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Abstract  

Alzheimer’s Disease (AD) is a neurodegenerative disease which results from the irreversible loss of 

neurons in the brain. The disease is characterized by progressive cognitive impairment with recurrent 

short-term memory loss. AD is the leading cause of dementia and 4th leading cause of death in the 

elderly. Success in the treatment of AD has been limited, with drugs only treating it at a symptomatic 

level due to its pathology being complex and poorly understood. However, it is known that the 

cholinesterase and MAO-B enzymes play an important role in the disease through their association 

with production of amyloid plaques and oxidative stress respectively, two mechanisms associated with 

cell death and the symptoms seen in AD. Multi-target directed ligands (MTDLs) have the potential to 

overcome the failings of the current single-target treatment options by achieving a synergistic 

therapeutic effect through their ability to interact with multiple disease targets. Coumarin derivatives 

serve as a good starting point for designing MTDLs due to their wide variety of pharmacological 

properties, particularly their inherent inhibition of both the MAO-B and cholinesterase enzymes. The 

aim of this study was to explore the potential of this coumarin scaffold by attaching moieties which 

would enhance the scaffolds enzyme binding capacity and thus produce multifunctional compounds 

that may find application in the treatment of AD.  

Two series of compounds were synthesized by first attaching either a benzyloxy (series A) or diethyl 

carbamate (series B) moiety to position 7 of the scaffold via an SN2 substitution. Following this, 

position 3 of the coumarin was α-brominated which then allowed subsequent substitution of a 

propargylamine moiety. A total of 7 novel molecules were synthesised and purified. The structures of 

the compounds were elucidated using NMR, Mass spectrometry and FT-IR techniques.   

In vitro biological assays were performed with cell-based assays to screen the compounds for their 

neuroprotective capability and enzymatic assays were carried out against the MAO and cholinesterase 

enzymes. The results showed that the compounds had weak activity against the cholinesterase enzymes, 

showing slightly higher percentage inhibition towards BuChE. Molecular modelling showed that this 

was because the compounds did not form significant interactions in AChE’s active site gorge. 

Cytotoxicity and neuroprotective studies showed that the compounds were neuroprotective towards 

neuroblastoma cells, with 75% to 92% of cells compromised with MPP+ surviving following 

incubation with the compounds. The compounds demonstrated potent inhibition of both MAO 

enzymes, with exceptional selectivity to the MAO-B isoform. Five of the compounds were more potent 

than rasagiline, exhibiting IC50 values between 0.497 µM and 0.029 µM. Molecular modelling 

attributed the compounds’ activity to their ability to sterically block the entrance cavity and additionally 

form important interactions in the substrate cavity.  

The overall results demonstrated that substitution of the benzyloxy moiety from series A imparted 

better activity to the derivatives, with the propargylamine derivatives in particular displaying the best 

MAOB selectivity and neuroprotection. Compounds SM3B and SM4A displayed the best activity 

profiles and serve as proof that coumarin derivatives show great promise as multi-target directed 

ligands which can be used in future Alzheimer’s Disease treatment.   
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Chapter 1  

1. Introduction  
1.1 Background  

Alzheimer’s Disease (AD) is a neurodegenerative disease associated with dementia, gradual loss of 

memory and cognitive skills; ending up in impaired judgment, visuospatial dysfunction, and other 

Parkinsonian-like symptoms. The disease progresses over an average period of 8 to 10 years leading up 

to the eventual death of the patient (Bird, 2015).  

AD is the leading cause of dementia and fourth leading cause of death in the elderly, with approximately 

7 million people worldwide diagnosed with as of 2018 (Alzheimer's Association, 2019). Worldwide the 

incidence of related dementias has increased by 118 % since 1990 and their prevalence in Africa, 

particularly Sub-Saharan Africa, can be expected to follow a similar trend to the improved life 

expectancy of the region (Nichols, et al., 2019). Due to its slow onset and the nature of the disease, AD 

is associated with great direct and indirect cost which is felt across patients, caregivers and the healthcare 

systems. AD therefore affects a much larger population than those simply diagnosed with the disease 

(Allegri, 2006).  

AD is characterized by cell death and subsequent loss of neurons localised in the forebrain (Niikura, et 

al., 2006). The pathophysiology of AD is complex and multifactorial, and researchers have proposed a 

variety of mechanisms which contribute to the disease state (Swerdlow, 2007) (Figure 1.1).  

 

  

Figure 1.1: Mechanisms which contribute to neuron death in AD (Ferrante, 2016).  

In spite of these known mechanisms, the underlying cause of this degeneration is not well understood, 

though genetic and environmental factors play a role as risk factors towards the development of AD. 

There is no cure for AD and the drugs used in healthcare worldwide offer only symptomatic relief and 

are not universally efficacious across all patients (Lanctôt, et al., 2009). The main problem with these 

agents is that they act only at one target. These drugs include the cholinesterase inhibitors (rivastigmine, 

galantamine and donepezil) as well as an N-methyl-D-aspartate receptor antagonist (memantine) 

(Yiannopoulou & Papageorgiou, 2012). Due to the multifactorial nature of AD, recent research has 

proposed that the best approach is the use of multitarget directed ligands (MTDLs). MTDLs are single 

molecules which have the ability to act on multiple targets at pharmacologically effective levels (Figure 

1.2) (Cavalli, et al., 2008). Utilizing MTDLs avoids the polypharmacy approach used in other 

multifactorial diseases such as HIV therapy, wherein a combination of drugs acting on different targets 

are administered concurrently (Talevi, 2015). Administration of a ‘cocktail’ of drugs in this manner 

Neuronal Death 

Oxidative stress 

Iron Accumulation Mitochondrial  
Dysfunction 

Amyloid  
Plaques 

Excitotoxicity 
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often has a number of drawbacks due to potential issues with drug-drug interactions, multiplied 

toxicities and worsened side effect profiles. This disadvantageous nature of polypharmacy is especially 

undesirable for AD treatment, due to the fact that the majority of patients are elderly and may not be 

able to tolerate these adverse effects well (Van der Schyf, 2011). In the case of AD, due to its 

multifactorial nature, there are a number of hypothesis which provide us with potential disease pathways 

to target.  

 

Figure 1. 2: Current single target therapy vs the MTDL paradigm.  

1.2 Rationale  

With over a hundred years having passed since Alzheimer’s Disease was clinically defined, the disease 

continues to be a focus of research. With the growing elderly population of the world, addressing the 

shortfalls in its treatment needs to be prioritised. Though there is limited knowledge on its pathology, 

the presence of biomarkers such as fibrillary tangles, amyloid plaques and other hallmark signs of the 

disease pathology have guided treatment research (Blennow, et al., 2015).   

The current treatment strategy has been constructed around the role of the cholinergic neurotransmitter 

system and is termed as the “cholinergic hypothesis” (Terry & Buccafusco, 2003). This hypothesis 

centres on the fact that the cholinergic neurotransmitter system plays an important role in cognitive 

processes, with cholinergic neurons playing a key role in memory and learning. Due to its important 

role in cognition, researchers have found the cholinergic system implicit in many forms of dementia 

including AD. The main neurotransmitter facilitating impulse transmission is acetylcholine (ACh), 

whose action is terminated when it is hydrolysed by the cholinesterase enzymes (Greig, et al., 2013). 

