used as an antiviral drug and its antiparkinson effects were 

discovered in the late 1990s (Tugwell, 2008). Amantadine has anticholinergic properties, but 

more importantly, it can activate DA release from nerve terminals (Fahn, 2003; Bruton et al., 

2008). In addition, amantadine interferes with transmission at glutamatergic N-methyl-D-

aspartate (NMDA) receptors, and in turn inhibits NMDA-evoked release of ACh in striatal 

tissue (Tugwell, 2008). It has been suggested that amantadine may be useful as an adjunct 

to L-dopa. Its glutamate-antagonist properties may reduce overactivity of the subthalamic 

nucleus which may be the cause of dyskinesia, thus reducing the severity of L-dopa-induced 

dyskinesia (Fahn, 2003; Bruton et al., 2008; Tugwell, 2008). 

 

Figure 2.10: Structure of amantadine 

2.1.3  Drugs for neuroprotection 

2.1.3.1  MAO-B inhibitors: Selegiline, lazabemide and L-dopa 

The tocopherol and deprenyl antioxidative therapy of parkinsonism (DATATOP) study 

conducted with selegiline can delay the emergence of disability that require treatment with L-

dopa (Fernandez-Espejo, 2004). In contrast to L-dopa monotherapy, co-administration of 

selegiline with L-dopa prolongs chances of survival and lessens disability (Koller, 1997). 

Clinical trials have led to a hypothesis that chronic selegiline would lessen oxidative stress 

generated from DA turnover, and afford neuroprotection (Koller, 1997; LeWitt & Taylor, 

2008). 

Studies have demonstrated that selegiline limits MPTP-induced nigral damage and reduces 

PC12 cell apoptosis in doses that do not inhibit MAO-B (Koller, 1997). It has been proposed 

that selegiline rescues nigral neurons by inducing selective changes in transcription, protein 

synthesis and alterations in gene expression. Research has also shown that selegiline, in 
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doses that do not inhibit MAO-B, limits free radical formation and prevents nigral damage 

due to direct administration of MPP+ (Koller, 1997). Selegiline may influence the rate of 

neuronal degeneration through mechanisms that are not dependent on MAO-B inhibition 

(Koller, 1997). In addition, treatment with selegiline lowers the risk for eventually developing 

freezing of gait (Koller, 1997). 

 

Figure 2.11: Structure of lazabemide. 

Lazabemide is a selective reversible MAO-B inhibitor and undergoes rapid clearance after 

administration. It has been demonstrated that lazabemide has similar symptomatic effects 

compared to selegiline (LeWitt & Taylor, 2008). Rasagiline, a highly selective MAO-B 

inhibitor, enhances release of DA in addition to retarding its catabolism and antagonises 

three cellular processes that are involved in the cascade of events leading to apoptosis. 

These events are intracellular translocation of glycolytic enzyme glyceraldehyde-3-

phosphate, induction of bcl-2 and activation of mitochondrial permeability transition (LeWitt & 

Taylor, 2008). Rasagiline also blocks actions of N-methyl-R-salsolinol, an endogenous 

neurotoxin that is a condensation product of oxidised DA (LeWitt & Taylor, 2008). 

2.1.3.2 Dopaminergic drugs: Pramipexole, ropinirole and rasagiline 

Studies have shown that initial treatment of PD patients with DA agonists, pramipexole or 

ropinirole, reduces the decline of nigrostriatal function compared to patients on L-dopa alone 

(Fernandez-Espejo, 2004). DA agonists such as pramipexole have been demonstrated to 

exert a direct antioxidant effect and they scavenge hydroxyl radicals as a result of their 

hydroxylated benzyl ring structure, thus rendering them neuroprotective (Fernandez-Espejo, 

2004). DA receptor agonists have been hypothesised as potentially neuroprotective by 

acting at D2 autoreceptors, found in dopaminergic substantia nigra terminals, to supress DA 

release and thus reduce oxidative stress (Yacoubian & Standaert, 2009). According to 

Yacoubian and Standaert (2009) in vitro and animal studies have shown that DA receptor 

agonists reduce dopaminergic cell death. 

Studies with pramipexole have demonstrated potentially protective actions against oxidative 

stress and the neurotoxic effect on dopaminergic neurons of various experimental toxins 

including methamphetamine, 3-acetylpyridine, 6-OHDA and MPTP (LeWitt & Taylor, 2008). 

However, the mechanisms contributing to the protective actions of pramipexole have not 
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been defined, although activation of the D3 receptor agonist was suggested in one study, 

and blocking the cascade of apoptosis in others (LeWitt & Taylor, 2008).  

Ropinirole was shown to enhance mechanisms against oxidative stress and exerts 

protective action against 6-OHDA-induced loss of nigrostriatal dopaminergic projections in 

mice (LeWitt & Taylor, 2008).  

2.1.3.3 Antioxidant therapy 

Studies have shown that selegiline significantly delays the time of onset of L-dopa treatment 

(Yacoubian & Standaert, 2009). On the other hand, rasagiline is more potent than selegiline 

and has metabolites with potential antioxidant properties. The antioxidant, coenzyme Q10, is 

a cofactor in the electron transport chain in mitochondria and it has been shown to reduce 

dopaminergic neurodegeneration in PD mouse models (Yacoubian & Standaert, 2009). 

Yacoubian and Standaert (2009) state that uric acid is a potential neuroprotective agent in 

PD. Uric acid acts as an antioxidant by scavenging reactive oxygen and nitrogen species. A 

decreased incidence of PD among patients with high serum urate levels and among subjects 

with gout has been reported in previous studies (Yacoubian & Standaert, 2009). Slower 

disease progression is attributed to high plasma urate levels in patients with early PD 

(Yacoubian & Standaert, 2009). 

2.1.3.4  Mitochondrial energy enhancement drugs: Coenzyme Q10 and creatine 

 

Figure 2.12: Structures of coenzyme Q10 and creatine 

Mitochondria of the substantia nigra, platelets and skeletal muscle in PD possess reduced 

activity of the first step of the mitochondrial electron transport chain, complex I (LeWitt & 

Taylor, 2008). Coenzyme Q10 (also known as ubiquinone) is an essential co-factor serving 

as an electron acceptor for mitochondrial complex I (LeWitt & Taylor, 2008). Several studies 

have shown that coenzyme Q10 is also a potent antioxidant in lipid membranes and 

mitochondria as it has a potential of slowing PD progression. LeWitt and Taylor (2008) state 

that augmenting brain creatine concentration is another strategy for targeting the defects in 

mitochondrial complex I.  
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According to LeWitt and Taylor (2008), creatine serves as a precursor for conversion to 

phosphocreatine, an energy intermediate which transfers phosphoryl groups for ATP 

synthesis in mitochondria. Increasing creatine intake enhances formation of 

phosphocreatine, ultimately resulting in the reduction of oxidative stress though stabilisation 

of mitochondrial creatine kinase (LeWitt & Taylor, 2008). In addition, creatine kinase inhibits 

the opening of the mitochondrial transition pore, hence improving mitochondrial metabolism 

and down regulating a putative neurodegenerative mechanism (LeWitt & Taylor, 2008). 

2.1.3.5 Anti-inflammatory drugs 

Activation of microglia, increased cytokine production, and increased complement protein 

levels suggestive of neuroinflammation have been demonstrated in PD (Yacoubian & 

Standaert, 2009). According to Yacoubian and Standaert (2009), anti-inflammatory agents, 

including non-steroidal anti-inflammatory drugs (NSAIDs) and minocycline, have been 

pursued as potential disease modifying treatments for PD in order to slow down disease 

progression. Certain NSAIDs, such as aspirin, have shown neuroprotective properties in 

studies done in culture and animal models (Yacoubian & Standaert, 2009). However, there is 

conflicting data regarding which NSAID, what dosing and what timing provides the best 

neuroprotection (Yacoubian & Standaert, 2009). Research has indicated that the use of 

NSAIDs lowers the risk of PD by 45%, but ibuprofen is the only NSAID with proven 

neuroprotective effect (Yacoubian & Standaert, 2009). 

2.1.3.6 Antiapoptotic drugs: Minocycline, TCH346 and Cep-1347 

There is evidence that activation of apoptosis is a possible mechanism for 

neurodegeneration in PD. Studies show that pre-treatment with minocycline improves 

survival of dopaminergic substantia nigra neurons in rodent models of 6-OHDA and MPTP-

induced parkinsonism (LeWitt & Taylor, 2008). According to LeWitt and Taylor (2008), 

minocycline inhibits the activation of microglia, which is a prominent feature in the brain of 

PD patients and in experimental neurotoxin models. Minocycline also lessens factors that 

mediate apoptosis, such as caspase-I (LeWitt & Taylor, 2008). 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), an enzyme that can initiate 

apoptosis, is inhibited by the propagylamine TCH346, which has antiapoptotic activity 

(Yacoubian & Standaert, 2009). TCH346 has a similar structure to selegiline, however, it 

does not inhibit MAO-B and it is not metabolised to amphetamine compounds (LeWitt & 

Taylor, 2008). Histological analysis has revealed that TCH346 treatment lessens MPTP 

induced dopaminergic neuron loss (LeWitt & Taylor, 2008). 
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Another antiapoptotic agent that has shown promise in clinical studies is CEP-1347 

(Yacoubian & Standaert, 2009). This compound is an inhibitor of mixed lineage kinase-3, a 

kinase that can activate the c-Jun N-terminal kinase (JNK) pathway involved in cell death 

(LeWitt & Taylor, 2008; Yacoubian & Standaert, 2009). 

 

Figure 2.13: Structures of minocycline, TCH346 and Cep-1347 

2.1.3.7  NMDA antagonists/ Antiglutamatergic drugs 

One rationale for PD neuroprotection has been to block glutamate neurotransmission in the 

substantia nigra because glutamate can act as an excitotoxin contributing to neuronal 

damage (Tugwell, 2008). Amantadine has been claimed to slow progression of PD by 

reducing the extent of cell death caused by excess glutamate activity. However, there is no 

good evidence to support this claim (Tugwell, 2008). On the other hand, riluzole, a drug used 

to treat amyotropic lateral sclerosis, blocks the presynaptic release of glutamate (LeWitt & 

Taylor, 2008; Tugwell, 2008). However, the results of a trial with riluzole in early PD showed 

no evidence for a neuroprotective effect (LeWitt & Taylor, 2008; Tugwell, 2008). 

2.1.3.8 Adenosine A2A receptor antagonists 

Epidemiological studies have indicated that caffeine, an adenosine A2A antagonist, may 

reduce the incidence of PD at least in men (Hauser & Schwarzschild, 2005). Caffeine 

mediates its action by antagonising adenosine receptors when administered to mice in 
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doses corresponding to typical human doses, and it reverses the loss of striatal DA in a 

dose-dependent manner (Hauser & Schwarzschild, 2005; Yacoubian & Standaert, 2009). 

Caffeine also prevents MPTP- or 6-OHDA-induced loss of dopaminergic nerve terminals and 

DA cell bodies in the striatum (Hauser & Schwarzschild, 2005). More recent research has 

suggested that A2A receptor antagonists not only improve symptomatic function in PD, but 

may also be neuroprotective (Yacoubian & Standaert, 2009). Yacoubian and Standaert 

(2009) state that A2A antagonists may also be neuroprotective in non-dopaminergic brain 

areas in animal models. 

2.1.4 Mechanisms of neurodegeneration 

2.1.4.1 Oxidative stress and mitochondrial dysfunction 

In normal physiology, reactive oxygen species (ROS) are generated which are normally 

scavenged by cells. In this respect superoxide ions are converted to H2O2 by superoxide 

dismutase, while H2O2 is converted to water by the action of glutathione peroxidase (GPO) 

(Fernandez-Espejo, 2004). Oxidative stress occurs from overproduction of reactive radicals 

as a result of either an overproduction of reactive species or a failure of cell buffering 

mechanisms that normally limit their accumulation (Yacoubian & Standaert, 2009). Schapira 

and Jenner (2011) state that deficiencies in the major oxidant enzyme systems in the brain, 

catalase, superoxide dismutase and GPO, along with a reduction in levels of reduced 

glutathione (GSH) lead to oxidative stress and contributes to PD neurodegeneration. 

Increased levels of iron found in the substantia nigra act as a catalyst for oxidative reactions, 

which result in the production of free radicals, that in turn cause neuronal damage (Tugwell, 

2008). On the other hand, DA metabolism promotes oxidative stress because it gives rise to 

DA-quinone species, molecules that damage proteins by reacting with cysteine residues 

(Fernandez-Espejo, 2004; Yacoubian & Standaert, 2009). 

A strong decrease in GSH increases the cells’ sensitivity to toxins and potentiates the toxic 

effects of glial cell activation such as the enhancement of nitric oxide synthase (NOS) 

activity. Increased NOS activity leads to excess nitric oxide (NO) as well as the oxidising 

agents, peroxynitrite (ONOO-) and the hydroxyl radical (Fernandez-Espejo, 2004). In 

addition, excessive formation of reactive oxygen and nitrogen species in PD increases 

oxidative damage to proteins, lipids and deoxyribonucleic acid (DNA) (Fernandez-Espejo, 

2004). Fernandez-Espejo (2004) suggests that strong oxidative stress in the substantia nigra 

can lead to misfolding of proteins such as α-synuclein and parkin. Loss of normal function of 

α-synuclein alters normal vesicle function, thus enhancing intracellular levels of DA, which 

enhance oxidative stress (Fernandez-Espejo, 2004). 
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Iron-mediated free radical production can inhibit complex I activity. There exists an 

interaction between oxidative stress and mitochondrial dysfunction, enhancing each other in 

a cycle of toxicity (Fernandez-Espejo, 2004). Schapira and Jenner (2011) suggest that PD 

patients with mitochondrial dysfunction have a deficiency of complex I within the brain, which 

is confined to the substantia nigra. According to Schapira and Jenner (2011), specific gene 

mutations that induce dopaminergic cell death contribute to mitochondrial dysfunction in PD. 

Researchers have discovered that fibroblasts from patients with parkin mutations exhibit 

decreased complex I activity and complex I linked ATP production (Schapira & Jenner, 

2011). 

2.1.4.2 Protein aggregation and misfolding 

Alpha-synuclein is the primary aggregation protein in PD, and is a major component of LBs 

and Lewy neutrites (Yacoubian & Standaert, 2009). Researchers have hypothesised that 

poor protein degradation and accumulation of misfolded proteins are the primary factors 

linking genetic alterations to dopaminergic neurodegeneration in PD (Vila & Przedborski, 

2004). This suggests that α-synuclein and DJ-1 mutations cause abnormal protein 

conformations, overwhelming the protein degradation systems, the proteosomal and 

lysosomal pathways. Parkin and ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1) 

mutations, in turn, undermine the cells’ ability to detect and degrade misfolded proteins (Vila 

& Przedborski, 2004). 

Research suggests that point mutations, overexpression, and oxidative damage of α-

synuclein may promote self-aggregation (Yacoubian & Standaert, 2009). However, it is 

unclear how overabundance or aggregation of α-synuclein causes neuronal injury 

(Yacoubian & Standaert, 2009). Yacoubian and Standaert (2009) state that possible 

mechanisms are toxic effects of oligomers on cell membranes or proteosomal function, 

effects of α-synuclein on gene transcription or regulation, interactions of α-synuclein with cell 

signalling and cell death cascades, alterations in DA storage and release, and α-synuclein-

mediated activation of inflammatory mechanisms. 

Parkin and UCH-L1 have also been associated with protein aggregation in PD (Yacoubian & 

Standaert, 2009). Ubiquitin is an E3 protein ligase involved in targeting misfolded proteins for 

degradation, and mutations of parkin found in genetic forms of PD disrupt its E3 ubiquitin 

activity (Yacoubian & Standaert, 2009). In addition, UCH-L1 serves as ubiquitin recycling 

enzyme in neurons, and its dysfunction promotes aggregation of damaged proteins, 

including α-synuclein (Yacoubian & Standaert, 2009). Dauer and Przedborski (2003) state 

that protein aggregates can directly cause damage, perhaps by deforming the cell or 
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interfering with intracellular trafficking in neurons. Oxidative stress may also trigger 

dysfunctional protein metabolism (Dauer & Przedborski, 2003).  

 

Figure 2.14: Genetic mutations and pathogenesis of PD (Vila & Przedborski, 2004). 

2.1.4.3 Neuroinflammation 

Increased levels of cytokines in the striatum and cerebrospinal fluid (CSF), including 

proinflammatory cytokines such as tumour necrosis factor (TNF)-α, interleukin (IL)-1β and 

IL-6, suggest neuroinflammatory reactions in PD (Fernandez-Espejo, 2004). In addition, 

there is upregulation of inflammatory-associated factors such as cyclooxygenase(COX)-2, 

and inducible NOS (Fernandez-Espejo, 2004). 

Aggregated and nitrated forms of α-synuclein can directly trigger a microglial response and 

release of cytotoxic factors in vitro (Yacoubian & Standaert, 2009). It has been reported that 

α-synuclein or modified forms of the protein can trigger microglial and humoral responses in 

mouse models (Yacoubian & Standaert, 2009). According to Yacoubian and Standaert 

(2009), there is evidence that NSAIDs reduce dopaminergic cell death in animal and culture 

PD models. These compounds are thus neuroprotective and epidemiology studies have 

suggested that NSAIDs and statins may reduce the risk of PD. 

2.1.4.4 Excitotoxicity 

One of the factors involved in PD pathogenesis is excitotoxicity. The subthlamic nucleus 

becomes hyperactive once substantia nigra degeneration is advanced, leading to enhanced 

glutamatergic release within the nigra (Fernandez-Espejo, 2004). According to Yacoubian 

and Standaert (2009), glutamate is the primary excitatory transmitter in the mammalian 



36 
 

CNS, and a primary driver of excitotoxic processes. Excess NMDA receptor activation by 

glutamate can damage dopaminergic cells of the substantia nigra because glutamate 

enhances permeability to calcium through NMDA receptors located on these neurons 

(Fernandez-Espejo, 2004; Yacoubian & Standaert, 2009).  

Enhancement of intracellular calcium can induce cell degeneration by promoting the 

production of ONOO- through activation of NOS. This further aggravates progression of the 

disease leading to accelerated nigral neurodegeneration (Fernandez-Espejo, 2004; 

Yacoubian & Standaert, 2009). Dopaminergic neurons in the substantia nigra have a large 

number of glutamate receptors and receive glutamatergic innervation from the subthalamic 

nucleus and cortex (Yacoubian & Standaert, 2009). Yacoubian and Standaert (2009) state 

that NMDA receptor antagonists protect against dopaminergic cell loss in MPTP models, but 

a major limitation to clinical application is low potency and poor tolerability of currently 

available agents. 

2.1.4.5 Apoptosis 

Apoptosis is a programmed cell death that is characterised by morphological changes 

including cell shrinkage and DNA degradation (Lev et al., 2003). The apoptotic process is 

caused by a cascade of events in which a family of cysteine proteases known as caspases 

leads to cleavage of multiple cellular substrates (Lev et al., 2003; Yacoubian & Standaert, 

2009). According to Schulz and Gerhardt (2001), condensation and fragmentation of nuclear 

chromatin, compaction of organelles, a decrease in cell volumes and alterations to the cell 

membrane are evidence of apoptosis. Lev et al. (2003) states that apoptotic cell death is 

characterised by factors that enhance the apoptotic process (i.e., bax, bcl-x) and others that 

inhibit the death process (e.g., bcl-2,bcl-xL). Research has revealed signs of both apoptotic 

and autophagic cell death in the substantia nigra of PD patients. However, alterations in cell 

death pathways are unlikely to be the primary cause of PD, but both apoptotic and 

autophagic cell death pathways are hypothesised to become activated in PD through 

oxidative stress, protein aggregation, excitotoxicity or inflammatory processes (Yacoubian & 

Standaert, 2009). 

2.1.4.6 Loss of trophic factors 

The brain-derived neurotrophic factor (BDNF), glial derived neurotrophic factor (GDNF) and 

nerve growth factor (NGF) have all been demonstrated to be reduced in the nigra in PD 

(Yacoubian & Standaert, 2009). In vitro studies have shown that neurotrophic factors support 

survival of embryonic dopaminergic neurons with varying degrees of specificity and potency 

(Siegel & Chauhan, 2000). Yacoubian and Standaert (2009) suggest that treatment with 

growth factors could constitute potential neuroprotective therapy in PD. The potent ability of 
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these agents to stimulate growth and arborisation of dopaminergic neurons suggests that 

they may be useful neuroprotective treatments, even if deficiency of factors is not the 

primary cause of the disease process (Yacoubian & Standaert, 2009). 

2.2 Monoamine oxidase 

2.2.1 General background and tissue distribution 

In 1928, Mary Hare-Bernheim characterised an enzyme catalysing the oxidative deamination 

of tyramine, which she named tyramine oxidase. A few years later Hugh Blaschko found that 

tyramine oxidase, norepinephrine oxidase and aliphatic oxidase are the same enzyme, 

capable of metabolising primary, secondary and tertiary amines, but not diamines (Youdim & 

Bakhle, 2006). It was Zeller who eventually named it MAO. MAO catalyses the oxidative 

deamination of monoamines including 5-hydroxytryptamine (5-HT/serotonin), histamine, and 

the catecholamines DA, epinephrine and norepinephrine (Youdim et al., 2006).  

The isoforms of MAO, MAO-A and MAO-B have different pH optima and sensitivity to heat 

inactivation (Youdim & Bakhle, 2006). These isoforms were originally distinguished by their 

sensitivities to acetylinic inhibitors clorgyline and selegiline (Youdim & Bakhle, 2006). MAO is 

located in the outer mitochondrial membrane, although a small proportion of each of the 

MAO isoenzymes is associated with the microsomal fraction (Youdim et al., 2006). The 

active site of MAO contains FAD, a cofactor at which irreversible inhibitors of MAO are 

covalently linked (Prisinzano, 2006; Youdim et al., 2006).  
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Table 2.1: Distribution of MAO-A and MAO-B in man and in the brains of 
selected species  

Tissue % of total activity 

 MAO-A MAO-B 

Liver  45 55 

Gastrointestinal tract <80 >20 

Kidneys  25 75 

Lungs  55 45 

Platelets  <5 >95 

Brain 

Human <20 >80 

Guinea pig 20 80 

Cat  25 75 

Pig  40 60 

Rat  55 45 

(Foley et al., 2000) 

2.2.2 Biological function of MAO-B 

According to Youdim et al. (2006) MAO in peripheral tissues such as the intestines, the liver 

and the placenta protect the body by oxidising amines from the blood or preventing entry into 

circulation. Research suggests that intraneuronal MAO in the PNS and CNS protect neurons 

from exogenous amines, terminate actions of amine neurotransmitters and regulate the 

contents of intracellular amine stores (Youdim et al., 2006). MAO-B in serotonergic neurons 

eliminates exogenous amines and minimise their access to synaptic vesicles, thus 

contributing to the purity of serotonin delivered to the synaptic cleft (Youdim et al., 2006). 

However, recent studies have shown that elevated MAO-B levels induce apoptosis in 

neuronal and kidney cells (Binda et al., 2002). 

2.2.3 Substrate specificities 

MAO-A is irreversibly inhibited by low concentrations of clorgyline and it metabolises 

serotonin and norepinephrine, whereas MAO-B is inhibited by low concentrations of 

selegiline, and is active towards benzylamine and 2-phenylethylamine as substrates 

(Youdim & Bakhle, 2006; Youdim et al., 2006). On the other hand, DA, norepinephrine, 
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epinephrine, tryptamine and tyramine are equally well metabolised by both forms of the 

enzyme (Youdim & Bakhle, 2006; Youdim et al., 2006).  

Table 2.2: Substrate specificities of MAO in the cerebral cortex. 

Substrate  MAO-A   MAO-B  

Km (µM) Vmax (pmol 
min-1 mg 
protein-1) 

Vmax/Km 
(µmol M-1 
min-1 mg 
protein-1) 

Km (µM) Vmax (pmol 
min-1 mg 
protein-1) 

Vmax/Km 
(µmol M-1 
min-1 mg 
protein-1) 

Epinephrine 125 ± 42 379 ± 54 3.03 ± 1.11 266 ± 9 456 ± 61 
1.75 ± 
0.23 

Dopamine 212 ± 33  680 ± 123 3.21 ± 0.77 229 ± 33 702 ± 158 
3.07 ± 
0.82 

Serotonin 137 ± 24 228 ± 31 1.66 ± 0.37 
1093 ± 
20 6.6 ± 1.3 

0.006 ± 
0.001 

Norepinephrine 284 ± 17 561 ± 42 1.98 ± 0.19 238 ± 30 321 ± 13 
1.35 ± 
0.18 

2-
Phenylethylamine 140 ± 22 20 ± 8 0.14 ± 0.06 4 ± 2 309 ± 24 

77.3 ± 
39.1 

Tryptamine 35 ± 6 58 ± 5 1.66 ± 0.32 35 ± 8 108 ± 2 
2.84 ± 
0.60 

Tyramine 127 ± 18 182 ± 28 1.43 ± 0.30 107 ± 21 343 ± 48 
3.21 ± 
0.77 

(Youdim et al., 2006) 

2.2.3.1 Genes and MAO 

The genes encoding MAO-A and MAO-B are approximately 70% identical. They are located 

on the X-chromosome (Xp 11.23), each comprising 15 exons with identical intron-exon 

organisation, which suggests that they are derived from the same ancestral gene (Shih et 

al., 1999; Youdim et al., 2006). According to Youdim et al. (2006), MAO-B expression is 

regulated by the mitogen-activated protein kinase (MAPK) pathway.  

Youdim et al. (2006) indicates that progesterone, testosterone, corticosteroids and 

glucocorticoids increase levels of MAO-A, but they have little effect on MAO-B. In addition, 

MAO-A is elevated in the endometrium, reproductive tissue and the brain when the levels of 

progesterone are high during the oestrus cycle (Youdim et al., 2006). Shih et al. (1999) 

reports that MAO-A knockout mice have elevated brain levels of serotonin, norepinephrine, 

and DA, and manifest aggressive behaviour similar to human males with MAO-A gene 
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deletion. In contrast, MAO-B knockout mice do not exhibit aggression, and only levels of 

phenylethylamine are increased (Shih et al., 1999). 

2.2.4 Biological function of MAO-A 

In rodents, MAO-A is present in the extraneuronal compartment and within the dopaminergic 

terminals, where it metabolises both intraneuronal and released DA (Youdim & Bakhle, 

2006). The intraneuronal enzyme acts to maintain low concentrations of DA, norepinephrine 

and serotonin (Foley et al., 2000; Youdim & Bakhle, 2006). Youdim and Bakhle (2006) note 

that MAO-A inhibition is a practical means of controlling DA levels in the brain, although DA 

is equally metabolised by both MAO-A and MAO-B.  

2.2.4.1 The cheese reaction 

MAO inhibitors, notably tranylcypromine induce an important adverse effect known as the 

cheese reaction (Youdim & Bakhle, 2006). Cheese reaction is the potentiation of 

sympathomimetic activity due to the presence of tyramine in cheese and fermented drinks 

such as beer and wine (Youdim & Weinstock, 2004; Youdim & Bakhle, 2006; Youdim et al., 

2006). Youdim and Bakhle (2006) state that under normal circumstances, dietary amines are 

extensively metabolised by MAO in the gut wall and the liver, and are thus prevented from 

entering the systemic circulation. Inhibition of peripheral MAO permits entry of 

unmetabolised tyramine and other monoamines into the circulatory system, and result in the 

release of norepinephrine from peripheral adrenergic neurons (Youdim & Bakhle, 2006). 

The consequence of this release is a severe hypertensive reaction, which can be fatal 

(Youdim & Weinstock, 2004; Youdim & Bakhle, 2006). In contrast, selective MAO-B 

inhibitors do not cause the cheese effect because tyramine is effectively metabolised by 

intestinal MAO-A (Youdim et al., 2006). Youdim et al. (2006) note that MAO-B inhibitors do 

not promote the cheese reaction unless administered at concentrations high enough to 

inhibit MAO-A. 

2.2.4.2 MAO-A in depression 

Norepinephrine and epinephrine are substrates of MAO-A that are implicated in depression. 

Youdim and Bakhle (2006) state that non-selective, irreversible inhibitors of MAO-A 

(clorgyline, tranylcypromine) have antidepressant effects, however, the major disadvantage 

of these early inhibitors was the incidence of the cheese reaction (Youdim & Bakhle, 2006). 

In contrast, reversible MAO-A inhibitors (e.g. moclobemide) also exhibit desirable 

antidepressant effects (Youdim & Weinstock, 2004). Reversible MAO-A inhibitors can be 

displaced by tyramine from the active site of the enzyme, thereby enabling the amine to be 
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metabolised, and thus preventing its entrance into the circulation (Youdim & Weinstock, 

2004). 

The combination of reversible MAO-A and MAO-B inhibitors may be useful in the treatment 

of therapy-resistant depression (Youdim & Bakhle, 2006). However, the combination of MAO 

inhibitors with uptake inhibitors, either tricyclic antidepressants (TCAs) or selective serotonin 

reuptake inhibitors (SSRIs), should be avoided because such combinations may provoke the 

serotonin syndrome (Youdim & Bakhle, 2006). 

2.2.4.3 The serotonin syndrome 

The serotonin syndrome is a potentially life-threatening drug reaction that occurs as a result 

of overstimulation of intrasynaptic 5-HT1A receptors by SSRIs, TCAs, MAO inhibitors and 

other serotonergic agents in central grey nuclei and the medulla (Gillman, 1999; Birmes et 

al., 2003). Symptoms of the serotonin syndrome include akinesia-like restlessness, muscle 

twitches and myoclonus, hyperreflexia, sweating, penile erection, shivering and coma, and 

the onset of symptoms is observed within 24 hours following administration or overdose of 

the serotonergic agent (Birmes et al., 2003; Bruton et al., 2008).  

2.2.5 The role of MAO-B in PD 

MAO-B is implicated in the pathogenesis of PD because of its ability to oxidise DA and 

produce H2O2 (Kurth et al., 1993). According to Youdim et al. (2006), the aldehyde and H2O2 

products of MAO catalysis are neurotoxic, and have been shown to cause lesions of 

midbrain neurons in vivo. MAO-B also produces MPP+, the active neurotoxin of MPTP 

metabolism (Kurth et al., 1993). Inhibition of mitochondrial electron transport by MPP+ results 

in impaired Ca2+ homeostasis and increased production of ROS such as superoxide (Youdim 

et al., 2006). In addition, elevated production of superoxide may lead to formation of toxic 

hydroxyl radicals, or react with NO to form ONOO- (Dauer & Przedborski, 2003). These 

species may cause cellular damage by reacting with nucleic acids, proteins and lipids (Dauer 

& Przedborski, 2003). 

2.2.5.1 Metabolism of DA 

Oxidative stress is strongly associated with DA metabolism because degradation of DA 

generates ROS and its oxidation can lead to endogenous neurotoxins (Meiser et al., 2013). 

DA is synthesised in the cytosol of catecholaminergic neurons, where L-tyrosine is 

hydroxylated at the phenol ring by tyrosine hydroxylase (TH), to yield L-dopa. This oxidation 

is regulated by tetrahydrobiopterin (BH4), a cofactor which is synthesised from guanosine 

triphosphate (GTP), by GTP cyclohydrolate (GTPCH) (Meiser et al., 2013). According to 

Meiser et al. (2013), the next step is decarboxylation of L-dopa to DA by AADC (also known 
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as dopa decarboxylase). Meiser et al. (2013) states that the synaptic vesicles are emptied 

into the synaptic cleft to interact with the post-synaptic DA receptors or the pre-synaptic DA 

autoreceptors upon excitation of the dopaminergic neurons. 

Furthermore, DA is sequestered into the synaptic storage vesicles by vesicular monoamine 

transporter 2 (VMAT2) after neuronal uptake by DAT (Meiser et al., 2013). MAO degrades 

DA in the cytosol due to leakage from the synaptic vesicle, leading to the production of H2O2 

and the reactive 3,4-dihydroxyphenylacetaldehyde (DOPAL) (Meiser et al., 2013). According 

to Meiser et al. (2013), DOPAL can be inactivated by either reduction to the corresponding 

alcohol 3,4-dihydroxyphenylethanol (DOPET), or by further oxidation to the carboxylic acid 

3,4-dihydroxyphenylacetic acid (DOPAC), by alcohol dehydrogenase (ADH) or aldehyde 

dehydrogenase (ALDH), respectively. DA in the synaptic cleft is also taken up by 

surrounding glial cells, which readily degrade it by the action of MAO and COMT (Meiser et 

al., 2013). 

2.2.5.2 Generation of toxic by-products 

MAO catalyses the oxidative deamination of catecholamines norepinephrine, epinephrine, 

DA, as well as monoamines serotonin and histamine to the corresponding aldehyde, H2O2 

and either ammonia or a substituted amine (Youdim et al., 2006). Studies have shown that 

DA is mainly oxidised by MAO-B in the human and by MAO-A in rats (Meiser et al., 2013). 

On the other hand, the neurotoxin MPTP is metabolised selectively by MAO-B to the active 

toxin MPP+ in both rats and primates (Youdim & Bakhle, 2006; Meiser et al., 2013).  

Meiser et al. (2013) suggest that L-dopa and DA are oxidised enzymatically, by metals (Fe3+) 

or even spontaneously yielding highly reactive electron-poor ortho-quinones such as dopa-

quinone and DA-quinone. According to Meiser et al. (2013), DA can also be enzymatically 

oxidised by COX, tyrosine and other enzymes. In addition, DA-quinone can react further to 

form the neurotoxin 6-OHDA in the presence of iron (Meiser et al., 2013). DA-quinones are 

also precursors for the enzymatic formation of tetrahydroquinolines such as salsinol, an 

endogenous neurotoxin which causes oxidative stress and mitochondrial damage by 

inhibition of the electron transport chain (Meiser et al., 2013). 

2.2.5.3 MAO levels in the brain and aging 

Analyses of human brain post-mortem samples report that MAO-B activity increases with 

age and in neurodegenerative diseases, and it has been proposed that this increase reflects 

age-associated increases in glial cells (Fowler et al., 1997; Nicotra et al., 2004). However, 

there is little or no variation in MAO-A activity (Nicotra et al., 2004). Nicotra et al. (2004) 

reported that MAO-A activity is high at birth, it decreases rapidly during the first 2 years and 



43 
 

remains constant thereafter. In contrast, MAO-B remains constant during early childhood 

and rises during advanced age (Nicotra et al., 2004). According to Fowler et al. (1997), the 

age related increase in MAO-B is consistent with the compartmentalisation of MAO-B within 

the cell bodies of serotonergic neurons and in glial cells. Studies propose that age-related 

increases in brain MAO-B increase oxidative stress, thus contributing to an increase in 

susceptibility to neurodegeneration (Fowler et al., 1997; Nicotra et al., 2004). 

2.2.5.4 The role of aldehyde dehydrogenase and GPO 

The aldehyde produced from the oxidative deamination of catecholamines is rapidly 

metabolised by aldehyde dehydrogenase to acidic metabolites such as 5-hydroxyindole 

acetic acid (5-HIAA) from serotonin, or DOPAC from DA. These products are commonly 

used as the measure of MAO activity in vitro and in vivo (Youdim & Bakhle, 2006). The main 

by-product of monoamine oxidation by MAO is H2O2. This is inactivated in the brain mainly 

by GPO, which uses GSH as a cofactor (Youdim & Bakhle, 2006). According to Youdim and 

Bakhle (2006) deficiency of GSH in addition to an increase in MAO and iron may lead to 

generation of the highly reactive free hydroxyl radical from H2O2 via the Fenton reaction. The 

hydroxyl radical depletes cellular antioxidants and reacts with and damages lipids, proteins 

and DNA, thus increasing oxidative damage to neurons (Youdim & Bakhle, 2006). 

2.2.6 The potential role of MAO-A in PD 

MAO-A is present in the extraneuronal compartment and within the dopaminergic terminals, 

where it is involved in metabolism of both neuronal and released DA (Youdim & Weinstock, 

2004; Youdim & Bakhle, 2006). However, little attention is paid to the inhibition of MAO-A in 

PD, even though DA is as well metabolised by MAO-A as it is by MAO-B in the striatum 

(Youdim & Bakhle, 2006). Numerous studies in rats have shown that inhibition of MAO-A 

with either reversible (moclobemide) or irreversible (clorgyline) inhibitors increases brain 

norepinephrine and serotonin levels but has little effect on DA levels (Youdim & Weinstock, 

2004). However, striatal microdyalisis in rats showed that moclobemide significantly 

increases DA release (Youdim & Weinstock, 2004). Youdim and Weinstock (2004), indicate 

that intraneuronal inhibition of MAO-A by moclobemide may account for prolonged duration 

of the motor response to L-dopa. 

2.2.7 Irreversible MAO-B inhibitors 

Two currently available selective, irreversible MAO-B inhibitors for the treatment of PD, 

selegiline and rasagiline, are used as monotherapy in early PD and as adjunctive therapy to 

L-dopa and DA agonists in late stage PD (Fernandez & Chen, 2007; Robakis & Fahn, 2015). 
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2.2.7.1 Selegiline 

Selegiline is an irreversible selective MAO-B inhibitor that delays the progression of PD 

inhibiting the oxidative deamination of DA, phenylethylamine and benzylamine, but not that 

of norepinephrine and serotonin at lower doses (Youdim & Bakhle, 2006; Robakis & Fahn, 

2015). However, selegiline loses its selectivity at higher doses (Youdim & Bakhle, 2006). 

Selegiline also prevents apoptosis by altering gene expression for pro- and antiapoptotic 

proteins, resulting in the preservation of mitochondrial integrity during oxidative stress 

(Fernandez & Chen, 2007). 

2.2.7.2 Pargyline 

Research has shown that pargyline irreversibly binds to MAO-B and prevents both clinical 

and neuropathological evidence of the neurotoxic effects of MPTP by inhibiting conversion of 

MPTP to MPP+ (Langston et al., 1984). 

 

Figure 2.15: Structure of pargyline 

2.2.7.3 Rasagiline 

Rasagiline is a selective irreversible MAO-B inhibitor that can be used alone or in 

combination with other PD medications from early to late stages of the disease (Robakis & 

Fahn, 2015). According to Youdim et al. (2005), rasagiline activates the antiapoptotic 

pathways involved in the collapse of the mitochondrial membrane potential by activation of 

Bcl-2, Bcl-X1 and downregulation of Bad and Bax at the level of the mitochondria. In animal 

models of MPTP-induced parkinsonism, pretreatment with rasagiline inhibits degeneration of 

dopaminergic nigral cells (Fernandez & Chen, 2007). Rasagiline also protects dopaminergic 

cells and cerebellar granule cells from challenges with 6-OHDA, N-methyl-(R)-salsolinol and 

N-morpholinosydonimine in experimental models of PD (Fernandez & Chen, 2007).  

2.2.7.4 Ladostigil 

According to Youdim and Bakhle (2006), ladostigil is a cholinesterase (ChE) inhibitor that is 

structurally related to rasagiline, which possesses neither MAO-A or MAO-B inhibition 

properties in vitro or acutely in vivo (Youdim & Bakhle, 2006). However, chronic treatment 

with ladostigil irreversibly inhibits both brain MAO isoforms (Youdim & Bakhle, 2006). 
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Studies have demonstrated that non-selective inhibition of MAO by ladostigil increases the 

levels of norepinephrine, serotonin and DA in the hipoccampus and striatum of rats and mice 

(Youdim & Bakhle, 2006). Furthermore, ladostigil prevented striatal neurodegeneration and 

DA depletion induced by neurotoxin MPTP in the mouse model of PD (Youdim & Bakhle, 

2006). By inhibiting both isoforms of MAO, ladostigil markedly increases brain DA in MPTP-

mouse models. (Youdim & Bakhle, 2006). 

 

Figure 2.16: Structure of ladostigil 

2.2.8 Reversible inhibitors of MAO-B 

2.2.8.1 Lazabemide 

In mouse models, lazabemide prevents striatal neurodegeneration and DA depletion caused 

by MPTP (Youdim & Bakhle, 2006). Lazabemide can be combined with a reversible MAO-A 

inhibitor (moclobemide) in the treatment of therapy resistant depression and it potentiates 

the effect of L-dopa and prevents the production of MPP+ from MPTP (Berlin et al., 2002; 

Youdim & Bakhle, 2006). 

2.2.8.2 Isatin 

Isatin is an endogenous competitive inhibitor of MAO which binds with similar affinities to 

both MAO-A and MAO-B (Hubalek et al., 2005). Studies have demonstrated that isatin 

significantly increases striatal DA in the brain tissue of a rat model of PD (Minami et al., 

1999). Isatin also improves bradykinesia in Japanese encephalitis virus (JEV)-induced 

parkinsonism in rats. These findings suggest that isatin could be a possible treatment for PD 

(Ogata et al., 2003).  

 

Figure 2.17: Structure of isatin 

2.2.8.3  (E)-8-(Chlorostyryl)caffeine 

(E)-8-(Chlorostyryl)caffeine (CSC) is a specific adenosine A2A antagonist that possesses 

MAO-B inhibitory properties in vitro (Chen et al., 2002). Research has demonstrated that 
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CSC blocks the MAO-B catalysed oxidation of MPTP to the active neurotoxin, MPP+ in vivo 

(Chen et al., 2002). According to Chen et al. (2002) pre-treatment of mice with CSC lessens 

MPTP-induced loss of striatal DA. Because of its ability to inhibit both MAO-B and A2A 

receptors, CSC also has enhanced neuroprotective potential (Chen et al., 2002). 

 

Figure 2.18: Structure of (E)-8-(chlorostyryl)caffeine 

2.2.8.4 1,4-Diphenylbutene 

1,4-Diphenylbutene is a reversible inhibitor of MAO-B which occupies both the entrance and 

the substrate cavity space in the enzyme. These findings provide a rationale for 

development of MAO-B specific inhibitors (Binda et al., 2003). 