These enzymes are acetylcholinesterase (AChE) (responsible for ≈ 80% of hydrolytic activity) and 

butyrylcholinesterase (BuChE) which plays a backup role in hydrolysis.  

In AD, significant alterations occur to these various components of the neurotransmitter system. 

Namely, there is a decrease in ACh synthesis and reuptake as well as a simultaneous increase in the 

catalytic activity of AChE, cumulatively resulting in lower levels of ACh in synapses and the brain 

(Schliebs & Arendt, 2006). These changes occur concurrently with the appearance of cognitive 

impairment and other early symptoms of AD. In addition to playing a role in the observed clinical 

symptoms of AD, research has found that the AChE enzyme itself has a role in disease progression. 

This disease progression has been linked to the peripheral anionic site (PAS) of the enzyme, a region of 

amino acids situated near the entrance cavity to the enzymes’ active site (Bourne, 2003). The primary 

role of the PAS is identifying and trapping various substrates at the enzymes’ entrance, however in AD 

it has been demonstrated to interact and form complexes with amyloid residues (Carvajal & Inestrosa, 

  

  

  

  Treatment 
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LIMITED THERAPEUT IC EFFECT   
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2011). These complexes promote the formation of toxic amyloid fibrils and neurotoxic plaques resulting 

in amyloidosis, tau pathologies and consequently neurodegeneration (Bartus, et al., 1982; Rinne, 2003).  

The primary therapeutic approach has been to counter cholinergic depletion using acetylcholinesterase 

inhibitors (AChEIs) and this has thus far been done by using the 2nd generation AChEIs such as 

donepezil, galantamine and rivastigmine. The clinical application of these agents has demonstrated that 

cholinesterase inhibition leads to modest improvement in cognitive functions, decreased β-amyloid 

deposition and slowing down the progression of the disease (Linton, 2005). Despite limited therapeutic 

efficacy, cholinergic inhibition remains an important target due to the cholinergic system’s link with 

AD. To take full advantage of cholinergic inhibition, the goal is to develop agents capable of inhibiting 

both AChE and BuChE (to ensure there is no back-up hydrolysis of ACh), which also target other 

contributing factors of the disease outside of this hypothesis.  

Monoamine oxidase (MAO) is a biochemically important mitochondrially bound enzyme, existing as 

two isoforms; MAO-A and MAO-B. The enzymes are distributed throughout the body and modulate 

the concentration of many biogenic and exogenic amines in peripheral and central nervous system  

(CNS) tissues.  The enzymes are known to metabolize a wide range of substrates including the 

neurotransmitters serotonin, dopamine and phenylethylamine (Tong, et al., 2013).  

During this catalytic breakdown MAO-B produces free radicals, reactive oxygen species and H2O2 in 

the brain. This produces a cascade of effects leading to oxidative stress, neuroinflammation and Aβ 

plaque formation; consequently triggering neurodegeneration (Riederer, 2004). MAO-B activity 

typically increases with age and consequently has been found implicit in other age-related 

neurodegenerative diseases such as Parkinson’s Disease (PD). Similarly, studies have demonstrated a 

correlation between the increased activity of this enzyme in the AD state and the progression of the 

disease (Schedin-Weiss, et al., 2017). Inhibition of MAO-B logically has arisen as a viable strategy to 

combat AD, as it prevents the formation of toxic by-products and triggering of apoptosis. When used in 

PD and other neurodegenerative diseases MAO-B inhibitors such as selegiline and rasagiline (Figure 

1.3) have displayed additional neuroprotective capabilities independent to their enzyme inhibition 

(Riederer, 2004; Cai, 2014). Patients in long term treatment with these MAO-B inhibitors show 

improvements in their memory retention and impedes disease progression (Weinreb, et al., 2010).  

  
  

 

 

 

 

Figure 1. 3: MAO inhibitors (a) selegiline and (b) rasagiline.  

It is important when dealing with MAO inhibition in AD for potential drug molecules to possess 

selectivity towards MAO-B, because it is the predominant isoform found in the brain. Furthermore, 

irreversible inhibition of both MAO isoforms is undesirable as it may lead to an induced hypertensive 

crisis occurring when patients consume tyramine-rich foodstuffs such as cheese (Finberg & Gillman, 

2011).  

1.2.1 Coumarin  

Coumarins are a group of polyphenolic compounds composed out of a benzene ring fused to a pyrone 

ring. Coumarins have been shown to display a wide array of biological activities and is the key moiety 

in a range of current and potential drug molecules with uses ranging from anticoagulant, anticancer to 

(a) (b) 
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antiviral amongst others (Wu, et al., 2009; Jain & Joshi, 2012). Coumarin derivatives (Figure 1.4) have 

interested researchers for application in neurodegenerative diseases as they display antioxidant activity, 

MAO and cholinesterase inhibition and decrease neuroinflammation (Orhan & Gulcan, 2015). Thus, 

they serve as a good starting point for an MTDL with MAO-B and cholinesterase inhibitory activities, 

especially because of ease of functionalisation at different positions on the coumarin moiety (Stefanachi, 

et al. , 2018).  

 
 CH3   

Figure 1.4: Examples of promising coumarin based MTDLs for use in Alzheimer's Disease (Joubert, et 

al., 2017; Abdshahzadeh, et al., 2019).      

Several coumarin derivatives have been developed as cholinesterase inhibitors. The scaffold’s planar 

shape and aromatic region impart an affinity towards forming favourable π-π interactions with amino 

acids at the PAS of the enzyme. The molecules thus sterically block the entrance of the enzyme, 

preventing substrates from reaching the enzyme’s catalytic anionic site (CAS) where hydrolysis takes 

place (Radić & Taylor, 2001). Researchers have found that the best modifications to improve inhibitory 

activity of the scaffold are the elongation of the molecule (via the addition of a spacer) and substitution 

of a small moiety capable of forming interactions with the CAS of the enzyme (Yusufzai, et al., 2018). 

Such modifications would produce a “dual site” binding molecule, capable of simultaneously interacting 

with the CAS and PAS. The advantage of such compounds, in addition to enhanced inhibitory activity, 

is that they may prevent the formation of amyloid complexes which occurs at the PAS (Pietsch, et al., 

2009).  This prevents amyloid aggregation, which is crucial towards slowing down of the disease 

progression. To achieve these favourable interactions and increased enzyme inhibition, substitutions at 

position 3 and 7 of the coumarin scaffold have been found as most beneficial (Soto-Ortega, et al., 2011; 

Farina, et al., 2015).   

The design strategy was thus to design two different series of compounds differentiated by the respective 

substitutions at positions 3 and 7 of the scaffold (Figure 1.5).  
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1.2.2 Series A Benzyloxy   

According to studies done by Bruhlmann et al (2001) and Foka et al (2018) the benzyloxy moiety has 

been found to form favourable π-π interactions in the catalytic site of the cholinesterases. Furthermore, 

when the moiety was incorporated into substituted coumarin derivatives (Figure 1.6) it was found to 

confer increased selectivity and inhibitory capacity towards MAO-B. This is the result of the moiety 

orienting towards the flavin adenine dinucleotide (FAD) co-factor in the active site, which is essential 

for enzyme function (Pérez V., et al., 1999). In this study, to optimise the final compound’s activity 

towards the enzyme targets, the moiety was attached to the coumarin scaffold via a two carbon linker. 

This was done to ensure that the designed compounds are sufficiently long to interact with both the CAS 

and PAS of the AChE enzyme whilst maintaining MAO-B binding interactions by fitting in its active 

site (Catto, et al., 2006).  

 

Figure 1.6: Structure of the benzyloxy containing compound 3 developed by Foka et al (2018).  

1.2.3 Series B Carbamate  

The carbamate moiety is derived from one of the AChE inhibitors on the market, rivastigmine. 

Numerous studies have found that it confers significant cholinesterase inhibitory effect into various 

molecules which incorporate it (Denya , et al., 2018; Bak, et al., 2019). The moiety forms moderately 

stable covalent bonds with the serine residue in the cholinesterase active site. The result of this is that 

its mechanism of inhibition is reversible, as the bond formed is susceptible to spontaneous hydrolysis, 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Figure 1. 5   : Design strategy of coumarin derivatives  in   this study .   
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thus restoring the enzymes catalytic ability (Darvesh et al., 2008; Bak, et al., 2019). Reversible 

inhibition is desirable as it decreases the chances of acute toxicities occurring (such as cholinergic 

poisoning) as seen with irreversible cholinergic inhibitors (Colovic, et al., 2013). Consequently, several 

MTDLs are in development for AD which incorporate the carbamate moiety in their structures, the most 

prominent of these being ladostigil (Figure 1.7). Having undergone phase II clinical trials, this 

promising drug displays potent AChE/MAO inhibition as well as neurorestorative properties 

(Schneider, et al., 2019).  

 

Figure 1.7: The structure of ladostigil, a promising MTDL containing a carbamate and propargylamine 

moiety.  

1.2.4 Propargylamine  

The propargylamine functional moiety has accumulated interest in recent years which came to the 

forefront in its use in the MAO inhibitors, selegiline and rasagiline. The moiety has been found to form 

interactions with the FAD cofactor of the enzyme which is vital for the functioning of the enzyme and 

thus leads to potent inhibition (Zindo, et al., 2015). Independently of this MAO inhibition, the moiety 

has been able to confer a number of properties pertinent for neuroprotective agents. These include  

antiapoptosis, inhibiting Aβ aggregation and mitochondrial protection, leading to protection and 

rescuing of damaged neurons (Naoi, et al., 2003). The incorporation of this moiety should therefore 

enhance the pharmacological profile of the 7-substituted coumarins. Additionally, to observe the effect 

of the propargylamine with respect to enzyme inhibition and neuroprotection we will test and compare 

the intermediate compounds which contain the -CH3 and -CH2Br substituents at position 3.   

1.3 Aim   

The aims of this research are to design, synthesize and evaluate a series of novel compounds for use as 

potential multitarget directed drug ligands for Alzheimer’s Disease treatment. In addition to this, the 

study aims to expand on the knowledge of how the incorporation of known moieties affects the coumarin 

scaffolds’ ability to act as an AChE and MAO inhibitor. In order to assess the effect of the various 

substitutions on this capacity, a total of seven compounds will be synthesised and evaluated   

• Compound SM1 will serve as the starting coumarin from which modifications will be made;  

• Compounds SM2A, SM2B, SM3A and SM3B which are intermediate compounds containing 

either the benzyloxy or carbamate moiety at position 7;  

• Compounds SM4A and SM5A, which contain the propargylamine moiety attached to position 

3 in addition to the substitutions at position 7.  

To achieve these aims the following objectives have been set for this study:  

• To design and synthesise a series of multifunctional compounds based on the (a) benzyloxy and  

(b) carbamate moieties conjugated at position 7 to various 3-substituted coumarin scaffolds;  

• Structural elucidation of the synthesised compounds using analytical techniques such as nuclear 

magnetic resonance spectroscopy (NMR), infrared and mass spectrometry;  

NH

ON

O
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• In vitro evaluation of the synthesized compounds for cholinesterase and MAO inhibitory 

activity;  

• Evaluation of the compounds for neuronal cell viability and anti-apoptotic activity;  

• Molecular modelling experiment using docking software to analyze and elaborate on binding 

interactions and elucidate structure activity relationships.  

1.4 Conclusion   

Alzheimer’s disease is currently a leading cause of death in the elderly population, which has a great 

effect on society due to the debilitating nature of its symptoms and prolonged disease onset. With the 

increasing age expectancy, it is absolutely pertinent to address the current lack of effective and disease 

modifying treatment options. MTDLs offer a promising alternative treatment option and the coumarin 

scaffold serves as a good starting point to develop such agents (Figure 1.8). 

Series A 

Figure 1.8: Proposed series of compounds for synthesis and biological evaluation. 
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This study aims to explore the synthesise novel coumarin derivatives which can act to inhibit the 

cholinesterase and MAO enzymes and thus stop or slow down the neurodegenerative process. These 

molecules will have the potential to relieve the symptoms of AD and slow down disease progression 

and thus overall reduce the burden of the disease.  
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Chapter 2  

2. Literature Review  

2.1 Introduction  

This chapter will provide an overview on the background regarding the nature, origin and impact of 

Alzheimer’s disease.  The strategies that are being implemented with regards to treatment of the disease 

and prospective treatment strategies will be explored as well.   

2.2 Neurodegenerative Diseases  

Neurodegenerative diseases (ND) is an umbrella term used to group diseases which originate from the 

deterioration of neurons in the brain, leading to various cognitive and movement related disabilities and 

disorders (Vajda, 2004). There are over 600 conditions classified as NDs and the most prominent of 

these include Parkinson’s disease, multiple sclerosis, Alzheimer’s disease and Huntington’s disease. 

Each type of disease has been shown to have unique degenerative patterns affecting specific networks 

and regions of the CNS (Seeley, 2009). Currently there are no treatments to cure NDs and only 

symptomatic treatments are available. Even though researchers have discovered and explored multiple 

mechanisms leading to cell death it has been difficult finding solutions to combat these mechanisms, 

slow down and reverse degeneration (Van der Schyf, 2011).  

The main mechanisms by which neurodegeneration takes place are oxidative stress, mitochondrial 

dysfunction, inflammation and proteopathy. Proteopathy in NDs centres on the aggregation and 

deposition of misfolded proteins, with the different diseases arising based on the aggregations pattern, 

whether it is intra- or extracellular and the composition of causative proteins. In the majority of NDs 

these proteins are either amyloid beta (Aβ), Tau or α-synuclein (Skovronsky, 2006). NDs are typically 

late onset diseases with increasing prevalence and risk above the age of 60. Ageing is NDs greatest risk 

factor because with the accumulative effect of DNA mutations, oxidative stress and altered metabolism 

coupled with the impaired ability for self-repair, it is more likely for the biochemical cascade of events 

leading to cell death (Daniele, et al., 2018). Exposure to environmental pollutants, particularly heavy 

metals (such as arsenic, lead, mercury), and some pesticides are also thought to be involved in NDs as 

they are associated with increased deposition of Aβ peptides and phosphorylation of tau proteins (Chin-

Chan, et al., 2015).  

The most prevalent ND is Alzheimer’s Disease (making up to 60-80% of all NDs) followed by 

Parkinson’s disease, although problems in diagnosis (particularly of dementias) may mean these figures 

are higher. The burden of these diseases is set to increase with the increase in life expectancy of the 

world’s population and growing population of those aged 65 and above (Erkkinen & Mee-Ohk, 2017). 