 

Figure 2.19: Structure of 1,4-diphenylbutene 

2.2.8.5 Trans,trans-farnesol 

The inhibitory activity of trans,trans-farnesol evaluated on human placental mitochondrial 

MAO-A and human liver mitochondrial MAO-B revealed that this compound is a potent 

inhibitor of human liver MAO-B activity, but is inactive against human placenta MAO-A 

(Khalil et al., 2006).  

 

Figure 2.20: Structure of trans,trans-farnesol 

2.2.8.6 Safinamide 

Safinamide is used as an adjunct to L-dopa and can be used in combination with other PD 

medications in mid- to late-stage PD (Robakis & Fahn, 2015). However, unlike selegiline and 

rasagiline, safinamide blocks voltage dependant sodium channels and also inhibits 

glutamate release (Robakis & Fahn, 2015). In addition, safinamide possesses an 

antidyskinetic effect due to its anti-glutamate activity (Robakis & Fahn, 2015). Like other 

MAO-B inhibitors, safinamide has neuroprotective properties in vitro and in vivo, and it has 
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been shown to prevent neuronal cell death in animal and tissue culture models (Robakis & 

Fahn, 2015). 

 

Figure 2.21: Structure of safinamide 

2.2.9 Inhibitors of MAO-A 

2.2.9.1 Clorgyline 

Finberg (2014) indicates that clorgyline is an irreversible MAO inhibitor that has high potency 

for MAO-A, but not for MAO-B. Early studies defined a dosage range for effective inhibition 

of MAO-A in rats and showed that clorgyline has a similar degree of efficacy for inhibition of 

MAO in the CNS and peripheral tissues when administered by subcutaneous injection 

(Finberg, 2014). Although clorgyline increased brain levels of norepinephrine and serotonin, 

and showed antidepressant activity in a series of clinical trials, it was abandoned as an 

antidepressant due to the cheese-reaction, caused by this drug (Youdim & Bakhle, 2006). 

 

Figure 2.22: Structure of clorgiline 

2.2.9.2 Tranylcypromine and phenelzine 

Tranylcypromine is the currently used cyclopropamine that was developed for inhibition of 

MAO in the treatment of depression (Finberg, 2014). According to Finberg (2014), 

tranylcypromine is a highly effective and rapidly acting irreversible inhibitor of both MAO 

isoforms. Studies performed on rat brain demonstrated that different doses of 

tranylcypromine inhibited the MAO oxidation of serotonin, phenylethylamine and DA as 

measured in vitro, and produced a similar effect in vivo (Green & Youdim, 1975). However, 

tranylcypromine is not commonly used today because of the possible danger of the cheese 

effect (Finberg, 2014). On the other hand, phenelzine is one of the first MAO inhibitors that 

was discovered accidentally after chemical modification of the anti-tuberculosis (TB) drug, 

isoniazid (Finberg, 2014). 
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Tranylcypromine  Phenelzine 

Figure 2.23: Structures of tranylcypromine and phenelzine 

According to Finberg (2014), phenelzine was in clinical use for treatment of depression until 

it was discovered that it causes the cheese reaction. Studies show that MAO-B metabolises 

phenelzine to yield phenylacetic acid and p-hydroxyphenylacetic acid as major metabolites, 

and N-acetylphenelzine as a minor metabolite (Finberg, 2014). The latter was found to be an 

active MAO inhibitor in rat brain (Finberg, 2014). It has recently been discovered that 

phenelzine is also converted to N2-phenylethylidenehydrazine by MAO-B, but inhibition of 

this metabolite does not increase brain neurotransmitter levels as does phenelzine (Finberg, 

2014). Finberg (2014) reports that phenelzine also increases brain levels of γ-Aminobutyric 

acid (GABA) and alanine in rats by inhibiting GABA and alanine transaminases. 

2.2.9.3 Moclobemide and brofaromine 

Moclobemide is somewhat less effective, although better tolerated than other MAO inhibitors 

such as phenelzine or tranylcypromine (Lotufo-Neto et al., 1999). Moclobemide is a 

reversible MAO-A inhibitor that is devoid of the cheese reaction because it is readily 

displaced from its MAO-A binding site by tyramine (Lotufo-Neto et al., 1999). Brofaromine is 

a reversible MAO-A inhibitor that is used in treatment of depression (Lotufo-Neto et al., 

1999). Lotufo-Neto et al. (1999) states that both moclobemide and brofaromine have short 

durations of MAO-A inhibition and they are reversibly displaced from the enzymatic site by 

substrates such as tyramine, DA and serotonin. In conclusion, both moclobemide and 

brofaromine are effective antidepressants and they are safer and better tolerated than the 

older, non-selective, and irreversible MAO inhibitors (Lotufo-Neto et al., 1999). 

    

Moclobemide      Brofaramine 

Figure 2.24: Structures of moclobemide and brofaromine 

2.2.9.4 Iproniazid 

The MAO inhibitory activity of an anti-TB drug, isoniazid, was discovered by chance, and this 

led to production of a related compound iproniazid, which became the first MAO inhibitor to 
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be used successfully in the treatment of depression (Youdim & Bakhle, 2006). Although 

iproniazid demonstrated remarkable antidepressant activity, it caused liver toxicity because 

of its hydrazine structure (Youdim & Bakhle, 2006). 

 

Figure 2.25: Structure of iproniazid 

2.2.10 The three dimensional structure of MAO-B 

Human MAO-B crystallises as a dimer and it is divided into three domains, the flavin binding 

domain, substrate binding domain and the membrane binding domain (Edmondson et al., 

2004). The active site consists of two cavities. The first cavity, termed the entrance cavity, is 

very hydrophobic in nature, and it exhibits a volume of 290 Å3 (Youdim et al., 2006). 

Edmondson et al. (2007) states that the substrate cavity is flat, similarly hydrophobic to the 

entrance cavity and exhibits a volume of 390 Å3, with the covalently bound FAD coenzyme 

at the distal end (Youdim et al., 2006; Edmondson et al., 2007). According to Edmondson et 

al. (2007), the entrance and the substrate cavities are separated by an Ile199 side chain 

which serves as a gate between the two cavities. The FAD coenzyme at the end of the 

substrate cavity is covalently bound in an 8α-thioether linkage to Cys397. In addition, when 

analysed using the computer program GRID, both active sites cavities are very hydrophobic, 

with sites for favourable amine binding close to the flavin involving two near parallel tyrosyl 

(398 and 435) residues that form the aromatic cage (Edmondson et al., 2007). 

The covalently bound FAD is shown to be in a hydrophobic environment within the enzyme 

with specific interactions dominated by H-bonding to either side chains or peptide bonds in 

the protein (Edmondson et al., 2004). Edmondson et al. (2004) note that the only 

electrostatic interaction is between the amino pyrophosphate of the FAD and the positively 

charged guanidine group of Arg42. Furthermore, the ribose ring of the FAD adenosine 

moiety is specifically H-bound to the carboxylate of Glu34, to the guanidine group of Arg36 

and to a water molecule (Edmondson et al., 2004). Mutations of Glu34 to Ala, Asp or Gln 

results in over 90% loss in catalytic activity of the mutant MAO-B (Edmondson et al., 2004).  
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Figure 2.26: Structure of human MAO-B. The covalent flavin moiety is shown in a 
ball and stick model in yellow. The flavin binding domain is in blue, 
the substrate domain is in red and the membrane binding domain is 
in green (Edmondson et al., 2007). 

2.2.11 The three dimensional structure of MAO-A 

The overall structure of human MAO-A is similar to that of human MAO-B, but MAO-A 

crystallises as a monomer and has a single substrate binding cavity, with a protein loop at 

the entrance of the cavity (De Colibus et al., 2005; Edmondson et al., 2007). According to De 

Colibus et al. (2005), the inhibitor binding site is formed by a single cavity that extents from 

the flavin ring to the cavity-shaping loop consisting of residues 210-216. The cavity size of 

MAO-A is 550 Å3 and is lined by 11 aliphatic and 5 aromatic residues, demonstrating that it is 

very hydrophobic (De Colibus et al., 2005; Edmondson et al., 2007). Like MAO-B, the re face 

of the covalent FAD is situated at the back of the active site with the two parallel tyrosyl 

residues (407 and 444) forming an aromatic cage in front of the flavin (Edmondson et al., 

2007).  

Unlike MAO-B, the substrate cavity of MAO-A is shorter in length and wider (De Colibus et 

al., 2005). Substrate entry into MAO- B involves entrance and substrate cavities that become 

fused with certain inhibitors bound, however, the active cavity of MAO-A does not have such 

a dipartite nature (De Colibus et al., 2005). 
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Figure 2.27: Ribbon diagram of the human MAO A structure. The covalent flavin 
moiety is shown in a ball and stick model in yellow. The flavin binding 
domain is in blue, the substrate domain is in red and the membrane 
binding domain is in green (Edmondson et al., 2007). 

2.2.12 In vitro measurements of MAO activity 

There are numerous methods by which MAO activity can be determined, for example, 

monitoring disappearance of substrates or formation of products such as H2O2 and 

aldehydes (Yan et al., 2004). H2O2 formed by MAO can be determined using either 

fluorometric or luminometric assays, whereas aldehydes generated by deamination can be 

measured by spectrophotometry, fluorometry, liquid chromatography and radiometry (Yan et 

al., 2004). 

However, most of these methods have many disadvantages including low sensitivity, non-

specificity for substrates and requirement of high enzyme concentrations (Yan et al., 2004). 

The use of oxygen by the MAO enzymes and the formation of H2O2 are the only methods for 

the measurement of enzyme activity that are independent of the nature of the substrate. In 

this respect is the polarographic determination of oxygen consumption, an accurate method 

of measuring MAO activity (Holt et al., 1997). 

Alternatively, kynuramine can be used as a non-selective in vitro MAO substrate (Yan et al., 

2004). Deamination catalysed by MAO converts kynuramine to 3-(2-aminophenyl)-3-
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oxopropionaldehyde as an intermediate that can be intramolecularly condensed to yield 4-

hydroxyquinoline (Yan et al., 2004). According to Yan et al. (2004), conversion of 3-(2-

aminophenyl)-3-oxopropionaldehyde to 4-hydroxyquinoline is rapid and complete, thus, 

MAO activity can be measured by specifically determining the formation of 4-

hydroxyquinoline. 

 

Figure 2.28: Conversion of kynuramine to 4-hydroxyquinoline by MAO (Yan et al., 
2004). 

2.3 Enzyme kinetics 

2.3.1 Michaelis-Menten kinetics 

Enzymatic reactions obeying Michaelis-Menten kinetics in the presence of varying 

concentrations of single inhibitors have been described in terms of types of inhibitors, the 

inhibitor may be competitive, uncompetitive or non-competitive (Chou & Talaly, 1977). For a 

given enzymatic reaction and inhibition mechanism, rate equations specific for each 

circumstance can be derived with steady state or rapid equilibrium analysis. According to 

Chou and Talaly (1977), these rate equations always contain the maximum velocity term as 

well as kinetic constants and concentration factors for each of the substrates and inhibitors. 

The Michaelis-Menten equation mathematically illustrates the relationship between initial 

velocity (Vi) and substrate concentration [S] (Bender et al., 2003). 

𝑉ᵢ =
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑚 + [𝑆]
 

In this equation, Km (Michaelis constant) is the substrate concentration at which Vi is half the 

maximal velocity (Vmax/2) attainable at a particular concentration of the enzyme. According to 
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Bender et al. (2003), the Michaelis-Menten equation may be evaluated under three 

conditions to illustrate the dependence of initial reaction velocity on [S] and Km: 

1. When [S] is much less than Km, the term Km + [S] is essentially equal to Km. 

 

𝑉ᵢ =  
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑚 + [𝑆]
 ≈  

𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑚
 ≈ (

𝑉𝑚𝑎𝑥

𝐾𝑚
)[𝑆] 

 

Vmax and Km are both constants and their ratio is constant, therefore when [S] is considerably 

less than Km, Vi is directly proportional to K[S], and the initial reaction velocity is directly 

proportional to [S] (Bender et al., 2003) 

2. When [S] is much greater than Km, the term Km + [S] is essentially equal to [S]. 

 

𝑉ᵢ =  
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑚 + [𝑆]
 ≈  

𝑉𝑚𝑎𝑥[𝑆]

[𝑆]
 ≈ 𝑉𝑚𝑎𝑥 

Thus, when [S] greatly exceeds Km, the reaction velocity is maximal (Vmax) and unaffected by 

further increase in substrate concentration. 

3. When [S] = Km. 

𝑉ᵢ =  
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑚 + [𝑆]
=  

𝑉𝑚𝑎𝑥

2
  

2.3.1.1 Km and Vmax determinations 

Km and Vmax are determined using a linear form of Michaelis-Menten equation, where the 

numeric value of Vmax is directly measured. The linear form of the Michaelis-Menten equation 

permits extrapolation of Vmax and Km from initial velocity data obtained at less than saturating 

conditions of the substrate. 

Starting with:  

𝑉ᵢ =  
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑚 + [𝑆]
 

When inverted, 

1

𝑉ᵢ
=  

𝐾𝑚 + [𝑆]

𝑉𝑚𝑎𝑥[𝑆]
  

When factored,  

1

𝑉ᵢ
=  

𝐾𝑚

𝑉𝑚𝑎𝑥
+  

[𝑆]

𝑉𝑚𝑎𝑥[𝑆]
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And when simplified:  

1

𝑉ᵢ
= (

𝐾𝑚

𝑉𝑚𝑎𝑥
)

1

[𝑆]
 _  

1

𝑉𝑚𝑎𝑥
 

 

The above equation is the equation for a straight line, y = ax + b, where y = 1/Vi and x = 

1/[S]. A plot of 1/Vi as a function of 1/[S] gives a straight line whose y-intercept is equal to 

1/Vmax, and whose slope is equal to Km/Vmax. This plot is called a double reciprocal or 

Linweaver-Burke plot (Bender et al., 2003). Setting the y term of the equation equal to zero 

and solving for x reveals that the x-intercept is equal to -1/Km. Thus Km is easily calculated 

from the x-intercept. 

2.3.1.2 Ki determination and competitive inhibition 

According to Bender et al. (2003), most classic competitive inhibitors are structurally similar 

to substrates, and thus they are termed substrate analogues. In competitive inhibition, the 

inhibitor (I) frequently binds to the substrate binding site of the active site of the enzyme and 

blocks access of the substrate. Binding of the substrate and the inhibitor to the active site of 

the enzyme forms an enzyme-substrate complex (ES) and an enzyme-inhibitor complex (EI), 

respectively (Bender et al., 2003). The formation and dissociation of the EI complex is a 

dynamic process described by:  

EI E + I
K1

K-1  

For this process, the equilibrium constant Ki is: 

𝐾ᵢ =  
[𝐸][𝐼]

[𝐸𝐼]
=  

𝐾₁

𝐾₋₁
 

Ki can be determined graphically using a method described by Dixon (1953). Plotting 1/Vi 

against [I] when [S] is constant results in a straight line (Dixon, 1953). If plots are made at 

two different substrate concentrations [S]1 and [S]2, the lines will intersect at a point on the 

left of the y-axis, which lies at –Ki and can be read off directly (Dixon, 1953).  

2.3.1.3 IC50 determination 

IC50 is the inhibitory concentration of a drug that gives half-maximal response and its value 

depends on concentration of the enzyme, the inhibitor and the substrate (Cer et al., 2009). 
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𝐼𝐶₅₀ =  𝐾ᵢ(1 +  
[𝑆]

𝐾𝑚
) 

When the [S] used in the assay is much lower than Km, IC50 values approximate Ki. When [S] 

is significantly smaller than Km, [S]/Km approaches zero, and IC50 approaches Ki. IC50 is 

always higher than Ki in competitive inhibition (Burlingham & Widlanski, 2003). Similar to 

competitive inhibition, IC50 values for uncompetitive inhibitors also are always higher than Ki. 

However, for uncompetitive inhibitors, IC50 values approximate Ki when the [S] used in the 

assay is much higher than Km. At large values of [S], the ratio Km/[S] approaches zero, and 

IC50 approaches Ki (Burlingham & Widlanski, 2003).  

 

Mathematically, the relationship between Ki and IC50 for uncompetitive inhibition is 

represented as follows: 

𝐼𝐶₅₀ = 𝐾ᵢ(1 +
𝐾𝑚

[𝑆]
) 

2.4 Animal models of PD 

2.4.1 MPTP 

2.4.1.1 General background 

Researchers have discovered that inadvertent injection with MPTP results in clinical 

symptoms similar to sporadic PD in humans (Betarbet et al., 2002). In 1982, young drug 

users developed a rapidly progressive parkinsonian syndrome traced to intravenous use of 

street preparation of 1-methyl-4-phenyl-4-propionoxipiperidine (MPPP), an analogue of the 

narcotic meperidine (Dauer & Przedborski, 2003). Illicit synthesis of MPPP led to the 

production of a neurotoxic contaminant, MPTP. According to Betarbet et al. (2002), MPTP 

crosses the BBB and is metabolised by MAO-B in astrocytes to MPP+. Exposure to MPTP 

results in nigrostriatal dopaminergic degeneration in a number of species including mice, 

cats and primates (Betarbet et al., 2002). Betarbet et al. (2002) states that acute MPTP 

exposure results in specific degeneration of nigrostriatal dopaminergic pathway with 50% to 

90% loss of DA in the striatum. MPTP exposure in primates mimics behavioural 

characteristics of PD including bradykinesia and rigidity (Betarbet et al., 2002). 

2.4.1.2 Mechanism of action 

After administration, MPTP crosses the BBB and is first metabolised in astrocytes by MAO-B 

to yield 1-methyl-4-phenyl-2,3-dihydropyridine (MPDP+). MPDP+ then disproportionates to 

generate the corresponding pyridium species MPP+ (Betarbet et al., 2002; Smeyne & 
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Jackson-Lewis, 2005). Once converted to MPP+ in the astrocytes, MPP+ stimulates the up-

regulation of TNF-α, IL-1β and IL-6, and these in turn up-regulate inducible NOS (Smeyne & 

Jackson-Lewis, 2005). According to Smeyne and Jackson-Lewis (2005), inducible NOS is 

minimally expressed in the normal brain and is upregulated in the substantia nigra’s 

microglia in both PD and mice following MPTP treatment. 

According to Smeyne and Jackson-Lewis (2005), inducible NOS produces large amounts of 

the uncharged and lipophilic molecule, NO, which can freely pass through membranes and 

travel distances greater than the length of a neuron. Since MPP+ cannot freely exit from the 

glial environment, because of its high degree of polarity, it has been suggested that there 

may be a specific transporter that actively moves it out of the glia (Smeyne & Jackson-Lewis, 

2005). Furthermore, once in the mitochondria, MPP+ inhibits cellular respiration through 

blockade of the electron transport enzyme, nicotinamide adenine dinucleotide 

(NADH):ubiquinone oxidoreductase (Complex I), resulting in reduction of cellular ATP and 

neuronal toxicity (Smeyne & Jackson-Lewis, 2005).  

 

Figure 2.29: The conversion of MPTP to MPP+ 

MPP+ may also inhibit complexes III (ubiquinol:ferrocytochrome c oxidoreductase) and IV 

(ferrocytochrome c:oxygen oxidoreductase or cytochrome c oxidase) of the electron 

transport chain (Smeyne & Jackson-Lewis, 2005). NO produced and released by glial cells 

can enter the cytosol and react with the superoxide radical to form ONOO-, one of the most 

destructive oxidising molecules (Smeyne & Jackson-Lewis, 2005).  

2.4.2 6-OHDA 

According to Betarbet et al. (2002), 6-OHDA was the first chemical agent discovered that 

had specific neurotoxic effects on catecholaminergic pathways. 6-OHDA does not cross the 

BBB, therefore it must be injected stereotactically into the substantia nigra, the nigrostriatal 

tract or striatum to specifically target the nigrostriatal pathway (Betarbet et al., 2002; 
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Jackson-Lewis et al., 2012). According to Jackson-Lewis et al. (2012), injection of 6-OHDA 

into the SNpc destroys approximately 60% of the TH-containing neurons in rat and mouse 

brains, with the subsequent loss of TH-positive terminals in the striatum.  

 

 

Figure 2.30: Structure of 6-OHDA 

Jackson-Lewis et al. (2012) states that 6-OHDA uses the DAT to access the cytosol, where 

it can auto-oxidise, and hence generate intracellular oxidative stress. Researchers have 

reported that 6-OHDA-induced degeneration involves the generation of H2O2 and hydroxyl 

radicals in the presence of iron (Betarbet et al., 2002). In addition, 6-OHDA leads to a 

reduction in GSH and superoxide dismutase (SOD) activity, and an increase in 

malondialdehyde levels in the striatum (Jackson-Lewis et al., 2012). It has also been shown 

that 6-OHDA is toxic to mitochondrial complex I and DA produces lesions in the nigrostriatal 

pathway (Jackson-Lewis et al., 2012). 

2.4.3  Rotenone 

Rotenone, a commonly used organic herbicide and insecticide, is highly lipophilic and readily 

crosses the BBB (Betarbet et al., 2002; Dauer & Przedborski, 2003; Jackson-Lewis et al., 

2012). Studies have reported that chronic exposure to low doses of rotenone results in 

uniform inhibition of complex I throughout the rat brain (Betarbet et al., 2002). According to 

Betarbet et al. (2002), rotenone also causes selective degeneration of the dopaminergic 

nigrostriatal pathway, selective striatal oxidative damage and formation of ubiquitin- and α-

synuclein-positive inclusions in the nigral cells, which were similar to Lewy bodies of PD.  

Betarbet et al. (2002) remarks that rotenone-exposed rats are hypokinetic with a flexed 

posture similar to the stooped posture of PD patients, while some animals developed severe 

rigidity and a few spontaneously shaking paws resembling resting tremor in PD. Another 

study of rats chronically infused with rotenone showed significant reductions in striatal 

dopamine- and cAMP-regulated phosphoprotein (DARPP)-32-positive, cholinergic, and 

nicotinamide adenine dinucleotide phosphate (NADPH) diaphorase-positive neurons (Dauer 

& Przedborski, 2003). 
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Figure 2.31: Structure of rotenone 

2.4.4 Paraquat 

1,1’-Dimethyl-4,4’-bipyridinium or paraquat is a widely used herbicide that exhibits structural 

similarity to MPP+ (Betarbet et al., 2002; Dauer & Przedborski, 2003; Jackson-Lewis et al., 

2012). Paraquat crosses the BBB slowly and to a limited extent, but unlike MPP+, it exerts its 

toxicity through oxidative stress mediated by redox cycling. Paraquat thus generates ROS, 

particularly the superoxide radical, H2O2 and hydroxyl radicals that lead to the damage of 

lipids, proteins, DNA and ribonucleic acid (RNA) (Betarbet et al., 2002; Dauer & Przedborski, 

2003; Jackson-Lewis et al., 2012). 

 

Figure 2.32: Structure of paraquat 

Systemic paraquat administration to mice causes a dose-dependent decrease in 

dopaminergic nigral neurons and striatal dopaminergic innervation, accompanied by α-

synuclein-containing inclusions as well as increases in α-synuclien immunostaining in the 

frontal cortex (Betarbet et al., 2002; Dauer & Przedborski, 2003) 

2.4.5 Gene-based models 

Genetic mutations in PD are rare, and the majority of PD cases are sporadic and do not 

result from obvious genetic defects (Betarbet et al., 2002; Jackson-Lewis et al., 2012). 

Mutation in three genes, α-synuclein, parkin and UCHL-1, which appear to participate in the 

ubiquitin-proteasome pathway is often implicated in familial PD (Betarbet et al., 2002; Dauer 

& Przedborski, 2003). Dauer and Przedborski (2003) remark that PD-causing mutations in 

the gene DJ-1 have recently been identified, and this protein also appears to have a 

potential link to the ubiquitin-proteasome pathway. On the other hand, transgenic mice 

expressing human α-synuclein demonstrate a number of PD features, including loss of 
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nigrostriatal dopaminergic terminals in the striatum, development of α-synuclein and 

ubiquitin-positive cytoplasmic inclusions and motor impairments (Betarbet et al., 2002). 

 

Figure 2.33: Schematic representation of the site of action of pharmacological 
agents or genetic manipulations resulting in nigrostriatal 
degeneration and striatal DA depletion. (Betarbet et al., 2002). 

2.5 Quinazolinones 

2.5.1 General background 

It has been reported that heterocyclic chemistry comprises at least half of all organic 

chemistry research worldwide (Connolly et al., 2005; Chawla & Batra, 2013). Notably, 

heterocyclic compounds form the basis of many pharmaceutical, chemical and veterinary 

products (Connolly et al., 2005; Banu et al., 2015). Heterocyclic compounds are ring 

structures that have atoms of at least two different elements as members of the ring (Chawla 

& Batra, 2013), some of which are inorganic. 

Quinazolines belong to the N-containing heterocyclic compounds, and have been shown to 

exhibit a broad spectrum of biological activities (Wang & Gao, 2013; Asif, 2014). Evolving 
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synthetic methods are being used to synthesise a variety of quinazoline compounds with 

different biological activities (Wang & Gao, 2013). The addition of various active groups to 

the quinazoline moiety alters the properties of the quinazoline ring considerably, thus 

modifying its activity (Wang & Gao, 2013; Asif, 2014). Quinazolinones result from 

introduction of a keto group to the pyrimidine ring of quinazolines (Tiwary et al., 2015). 

According to Chawla and Batra (2013), quinazolinones are heterocyclic compounds with two 

fused aromatic rings, comprising of two nitrogen atoms and one keto group. 

2.5.2 Biological activities 

Quinazolinone derivatives are found in more than 100 naturally occurring alkaloids (He et al., 

2014; Khan et al., 2014), and are known to possess a wide variety of biological activities 

including anti-inflammatory, antipsychotic, antihypertensive (Chawla & Batra, 2013), 

antimalarial, anticonvulsant (Banu et al., 2015), diuretic (Rajput & Mishra, 2012), anti-HIV, 

anticancer, antimutagenic, antidepressant (Asif, 2014), analgesic, CNS depressant, 

antihistaminic and antiparkinsonian activities (Tiwary et al., 2015). 

Quinazolinones have two structural isomers depending on the position of the keto group, 

2(1H)-quinazolinones and 4(3H)-quinazolinones (Banu et al., 2015), with the 4-isomer being 

more common (Chawla & Batra, 2013).  

 

Figure 2.34: Isomers of quinazolinones 

The 4(3H)-quinazolinones are the most prevalent, either as intermediates, or as natural 

products in various biosynthetic pathways. The 4(3H)-quinazolinones are derived from 

anthranilates (anthranilic acid or various esters, isatoic anhydride, anthranilamide and 

anthranilonitrile) (Rajput & Mishra, 2012). On the other hand, the 2(1H)-quinazolinone 

isomer is predominately a product of the reaction of anthranilonitrile or benzamides with 

nitriles (Rajput & Mishra, 2012).  

Medicinal chemists have been inspired by the stability of the quinazolinone nucleus, and to 

synthesise new potential medicinal agents, have introduced many bioactive moieties to this 

nucleus (Banu et al., 2015; Tiwary et al., 2015). According to Gokhan-Kelekci et al. (2009), a 
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number of quinazolinones and their analogues have been shown to exhibit MAO inhibitory 

activity.  

Gokhan-Kelekci et al. (2009) evaluated the MAO inhibitory activity of a series of 4(3H)-

quinazolinone derivatives using MAO from rat liver, and revealed that substitution on the 2nd 

and 3rd positions on the ring system of this quinazolinone isomer with different heterocyclic 

moieties results in high potency MAO inhibitors. Among the evaluated compounds were 

inhibitors that were selective for MAO-A as well as MAO-B. The most potent inhibitors 

exhibited IC50 values of 1.03 μM and 0.16 μM for MAO-A and MAO-B, respectively.  

Khattab et al. (2015) evaluated amino acid derivatives of quinazolinones as inhibitors of 

bovine brain MAO. The evaluated compounds however showed selective inhibition of MAO-

A over MAO-B, with IC50 values ranging from 0.016 μM to 0.196 μM. A few of the test 

compounds possessed inhibitory profiles similar to that of the reference MAO-A inhibitor, 

clorgyline. 

 

2.5.3 Synthetic methods 

The first quinazolinone derivative, 2-cyano-3,4-dihydro-4-oxoquinazoline, was synthesised in 

the late 1860s by using cyanogens and anthranilic acid as starting materials (Chawla & 

Batra, 2013; Asif, 2014). Inspired by the wide range of biological activities exhibited by 

quinazolinone derivatives, many useful procedures have been developed for their syntheses.  

 

Figure 2.35: Structure of 2-cyano-3,4-dihydro-4-oxoquinazoline 

The Niementowski synthesis is the most common method for synthesis of 4(3H)-

quinazolinones. It involves heating anthranilic acid or one of its functional derivatives in an 

open container containing excess formamide at 120-150 °C for at least 6 hours (He et al., 

2014; Tiwary et al., 2015). During this procedure, water is eliminated and the reaction 

proceeds via an o-amidobenzamide intermediate. This method of quinazolinone synthesis is 

known to be variable and sometimes gives impure products in low yields (He et al., 2014). 
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Figure 2.36: The Niementowski reaction (Tiwary et al., 2015) 

Alexandre et al. (2002) re-investigated and improved the Niementowski synthesis by using 

microwave irradiation, improving the yield and purity, and reducing reaction time for the 

synthesis of 4(3H)-quinazolinones.  

Because of their wide range of biological activities, and their proven MAO inhibitory potential, 

quinazolinones have attracted attention for further investigation as MAO inhibitors. 

2.6 Conclusion 

This chapter discussed PD as a progressive neurodegenerative disorder which has no cure, 

but can be treated symptomatically. The aetiology and symptomatic treatment of PD were 

briefly discussed in this chapter. The metabolic precursor of dopamine, L-dopa still remains 

the most effective treatment option for PD. L-dopa should however be given together with a 

peripheral dopa decarboxylase inhibitor to reduce any side-effects that result from its 

peripheral activation, and to increase its cerebral bioavailability. This chapter also discussed 

the three dimensional structures of the MAO isoenzymes and their importance as 

therapeutic targets for neurological diseases, particularly PD. Inhibition of MAO-B enhances 

brain DA levels in PD, and it is one of the pharmacological approaches to treating PD. MAO-

B inhibitors have been used alone or in combination with L-dopa to combat the symptoms of 

PD. MAO-B inhibitors also protect against neuronal damage caused by the products of MAO 

catalysis. As discussed earlier, quinazolinones possess a wide range of biological 

properties, including antiparkinsonian activity. This study will thus explore quinazolinones as 

potential inhibitors of MAO-B. 
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Abstract 

In the present study, a series of fourteen 2-mercapto-4(3H)-quinazolinone derivatives was 

synthesised and evaluated as potential inhibitors of the human monoamine oxidase (MAO) 

enzymes. Quinazolinone is the oxidised form of quinazolines, and although this class has 

not yet been extensively explored as MAO inhibitors, it has been shown to possess a wide 

variety of biological activities. Among the quinazolinone derivatives investigated, twelve 

compounds proved to be potent and selective MAO-B inhibitors, with the most potent 

inhibitor, 2-[(3-iodobenzyl)thio]quinazolin-4(3H)-one, exhibiting an IC50 value of 0.142 μM. 

None of the synthesised compounds were MAO-A inhibitors. Analyses of structure-activity 

relationships (SARs) for MAO-B inhibition show that substitution on the thiol of the 

quinazolinone moiety with a benzyl bearing a halogen (F, Cl, Br, I) on the meta and para 

positions yields high potency inhibitors. In contrast, substitution with an unsubstituted benzyl 

moiety showed little inhibition activity towards MAO-B. This study suggests that 

quinazolinones are promising leads for the development of selective MAO-B inhibitors which 

may be used for the treatment of neurodegenerative disorders such as Parkinson’s disease. 

Keywords: monoamine oxidase, MAO, quinazolinone, SAR, Parkinson’s disease 

Introduction 

The human MAOs are mitochondrial bound flavin-dependent enzymes that catalyse the 

oxidative deamination of neurotransmitters such as serotonin (5-HT), dopamine, epinephrine 

and norepinephrine (Hassan et al., 2006; Khattab et al., 2010; Khattab et al., 2015). The 

MAO enzyme exists in two isoforms, MAO-A and MAO-B, which are approximately 70% 

similar on the amino acid level (Kumar et al., 2016). In spite of this, the MAOs differ in 
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substrate specificity, inhibitor selectivity and tissue distribution (Hassan et al., 2006; Kumar 

et al., 2016). For example, MAO-B is selectively and irreversibly inhibited by (R)-deprenyl 

and rasagiline, and preferentially metabolises benzylamine and phenylethylamine (Khattab 

et al., 2010; Carradori & Silvestri, 2015). On the other hand, the MAO-A isoform has 

specificity for bulkier endogenous amines such as serotonin and is irreversibly inhibited by 

clorgyline and reversibly by moclobemide (Carradori & Silvestri, 2015). Dopamine, tyramine 

and tryptamine are common substrates for both forms of the enzyme (Srivastav et al., 2013; 

Kumar et al., 2016). The MAO enzymes are found in most tissues including the brain, gut, 

liver, platelets, and lymphocytes (Kumar et al., 2016). In the brain, the two MAOs are not 

evenly distributed with MAO-B being the main form in the basal ganglia (Youdim et al., 

2006). Furthermore, MAO-B is mostly found in serotonergic neurons and astrocytes, 

whereas MAO-A is found predominantly in catecholaminergic neurons (Youdim et al., 2006). 

In the peripheral tissues, the MAOs function as metabolic barriers, with MAO-A preventing 

the entry of biogenic amines such as tyramine into the systemic circulation. Similarly, MAO-B 

in the microvessels of the blood-brain barrier (BBB) prevents entry of certain amines such as 

phenylethylamine into the central nervous system (CNS) (Youdim et al., 2006; Legoabe et 

al., 2012). 

The imbalance in the concentrations of monoamine neurotransmitters in the brain is 

associated with the chemical pathophysiology of various neurological disorders including 

depression, Parkinson’s disease and Alzheimer’s disease (Kumar et al., 2016). In this 

respect, selective MAO-A inhibitors are used clinically as antidepressants and anxiolytics, 

whereas MAO-B inhibitors are used for the treatment of Parkinson’s disease (Khattab et al., 

2015). However, the clinical use of certain MAO inhibitors is restricted because of their ability 

to cause an abnormal increase in blood pressure known as the cheese reaction (Khattab et 

al., 2010; Kumar et al., 2016). Normally, intestinal MAO-A metabolises tyramine, an 

indirectly acting sympathomimetic amine which is present in cheese and fermented drinks, 

and thus serves as a metabolic barrier for the entry of tyramine into the circulation (Legoabe 

et al., 2012). In the presence of an irreversible non-selective MAO or selective MAO-A 

inhibitor, systemic tyramine concentrations increase, leading to the release of 

norepinephrine from the peripheral adrenergic neurons and a rapid blood pressure elevation 

(Legoabe et al., 2012; Meiring et al., 2013; Kumar et al., 2016). This drug-food interaction 

may be fatal and is termed the “cheese reaction”. Selective MAO-B inhibitors are devoid of 

the cheese reaction and possess good safety profiles (Carradori & Silvestri, 2015).  

As mentioned, MAO-B inhibitors are used for the treatment of Parkinson’s disease and are 

combined with L-dopa, the metabolic precursor of dopamine. By inhibiting dopamine 

metabolism in the brain, MAO-B inhibitors increase the therapeutic efficacy of L-dopa 
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(Mostert et al., 2015; Nel et al., 2016). MAO-B inhibitors may also be neuroprotective by 

reducing levels of hydrogen peroxide and aldehyde derivatives, potentially harmful by-

products formed as a result of MAO-B catalysis (Mostert et al., 2015; Nel et al., 2016). These 

by-products may cause neuronal cell damage if not adequately inactivated. Because brain 

MAO-B activity increases with age, the contribution of hydrogen peroxide and aldehyde 

derivatives to neurodegeneration in Parkinson’s disease may be particularly relevant 

(Legoabe et al., 2012; Nel et al., 2016). Based on these considerations, a number of 

research groups pursue the discovery of new MAO-B inhibitors in search of improved 

antiparkinsonian therapies. 

Numerous scaffolds have been explored as leads for the design of potent MAO inhibitors. 

Among these is the quinazolinone moiety. Gökhan-Kelekçi et al. (2009) demonstrated that 

compounds bearing a phenyl on position 3 and a substituted phenyl on position 5 of 

quinazolinone hydrazine derivatives are highly potent MAO inhibitors. On the other hand, 

compounds bearing a substituted phenyl on position 3 and furyl/thienyl on position 5 are the 

least potent (Gökhan-Kelekçi et al., 2009). The inhibition activities of these compounds are 

dependent on the nature and position of the substituent on the phenyl ring. Rastogi et al. 

(1972) and Srivastava et al. (1980), in turn, demonstrated that substitution with a halogen (F, 

Cl, Br, I) on positions 6 and 8 of the quinazolinone significantly enhances MAO inhibition. 

Srivastava et al. (1980) reported that potency of the inhibitor decreases as the 

electronegativity of the halogen substituent decreases (Cl > Br > I). Substitution on C2 of the 

4(3H)-quinazolinone was considered in the present study. The unsubstituted and substituted 

benzyl moieties were linked, via a thiol ether, to 4(3H)-quinazolinone to yield 3a–k. Since 

halogen substitution was shown to increase MAO inhibitory potency in previous studies, the 

4(3H)-quinazolinone thioether derivatives were substituted with halogens at the meta and 

para positions of the benzyl ring. For the purpose of this study, the 2-oxo-2-phenylethyl (3l), 
3-phenylpropyl (3m) and 2-phenoxyethyl (3n) substituents were also explored. Based on the 

previous studies, these 4(3H)-quinazolinone derivatives may act as potential MAO inhibitors. 

Results and discussion 

Chemistry 

The 4(3H)-quinazolinone thioether derivatives (3a–n) were synthesised in poor to excellent 

yields (5-95%) by employing the nucleophilic substitution reaction (scheme 1). Commercially 

available 2-mercapto-4(3H)-quinazolinone and an appropriate arylalkyl bromide or chloride 

were suspended in ethanol (10 mL) in the presence of K2CO3 or NaOH, and stirred for 2 h. 

With the exception of 3n, the target products were precipitated with the addition of ice-cold 

water, collected by filtration and dried. Compound 3n was isolated by extraction with ethyl 
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acetate. The crude products obtained were purified by recrystallisation from appropriate 

solvents, and the structures and purities of the target compounds were verified by 1H NMR, 
13C NMR, mass spectrometry and HPLC analyses as cited in the experimental section. 

 

 

Figure 1: The structure of 2-mercapto-4(3H)-quinazolinone 

IC50 values for the inhibition of MAO 

Recombinant human MAO-A and MAO-B were employed to evaluate the MAO inhibitory 

properties of the newly synthesised compounds (Legoabe et al., 2012; Mostert et al., 2015; 

Nel et al., 2016). Kynuramine served as enzyme substrate for both MAO-A and MAO-B. 

Kynuramine is oxidised to yield 4-hydroxyquinoline as ultimate product, a metabolite that 

fluoresces (λex = 310 nm; λem = 400 nm) in alkaline media and can thus be readily measured 

by fluorescence spectrophotometry (Legoabe et al., 2012; Meiring et al., 2013; Petzer et al., 

2013). A typical enzyme reaction contained the substrate (50 µM) and the test inhibitors (at 

concentrations of 0.003-100 µM), and were initiated with addition of enzymes. As negative 

control samples, enzyme reactions were also carried out in absence of inhibitor. The 

reactions were subsequently incubated at 37 °C for 20 min and terminated by the addition of 

NaOH (2N). The rate of formation of 4-hydroxyquinoline in each incubation was measured 

by fluorescence spectrometry and the data were fitted to a sigmoidal curve of rate versus the 

logarithm of inhibitor concentration from which the IC50 values were estimated. 

 

Scheme 1: Synthetic route for the synthesis of 4(3H)-quinazolinone thioether derivatives, 

3a–n. 

The IC50 values for the inhibition of MAO by the 2-substituted 4(3H)-quinazolinone thioether 

derivatives are reported in table 1. The results show that 2-substituted 4(3H)-quinazolinones 

are indeed MAO inhibitors, with IC50 ranging from 0.142 to 31.8 μM for the MAO-B isoform. 

The results further demonstrate that the majority of the test inhibitors (12 of 14) are selective 

for MAO-B, with no compounds displaying inhibition towards the MAO-A isoform. With the 

exception of 3c and 3h, those derivatives bearing a halogen on the meta-position of the 



75 
 

benzyl ring (3i, 3k and 3j) are more potent than the corresponding para-substituted 

derivatives. 3k, the meta-iodobenzyl derivative is the most potent inhibitor among the 

evaluated compounds (IC50 = 0.142 μM). However, its para-iodo substituted isomer, 3f, is 

devoid of inhibition activity for MAO-B. Since the meta and the para isomers can be 

considered as having similar lipophilicities (cLogP= 4.55 ± 0.66) and very similar electronic 

properties, the loss of activity of the para-iodo compound may be attributed to steric effects. 

It is interesting to note that substitution on the benzyl ring with both halogens (F, Cl, Br, I) 

and alkyl (CF3) substituents enhances MAO-B inhibitory potency relative to the derivative 

bearing an unsubstituted benzyl ring. In fact, with the exception of 3f, all halogen-substituted 

derivatives act as potent MAO-B inhibitors. Also of note is that the 3-phenylpropyl (3m) and 

2-phenoxyethyl (3n) substituted compounds exhibited similar MAO-B inhibition potencies 

compared to 3a, which may be attributed to the absence of substituents (e.g. halogens) on 

the side chain phenyl rings. The pyridine substituted compound, 3b, did not inhibit either 

MAO isoforms, which suggests that non-polar, lipophilic phenyl-containing substituents are 

more appropriate for MAO-B inhibition compared to the pyridine ring. The 2-oxo-2-

phenylethyl substituted derivative 3l also displayed relatively poor MAO-B inhibition, which 

shows that introduction of an oxo group to the side chain linker reduced MAO-B inhibition. 