NDs that affect motor functions are set to overtake cancer as the second most prevalent cause of death 

in adults. Thus, the need for research in treatment is urgent now more than ever (Durães & Pinto, 2018).  

2.3 Alzheimer’s Disease  

Alzheimer’s disease (AD) was first classified by Dr Alois Alzheimer in Germany in 1906. As mentioned 

earlier, AD is the most prevalent ND and the most commonly occurring form of dementia, accounting 

for about 70% of cases. It is a chronic illness with gradual onset which is irreversible and incurable 

(Takeda, 2019). The typical progression of the disease occurs over 8 to 10 years and the disease 

progresses in four stages, namely; mild impairment, mild AD, moderate AD and severe AD (Figure  

2.1).  
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The symptoms for AD, especially in its nascent stages, are often mistaken for old age as the patient 

initially presents as having difficulties in higher cognitive functions such as planning, but the hallmark 

symptom for early stage Alzheimer’s is short term memory loss. From there the patients’ cognitive 

functions start worsening, experiencing difficulty remembering recent events, speech difficulties which 

progresses to confusion and loss in reading and writing skills. Once the disease progresses to moderate 

AD the patient experiences behavioural and personality changes, mood swings and neglects hygiene 

and eating. When the disease is at its advanced stage the individual is now completely dependent on 

caretakers for support with worsening of cognitive functions and movement leading to them being bed 

bound (Lyketsos, et al., 2011). Often this neurodegeneration can spread to other key areas in the brain, 

that may lead to a change in breathing and swallowing behaviour, leading to difficulty in eating and a 

higher risk of lung infections (Brunnström & Englund, 2009). While it is difficult to attribute death 

directly being caused by AD, death occurs due to complications arising from external factors such as 

malnutrition, deep vein thrombosis, infections and decreased cognitive functions of the patient (Bird, 

2015; Apostolova, 2016).    

  

Figure 2.1: Progression of Alzheimer’s Disease in a typical patient. (East, 2017).   

2.3.1 Burden of the disease  

Around 30-45 million people worldwide are thought to have AD and as mentioned before, this figure 

may be higher as less than half of the patients with AD are diagnosed. In South Africa, as of 2011, 2.2 

million patients were diagnosed with related dementias and as with other NDs this number is set to 

increase greatly with a global total of 101 million patients predicted to have AD by 2050 (de Jager et 

al, 2017; Alzheimer's Association, 2019).  

The impact of AD also extends to the families and caregivers of the patients due to its prolonged onset. 

In majority of cases it is reported that the families of the patients often have to become the primary 

caregivers and as most are not trained to do so, are unable to give the patient the specialised care they 

require (Kasper et al, 2015). Additionally, as they are not professionals this has led to the majority of 

these family members experiencing adverse effects ranging from physical, psychological and 
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economical. This impact is felt especially in low to middle income households where professional care 

cannot be afforded on top of the high medical costs incurred by the patient (Adams, 2007).  

2.3.1 Aetiology and pathophysiology  

AD is typically diagnosed through a combination of observations of the clinical symptoms with 

neuroimaging, neuropathological findings and cerebrospinal fluid analysis.  The presence of Aβ plaques 

and neurofibrillary tangles serve as the biomarkers observed for confirmation of AD (Snider, et al., 

2009). AD has no known underlying cause, although studies have hypothesised that the disease is 

primarily familial for both early onset and late onset AD with genetic factors playing an important role 

in the underlying aetiology. Regardless, the initial causes of the neurodegeneration are not well 

understood (Gatz, et al., 2006).  

There are two main forms of AD:   

1) Sporadic AD (≈ 90% of cases):   

This has no known trigger although it is associated with certain risk factors such as a history of 

head trauma, type II diabetes, ischaemia and environmental factors e.g. drinking water with 

aluminium.  

  

2) Familial AD (≈ 10% of cases):  

Stems from genetic mutations and proceeds faster than sporadic AD (Dorszewska, et al., 2016).  

Alzheimer’s disease has long posed a challenge to researchers due to its complex nature and multiple 

interlinked aetiologies. Though not well understood, several hypotheses have been proposed based on 

the characteristic hallmarks; extensive loss of neurons, the presence of amyloid-β deposits (plaques) 

and neurofibrillary tangles.  

2.3.1.1 Amyloid hypothesis  

Amyloid β peptides are amino acid peptide residues comprised of 37 – 49 amino acids formed when 

the amyloid precursor protein (APP) is cleaved by β or γ secretase. APP is thought to have an important 

role within neural tissue; aiding in synaptic formation, intracellular transport and other homoeostatic 

activities. Aβ peptides are seen to play a role in protection and repair in the CNS, being involved in 

recovery from traumatic brain injury and plugging leaks in the blood brain barrier (Brothers, et al.,  

2018). Under normal conditions, a steady state exists where production and clearance of Aβ is such 

that it is maintained at a constant level. However, as you age there is a dysregulation in this state as 

the two major enzymes, neprilysin (NEP) and insulin degrading enzyme (also known as insulysin; 

IDE), which are believed to be responsible for most Aβ degradation have decreased activity. In rarer 

cases mutations lead to increased production of the APP (observed in the case for development of 

familial AD) (Paul Murphy & Levine, 2010).  

As individual Aβ monomers amass they form oligomers/fibrils (β sheet configuration) which are 

insoluble and as these aggregate they form plaques. The longer residues of Aβ particularly Aβ42 are 

hydrophobic and prone to forming these deposits (Paul Murphy & Levine, 2010). Normally as build-

up occurs microglia ingest and destroy these plaques. However, in the disease state the deposition and 

formation of these plaques overwhelm the ability of the microglia to act allowing the formation of large 

insoluble plaques (Edwards, 2019). The build-up and increased amount of these so called senile plaques 

are one of the classic biomarkers for AD. The amyloid cascade is the leading hypothesis for the 

development of AD (Chen, 2017).  
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2.3.1.2 Amyloid Cascade  

As Aβ builds up outside neurons, the oligomers proceed to bind to a number of receptors in the CNS  

(Figure 2.2) such as the α7 nicotinic acetylcholine receptor and metabotropic glutamate receptors 

(mGluR5) among others. This leads to numerous neurotoxic effects downstream.  

Of interest is the direct activation of N-methyl-D-aspartic acid receptor (NMDAR), a calcium ion 

channel receptor. Aβ oligomers bind to the extracellular subunits of the receptor to directly activate it, 

causing a disruption in the regulation of Ca2+ ions (Texidó, et al., 2011). The resulting influx of ions 

causes oxidative damage as mitochondria produce reactive oxygen species , including NO and other 

oxidated species such as oxidated proteins and peroxidated lipids. Oxidated species cause harm directly 

to the cell membrane and the cumulative oxidative stress which results causes synaptic dysfunction and 

cell death (Alberdi et al., 2010).  

Intracellularly, Aβ triggers the hyperphosphorylation of tau (an important protein involved microtubule 

assembly) and these tau proteins aggregate and form neurofibrillary tangles (NFTs). As this occurs the 

structure and function of microtubules is compromised and may lead to cell death (Spires-Jones, et al,, 

2009). While the build-up of NFTs is associated with increased neuron loss, it is debated whether they 

are directly involved in cell death or have another function in damaged neurons. Regardless, the 

presence of phosphorylated tau and NFTs in the CSF has long been regarded as classic biomarkers used 

to identify and diagnose AD, though their appearance is delayed after prolonged period of Aβ deposition 

(Blennow & Zetterberg, 2018).  