These results demonstrate the appropriate substitution of 4(3H)-quinazolinones via thioether 

linkage for the design of MAO-B inhibitors. 
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Table 1: The IC50 values for the inhibition of MAO-A and MAO-B by 4(3H)-quinazolinone 

thioether derivatives. 

 

 R IC50 (μM)a SIb cLogP 

  MAO-A MAO-B   

3a 

 

No inhc 3.028 ± 
0.131 

>33 3.52 ± 0.64 

3b 

 

No inhc No inhc >1 2.03 ± 0.64 

3c 

 

No inhc 0.566 ± 
0.024 

>177 3.57 ± 0.66 

3d 

 

No inhc 0.482 ± 
0.036 

>207 4.12 ± 0.64 

3e 

 

No inhc 0.779 ± 
0.188 

>128 4.29 ± 0.66 

3f 

 

No inhc No inhc >1 4.55 ± 0.66 

 

3g 

 

No inhc 0.700 ± 
0.005 

>143 4.09 ± 0.65 

3h 

 

No inhc 2.504 ± 
0.112 

>40 3.57 ± 0.66 

3i 

 

No inhc 0.230 ± 
0.020 

>435 4.12 ± 0.64 
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3j 

 

No inhc 0.208 ± 
0.015 

>481 4.29 ± 0.66 

3k 

 

No inhc 0.142 ± 
0.011 

>704 4.55 ± 0.66 

3l 

 

No inhc 31.82 ± 
0.707 

>3 3.22 ± 0.65 

3m 

 

No inhc 5.986 ± 
1.604 

>17 4.37 ± 0.63 

3n 

 

No inhc 1.241 ± 
0.053 

>81 3.66 ± 0.64 

a All values are expressed as the mean ± standard deviation (SD) of triplicate determinations. 

b Selectivity index (SI) = IC50(MAO-A)/IC50(MAO-B). 

c No inhibition observed at a maximal tested concentration of 100 µM. 

Reversibility of MAO-B inhibition 

To examine the reversibility of MAO inhibition by the 4(3H)-quinazolinone thioether 

derivatives, recoveries of enzymatic activities after dialysis of enzyme-inhibitor mixtures were 

measured (Mostert et al., 2016). MAO-B and a selected test inhibitor, compound 3k, at a 

concentration equal to 4 x IC50 were combined for 15 min and subsequently dialysed for 24 

h. As negative control, MAO-B was similarly dialysed in the absence of the inhibitor, and as 

positive control in the presence of the irreversible inhibitor (R)-deprenyl. Enzymatic activity is 

expected to recover to 100% of the negative control value following dialysis for reversible 

inhibitors. In contrast, for irreversible inhibition, enzyme activity is not expected to recover 

after dialysis. In this experiment, MAO-B activity was recovered to 108% of the control value 

after dialysis of mixtures containing MAO-B and 3k. Enzyme activity of undialysed mixtures 

of MAO-B and 3k are 46% of the control value, while only 3% of the control value was 

recovered after dialysis of mixtures containing MAO-B and (R)-deprenyl. The results are 

given in figure 2, and thus indicate that 3k is a reversible inhibitor of MAO-B. 
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Figure 2: Reversibility of MAO-B inhibition by 3k. MAO-B was pre-incubated with 3k (at 4 x 

IC50) for 15 min and dialysed for 24 h. Similarly, the enzyme was pre-incubated in the 

absence of the inhibitor and in the presence of the irreversible MAO-B inhibitor (R)-deprenyl. 

These mixtures were also dialysed for 24 h and the residual enzyme activities were 

measured. The residual activity of undialysed mixtures of MAO-B and 3k are also shown (3k 
not dialysed) for comparison. 

To investigate the mode of MAO-B inhibition by 3k, a set of Lineweaver-Burke plots (figure 

3) was constructed. A set comprising of 6 plots was constructed by measuring enzyme 

activities in the absence and presence of different inhibitor concentrations (0 µM, 1/4 x IC50, 

½ x IC50, ¾ x IC50, 1 x IC50, 11/4 x IC50). Eight different substrate (kynuramine) concentrations 

ranging from 15 to 250 µM were used for each plot. The results show that the plots are linear 

and intersect on the y-axis. This indicates that 3k inhibits MAO-B competitively. For MAO-B 

inhibition, the Ki value was estimated by plotting the slopes of the Lineweaver-Burke plots 

versus the inhibitor concentration, with the Ki equal to 0.092 µM. 
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Figure 3: Lineweaver-Burke plots of human MAO-B catalytic activities in the absence (filled 

squares) and presence of various concentrations of 3k. 

Conclusion 

The present study shows that C2-substituted 4(3H)-quinazolinone thioether derivatives are 

potent and selective inhibitors of human MAO-B, with compound 3k being the most potent 

inhibitor (IC50 = 0.142 µM). An analysis of the SARs for MAO-B inhibition shows that 

substitution with a benzyl ring bearing a halogen on the meta or para positions is more 

favourable for MAO-B inhibition than substitution with an unsubstituted benzyl moiety. Of 

note is the finding that none of the derivatives inhibited MAO-A up to a maximal tested 

concentration of 100 µM. Based on their good selectivity profile for MAO-B, this series of 

4(3H)-quinazolinone thioether derivatives represents promising leads for future development 

of novel selective MAO-B inhibitors, which have potential in the treatment of Parkinson’s 

disease. 
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Experimental section 

Chemicals and instrumentation 

Unless otherwise noted, all starting materials and reagents were obtained from Sigma-

Aldrich and used without further purification. Proton (1H) and carbon (13C) NMR spectra were 

recorded on a Bruker Avance III 600 spectrometer at frequencies of 600 MHz and 151 MHz, 

respectively, with DMSO-d6 serving as NMR solvent. All chemical shifts are reported in parts 

per million (δ). Spin multiplicities are given as s (singlet), d (doublet), dd (doublet of 

doublets), ddd (doublet of doublet of doublets), t (triplet) and m (multiplet). High resolution 

mass spectra (HRMS) were recorded on a Bruker micrOTOF-Q II mass spectrometer in 

atmospheric-pressure chemical ionisation (APCI) mode. The melting points (mp) were 

determined with a Buchi B-545 melting point apparatus and are uncorrected. Thin layer 

chromatography (TLC) was carried out using silica gel 60 (Merck) with UV254 fluorescent 

indicator. Microsomes from insect cells containing recombinant human MAO-A and MAO-B 

(5 mg protein/mL), and kynuramine dihydrobromide were obtained from Sigma-Aldrich. 

Fluorescence spectrophotometry was carried out with a Varian Cary Eclipse fluorescence 

spectrophotometer.  

General procedure for synthesis of 4-(3H) quinazolinone analogues 

A mixture of commercially available 2-mercapto-4(3H)-quinazolinone (0.3 g, 1.683 mmol), 

ethanol (10 mL) and an appropriately substituted arylalkyl halide was stirred in the presence 

of K2CO3 (0.465 g, 3.37 mmol) or NaOH (0.135 g, 3.37 mmol) for 2 h at room temperature. 

The reaction products were precipitated with the addition of ice-cold water (15 mL), collected 

by filtration and dried. Water soluble products were extracted to ethyl acetate (60 mL), dried 

over magnesium sulfate and the solvent was removed in vacuo. The target products were 

purified by recrystallisation from appropriate solvents. To monitor the progress of the 

reactions, silica gel TLC was performed with a mobile phase that consisted of petroleum 

ether:ethyl acetate (3:1). 

2-(Benzylthio)quinazolin-4(3H)-one (3a) 

The title compound was prepared in a yield of 93%: mp 212.4-213.1 °C (ethanol) 1H NMR 

(600 MHz, DMSO) δ 12.59 (s, 1H), 8.04 (dd, J = 7.9, 1.3 Hz, 1H), 7.78 (ddd, J = 8.5, 7.3, 1.6 

Hz, 1H), 7.61 (d, J = 7.9 Hz, 1H), 7.51 – 7.46 (m, 2H), 7.46 – 7.40 (m, 1H), 7.33 (dd, J = 

10.3, 4.7 Hz, 2H), 7.28 – 7.22 (m, 1H), 4.50 (s, 2H). 13C NMR (151 MHz, DMSO) δ 161.83, 

155.91, 148.76, 137.87, 135.10, 129.67, 128.92, 127.75, 126.53, 126.38, 126.14, 120.49, 

34.01. APCI-HRMS m/z: calcd for C15H13N2OS, 269.0743, found 269.0755. Purity (HPLC): 

99.2%. 
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2-[(Pyridin-4-ylmethyl)thio]quinazolin-4(3H)-one (3b) 

The title compound was prepared in a yield of 5%: mp 336.6-336.7 °C. 1H NMR (600 MHz, 

DMSO) δ 12.65 (s, 1H), 8.49 (d, J = 5.9 Hz, 2H), 8.01 (dd, J = 7.9, 1.3 Hz, 1H), 7.78 – 7.72 

(m, 1H), 7.57 (d, J = 8.0 Hz, 1H), 7.51 – 7.47 (m, 2H), 7.44 – 7.38 (m, 1H), 4.47 (s, 2H). 13C 

NMR (151 MHz, DMSO) δ 161.37, 154.84, 149.60, 148.16, 147.02, 134.61, 126.05, 125.89, 

125.75, 124.19, 120.01, 32.13. APCI-HRMS m/z: calcd for C14H12N3OS (MH+), 270.0696, 

found 270.0705. Purity (HPLC): 97.1%. 

2-[(4-Fluorobenzyl)thio]quinazolin-4(3H)-one (3c) 

The title compound was prepared in a yield of 67%: mp 200.4-202.5 °C (ethanol) 1H NMR 

(600 MHz, DMSO) δ 8.04 – 7.98 (m, 1H), 7.78 – 7.70 (m, 1H), 7.57 (d, J = 8.1 Hz, 1H), 7.51 

(dd, J = 8.4, 5.7 Hz, 2H), 7.43 – 7.35 (m, 1H), 7.12 (t, J = 8.8 Hz, 2H), 4.46 (s, 2H), 2.49 (s, 

1H). 13C NMR (151 MHz, DMSO) δ 162.16, 161.73, 160.54, 155.83, 148.41, 134.48, 133.97, 

133.95, 131.22, 131.17, 126.07, 125.84, 125.53, 120.08, 115.25, 115.11, 32.69. APCI-

HRMS m/z: calcd for C15H12FN2OS (MH+), 287.0649, found 287.0660. Purity (HPLC): 99.1%. 

2-[(4-Chlorobenzyl)thio]quinazoline-4(3H)-one (3d) 

The title compound was prepared in a yield of 90%: mp 228.7-232.3 °C. 1H NMR (600 MHz, 

DMSO) δ 12.58 (s, 1H), 8.04 – 7.98 (m, 1H), 7.79 – 7.72 (m, 1H), 7.59 (d, J = 8.1 Hz, 1H), 

7.50 (d, J = 8.4 Hz, 2H), 7.41 (dd, J = 11.1, 4.0 Hz, 1H), 7.35 (d, J = 8.4 Hz, 2H), 4.46 (s, 

2H). 13C NMR (151 MHz, DMSO) δ 161.28, 155.08, 148.28, 136.81, 134.69, 131.86, 131.09, 

128.36, 126.07, 125.78, 120.00, 105.03, 32.69. APCI-HRMS m/z: calcd for C15H12ClN2OS 

(MH+), 303.0353, found 303.0384. Purity (HPLC): 96.5%. 

2-[(4-Bromobenzyl)thio]quinazolin-4(3H)-one (3e) 

The title compound was prepared in a yield of 95%: mp 242.6-245.0 °C. 1H NMR (600 MHz, 

DMSO) δ 12.60 (s, 1H), 8.04 – 7.98 (m, 1H), 7.75 (s, 1H), 7.57 (d, J = 8.1 Hz, 1H), 7.49 (d, J 

= 8.4 Hz, 2H), 7.45 – 7.37 (m, 3H), 4.44 (s, 2H). 13C NMR (151 MHz, DMSO) δ 161.54, 

155.51, 148.31, 137.34, 134.59, 131.44, 131.28, 126.07, 125.89, 125.66, 120.35, 120.04, 

32.75. APCI-HRMS m/z: calcd for C15H12BrN2OS (M+2H+), 346.9848, found 348.9869. Purity 

(HPLC): 100.0%. 

2-[(4-Iodobenzyl)thio]quinazolin-4(3H)-one (3f) 

The title compound was prepared in a yield of 93%: mp 251.3-261.3 °C. 1H NMR (600 MHz, 

DMSO) δ 12.59 (s, 1H), 8.01 (d, J = 7.8 Hz, 1H), 7.76 (s, 1H), 7.65 (d, J = 8.3 Hz, 2H), 7.58 

(d, J = 8.1 Hz, 1H), 7.41 (s, 1H), 7.29 (d, J = 8.2 Hz, 2H), 4.42 (s, 2H). 13C NMR (151 MHz, 

DMSO) δ 161.18, 154.96, 148.28, 137.56, 137.15, 134.72, 131.57, 126.05, 125.80, 121.95, 
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120.01, 93.27, 32.91. APCI-HRMS m/z: calcd for C15H12IN2OS (MH+), 394.9698, found 

394.9710. Purity (HPLC): 96.2%. 

2-[(4-Trifluoromethyl)thio]quinazolin-4(3H)-one (3g) 

The title compound was prepared in a yield of 82%: mp 217.3-219.7 °C. 1H NMR (600 MHz, 

DMSO) δ 12.61 (s, 1H), 8.03 – 7.97 (m, 1H), 7.77 – 7.69 (m, 3H), 7.66 (d, J = 8.2 Hz, 2H), 

7.57 (d, J = 8.1 Hz, 1H), 7.39 (s, 1H), 4.54 (s, 2H). 13C NMR (151 MHz, DMSO) δ 161.87, 

155.76, 148.42, 143.08, 134.43, 130.00, 127.82, 127.61, 126.07, 125.82, 125.52, 125.23, 

125.21, 123.36, 120.11, 32.82. APCI-HRMS m/z: calcd for C16H12F3N2SO (MH+), 337.0617, 

found 337.0626. Purity (HPLC): 98.1%. 

2-[(3-Fluorobenzyl)thio]quinazolin-4(3H)-one (3h) 

The title compound was prepared in a yield of 63%: mp 193.7-266.1 °C (ethanol) 1H NMR 

(600 MHz, DMSO) δ 12.60 (s, 1H), 8.01 (dd, J = 7.9, 0.9 Hz, 1H), 7.76 (s, 1H), 7.58 (d, J = 

8.0 Hz, 1H), 7.44 – 7.38 (m, 1H), 7.33 (dd, J = 12.2, 6.9 Hz, 3H), 7.06 (s, 1H), 4.48 (s, 2H). 

13C NMR (151 MHz, DMSO) δ 162.77, 161.16, 148.28, 140.68, 140.63, 134.62, 130.36, 

130.31, 126.09, 125.85, 125.68, 125.35, 125.33, 120.05, 116.02, 115.88, 114.15, 114.02, 

39.92, 39.78, 39.64, 39.50, 39.36, 39.22, 39.08, 32.86. APCI-HRMS m/z: calcd for 

C15H12FN2OS (MH+), 287.0649, found 287.0650. Purity (HPLC): 98.2%. 

2-[(3-Chlorobenzyl)thio]quinazolin-4(3H)-one (3i) 

The title compound was prepared in a yield of 86%: mp 209.6-212.7 °C. 1H NMR (600 MHz, 

DMSO) δ 12.60 (s, 1H), 8.02 (dd, J = 7.9, 1.1 Hz, 1H), 7.79 – 7.73 (m, 1H), 7.61 – 7.54 (m, 

2H), 7.48 – 7.37 (m, 2H), 7.36 – 7.25 (m, 2H), 4.47 (s, 2H). 13C NMR (151 MHz, DMSO) δ 

161.36, 155.17, 148.22, 140.39, 134.69, 132.82, 130.26, 129.11, 127.96, 127.20, 126.09, 

125.84, 125.76, 120.03, 32.77. APCI-HRMS m/z: calcd for C15H12ClN2OS (MH+), 303.0353, 

found 303.0367. Purity (HPLC): 97.8%. 

2-[(3-Bromobenzyl)thio]quinazoline-4(3H)-one (3j) 

The title compound was prepared in a yield of 79%: mp 218.9-219.9 °C. 1H NMR (600 MHz, 

DMSO) δ 12.58 (s, 1H), 8.01 (dd, J = 7.9, 0.9 Hz, 1H), 7.76 (s, 1H), 7.71 (s, 1H), 7.58 (d, J = 

8.1 Hz, 1H), 7.49 (d, J = 7.7 Hz, 1H), 7.42 (dd, J = 5.4, 4.1 Hz, 2H), 7.27 (d, J = 7.8 Hz, 1H), 

4.46 (s, 2H). 13C NMR (151 MHz, DMSO) δ 161.46, 155.25, 148.26, 140.72, 134.72, 132.05, 

130.59, 130.10, 128.38, 126.13, 125.86, 125.79, 121.45, 120.05, 32.75. APCI-HRMS m/z: 

calcd for C15H12BrN2OS (M+2H+), 346.9848, found 348.9825. Purity (HPLC): 98.2%. 

2-[(3-Iodobenzyl)thio]quinazolin-4(3H)-one (3k) 

The title compound was prepared in a yield of 87%: mp 227.0-262.1 °C. 1H NMR (600 MHz, 

DMSO) δ 12.59 (s, 1H), 8.02 (dd, J = 7.9, 1.0 Hz, 1H), 7.90 (s, 1H), 7.77 (s, 1H), 7.62 – 7.55 
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(m, 2H), 7.51 (d, J = 7.8 Hz, 1H), 7.45 – 7.39 (m, 1H), 7.11 (t, J = 7.8 Hz, 1H), 4.42 (s, 2H). 
13C NMR (151 MHz, DMSO) δ 161.23, 140.47, 137.93, 135.89, 134.72, 130.56, 128.72, 

127.26, 126.09, 125.81, 120.01, 118.40, 94.61, 77.42, 32.62. APCI-HRMS m/z: calcd for 

C15H12IN2OS (MH+), 394.9709, found 394.9704. Purity (HPLC): 98.8%. 

2-[(2-Oxo-2-phenylethyl)thio]quinazolin-4(3H)-one (3l) 

The title compound was prepared in a yield of 6%: mp 263.7-265.9 °C (ethanol). 1H NMR 

(600 MHz, DMSO) δ 12.71 (s, 1H), 8.09 (d, J = 7.7 Hz, 2H), 7.99 (d, J = 7.8 Hz, 1H), 7.72 – 

7.61 (m, 2H), 7.58 (t, J = 7.7 Hz, 2H), 7.36 (t, J = 7.5 Hz, 1H), 7.11 (d, J = 8.2 Hz, 1H), 4.84 

(s, 2H). 13C NMR (151 MHz, DMSO) δ 193.76, 161.15, 155.02, 148.05, 136.22, 134.56, 

133.50, 128.79, 128.32, 126.03, 125.66, 124.61, 119.79, 37.50. APCI-HRMS m/z: calcd for 

C16H13N2O2S (MH+), 297.0692, found 297.0723. Purity (HPLC): 99.2%. 

2-[(3-Phenylpropyl)thio]quinazolin-4(3H)-one (3m) 

The title compound was prepared in a yield of 39%: mp 152.1-245.7 °C 1H NMR (600 MHz, 

DMSO) δ 12.54 (s, 1H), 8.00 (d, J = 7.9 Hz, 1H), 7.72 (dd, J = 11.2, 4.1 Hz, 1H), 7.43 (d, J = 

8.1 Hz, 1H), 7.38 (t, J = 7.5 Hz, 1H), 7.28 (t, J = 7.5 Hz, 2H), 7.24 – 7.13 (m, 3H), 3.18 (t, J = 

7.3 Hz, 2H), 2.71 (t, J = 7.5 Hz, 2H), 2.05 – 1.92 (m, 2H). 13C NMR (151 MHz, DMSO) δ 

161.67, 156.29, 148.50, 141.14, 134.44, 128.40, 128.36, 126.04, 125.92, 125.78, 125.41, 

120.02, 34.19, 30.50, 29.12. APCI-HRMS m/z: calcd for C17H17N2OS (MH+), 297.1056, found 

297.1080. Purity (HPLC): 98.4%. 

2-[(Phenoxyethyl)thio]quinazolin-4(3H)-one (3n) 

The title compound was prepared in a yield of 32%: mp 176.0-178.7 °C (ethyl acetate). 1H 

NMR (600 MHz, DMSO) δ 12.64 (s, 1H), 8.03 (dd, J = 7.9, 1.3 Hz, 1H), 7.79 – 7.73 (m, 1H), 

7.52 (d, J = 8.1 Hz, 1H), 7.44 – 7.38 (m, 1H), 7.32 – 7.26 (m, 2H), 7.01 (d, J = 7.9 Hz, 2H), 

6.94 (t, J = 7.3 Hz, 1H), 4.27 (t, J = 6.6 Hz, 2H), 3.60 (t, J = 6.6 Hz, 2H). 13C NMR (151 MHz, 

DMSO) δ 161.23, 158.03, 153.27, 134.67, 129.56, 126.07, 125.87, 125.72, 120.85, 120.02, 

114.52, 65.87, 30.69, 28.56. APCI-HRMS m/z: calcd for C16H15N2O2S (MH+), 299.0849, 

found, 299.0884. Purity (HPLC): 96.3%. 

Protocol for the measurement of IC50 values 

The IC50 values for inhibition of MAO-A and MAO-B were measured according to a method 

described by Mostert et al. (2015). The recombinant human MAOs served as enzyme 

sources in this study. The enzyme reactions were carried out in white 96-well plates 

(Eppendorf) in potassium phosphate buffer (100 mM, made isotonic with KCl) at pH 7.4. The 

final volume of the reactions was 200 μL and contained the MAO-A/B mixed substrate 

kynuramine (50 μM) and the test inhibitors at concentrations of 0.003–100 μM. Stock 



84 
 

solutions of the inhibitors were prepared in DMSO and added to the reactions to yield a final 

DMSO concentration of 4%. The reactions were initiated with addition of MAO-A (0.0075 mg 

protein/mL) or MAO-B (0.015 mg protein/mL), incubated for 20 min at 37 °C in a convection 

oven, and terminated with 80 μL NaOH (2N). The formation of 4-hydroxyquinoline was 

measured by fluorescence spectrophotometry (λex = 310 nm; λem = 400 nm). A linear 

calibration curve containing authentic 4-hydroxyquinoline (0.047–1.56 μM) was constructed 

and used for these measurements. The inhibition data were fitted to the one site competition 

model incorporated into the Prism 5 software package (GraphPad) and the IC50 values were 

determined from the resulting sigmoidal plots (rate versus the logarithm of inhibitor 

concentration). IC50 values are expressed as mean ± standard deviation (SD) of triplicate 

measurements. 

Dialysis of enzyme-inhibitor mixtures 

The reversibility of MAO-B inhibition by 4(3H)-quinazolinone thioether derivatives was 

examined by dialysis. For this purpose, a procedure reported by Mostert et al. (2015) and 

Mostert et al. (2016) was followed and Slide-A-Lyzer® dialysis cassettes (Thermo Scientific) 

with a molecular weight cut-off of 10 000 and sample volume capacity of 0.3-5 mL were 

used. A mixture of MAO-B (0.03 mg/ml) and the test inhibitor (3k), at a concentration equal 

to 4-fold the IC50, was prepared in potassium phosphate buffer (100 mM, pH 7.4, 5% 

sucrose) to a final volume of 0.8 mL and placed in the dialysis cassettes. DMSO (4%) was 

added to the mixtures as co-solvent. These mixtures were pre-incubated for 15 min at 37 °C 

and subsequently dialysed at 4 °C in 80 mL dialysis buffer (100 mM potassium phosphate, 

pH 7.4, 5% sucrose). The dialysis buffer was replaced at 3 h and 7 h after the start of 

dialysis. As controls, MAO-B was similarly pre-incubated and dialysed in the presence of the 

irreversible MAO-B inhibitor (R)-deprenyl (IC50 = 0.079 μM), as well as in the absence of the 

inhibitor. After 24 h of dialysis, the dialysed samples (250 μL) were diluted 2-fold with the 

addition of kynuramine to yield a final inhibitor concentration of 2 x IC50 and a final 

kynuramine concentration of 50 μM. These enzyme reactions were incubated for 20 min at 

37 °C, after which they were terminated with addition of 400 μL NaOH (2N) and 1000 μL of 

water. The residual MAO activities were measured by fluorescence spectrophotometry as 

described for the IC50 determinations. For comparison, undialysed mixtures of MAO-B and 

3k were maintained at 4 °C for 24 h and thereafter diluted and assayed as above. All 

reactions were carried out in triplicate, and the residual enzyme catalytic rates were 

expressed as mean ± SD. 
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Construction of Lineweaver-Burk plots and Ki determination 

The mode of MAO-B inhibition by 3k was investigated by constructing six Lineweaver-Burke 

plots using a method described in literature (Mostert et al., 2015; Mostert et al., 2016). The 

first plot was constructed in the absence of inhibitor, while the remaining plots were 

constructed in the presence of five different inhibitor concentrations (1/4 x IC50, ½ x IC50, ¾ x 

IC50, 1 x IC50, 11/4 x IC50). The substrate, kynuramine, was used at concentrations ranging 

from 15-250 μM, while the final concentration of MAO-B was 0.015 mg/mL. All enzyme 

reactions and catalytic activity measurements were carried out as described above. Linear 

regression analysis was performed using the Prism version 5.0 software package. 
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APPENDIX A: SPECTRA 

1H NMR, 13C NMR, MS and HPLC 
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Potchefstroom 2520, South Africa 

2Centre of Excellence for Pharmaceutical Sciences, North-West University, Private Bag X6001, 

Potchefstroom 2520, South Africa 

 

  



89 
 

2-(Benzylthio)quinazolin-4(3H)-one (3a) 
1H NMR 

 
13C NMR 

 

  



90 
 

MS 

 
HPLC 

 
  



91 
 

2-[(Pyridin-4-ylmethyl)thio]quinazolin-4(3H)-one (3b) 
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2-[(4-Fluorobenzyl)thio]quinazolin-4(3H)-one (3c) 
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2-[(4-Chlorobenzyl)thio]quinazoline-4(3H)-one (3d) 
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2-[(4-Bromobenzyl)thio]quinazoline-4(3H)-one (3e) 
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2-[(4-Iodobenzyl)thio]quinazoline-4(3H)-one (3f) 
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2-[(4-Trifluoromethyl)thio]quinazolin-4(3H)-one (3g) 
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2-[(3-Fluorobenzyl)thio]quinazoline-4(3H)-one (3h) 
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2-[(3-Chlorobenzyl)thio]quinazolin-4(3H)-one (3i) 
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2-[(3-Bromobenzyl)thio]quinazoline-4(3H)-one (3j) 
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2-[(3-Iodobenzyl)thio]quinazoline-4(3H)-one (3k) 
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2-[(2-Oxo-2-phenylethyl)thio]quinazoline-4(3H)-one (3l) 
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2-[(3-Phenylpropyl)thio]quinazoline-4(3H)-one (3m) 
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2-[(Phenoxyethyl)thio]quinazolin-4(3H)-one (3n) 
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CHAPTER 4: ARTICLE 2 

The monoamine oxidase inhibition properties of C6-mono- and N3/C6-
disubstituted derivatives of 4(3H)-quinazolinone  

 

Malikotsi A. Qhobosheane1, Lesetja J. Legoabe2,*, Jacobus P. Petzer1,2, and Anél Petzer1,2  

1Pharmaceutical Chemistry, School of Pharmacy, North-West University, Private Bag X6001, 

Potchefstroom 2520, South Africa 

2Centre of Excellence for Pharmaceutical Sciences, North-West University, Private Bag X6001, 

Potchefstroom 2520, South Africa 

Abstract  

Parkinson’s disease is a chronic progressive neurodegenerative disorder that is 

characterised by the death of the nigrostriatal neurons and depletion of striatal dopamine. 

The standard symptomatic therapy consists of dopamine replacement with L-dopa, the 

metabolic precursor of dopamine, which represents the most effective treatment. Since 

monoamine oxidase (MAO) B is a key dopamine metabolising enzyme in the brain, MAO-B 

inhibitors are often used as adjuvants to L-dopa. In addition to the symptomatic benefits 

offered by MAO-B inhibitors, these drugs have also been shown to delay the progression of 

Parkinson’s disease when given in early stages of the disease. Based on the therapeutic use 

of MAO-B inhibitors, the present study evaluates a series of mono- and disubstituted 

derivatives of 4(3H)-quinazolinone as potential inhibitors of recombinant human MAO-A and 

MAO-B. Twelve C6-monosubstituted and nine N3/C6-disubstituted 4(3H)-quinazolinone 

derivatives were synthesised, which led to the discovery of novel quinazolinone derivatives 

with micromolar and submicromolar activities as inhibitors of MAO-B. The most potent 

mono- and disubstituted derivatives exhibited IC50 values of 6.354 μM (1f) and 0.685 μM 

(2b), respectively. This study identifies suitable substitution patterns for the design of 4(3H)-

quinazolinone derivatives as MAO-B inhibitors. 

Keywords: monoamine oxidase, MAO, quinazolinone, Parkinson’s disease, inhibition. 

Introduction 

Parkinson’s disease is caused by the death of the dopaminergic neurons that project from 

the substantia nigra to the striatum (Fernandez-Espejo, 2004). This leads to a deficiency of 

dopamine in the basal ganglia and extrapyramidal motor dysfunction including tremor, 

rigidity and bradykinesia (Du et al., 2001). The signs and symptoms of Parkinson’s disease 

can be effectively treated with drugs that enhance dopamine function in combination with 
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drugs that delay disease progression (Du et al., 2001). L-Dopa has been the mainstay for 

the treatment of Parkinson’s disease for over 30 years (Hely et al., 2000), and is still the 

most effective symptomatic treatment to date. L-Dopa is known to improve the quality of life 

of Parkinson’s disease patients and to reduce mortality when initiated in the early stages of 

the disease (Hely et al., 2000; Martin & Wieler, 2003). However, when administered as 

monotherapy, L-dopa is converted into dopamine by intestinal and peripheral aromatic L-

amino acid decarboxylase (AADC), which reduces the amount of the ingested dose that 

reaches the systemic circulation and brain (Aminoff, 1994). L-Dopa is thus routinely 

administered with a peripheral AADC inhibitor to prevent its extracerebral breakdown and 

reduce any side-effects that result from its peripheral activation (Aminoff, 1994; Martin & 

Wieler, 2003). L-Dopa is also frequently combined with selective MAO B inhibitors, which 

protect central dopamine from MAO-catalysed breakdown (Youdim et al., 2006; Petzer et al., 

2013; Legoabe et al., 2015). MAO-B inhibitors not only block dopamine metabolism but also 

reduce the production of neurotoxic by-products of the MAO catalytic cycle (Youdim & 

Bakhle, 2006; Youdim et al., 2006). When given in the early stages of Parkinson’s disease, 

MAO-B inhibitors delay the onset of more severe disability (Rossiter et al., 2012), and also 

significantly delay the need to start L-dopa therapy (Legoabe et al., 2015). 

MAO are flavin adenine dinucleotide (FAD) containing enzymes which metabolise several 

bioactive amines including serotonin and catecholamines in both the central nervous system 

and peripheral organs (Nicotra et al., 2004; Meiring et al., 2013; Khattab et al., 2015). MAO 

is not a single enzyme, but exists as two isoforms, MAO-A and MAO-B (Youdim & 

Weinstock, 2004), which are encoded by different genes and exhibit approximately 70% 

amino acid sequence identity (Shih et al., 1999). MAO-A preferentially metabolises serotonin 

(5-hydroxytryptamine), while MAO-B preferentially oxidises the dietary amines, benzylamine 

and phenylethylamine. Certain amines such as dopamine and tyramine are substrates for 

both MAO isoforms (Youdim et al., 2006; Petzer et al., 2013; Legoabe et al., 2015). In 

humans, MAO-A is the major isoform in the intestines, placenta and heart, while MAO-B is 

most abundant in platelets, glial cells in the brain and liver (Nel et al., 2016). Because MAO-

B activity increases in the human brain with age, elderly Parkinson’s disease patients are 

expected to exhibit a higher MAO-catalysed metabolism of central dopamine and thus an 

increased production of by-products of the MAO catalytic cycle (Shih et al., 1999). Age-

related increases in brain MAO-B and its ability to produce reactive oxygen species as by-

products of catalysis thus may contribute to the neurodegeneration associated with 

Parkinson’s disease (Kumar et al., 2003).  

MAO inhibitors have been used clinically mainly for the treatment of depression and 

Parkinson’s disease (Gaweska & Fitzpatrick, 2011). However, the clinical use of MAO 
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inhibitors declined because of their ability to induce a potentially life-threatening blood 

pressure elevation when combined with tyramine-containing food (Youdim & Bakhle, 2006; 

Youdim et al., 2006; Legoabe et al., 2014; Legoabe et al., 2015). Under normal 

circumstances, dietary tyramine is extensively metabolised by MAO-A in the gut wall and in 

the liver (Youdim & Bakhle, 2006), and it is thus prevented from entering the systemic 

circulation. In the presence of a MAO-A inhibitor this protective system is abolished (Youdim 

& Bakhle, 2006), systemic tyramine levels increase and induce the release of norepinephrine 

from peripheral neurons (Legoabe et al., 2015). The consequence of this release is severe 

hypertension which in some cases may be fatal (Youdim & Bakhle, 2006; Legoabe et al., 

2015). This adverse effect is associated with irreversible MAO-A inhibition. Reversible MAO-

A inhibitors and selective MAO-B inhibitors do not provoke the tyramine-induced 

hypertensive response and are thus considered safe in this respect (Legoabe et al., 2015). 

Since selective and reversible MAO-B inhibitors are not associated with changes in blood 

pressure, they are preferred for the early treatment of Parkinson’s disease (Carradori & 

Silvestri, 2015). Also since the by-products of MAO catalysis may damage neuronal cells if 

not adequately inactivated (Mostert et al., 2015), MAO-B inhibitors may protect against these 

neurodegenerative processes by decreasing the levels of hydrogen peroxide and aldehydes 

resulting from MAO oxidation (Petzer et al., 2013; Mostert et al., 2015). As mentioned, MAO-

B activity in the central nervous system increases with age, providing a further rationale for 

the use of MAO-B inhibitors in Parkinson’s disease (Legoabe et al., 2012). In pursuit of 

improved therapies for Parkinson’s disease, several researchers are involved in the design 

and development of new MAO-B inhibitors. 

Quinazolinones and their derivatives are building blocks for approximately 150 naturally 

occurring alkaloids (Arora et al., 2011) and thus constitute a major class of biologically active 

molecules, both from natural and synthetic sources (Demeunynck & Baussanne, 2013). 

Because of their broad spectrum of biological and biochemical activities, quinazolinone 

derivatives have been developed as antitumor (Cao et al., 2005), antibacterial and antifungal 

(Sharma et al., 2011), anti-HIV (Asif, 2014) and antihypertensive agents (Sharma et al., 

2011), as well as dopamine agonists (Demeunynck & Baussanne, 2013). There are 2 

structural isomers of quinazolinones, 2-quinazolinone and 4-quinazolinone, with the 4-isomer 

being the more common (Arora et al., 2011; Chawla & Batra, 2013). The 4(3H)-

quinazolinone scaffold serves as an important lead compound in search of new treatments 

for major diseases such as viral and bacterial infections, cancer and neurological 

pathologies including Alzheimer’s and Parkinson’s disease (Arora et al., 2011; Demeunynck 

& Baussanne, 2013).  
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Figure 1: Structure of 6-hydroxy-4(3H)-quinazolinone 

Among their wide range of biological properties, substituted quinazolinone derivatives also 

exhibit MAO and acetylcholinesterase inhibitory activities (Bahadur, 1983). In previous 

studies, quinazolinones substituted on position 6 exhibited good MAO inhibition (Bahadur, 

1983). For example, quinazolinones bearing bromine on position 6 as well as a phenyl on 

position 2 are more potent MAO inhibitors than quinazolinones that bear 2-phenyl or 2-

methyl, or compounds that are substituted on position 6 and/or position 8. In a study by Lata 

et al. (1982), it was observed that substitution of the quinazolinone moiety with a o- or p-tolyl 

yielded good MAO inhibitory activity, however, compounds bearing the phenyl, meta-

fluorophenyl and para-methoxyphenyl moieties were more potent than the corresponding 

tolyl substituted derivatives. According to Srivastava et al. (1980), the MAO inhibitory 

activities of halogenated quinazolinone derivatives depend on the electronegativity of the 

halogen group, with more electronegative substituents leading to more potent inhibition. 

These observations indicate that the MAO inhibition activities of quinazolinone derivatives 

are dependent on the nature and position of substitution. The purpose of this study is to 

expand on the structure-activity relationships (SARs) of MAO inhibition by quinazolinone 

derivatives to enable the design of novel potent MAO inhibitors of this chemical class. In the 

current study 4(3H)-quinazolinone was used as lead and the effect of different substitution 

patterns on MAO inhibition was explored.  

Results and discussions 

Chemistry 

As key reagent, 6-hydroxy-4(3H)-quinazolinone was synthesised by the Niementowski 

reaction (scheme 1). A mixture of 2-amino-5-hydroxybenzoic acid in formamide was refluxed 

at 190 °C for 1 h. The mixture was allowed to cool to room temperature, and thereafter, the 

excess solvent was decanted. The precipitate was washed with cyclohexane and then 

filtered and dried. 
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Scheme 1: Synthesis of 6-hydroxy-4(3H)-quinazolinone 

The mono- and disubstituted 4(3H)-quinazolinone derivatives, 1a–l and 2a–i, were 

synthesised in poor to excellent yields (7-91%) as shown in scheme 2. A mixture of 6-

hydroxy-4(3H)-quinazolinone and an appropriate arylkalkyl bromide or chloride were 

suspended in DMF and stirred in the presence of K2CO3 or NaOH at reduced temperatures 

(–10 °C to –20 °C) for 6 h. When one equivalent each of 6-hydroxy-4(3H)-quinazolinone and 

the arylalkyl halide was reacted, a mixture of mono- and disubstituted products was 

obtained. 

 

Scheme 2: Synthesis of 4(3H)-quinazolinone derivatives  

However, when a 2-fold molar excess of the arylalkyl halide was used, the formation of the 

disubstituted product predominated (scheme 3). The target products were precipitated by the 

addition of ice-cold water, collected by filtration and dried. The mono- and disubstituted 

products were separated by heating the resultant precipitate in dichloromethane and hot-

filtering the mixture. The crudes obtained were purified by recrystallisation. Water soluble 

products were extracted with ethyl acetate and recrystallised from appropriate solvents. The 

structures and purities of the target compounds were verified by 1H NMR, 13C NMR, mass 

spectrometry and HPLC analyses as cited in the experimental section. 

 

Scheme 3: Synthesis of disubstituted 4(3H)-quinazolinone derivatives 

Biological activity 

The MAO inhibitory properties of the 4(3H)-quinazolinone derivatives were investigated 

using the recombinant human MAO-A and MAO-B enzymes (Legoabe et al., 2015; Mostert 

et al., 2015; Nel et al., 2016). The mixed MAO-A/B substrate kynuramine was used as 
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enzyme substrate and is oxidised by the MAOs to yield 4-hydroxyquinoline. 4-

Hydroxyquinoline can be readily measured by fluorescence spectrophotometry (λex = 310 

nm; λem = 400 nm) since it fluoresces in alkaline media. This measuring technique reduces 

the possibility of interference from the test inhibitors and kynuramine since these compounds 

do not fluoresce under the specific assay conditions. 

MAO inhibition potencies 

The IC50 values for the inhibition of human MAO-A and MAO-B by the 4(3H)-quinazolinone 

derivatives (1a–l and 2a–i) are reported in tables 1 and 2. While most of the 4(3H)-

quinazolinone derivatives did not inhibit the MAOs, a number of derivatives (5 of 21) did 

exhibit selective inhibition of MAO-B. Among these, the disubstituted compounds 2b and 2h, 

are most notable as the most potent inhibitors of the series with IC50 values of 0.685 μM and 

0.847 μM, respectively. Their corresponding monosubstituted derivatives, 1b and 1i, did not 

inhibit the MAOs, even at a maximal tested concentration of 100 µM. Since most of the 

compounds evaluated were not MAO inhibitors, meaningful SARs for the inhibition of the 

MAOs could not be derived. It is, however, noteworthy that nitrile substitution of the benzyl 

ring resulted in MAO-B inhibition for both the disubstituted and monosubstituted derivatives, 

2h (IC50 = 0.847 µM) and 1i (IC50 = 15.783 µM). The disubstituted derivative is, however, 18-

fold more potent than the monosubstituted compound. In general, disubstitution yields more 

potent MAO-B inhibition since the most potent inhibitors of the series are both disubstituted 

derivatives. Also, compound 2f, bearing fluorine on the benzyloxy ring is a potent MAO-B 

inhibitor, while the corresponding chlorine (2c), bromine (2e) and iodine (2g) substituted 

derivatives are not inhibitors. Although speculative, this decrease in activity may be 

attributed to the steric effect, and increased steric hindrance reduces MAO-B inhibition. The 

observation that the unsubstituted derivative 2a also is not a MAO inhibitor shows that steric 

considerations alone cannot explain the absence of MAO-B inhibition by 2c, 2e and 2g. The 

key reagent for synthesis of the 4(3H)-quinazolinone derivatives, 6-hydroxy-4(3H)-

quinazolinone, was also evaluated as a potential MAO inhibitor, but no activity was 

observed.  

These data thus demonstrate that substitution with appropriate side chains is necessary for 

MAO-B inhibition by 4(3H)-quinazolinone derivatives, and in general disubstitution is more 

likely to yield good potency inhibition. Furthermore, the 4(3H)-quinazolinone derivatives 

investigated here are not MAO-A inhibitors, showing that selective inhibition of the MAO-B 

isoform may be attained with this class of compounds and appropriate substitution. As 

discussed above, compounds that show selectivity for MAO-B inhibition are suitable for 

design of Parkinson’s disease therapy. 
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Table 1: The IC50 values for the inhibition of MAO-A and MAO-B by C6-monosubstituted 

4(3H)-quinazolinone derivatives. 