  

Figure 2.2: Amyloid β can interact with several receptors and stimulate pathways which 

hyperphosphorylate tau proteins, produce reactive oxygen species and cause inflammatory reactions 

downstream. These can lead to neurotoxicity and neurodegeneration (Chen, 2017).  

In addition to the aforementioned effects of Aβ, an inflammatory response also occurs as plaques and 

oligomers form. Certain amino acid residues such as Aβ42 activate surrounding microglia by binding 

onto membrane receptors. This has the two-fold effect of:  
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• Causing neural cell death by direct phagocytosis of affected cells.  

• The release of immunomodulators and cytokines which activate the cells apoptotic pathway 

leading to cell death.   

This inflammatory response further causes release and production of Aβ peptides and thus the process 

proliferates further as inflammation becomes chronic (Yuan & Grutzendler, 2016; Spangenberg, et al., 

2016). There can be multiple points of damage along an axon. As deposition of Aβ occurs and the 

affected neuron proceeds to degenerate, the neurotoxic conditions spread to other associated neurons as 

Aβ oligomers and hyperphosphorylated tau are transported via exocytosis. Over time the neural network 

is disrupted further and further (Michel, et al., 2013). As loss of neurons is localised mainly in the basal 

ganglia, temporal lobe and neocortex, memory and cognitive functions are affected.  

Familial AD has been the type of AD which is most easily attributed to the amyloid cascade. This is 

because patients of familial AD have genetic mutations on genes either coding for APP or presenilin 

1(PSEN-1) and  2 (PSEN-2), which lead to amyloidosis (Tanzi & Bertram, 2005). PSEN-1 and PSEN2 

are proteins which form the catalytic subunit of γ-secretase, and when these proteins are misfolded they 

drive the enzyme towards producing neurotoxic Aβ42  rather than shorter residues following APP 

cleavage. In patients with APP mutations however, the most prevalent mutations are those which alter 

the C terminal of the protein which affect the enzymes cleavage efficiency and selectively in a way 

which leads to increased production of Aβ42 (Xu, et al., 2016). This overall observed increase in the 

Aβ42 ratio is responsible for the early onset deposition of senile plaques (Cacquevel, et al., 2012).  

2.3.1.3 Cholinergic Hypothesis  

Acetylcholine (ACh) (Figure 2.3) is the main neurotransmitter involved in the autonomic and somatic 

nervous system as well as cholinergic synapses in the CNS. Its main role in the body is stimulation of 

the parasympathetic nervous system in the heart, blood vessels in the eyes and other organs involved in 

the “rest and digest” response. In the CNS cholinergic neurons are present in many parts of the brain 

where their primary function is regulation of memory and learning, stress, wakefulness and cognitive 

functions (Hangya, et al., 2015).  

 

Figure 2.3: Structure of the neurotransmitter acetylcholine. The positive charge of the ammonium group 

plays a role in the recognition of the molecule by nicotinic receptors (Czajkowski, et al., 1993) 

ACh is synthesised by choline acetyltransferase (ChAT) from choline and acetyl-Co-A in the 

presynaptic neuron and stored in vesicles. To transmit a signal, ACh is released into the synapse via 

exocytosis where it binds to either a muscarinic receptor or nicotinic (ionic receptor). Once bound to a 

receptor, signal transmission is stopped when a cholinesterase enzyme inactivates the ACh by 

hydrolysing it, following which it is recycled back to ACh in the presynaptic neuron (Figure 2.4) (Prado, 

et al., 2017).  
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Figure 2.4: ChAT synthesises ACh from choline and acetyl CoA, which is then stored in vesicles with 

other co-transmitters. Ca2+ voltage gated channels allow Ca2+ to enter the cell, causing the vesicular 

membrane to fuse with the cellular membrane and release ACh into the synapse. Once released, ACh 

will act on muscarinic or nicotinic receptors until its action is terminated by AChE by metabolism back 

to choline and acetate (Westfall, 2009).  

Davies & Maloney (1976) were the first to observe that in AD there is a loss of ChAT activity corelating 

to cognitive impairment. Bartus, et al (1982) further reported that loss of cholinergic activity is observed 

in the brains of AD patient. These observations gave birth to the cholinesterase hypothesis, which 

postulates that the symptoms present in AD (particularly decrease in cognition and memory)  can be 

linked to decreased cholinergic function. This decrease in function is attributed to 4 main factors:  

• Decreased ACh production due to suppression of ChAT activity in the AD brain (Bowen, et 

al., 1976, Francis, 2005);  

• Loss of a large number of nicotinic receptors (such as α7 and α4β2) in postsynaptic membranes 

in the cerebral cortex (Burghaus, et al., 2000);  

• Increased activity of cholinesterases (García-Ayllón, et al., 2010);  

• Interaction with Aβ; as Aβ has been shown to affect synthesis and release of ACh, inhibit 

nicotinic receptors, disrupt vesicular transport and directly damage cholinergic neurons in the 

basal forebrain (Auld,  et al., 1998; Ikeda, et al., 2000).  

The memory loss and decline in cognitive function can therefore be attributed to the decreased 

cholinergic function and concentrated loss of cholinergic neurons in the nucleus basalis of Meynert 

which is observed AD (Mufson, et al., 2008). The cholinergic theory has long formed the backbone of 

currently approved AD treatment, with 4 out of the 5 drugs being cholinesterase inhibitors. The theory 

is further backed by the improvement in memory and cognition that occurs when cholinergic function 

is restored (Ferreira-Vieira, et al., 2016).  

2.3.1.3.1 Cholinesterases  

The cholinesterases are a pair of enzymes that catalyses the hydrolysis of cholinergic neurotransmitters 

(mainly acetylcholine) into choline and acetate. They act primarily at the post synaptic neuron (post 

stimulation) to stop impulse transfer and return it back to its resting state (Giacobini, 2003). There are 

two kinds of cholinesterases which are differentiated according their structures and their preferred 
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substrates and kinetics; acetylcholinesterase (known as the “true cholinesterase”) and 

butyrylcholinesterase (known as pseudocholinesterase). AChE is found mainly in synapses and on red 

blood cell membranes whilst BuChE is found mainly in blood plasma glial cells and the liver. Both are 

3-layer α/β hydrolases with a hydrophobic active gorge sharing 65% of their amino acid sequence 

(Massoulié, 1980).  

The cholinesterases exist in multiple forms:  

o Asymmetric - with catalytic subunit attached to a collagen-like tail onto the extracellular matrix. 

This form occurs more in AChE than BuChE and is specifically expressed in muscles. 

o Globular forms – comprised of either 1, 2 or 4 catalytic subunits (also known as the G1, G2 or 

G4 forms) which are membrane bound. In the brain, the G1 and G4 forms are the most common 

and are present in varying proportions to each other (Massoulié, 1980; Anglister, Haesaert, & 

McMahan, 1994).  