 

 R IC50 (µM)a SIb 

MAO-A MAO-B 

 H No inhc No inhc - 

1a C6H5CH2- No inhc No inhc - 

1b (4-FC6H4)CH2- No inhc No inhc - 

1c (4-ClC6H4)CH2- No inhc No inhc - 

1d (3-BrC6H4)CH2- No inhc No inhc - 

1e (4-BrC6H4)CH2- No inhc No inhc - 

1f (3-IC6H4)CH2- No inhc 6.354 ± 0.533 >16 

1g (4-IC6H4)CH2- No inhc No inhc - 

1h (4-CF3C6H4)CH2- No inhc No inhc - 

1i (4-CNC6H4)CH2- No inhc 15.783 ± 1.615 >6 

1j 4-pyridinyl- No inhc No inhc - 

1k C6H5(CH2)2- No inhc No inhc - 

1l C6H5C(O)CH2- No inhc No inhc - 

 

Table 2: The IC50 values for the inhibition of MAO-A and MAO-B by N3/C6-disubstituted 

4(3H)-quinazolinone derivatives. 

 

 R IC50 (µM)a SIb 

MAO-A MAO-B 

 H No inhc No inhc - 

2a C6H5CH2- No inhc No inhc - 

2b (4-FC6H4)CH2- No inhc 0.685 ± 0.013 >146 

2c (4-ClC6H4)CH2- No inhc No inhc - 
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2d (3-BrC6H4)CH2- No inhc No inhc - 

2e (4-BrC6H4)CH2- No inhc No inhc - 

2f (3-IC6H4)CH2- No inhc 41.415 ± 1.888 >2 

2g (4-IC6H4)CH2- No inhc No inhc - 

2h (4-CNC6H4)CH2- No inhc 0.847 ± 0.078 >118 

2i C6H5O(CH2)2- No inhc No inhc - 

a All values are expressed as the mean ± standard deviation (SD) of triplicate determinations. 

b Selectivity index (SI) = IC50(MAO-A)/IC50(MAO-B). 

c No inhibition observed at a maximal tested concentration of 100 µM. 

 

Reversibility of MAO-B inhibition 

The reversibility of MAO inhibition by the 4(3H)-quinazolinone derivatives was determined by 

measuring the recoveries of enzymatic activities after dialysis of enzyme-inhibitor mixtures 

(Petzer et al., 2013). For the purpose of this study, compound 2b was selected as a 

representative inhibitor because it is the most potent inhibitor in this series (IC50 = 0.685 µM). 

Since none of the 4(3H)-quinazolinone derivatives were MAO-A inhibitors, only the 

reversibility of MAO-B inhibition was investigated. MAO-B was incubated with 2b (at 

concentration 4 x IC50) for 15 min and dialysed for 24 h. In addition, MAO-B was incubated 

and dialysed in the absence of inhibitor and in the presence of the irreversible MAO-B 

inhibitor, (R)-deprenyl, as negative and positive controls, respectively (Mostert et al., 2015). 

The residual enzyme activities were subsequently measured and are reported in figure 2. 

Enzyme activity is expected to recover to 100% of the negative control value after dialysis of 

incubations containing reversible inhibitors, while enzyme activity is not expected to recover 

following dialysis of incubations containing irreversible inhibitors. 
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Figure 2: Reversibility of MAO-B inhibition by 2b. MAO-B was pre-incubated with 2b (at 4 x 

IC50) for 15 min and then dialysed for 24 h. The enzyme was similarly pre-incubated in the 

absence of the inhibitor and in the presence of the irreversible MAO-B inhibitor, (R)-

deprenyl. The mixtures were subsequently dialysed for 24 h and the residual enzyme 

activities were measured. For comparison, the residual activity of the undialysed mixture of 

MAO-B and 2b are also shown (2b not dialysed). 

After dialysis of mixtures of MAO-B and 2b, MAO-B activity was recovered to 86% of the 

negative control value, while the enzyme activity of undialysed mixtures of MAO-B and 2b is 

41% of the control value. In contrast, enzyme activity was not recovered after 24 h of dialysis 

of mixtures of MAO-B and (R)-deprenyl, with only 3% enzyme activity remaining. This data 

suggests that 2b interacts reversibly with MAO-B.  

To investigate the mode of MAO-B inhibition by 2b, a set of Lineweaver-Burk plots was 

constructed. The set consisted of six lines, each constructed by measuring MAO-B activity at 

eight different kynuramine concentrations (15–250 μM). The plots were constructed in the 

absence of inhibitor, and in the presence of five different concentrations of 2b. The results 

show that the lines of the Lineweaver-Burk plots are linear and intersect at a single point, 

adjacent to the y-axis (Figure 3). This pattern resembles competitive inhibition and suggests 

that compound 2b may be a competitive inhibitor of human MAO-B. From a replot of the 

slopes of the Lineweaver-Burk plots versus inhibitor concentration, a Ki value of 0.648 µM is 

estimated (Ki = –x when y = 0). 
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Figure 3: Lineweaver-Burke plots of the inhibition of human MAO-B by 2b (IC50 = 0.685 µM). 

The graphs were constructed in the absence (filled squares) and presence of various 

concentrations of 2b.  

Conclusion 

The present study shows that mono- and disubstituted 4(3H)-quinazolinone derivatives, with 

appropriate substitution, may act as selective inhibitors of human MAO-B. Five compounds 

(of 21) exhibited IC50 values in the micromolar to submicromolar range (0.685–41.415 µM). 

The most potent MAO-B inhibitor (2b) exhibits an IC50 value of 0.685 μM, and was found to 

be a reversible MAO-B inhibitor. Potent MAO-B inhibitors such as 2b may act as leads for 

the future design of MAO-B inhibitors for the treatment of Parkinson’s disease. 
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Experimental section 

Chemicals and instrumentation 

Unless otherwise noted, all starting materials and reagents, including microsomes from 

insect cells containing recombinant human MAO-A and MAO-B (5 mg protein/mL) and 

kynuramine dihydrobromide, were obtained from Sigma-Aldrich and were used without 

further purification. Fluorescence spectrophotometry was carried out with a Varian Cary 

Eclipse fluorescence spectrophotometer. Proton (1H) and carbon (13C) NMR spectra were 

recorded on a Bruker Avance III 600 spectrometer at frequencies of 600 MHz and 151 MHz 

respectively, with DMSO-d6 serving as NMR solvent. All chemical shifts are reported in parts 

per million (δ). Spin multiplicities are given as s (singlet), d (doublet), dd (doublet of 

doublets), ddd (doublet of doublet of doublets), dt (doublet of triplets), t (triplet), m (multiplet). 

High resolution mass spectra (HRMS) were recorded on a Bruker micrOTOF-Q II mass 

spectrometer in atmospheric-pressure chemical ionisation (APCI) mode. The melting points 

(mp) were determined with a Buchi B-545 melting point apparatus and are uncorrected. Thin 

layer chromatography (TLC) was carried out using silica gel 60 (Merck) with UV254 

fluorescent indicator. Purities of the synthesised compounds were determined with HPLC 

analyses, which were carried out with an Agilent 1100 HPLC system equipped with a 

quaternary pump and a diode array detector. HPLC grade acetonitrile (Merck) and milli-Q 

water were used for the chromatography. 

Synthesis of 6-hydroxy-4(3H)-quinazolinone  

A mixture of 2-amino-5-hydroxybenzoic acid (4 g, 26.1 mmol) in formamide (34 mL) was 

stirred and heated to 190 °C for 1 h. The mixture was allowed to cool to room temperature, 

after which the excess solvent was decanted. The precipitate was washed 3 times with 

cyclohexane (20 mL), and then filtered and dried. 

6-Hydroxyquinazolin-4(3H)-one 

The title compound was prepared in a yield of 99%: mp 336.9-337.3 °C. 1H NMR (600 MHz, 

DMSO) δ 11.05 (d, J = 1140.5 Hz, 2H), 7.89 (s, 1H), 7.52 (d, J = 8.8 Hz, 1H), 7.39 (d, J = 2.8 

Hz, 1H), 7.24 (dd, J = 8.8, 2.9 Hz, 1H). 13C NMR (151 MHz, DMSO) δ 162.95, 160.56, 

156.14, 142.21, 141.95, 128.88, 123.67, 108.73. APCI-HRMS m/z: calcd for C8H7N2O2 

(MH+), 163.0502, found 163.0502. Purity (HPLC): 100.0%. 

General procedure for synthesis of mono and disubstituted 4(3H)-quinazolinone 
derivatives 

A mixture of 6-hydroxy-4(3H)-quinazolinone (0.3 g, 1.850 mmol), DMF (4 mL) and an 

appropriate arylalkyl bromide or chloride were stirred in the presence of K2CO3 (0.511 g, 

3.70 mmol) or NaOH (0.164 g, 4.11 mmol) at reduced temperature (–10 °C to –20 °C) for 6 



128 
 

h. The progress of the reaction was monitored by silica gel TLC with ethyl acetate as mobile 

phase. The target products were precipitated with the addition of ice-cold water (15 mL), 

collected by filtration and dried. The mono- and disubstituted products were separated by 

heating the resultant precipitate for 10 min in dichloromethane (50 mL) and hot-filtering the 

mixture. The crudes obtained were purified by recrystallisation. Water soluble products were 

extracted with ethyl acetate (60 mL) and recrystallised from appropriate solvents. 

6-(Benzyloxy)quinazolin-4(3H)-one (1a) 

The title compound was prepared in a yield of 44%: mp 258.7-261.5 °C (ethanol). 1H NMR 

(600 MHz, DMSO) δ 10.17 (s, 1H), 8.39 (s, 1H), 7.57 (d, J = 8.8 Hz, 1H), 7.44 (d, J = 2.8 Hz, 

1H), 7.35 (d, J = 4.4 Hz, 4H), 7.28 (dd, J = 8.7, 2.8 Hz, 2H), 5.18 (s, 2H). 13C NMR (151 

MHz, DMSO) δ 160.33, 156.99, 145.38, 141.62, 137.51, 129.44, 129.10, 128.10, 124.28, 

123.18, 119.61, 109.39, 49.19. APCI-HRMS m/z: calcd for C15H13N2O2 (MH+), 253.0971, 

found 253.0972. Purity (HPLC):96.8%. 

6-[(4-Fluorobenzyl)oxy]quinazolin-4(3H)-one (1b) 

The title compound was prepared in a yield of 25%: mp 363.1-363.2 °C (ethanol). 1H NMR 

(600 MHz, DMSO) δ 10.17 (s, 1H), 8.40 (s, 1H), 7.56 (d, J = 8.8 Hz, 1H), 7.47 – 7.37 (m, 

3H), 7.28 (dd, J = 8.8, 2.8 Hz, 1H), 7.18 (t, J = 8.9 Hz, 2H), 5.15 (s, 2H). 13C NMR (151 MHz, 

DMSO) δ 162.88, 161.26, 160.32, 157.00, 145.26, 141.60, 133.73, 133.71, 130.48, 130.43, 

129.43, 124.30, 123.17, 115.94, 115.80, 109.37, 48.56. APCI-HRMS m/z: calcd for 

C15H12FN2O2 (MH+), 271.0877, found 271.0892. Purity (HPLC): 97.8%. 

6-[(4-Chlorobenzyl)oxy]quinazolin-4(3H)-one (1c) 

The title compound was prepared in a yield of 73%: mp 51.4-51.5 °C. 1H NMR (600 MHz, 

DMSO) δ 10.16 (s, 1H), 8.38 (s, 1H), 7.55 (d, J = 8.8 Hz, 1H), 7.39 (dt, J = 17.5, 5.7 Hz, 5H), 

7.27 (dd, J = 8.8, 2.8 Hz, 1H), 5.14 (s, 2H). 13C NMR (151 MHz, DMSO) δ 159.86, 156.55, 

144.80, 141.13, 136.01, 132.27, 129.62, 128.98, 128.57, 123.85, 122.67, 108.89, 48.17. 

APCI-HRMS m/z: calcd for C15H12ClN2O2 (MH+), 287.0582, found 287.0573. Purity (HPLC): 

94.3%. 

6-[(3-Bromobenzyl)oxy]quinazolin-4(3H)-one (1d) 

The title compound was prepared in a yield of 49%: mp 51.3-51.4 °C (ethanol). 1H NMR (600 

MHz, DMSO) δ 10.17 (s, 1H), 8.39 (s, 1H), 7.59 – 7.53 (m, 2H), 7.48 (d, J = 7.9 Hz, 1H), 

7.42 (d, J = 2.8 Hz, 1H), 7.35 – 7.25 (m, 3H), 5.14 (s, 2H). 13C NMR (151 MHz, DMSO) δ 

159.88, 156.57, 144.79, 141.11, 139.68, 130.82, 130.54, 130.51, 128.99, 126.77, 123.88, 

122.64, 121.75, 108.90, 48.27. APCI-HRMS m/z: calcd for C15H12BrN2O2 (MH+), 331.0077, 

found 331.0042. Purity (HPLC): 96.9%. 
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6-[(4-Bromobenzyl)oxy]quinazolin-4(3H)-one (1e) 

The title compound was prepared in a yield of 9%: mp 298.8-300.9 °C. 1H NMR (600 MHz, 

DMSO) δ 10.21 (s, 1H), 8.39 (s, 1H), 7.56 (dd, J = 14.9, 8.6 Hz, 3H), 7.43 (d, J = 2.8 Hz, 

1H), 7.36 – 7.25 (m, 3H), 5.14 (s, 2H). 13C NMR (151 MHz, DMSO) δ 160.33, 157.04, 

145.27, 141.60, 136.91, 131.98, 130.42, 129.45, 124.34, 123.14, 121.27, 109.38, 48.72. 

APCI-HRMS m/z: calcd for C15H12BrN2O2 (M+2H+), 331.0077, found 333.0049. Purity 

(HPLC):96.3%. 

6-[(3-Iodobenzyl)oxy]quinazolin-4(3H)-one (1f) 

The title compound was prepared in a yield of 47%: mp 234.4-239.7 °C. 1H NMR (600 MHz, 

DMSO) δ 10.19 (s, 1H), 8.40 (s, 1H), 7.77 (s, 1H), 7.66 (d, J = 7.9 Hz, 1H), 7.57 (d, J = 8.8 

Hz, 1H), 7.43 (d, J = 2.8 Hz, 1H), 7.36 (d, J = 7.8 Hz, 1H), 7.29 (dd, J = 8.8, 2.8 Hz, 1H), 

7.15 (t, J = 7.8 Hz, 1H), 5.13 (s, 2H). 13C NMR (151 MHz, DMSO) δ 160.34, 157.04, 145.28, 

141.59, 140.02, 136.87, 136.78, 131.29, 129.48, 127.63, 124.36, 123.12, 109.38, 95.46, 

48.63. APCI-HRMS m/z: calcd for C15H12IN2O2 (MH+), 378.9938, found 378.9938. Purity 

(HPLC): 97.1%. 

6-[(4-Iodobenzyl)oxy]quinazolin-4(3H)-one (1g) 

The title compound was prepared in a yield of 39%: mp 51.3-51.4 °C. 1H NMR (600 MHz, 

DMSO) δ 10.16 (s, 1H), 8.36 (s, 1H), 7.69 (d, J = 8.3 Hz, 2H), 7.55 (d, J = 8.8 Hz, 1H), 7.41 

(d, J = 2.8 Hz, 1H), 7.27 (dd, J = 8.8, 2.8 Hz, 1H), 7.14 (d, J = 8.3 Hz, 2H), 5.11 (s, 2H). 13C 

NMR (151 MHz, DMSO) δ 159.84, 156.54, 144.80, 141.12, 137.35, 136.80, 129.99, 128.97, 

123.84, 122.65, 108.89, 93.73, 48.36. APCI-HRMS m/z: calcd for C15H12IN2O2 (MH+), 

378.9938, found 378.9922. Purity (HPLC): 98.0%. 

6-{[4-(Trifluoromethyl)benzyl]oxy}quinazolin-4(3H)-one (1h) 

The title compound was prepared in a yield of 11%: mp 51.3-51.4 °C. 1H NMR (600 MHz, 

DMSO) δ 10.18 (s, 1H), 8.46 (s, 1H), 7.78 (s, 1H), 7.66 (dd, J = 14.6, 7.9 Hz, 2H), 7.59 (dd, 

J = 10.8, 8.3 Hz, 2H), 7.43 (d, J = 2.8 Hz, 1H), 7.29 (dd, J = 8.8, 2.9 Hz, 1H), 5.26 (s, 2H). 
13C NMR (151 MHz, DMSO) δ 160.41, 157.05, 145.29, 141.60, 138.85, 132.30, 130.24, 

129.79, 129.58, 129.48, 125.47, 124.97, 124.94, 124.91, 124.36, 123.66, 123.11, 109.36, 

48.99. APCI-HRMS m/z: calcd for C16H12F3N2O2 (MH+), 321.0845, found .321.0813. Purity 

(HPLC): 98.4%. 

4-{[(4-Oxo-3,4-dihydroquinazolin-6-yl)oxy]methyl}benzonitrile (1i) 

The title compound was prepared in a yield of 40%: mp 51.3-51.4 °C (methanol). 1H NMR 

(600 MHz, DMSO) δ 10.20 (s, 1H), 8.40 (s, 1H), 7.82 (d, J = 8.4 Hz, 2H), 7.58 (d, J = 8.8 Hz, 

1H), 7.51 (d, J = 8.3 Hz, 2H), 7.43 (d, J = 2.8 Hz, 1H), 7.29 (dd, J = 8.8, 2.9 Hz, 1H), 5.26 (s, 
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2H). 13C NMR (151 MHz, DMSO) δ 160.39, 157.09, 145.29, 143.05, 141.62, 133.03, 129.50, 

128.86, 124.40, 123.12, 119.14, 110.82, 109.38, 49.17. APCI-HRMS m/z: calcd for 

C16H12N3O2 (MH+), 278.0924, found 278.0915. Purity (HPLC): 94.8%. 

6-(Pyridin-4-ylmethoxy)quinazolin-4(3H)-one (1j) 

The title compound was prepared in a yield of 8%: mp 51.4-51.5 ˚C. 1H NMR (600 MHz, 

DMSO) δ 10.21 (s, 1H), 8.53 (d, J = 2.9 Hz, 2H), 8.38 (s, 1H), 7.60 (d, J = 8.8 Hz, 1H), 7.44 

(d, J = 2.8 Hz, 1H), 7.34 – 7.24 (m, 3H), 5.22 (s, 2H). 13C NMR (151 MHz, DMSO) δ 160.40, 

157.08, 150.31, 146.30, 145.36, 141.67, 129.53, 124.40, 123.10, 122.61, 109.39, 48.53. 

APCI-HRMS m/z: calcd for C14H12N3O2 (MH+), 254.0924, found 254.0930. Purity (HPLC): 

100.0%. 

6-(2-Phenylethoxy)quinazolin-4(3H)-one (1k) 

The title compound was prepared in a yield of 9%: mp 218.0-218.2°C. 1H NMR (600 MHz, 

DMSO) δ 10.14 (s, 1H), 7.98 (s, 1H), 7.51 (d, J = 8.8 Hz, 1H), 7.46 (d, J = 2.8 Hz, 1H), 7.26 

(ddd, J = 23.7, 15.9, 6.9 Hz, 6H), 4.22 – 4.14 (m, 2H), 3.00 (t, J = 7.4 Hz, 2H). 13C NMR (151 

MHz, DMSO) δ 183.31, 160.33, 156.82, 145.24, 141.59, 138.46, 129.29, 128.96, 127.00, 

124.12, 123.03, 109.27, 47.69, 34.79. APCI-HRMS m/z: calcd for C16H15N2O2 (MH+), 

267.1128, found 267.1117. Purity (HPLC): 98.0%. 

6-(2-Oxo-2-phenylethoxy)quinazolin-4(3H)-one (1l) 

The title compound was prepared in a yield of 15%: mp 236.2-239.9 °C. 1H NMR (600 MHz, 

DMSO) δ 10.19 (s, 1H), 8.17 (s, 1H), 8.14 – 8.08 (m, 2H), 7.75 (d, J = 7.4 Hz, 1H), 7.67 – 

7.59 (m, 3H), 7.44 (d, J = 2.8 Hz, 1H), 7.33 (dd, J = 8.8, 2.9 Hz, 1H), 5.61 (s, 2H). 13C NMR 

(151 MHz, DMSO) δ 193.36, 160.39, 156.97, 145.67, 141.78, 134.83, 134.67, 129.52, 

129.49, 128.55, 124.39, 122.95, 109.32, 52.55. APCI-HRMS m/z: calcd for C16H13N2O3 

(MH+), 281.0921, found 281.0943. Purity (HPLC): 93.7%. 

3-Benzyl-6-(benzyloxy)quinazolin-4(3H)-one (2a) 

The title compound was prepared in a yield of 43%: mp 129.5-131.9 °C (ethanol). 1H NMR 

(600 MHz, DMSO) δ 8.48 (s, 1H), 7.65 (dd, J = 17.0, 5.9 Hz, 2H), 7.54 – 7.45 (m, 3H), 7.44 

– 7.32 (m, 7H), 7.29 (d, J = 6.5 Hz, 1H), 5.24 (s, 2H), 5.20 (s, 2H). 13C NMR (151 MHz, 

DMSO) δ 160.32, 157.59, 146.36, 142.97, 137.39, 137.05, 129.51, 129.11, 128.97, 128.44, 

128.18, 128.15, 124.90, 122.97, 119.61 107.81, 70.18, 49.33. APCI-HRMS m/z: calcd for 

C22H19N2O2 (MH+), 343.1441, found 343.1443. Purity (HPLC): 97.0%. 

3-(4-Fluorobenzyl)-6-[(4-fluorobenzyl)oxy]quinazolin-4(3H)-one (2b) 

The title compound was prepared in a yield of 13%: mp 154.5-177.3°C (ethanol). 1H NMR 

(600 MHz, DMSO) δ 8.47 (s, 1H), 7.62 (dd, J = 21.1, 5.9 Hz, 2H), 7.50 (ddd, J = 11.9, 8.8, 
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4.3 Hz, 3H), 7.42 (dd, J = 8.7, 5.5 Hz, 2H), 7.18 (dt, J = 32.3, 8.9 Hz, 4H), 5.19 (s, 2H), 5.16 

(s, 2H). 13C NMR (151 MHz, DMSO) δ 163.11, 162.91, 161.49, 161.29, 160.30, 157.50, 

146.28, 142.99, 133.60, 133.58, 133.29, 130.54, 130.49, 130.44, 129.51, 124.93, 122.94, 

115.95, 115.86, 115.81, 115.71, 107.78, 69.47, 48.71, 25.96. APCI-HRMS m/z: calcd for 

C22H17F2N2O2 (MH+), 379.1253, found 379.1218. Purity (HPLC): 99.4%. 

3-(4-Chlorobenzyl)-6-[(4-chlorobenzyl)oxy]quinazolin-4(3H)-one (2c) 

The title compound was prepared in a yield of 16%: mp 51.3-51.4 °C (ethanol). 1H NMR (600 

MHz, DMSO) δ 8.47 (s, 1H), 7.65 (d, J = 8.9 Hz, 1H), 7.59 (d, J = 2.9 Hz, 1H), 7.52 – 7.43 

(m, 5H), 7.41 – 7.34 (m, 5H), 5.23 (s, 2H), 5.17 (s, 2H). 13C NMR (151 MHz, DMSO) δ 

159.84, 156.96, 145.88, 142.57, 135.88, 135.66, 132.54, 132.34, 129.69, 129.52, 129.11, 

128.61, 128.52, 124.50, 122.46, 107.37, 68.86, 48.33. APCI-HRMS m/z: calcd for 

C22H17Cl2N2O2
 (MH+), 411.0662, found 411.0666. Purity (HPLC): 97.1%. 

3-(3-Bromobenzyl)-6-[(3-bromobenzyl)oxy]quinazolin-4(3H)-one (2d) 

The title compound was prepared in a yield of 11%: mp 151.4-152.5 °C. 1H NMR (600 MHz, 

DMSO) δ 8.51 (s, 1H), 7.68 (dd, J = 14.5, 5.2 Hz, 2H), 7.62 (dd, J = 3.8, 2.3 Hz, 2H), 7.60 – 

7.47 (m, 4H), 7.37 (dd, J = 10.6, 4.8 Hz, 2H), 7.32 (d, J = 7.8 Hz, 1H), 5.26 (s, 2H), 5.19 (s, 

2H). 13C NMR (151 MHz, DMSO) δ 160.33, 157.39, 146.33, 143.07, 140.00, 139.89, 131.30, 

131.25, 131.18, 131.08, 131.07, 130.68, 129.58, 127.32, 127.06, 124.98, 122.91, 122.23, 

122.20, 107.82, 69.18, 48.89. APCI-HRMS m/z: calcd for C22H17Br2N2O2
 (M+2H+), 498.9651, 

found 500.9557. Purity (HPLC): 99.3%. 

3-(4-Bromobenzyl)-6-[(4-bromobenzyl)oxy]quinazolin-4(3H)-one (2e) 

The title compound was prepared in a yield of 18%: mp 182.2-228.2 °C (ethanol). 1H NMR 

(600 MHz, DMSO) δ 8.48 (s, 1H), 7.66 (d, J = 8.9 Hz, 1H), 7.63 – 7.58 (m, 3H), 7.57 – 7.49 

(m, 3H), 7.45 (d, J = 8.4 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H), 5.23 (s, 2H), 5.17 (s, 2H). 13C 

NMR (151 MHz, DMSO) δ 160.30, 157.40, 146.33, 143.05, 136.76, 136.55, 131.99, 131.90, 

130.47, 130.27, 129.57, 124.94, 122.93, 121.55, 121.34, 107.87, 69.37, 48.86. APCI-HRMS 

m/z: calcd for C22H17Br2N2O2
 (M+2H+), 498.9651, found 500.9632. Purity (HPLC): 100.0%. 

3-(3-Iodobenzyl)-6-[(3-iodobenzyl)oxy]quinazolin-4(3H)-one (2f) 

The title compound was prepared in a yield of 22%: mp 152.7-158.1 °C (ethanol). 1H NMR 

(600 MHz, DMSO) δ 8.50 (s, 1H), 7.87 (s, 1H), 7.79 (s, 1H), 7.69 (dd, J = 26.4, 8.4 Hz, 3H), 

7.62 (d, J = 2.9 Hz, 1H), 7.56 – 7.48 (m, 2H), 7.38 (d, J = 7.8 Hz, 1H), 7.22 (t, J = 7.8 Hz, 

1H), 7.16 (t, J = 7.8 Hz, 1H), 5.22 (s, 2H), 5.15 (s, 2H). 13C NMR (151 MHz, DMSO) δ 

160.32, 157.43, 146.34, 143.05, 139.87, 139.72, 137.12, 136.92, 136.88, 136.56, 131.29, 
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131.17, 129.58, 127.69, 127.50, 125.00, 122.91, 107.81, 95.46, 95.35, 69.15, 48.78. APCI-

HRMS m/z: calcd for C22H17I2N2O2 (MH+), 594.9374, found 594.9347. Purity (HPLC): 99.1%. 

3-(4-Iodobenzyl)-6-[(4-iodobenzyl)oxy]quinazolin-4(3H)-one (2g) 

The title compound was prepared in a yield of 7%: mp 51.3-51.4 °C. 1H NMR (600 MHz, 

DMSO) δ 8.45 (s, 1H), 7.75 (d, J = 8.3 Hz, 2H), 7.69 (d, J = 8.4 Hz, 2H), 7.64 (d, J = 8.9 Hz, 

1H), 7.57 (d, J = 2.9 Hz, 1H), 7.52 – 7.47 (m, 1H), 7.27 (d, J = 8.3 Hz, 2H), 7.15 (d, J = 8.4 

Hz, 2H), 5.19 (s, 2H), 5.13 (s, 2H). 13C NMR (151 MHz, DMSO) δ 159.79, 156.91, 145.84, 

142.54, 137.35, 137.26, 136.65, 136.42, 130.03, 129.83, 129.07, 124.45, 122.42, 107.37, 

94.06, 93.80, 68.99, 48.48. APCI-HRMS m/z: calcd for C22H17I2N2O2 (MH+), 594.9374, found 

594.9333. Purity (HPLC): 100.0%. 

4-({[3-(4-Cyanobenzyl)-4-oxo-3,4-dihydroquinazolin-6-yl]oxy}methyl)benzonitrile (2h) 

The title compound was prepared in a yield of 91%: mp 51.5-51.6 °C. 1H NMR (600 MHz, 

DMSO) δ 8.50 (s, 1H), 7.89 (d, J = 8.2 Hz, 2H), 7.82 (d, J = 8.3 Hz, 2H), 7.69 (t, J = 8.5 Hz, 

3H), 7.63 – 7.49 (m, 4H), 5.37 (s, 2H), 5.28 (s, 2H). 13C NMR (151 MHz, DMSO) δ 160.34, 

157.27, 146.46, 143.19, 142.89, 133.04, 132.96, 129.75, 129.68, 128.91, 128.53, 125.00, 

122.91, 119.21, 119.13, 111.06, 110.86, 107.90, 69.21, 49.32. APCI-HRMS m/z: calcd for 

C24H17N4O2 (MH+), 393.1346, found 393.1342. Purity (HPLC): 97.9%. 

6-(2-Phenoxyethoxy)-3-(2-phenoxyethyl)quinazolin-4(3H)-one (2i) 

The title compound was prepared in a yield of 51%: mp 51.3-51.4 °C. 1H NMR (600 MHz, 

DMSO) δ 8.32 (s, 1H), 7.63 (dd, J = 19.4, 5.9 Hz, 2H), 7.49 (dd, J = 8.9, 2.9 Hz, 1H), 7.35 – 

7.21 (m, 4H), 7.04 – 6.88 (m, 7H), 4.49 – 4.40 (m, 3H), 4.40 – 4.31 (m, 4H), 4.29 (t, J = 5.3 

Hz, 2H). 13C NMR (151 MHz, DMSO) δ 160.50, 158.73, 158.42, 157.55, 146.75, 142.99, 

130.04, 130.03, 129.48, 124.78, 123.81, 122.80, 121.45, 121.27, 114.96, 114.92, 107.26, 

67.49, 66.55, 65.33, 45.90. APCI-HRMS m/z: calcd for C25H25N2O4 (MH+), 403.1652, found 

403.1624. Purity (HPLC): 96.8%. 

Protocol for the measurement of IC50 values 

The IC50 values for MAO inhibition were measured according to the method reported in 

literature (Mostert et al., 2016). For this purpose, recombinant human MAO-A and MAO-B 

were used as enzyme sources. The enzyme reactions were carried out in white 96-well 

microtiter plates (Eppendorf) and potassium phosphate buffer (100 mM, made isotonic with 

KCl) at pH 7.4 served as reaction medium. The final volume of the reactions was 200 µL and 

contained the test inhibitors at different concentrations (0.003–100 µM) and the non-

selective MAO substrate kynuramine (50 µM). Stock solutions of the test inhibitors were 

prepared in DMSO and added to the reactions to yield a final concentration of 4% DMSO. 
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The enzyme reactions were initiated with MAO-A (0.0075 g protein/mL) and MAO-B (0.015 g 

protein/mL), incubated for 20 min at 37 ºC in a convection oven, and terminated with 80 µL 

NaOH (2 N). The rate of formation of 4-hydroxyquinoline, the product of kynuramine 

oxidation, was measured by fluorescence spectrometry (λex = 310 nm; λem = 400 nm). A 

linear calibration curve containing authentic 4-hydroxyquinoline (0.047–1.56 μM) was 

constructed and used for these measurements. The inhibition data were fitted to the one site 

competition model incorporated into the Prism 5 software package (GraphPad) and the IC50 

values were determined from the resulting sigmoidal plots (rate versus the logarithm of 

inhibitor concentration). IC50 values are expressed as mean ± standard deviation (SD) of 

triplicate measurements. 

Dialysis of enzyme reactions 

Reversibility of MAO-B inhibition by 2b was investigated by dialysis. Slide-A-Lyzer® dialysis 

cassettes (Thermo Scientific) with a molecular weight cut-off of 10 000 and sample volume 

capacity of 0.3–5 mL were employed for the purpose of this study (Petzer et al., 2013; 

Mostert et al., 2016). The test inhibitor (2b at concentration equal to 4 x IC50) and MAO-B 

(0.03 mg/mL) were pre-incubated for 15 min at 37 ºC in potassium phosphate buffer (100 

mM, pH 7.4, 5% sucrose) to a final volume of 0.8 mL. The incubations contained 4% DMSO 

as co-solvent. As controls, MAO-B was similarly pre-incubated in the absence of the inhibitor 

and in the presence of the irreversible MAO-B inhibitor, (R)-deprenyl. The concentration of 

(R)-deprenyl used was equal to 4-fold its reported IC50 value for the inhibition of MAO-B. The 

enzyme-inhibitor incubations were subsequently dialysed at 4 ºC in 80 mL dialysis buffer 

(100 mM potassium phosphate, pH 7.4, 5% sucrose). The dialysis buffer was replaced with 

fresh buffer at 3 h and 7 h after the start of dialysis. After 24 h, the reactions were diluted 2-

fold with addition of kynuramine to yield a final concentration of kynuramine and 2b of 50 µM 

and 2 x IC50, respectively. The reactions were further incubated at 37 ºC for 20 min and then 

terminated with the addition of NaOH (400 µL of 2 N) and water (1000 µL). The 

concentrations of MAO-generated 4-hydroxyquinoline were measured by fluorescence 

spectrometry (λex = 310 nm; λem = 400 nm) as described for the IC50 value determination 

above. For comparison, undialysed mixtures of MAO-B and 2b were maintained at 4 ºC over 

a period of 24 h. All reactions were carried out in triplicate and the residual enzyme catalytic 

rates were expressed as mean ± SD.  

Construction of Lineweaver-Burk plots and Ki value estimation 

To examine the mode of MAO-B inhibition by 2b, a set of Lineweaver-Burke plots was 

constructed (Legoabe et al., 2014; Mostert et al., 2016). For this purpose, the first plot was 

constructed in the absence of the inhibitor, while the remaining 5 plots were constructed in 
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the presence of various concentrations of the test inhibitor (1/4 x IC50, ½ x IC50, ¾ x IC50, 1 x 

IC50, 11/4 x IC50). Kynuramine, at concentrations of 15–250 µM served as substrate, and 

MAO-B was used at a concentration of 0.015 mg/mL. The rate of formation of 4-

hydroxyquinoline was measured by fluorescence spectrometry as described for the IC50 

value determination (Mostert et al., 2015). Ki values were estimated from plots of the slopes 

of the Lineweaver-Burke plots versus inhibitor concentration, where the x-intercept equals –

Ki. 
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APPENDIX B: SPECTRA 
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CHAPTER 5 

CONCLUSION 

As discussed earlier, PD is a progressive neurodegenerative disorder characterised by 

motor and non-motor signs and symptoms, which include resting tremor, rigidity, akinesia, 

sleep disturbances, depression and anxiety (Jankovic, 2008; Fil et al., 2013). PD is 

characterised by the loss of the nigrostriatal dopaminergic pathway that leads from the SNpc 

to the striatum (Przedborski, 2005; McNamara et al., 2010). The pathological hallmark of PD 

is the presence of LBs in the remaining dopaminergic neurons of the substantia nigra 

(Przedborski, 2005; Gibrat et al., 2009). Although there are many aspects of the 

pathogenesis of the disorder (Reeve et al., 2014), age is the major risk factor of PD (Lees et 

al., 2009). Some forms of genetic mutations have been reported as underlying causes of PD, 

however, in the majority of PD cases the cause is unknown (Gibrat et al., 2009). There is no 

cure for PD and the current treatment can neither reverse nor stop the disease progression. 

However, several drugs may be used to manage the symptoms (Singh et al., 2007). The 

main goals of treatment of PD are to boost levels of DA in the brain in order to reduce the 

symptoms while minimising motor and non-motor complications, and thus to improve the 

patient’s overall quality of life (Rao et al., 2006; DeMaagd & Philip, 2015). For over 40 years, 

L-dopa in combination with a peripheral decarboxylase inhibitor has been the primary 

treatment of PD (Rao et al., 2006; Davie, 2008). MAO inhibitors have also been used in the 

treatment of PD because MAO is implicated in the depletion of DA along the nigrostriatal 

pathway (Fernandez & Chen, 2007). The role of MAO inhibitors in PD is to enhance striatal 

dopaminergic activity by inhibiting DA metabolism, thus improving the motor symptoms of 

the disease (Fernandez & Chen, 2007). 

The MAOs are mitochondrial outer membrane-bound flavoproteins that catalyse the 

oxidative deamination of monoamine neurotransmitters (e.g. DA, epinephrine, 

norepinephrine etc.), and occur as two isoforms, MAO-A and MAO-B (Edmondson et al., 

2004; Robakis & Fahn, 2015). The MAOs are located in different regions of the human body, 

with MAO-A dominating in the intestines, placenta and heart, while MAO-B is most abundant 

in platelets, glial cells in the brain and liver (Nel et al., 2016). The MAOs have been identified 

as therapeutic targets for the management of neurodegenerative disorders (Ademosun & 

Oboh, 2014). The use of MAO inhibitors in the management of depression and other 

neurodegenerative conditions such as PD and Alzheimer’s disease has thus been 

established (Ademosun & Oboh, 2014). Certain MAO inhibitors may, however, cause 

potentially fatal adverse effects (“the cheese reaction”) as a result of their irreversibility and 

non-selectivity (Youdim et al., 2006). Selective reversible inhibitors of MAO-A and MAO-B 
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have thus been developed to avoid this problem. Therapeutically, MAO-A inhibitors are used 

for the treatment of depression, while MAO-B inhibitors are used for the treatment of PD 

(Youdim & Bakhle, 2006; Youdim et al., 2006). MAO-B inhibitors potentiate striatal neuronal 

responses to DA, and therefore alleviate the symptoms of PD (Robakis & Fahn, 2015). 

The aim of the present study was to design potent, reversible MAO inhibitors with selectivity 

towards MAO-B. The lead compound for this study was 4(3H)-quinazolinone, which has 

previously been used as a scaffold for the design of potent MAO inhibitors (Srivastava et al., 

1980). In the present study, two series of 4(3H)-quinazolinone derivatives were synthesised 

and evaluated as potential MAO inhibitors. In the first series, 4(3H)-quinazolinone thioether 

derivatives were synthesised, with substitution with halogens at the meta and para positions 

of the side chain phenyl ring. In the second study, a series of C6-mono- and N3/C6-

disubstituted derivatives of 4(3H)-quinazolinone was synthesised. For this series, further 

substitution with halogens and alkyl groups on the side chain phenyl rings were considered.  

Thus, fourteen 4(3H)-quinazolinone thioether derivatives, twelve C6 mono- and nine N3/C6 

disubstituted 4(3H)-quinazolinone derivatives were successfully synthesised by reacting 2-

mercapto-4(3H)-quinazolinone or 6-hydroxy-4(3H)-quinazolinone with an appropriate 

arylalkyl halide in the presence of a base (K2CO3 or NaOH). The crudes obtained were 

purified by recrystallisation, and the structures and purities of the target compounds were 

verified by NMR, MS and HPLC analyses. 

The 4(3H)-quinazolinone derivatives were evaluated as inhibitors of recombinant human 

MAO-A and MAO-B. To measure MAO activities, the MAO-A/B mixed substrate kynuramine 

was employed. The catalytic activities of the MAO enzymes were measured based on the 

rate of production of 4-hydroxyquinoline, the product of kynuramine deamination by MAO. 

Since 4-hydroxyquinoline is fluorescent, its concentrations were measured by fluorescence 

spectrophotometry (λex = 310 nm; λem = 400 nm). The test inhibitors did not fluoresce under 

similar assay conditions, and thus did not interfere with the fluorescence measurements. The 

rates of oxidation of kynuramine by MAO in the presence of various concentrations of the 

test inhibitor were measured, and sigmoidal dose-response curves were constructed. The 

results indicated that the 4(3H)-quinazolinone thioether derivatives and C6 mono- and N3/C6 

disubstituted 4(3H)-quinazolinone derivatives are in general good MAO inhibitors, with the 

majority of compounds exhibiting selectivity for MAO-B. However, the test compounds did 

not inhibit MAO-A, even at maximal tested concentrations of 100 µM. The N3/C6 

disubstituted 4(3H)-quinazolinone derivatives showed superior MAO-B inhibition activity 

compared to the C6 monosubstituted derivatives. The most potent inhibitor among the two 

series was 2-[(3-iodobenzyl)thio]quinazolin-4(3H)-one (3k), with an IC50 value of 0.142 μM. 
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From the inhibition data it may also be concluded that the 4(3H)-quinazolinone thioether 

derivatives were generally more potent MAO-B inhibitors than the C6 mono- and N3/C6 

disubstituted 4(3H)-quinazolinone derivatives. 

To evaluate whether the 4(3H)-quinazolinone derivatives bind reversibly or irreversibly to 

MAO-B, the enzymatic activity was examined after dialysis of enzyme-inhibitor complexes. 

Compounds 3k and 2b were selected as representative inhibitors because they were the 

most potent MAO-B inhibitors in series 1 and 2, respectively. The results suggested that 

both compounds are reversible inhibitors of MAO-B. Further studies were conducted to 

determine the mode of inhibition of 3k and 2b. A set of Lineweaver-Burke plots was 

constructed and it revealed that these representative compounds inhibit MAO-B in a 

competitive manner. It may thus be concluded that 4(3H)-quinazolinone derivatives are 

reversible and competitive inhibitors of MAO-B. 

This study has shown that halogen substitution on the phenyl ring side chains of the 4(3H)-

quinazolinone derivatives gives rise to potent MAO-B inhibitors. Based on the above 

discussions, it may also be concluded that the objectives of this study have been achieved, 

and that the hypothesis has been proved; 4(3H)-quinazolinone is a suitable scaffold for the 

design of MAO-B inhibitors, and appropriate substitution yields potent MAO-B inhibitors. 

Such compounds are promising leads in the design of therapies for neurodegenerative 

disorders such as PD. 
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