BuChE is a tetrameric glycoprotein comprising of four subunits each consisting of 574 amino acids and 

weighing 85 kDa and is produced mainly in the liver. Its substrate selectivity is less specific than 

AChE’s, being able to hydrolyse a wider array of neuroactive peptides (Johnson & Moore, 2012). As 

such it has other functions in addition to ACh hydrolysis:  

• Detoxification – BuChE detoxifies inhaled/ingested poisons e.g. physostigmine and other 

organophosphates as well as some common drugs such as aspirin (to salicylic acid) and heroin 

(to morphine).  

• Fat metabolism – BuChE’s ability to metabolise fat was observed because BuChE deficiency 

is associated with decreased fat catabolism.  

• Scavenging of polyproline rich peptides from cells - BuChE buries polyproline rich peptides 

into its structure to make them inaccessible for potential interactions with other proteins thereby 

protecting the cell from unregulated reactions (Lockridge, 2015).  

Its primary substrate is butyrylcholine (BuCh) and plays a supportive/backup role to ACh hydrolysis. 

Kinetically BuChE differs from AChE by displaying substrate activation rather than substrate inhibition 

although it hydrolyses ACh with reduced efficiency compared to AChE (Chen, et al., 2011).    

The BuChE active subunit is a 20 Å deep gorge shaped polyproline rich peptide in the centre of a four 

helix bundle (Figure 2.5). This active site is larger (≈ 500 Å vs 300 Å for AChE) and bowl shaped due 

to the presence of residues such as Leu 286 and Val 88 and other aliphatic amino acid residues. This 

allows for catalysis of bigger substrates such as organophosphates and cocaine (Saxena, et al., 1999).  

The active site of BuChE is made up of four regions:  

o Peripheral anionic site (PAS) 

o Acylation site 

o Choline binding site (CAS) 

o Acyl binding site  

At the mouth of the gorge lies the PAS. Here, Asp 70 and Tyr 332 (which are H bonded) are involved 

in the initial binding of positive charged substances via π complex with Tyr 332 and the negative 

charged Asp 70. This triggers conformational change in the monomer as the Ω loops come close and 

the substrate slides down to the Trp 82 binding site, which forms a cation-π complex with the substrate 

(Çokuğraş, 2003).  

http://etd.uwc.ac.za/ 
 



     Literature Review  

  

16  

  

The oxyanion hole (Gly 116, Gly 117, Ala 199) in the acylation site helps rotate the substrate to the 

correct orientation where it is hydrolysed by the catalytic triad of Ser 198, Glu 325 and His 438 which 

is situated at the bottom of the gorge. The catalytic triad catalyses the stabilised substrate site via a 

charge relay system (Zhang, Kua, & McCammon, 2002 ; Çokuğraş, 2003).  

  

Figure 2.5: 3D representation of the cholinesterases’ differing active sites (Chiou, et al., 2009).  

AChE is an α/β hydrolase folded with an α helix bound with a β sheet, containing an active site similar 

to other serine hydrolases (Figure 2.6a). In comparison to BuChE it is found to be nearly two times 

more effective in its catalysis of ACh breakdown. Similarly to BuChE, the active site of AChE is 

comprised of the PAS, CAS and catalytic triad (Figure 2.6b). The differences in their amino acid 

residues account for their difference in activities (Silman & Sussman, 2008; Dvir, et al., 2010).  

a)         b)   

Figure 2.6a: Ribbon structure of AChE dimer (Proteopedia.org, 2009); b: Structure of AChE active 

site highlighting some key amino acids important for its activity (Dvir, et al., 2010).  

The PAS consists of five residues: Tyr 70, Asp 72, Tyr 334, Trp 279 and Tyr 121 and acts to trap the 

substrate by π interactions with the substrate. This trapping mechanism enhances the catalytic 

efficiency, but the shape of this region further mediates the substrate inhibition displayed in AChEs 

enzymatic kinetics. Additionally, the binding at the PAS induces changes within the gorge allowing the 

substrate to be further exposed to the esteratic site (Johnson & Moore, 2006). In AD it has been shown 
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that the PAS plays a role in the formation of Aβ fibrils by forming complexes with the aggregating 

peptide fragments resulting in particularly stable oligomers which are more neurotoxic than those which 

form naturally (Alvarez, et al., 1998). The esteratic/catalytic triad made of Ser 200, Glu 327 and His 

440 is where hydrolysis of ACh takes place. The Ser 200 residue forms a covalent bond with ACh and 

reduces its carbon oxygen double bond (Dvir, et al., 2010). Due to its catalytic triad and shape, AChE 

is not able to hydrolyse large molecular weight esters. The CAS consists of 14 aromatic residues which 

include Glu 199, Phe 330 and Trp 84. They bind the amino acid region of ACh with Trp 84 being the 

most essential for interaction with the quaternary portion of choline (Xu, et al., 2008).   

2.3.1.4 Monoamine oxidases  

Monoamine oxidase is an important membrane bound flavoenzyme. It exists in two forms: MAO-A and 

MAO-B. The two isoforms share 70% of their amino acid makeup and are covalently bound to an FAD 

cofactor which enables their main biological functions such as the oxidation of primary, secondary and 

tertiary amines – including neurotransmitters. Each enzyme thus has a separate but overall overlapping 

function as they have differing substrates. MAO-A metabolizes serotonin, norepinephrine and 

dopamine while MAO-B metabolizes dopamine, phenethylamine as well other exogenous substances 

such as benzylamine (Gaweska & Fitzpatrick, 2011). Both enzymes are coded on the same X 

chromosome and found mainly in the brain in neurons and astroglia. Outside the CNS MAO-A is found 

in the liver, GIT and placenta while MAO-B is found in blood platelets (Fowler, et al., 2015). MAO-A 

exists as a 527 amino acid monomer while MAO-B crystallises as a dimer with each unit consisting of 

520 amino acids (Figure 2.7). For both enzymes each monomeric active site is made up of 3 domains: 

 

Figure 2.7: The active sites of MAO-A (A) and MAO-B (B) complexed with inhibitors, visualised as 

ribbon diagrams (left) and 3D models (right) (Finberg, 2014).  
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• FAD binding domain – which is nearly identical and conserved in both subtypes (Figure 2.8). 

A lysine residue (Lys 308 for MAO-A and Lys 296 for MAO-B) binds to the flavin co-factor 

via the 8 α-methylene of the isoalloxazine ring. The redox active isoalloxazine ring is buried 

deep within the enzyme oriented towards the substrate binding site (Son, et al., 2008).  

  

• Membrane binding domain – Both enzymes bind to outer mitochondria membrane through a 

C-terminal α helix of ± 27 amino acids. In this region lies the entrance cavity by which 

substrates can enter the enzyme. The entrance cavity is surrounded by a 13 amino acid long 

flexible loop that must move for substrates to enter. The negative charge of the residues attracts 

the positively charged amine substrates and thus plays a role in identification of appropriate 

substrates (Edmondson, et al., 2004). MAO-B has a distinctly narrower entrance cavity with 

MAO-A’s entrance cavity being shorter and wider.   

   

• Substrate binding domain - lined by hydrophobic aromatic and aliphatic regions. An  

“aromatic sandwich” is formed by Tyr 407 and Tyr 44 in MAO-A and Tyr 398 and Tyr 455 in 

MAO-B. These react with the substrate for oxidation or to activate the amine via a nucleophilic 

mechanism. The total volume in this active site for MAO-A is 400 Å3. Initially MAO-Bs’ active 

site is smaller, as the Ile 199 and Tyr 326 residues form a gate-like barrier between the entrance 

and catalytic site. Depending on the nature of substrate or inhibitor present the Ile 199 residue 

can rotate and functionally, fuse the two cavities to form a larger 700 Å3 cavity. Ile 335 (MAO-

A) and Tyr 326 (MAO-B) are the key residues that determines substrate specificity (Binda, et 

al., 2003).  

  

Figure 2.8: Diagrammatic representation of the MAO active site complexed with pargyline. The 

residues conserved across both isoforms are indicated with asterisk and those that differ in MAO-A are 

in parentheses (Binda, et al., 2003). 

  

Both enzymes follow the same catalytic mechanisms via two half reactions involving a reductive and 

oxidative step.  
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1) Reduction  

The flavin co-factor is reduced by accepting a hydride equivalent, with the most widely accepted means 

being a polar nucleophilic mechanism. In this mechanism it is suggested that Tyr 435 (MAO-B) and 

Tyr 444 (MAO-A) have dipole moments which result in the redistribution of the lone pair electrons on 

the N-atom of the amine. This increases nucleophilicity of the group allowing for reduction to take 

place. The rate limiting reaction of this step is the cleavage of the α hydrogen from the substrate. 

Substrates with neutral amino groups are preferentially bound as there is an increased likelihood for 

oxidation in the next step (Figure 2.9) (Edmondson, et al., 2004).  

2) Oxidative phase  

Following O2 entering via the entrance cavity the reduced flavin is reoxidised by oxygen. When this 

occurs the O2 is converted to H2O2 by the flavonoid hydroquinone (Figure 2.10). The aldehyde product 

is metabolized and the free radicals produced from H2O2 are normally scavenged by antioxidants (such 

as glutathione), catalase and superoxide dismutase (Finberg, 2014).  

NH2 NH2

+
O

Substrate (S) Imine Aldehyde product  

Figure 2.9: Oxidation of a typical amine to its aldehyde product.  

  
Figure 2.10: Redox mechanism of MAO.  

If this scavenging of radicals fails and/or there is an increased production of H2O2 it can lead to increased 

oxidative stress within neurons and production of reactive oxygen species (ROS). These are neurotoxic 

and lead to neuronal death. MAOs are implicated in several diseases which involve neurotransmitters 

such as PD, depression and AD and in particular MAO-B is overexpressed in AD and so inhibition of 

its activity could be beneficial in the disease state (Schedin-Weiss, et al., 2017).  

2.4 Treatment of AD  

AD treatment has proven to be difficult due to its complex and interlinked pathology. Of the currently 

approved drugs none are directly targeted at the underlying cause of the disease and none offer 

significant neuroprotection or cure the disease. Instead they act as disease modifying agents only 

slowing down the diseases’ progression and improving the patients’ cognitive symptoms and memory 

loss. Regardless, even taking into account their symptomatic alleviation they remain less than desirable 

treatment options as they do not always work when given to patients. Current treatments fall into two 
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categories: cholinesterase inhibitors and N-methyl-D-aspartate receptor (NMDAR) antagonists 

(Touchon, et al., 2013; Frozza, Lourenco, & De Felice, 2018).  

2.4.1 Cholinesterase Inhibitors  

Cholinergic inhibition is regarded as the most important of the multiple proposed targets involved in 

the AD network (Singh, et al., 2013), being included in current treatment as well as most multi-targeted 

strategies. Cholinergic inhibition stems from the aforementioned cholinergic hypothesis with AChE 

inhibitors stopping hydrolysis of ACh therefore increasing the overall levels of ACh and duration of 

cholinergic action. This increases cholinergic transmission in the brain and compensates for the loss of 

functioning cholinergic neurons. BuChE is targeted as well due to its takeover role of ACh hydrolysis 

in AD (Anand & Singh, 2013). 

Tacrine (Figure 2.12) was the first drug agent of this class available on the market in 1993, but was 

discontinued due to its hepatotoxicity. Its impact cannot be understated and its scaffold is still being 

used in drug discovery endeavours with agents such as bis (7)-tacrine proving to be more potent and 

potentially safer than the parent compound (Eslami, et al., 2015).  

 

Figure 2.12: Structure of tacrine, the first AChEI indicated for AD. It was discontinued due to safety 

concerns. 

The agents currently approved and prescribed for use in mild to moderate AD are donepezil, 

rivastigmine and galantamine (Figure 2.11). They are all reversible acetylcholinesterase inhibitors 

(AChEIs) shown to increase cholinergic function and interfere with the synthesis and deposition of Aβ 

fibrils (García-Ayllón, et al., 2010).  

Figure 2.11: AChEIs approved for use in AD.  
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Clinically, patients treated with AChEIs show a decrease in memory loss, increase in cognitive 

functions and overall delay in the deterioration in mental functions within their treatment duration of 

12 to 24 months (Colovic, et al., 2013). All AChEI agents have similar efficacies and show cholinergic 

side effects such as loss of appetite, dizziness, vomiting and headaches (Johnell & Fastbom, 2008). 

Donepezil (developed by Eisai and Pfizer) has been available since 1997 and is also indicated for Lewy 

body dementia, quickly became the main-stay treatment in mild to moderate AD. It has the benefit in 

that it is selectively inhibitory to CNS tissue versus peripheral tissue (Jacobson & Sabbagh, 2008). It is 

also used as a positive control in many lab tests, both in vivo and in vitro, and acts by binding to the 

PAS and anionic subsite via its N-benzylpiperidine moiety, which has been incorporated into multiple 

potent AChEIs being researched for AD treatment (Anand & Singh, 2013; Joubert, et al., 2017).   

Rivastigmine is a carbamate based inhibitor which inhibits both AChE and BuChE and together with 

donepezil form what is known as second generation AChEIs. It has nearly a ten-time higher affinity for 

brain AChE than peripheral AChE. Transdermal patch formulations were developed to bypass the oral 

route of administration as this reduces the associated GIT side effects (Mehta, et al., 2012).  

Galantamine is an alkaloid (isolated from the plant snowdrop Galanthus woronowii) which interacts 

with the CAS, PAS and aromatic gorge. In addition to enzyme inhibition, galantamine also sensitizes 

nicotinic ACh receptors and thus increases cholinergic function in the brain (Farlow, 2003).  

2.4.2 NMDAR Antagonists  

The glutamergic neurotransmission system via NMDA receptors plays an important role in synaptic 

plasticity and in the consolidation between long and short-term memory. It is noted that in AD (as well 

as other NDs) there is excessive activity of the NMDARs due to decreased glutamate reuptake in the 

microglia. The presence of this excess glutamate activity leads to increased Ca2+ influx, leading to 

excitotoxicity and cell death (Danysz, et al., 2000; Wang & Reddy, 2017). Therefore, inhibition of 

NMDAR would improve the condition of AD patients and this is the reasoning behind the development 

of the NMDAR antagonists. The first of these to pass the drug development pipeline was memantine 

(Figure 2.13) (introduced by Merz Pharma), approved in 2002 by the FDA and subsequently adopted 

by many countries including South Africa. It acts as a non-competitive NMDAR antagonist, essentially 

trapping the receptor in its “open” configuration and thus preventing excessive glutamergic stimulation. 

In the current treatment regimen it is the only drug indicated for mild to moderate AD and is used in 

combination with donepezil in severe AD. It also has off label use in other dementias. Clinically 

memantine has limited efficacy as it does not prevent neuronal loss, dementia or disease progression 

(Graham, et al., 2017).  

Riluzole (Rilutek® developed by Sanofi) (Figure 2.13) is another agent currently in Phase III trials under 

investigation as the next drug in this class. It displays the ability to enhance glutamate transport activity 

and decrease glutamate release which can potentially be applicable in AD treatment (Hung & Fu, 2017).  

 
 

Figure 2.13: Structures of NMDAR antagonists explored in AD.  
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2.4.3 Other treatment options  

The lack of a definitive and effective treatment regime coupled with the multifactorial nature of AD has  

led  researchers to investigate and hypothesise  a number of  alternate treatment strategies incorporating 

our understanding of the diseases’ pathology. These include; anti-tau protein strategies, antagonism of 

the 5HT-6 receptor, inhibition of oxidative stress and the use of multi-target directed ligands.   

2.4.3.1 Anti-tau protein strategies  

As mentioned previously, the presence of NFTs and phosphorylated tau is one of the classic biomarkers 

of AD and is associated with neuronal decline. Therefore, stopping formation for these tangles is being 

investigated to potentially improve AD symptoms. Figure 2.14 shows the main targets involved in the 

tangle formation timeline.   

 

Figure 2.14: Formation of NFTs and the proposed sites of action for anti-tau treatments (Cummings, 

et al., 2018).  

The three most viable anti-tau strategies are:   

• Prevention of phosphorylation: via targeting of the glycogen synthase kinase-3 enzyme 

responsible for phosphorylation processes in neurons with enzyme inhibitors. The most 

promising of these agents are ANAVEX 2-73 and tideglusib (Figure 2.15 a-b) which are in 

phase II clinical trials (del Ser, et al., 2012; Zhang, Xu, Zhu, & Xu, 2019). 

• Anti tau aggregation: agents such as methylene blue (Figure 2.15c) reduce covalent attractions 

between tau polymer units and thus decrease the chances of oligomer formation and 

precipitation of NFTs (Cisek, et al., 2014).  

• Vaccination therapy: both active and passive forms of immunization are in development 

which promote the body’s immunological clearance of tau (Rosenmann, 2013).  
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Figure 2.15: Various anti-tau drug therapies undergoing clinical trials for AD.  

2.4.3.2 5-HT-6 receptor antagonists 

The 5-HT-6 receptor forms part of the larger serotonin receptor group and is expressed predominantly 

in the cortex and hippocampus. In addition to its primary role in the serotonergic system of regulating 

mood and emotion, it is closely implicated in cholinergic neurotransmission with regard to memory and 

learning (Ramírez, 2013; Ferrero, Solas, Francis, & Ramirez, 2016).  

5-HT-6 receptors are shown to modulate ACh release, with blockage of 5-HT receptor inducing ACh 

release and alleviating memory deficits. This has interested researchers particularly because these 

agents can be used in conjunction with existing AChEIs to increase and prolong their cholinergic 

functions with the added benefit of alleviating behavioural and mood disorders associated with AD such 

as anxiety, depression and schizophrenia (Andrews, et al., 2018). Intepirdine and SUVN-502 are 5-HT6 

antagonists having gone into phase III clinical trials and have shown the ability to improve cognition in 

the preclinical phase and in animal models (Figure 2.16) (Khoury, Grysman, et al., 2018).  
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Figure 2.16: 5-HT-6 antagonists shown to alleviate cognitive decline in AD.  
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2.4.3.3 Antioxidants  

As mentioned previously, oxidative stress is found to be part of the cascade of events that lead to 

neuronal cell death with numerous oxidative stress related biomarkers such as oxidated lipid and DNA 

species occurring in the AD affected brain. This increase in ROS may be due to reduced clearance of 

said species by mechanisms such as superoxide dismutase and catalase (Singh, et al., 2017). In these 

scenarios, antioxidants have been proposed as potential treatments strategies for AD as they stop radical 

chain reaction and/or detoxify the •O2- and H2O2 radical species. Antioxidants can either be natural (e.g. 

vitamins E and C), synthetic or inorganic (Aliev, et al., 2008).  

A good example of antioxidants are flavonoids and their derivatives, such as baicalein (Figure 2.17), 

which demonstrate neuroprotective roles in cells under oxidative stress. Various models have found 

that the flavonoid inhibits NO production, mitochondrial ROS production and oxidative 

phosphorylation processes, as well as decreased Aβ fibril formation and increased neurocognitive 

functions (de Andrade Teles, et al., 2018).  

 

Figure 2.17: Structure of baicalein, a proposed flavonoid based AD treatment.  

Zatta, et al (2003) hypothesised that oxidative stress may also arise due to excessive metal ion 

accumulation, with Cu2+ , Zn2+ and Fe2+  in particular  associated with increased ROS, peptide 

aggregation and neuronal damage. In this case compounds with metal chelating abilities are proposed 

to show benefits in AD treatment. Curcumin based compounds have shown dual ability to scavenge 

radicals and bind ions like Cu2+ and Zn2+ (Spinello, et al., 2016).  

2.5 Multi-Target Directed Ligands  

Multi-target directed ligands (MTDLs) are drug agents which are effective at treating a disease via their 

high selectivity and potency to interact with multiple disease-causing targets. The concept of MTDLs 

was proposed by Morphy et al (2004) and is an evolution of the hybrid compound concept; whereby 

two or more known pharmacophores are covalently linked to produce a molecule with the combined 

pharmacological properties of said moieties. The resulting compound therefore should have the ability 

to act at multiple biological targets simultaneously at similar concentrations and exert a synergistic 

effect on the disease network that is not possible using traditional single target therapy or even 

polypharmacy (Korcsmáros, et al., 2007). Due to this nature MTDLS are able to reduce 

pharmacokinetic interactions that would normally arise, avoid resistance to treatment and decrease the 

adverse reaction profile. Therefore, MTDLs have gained popularity as agents for treating complex 

conditions such as neurodegenerative diseases, cancer and malaria (Muller-Schiffmann, et al., 2012).  

One such MTDL available on the market is the drug ziprasidone (Figure 2.18) which is used to treat 

both psychosis and bipolar disorder by acting on both serotonin and dopamine receptors. This was 

achieved by incorporating the pharmacophores of dopamine and naphthylpiperazine, a serotonin 

receptor ligand. Patients treated with ziprasidone show a significantly decreased side effect profile 

compared to those on treatment with traditional antipsychotics such as olanzapine and risperidone 

(Schmidt, et al., 2001; Addington, et al., 2009).  
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Figure 2.18: Ziprasidone structure displaying the hybrid molecules relevant pharmacophores.  

Due to the failure of current single target treatments and complex pathology of AD, it is largely accepted 

that rationally designed MTDLs are the key to safe and effective treatment of AD. In current treatment 

the best evidence to multi-target approaching has been the combination of memantine plus a 

cholinesterase inhibitor typically donepezil or rivastigmine. Double blind studies show slight 

improvement in patients’ cognitive functions in early and moderate AD compared to monotherapy, 

though this is not observed once the disease reaches the moderate to severe stage (Gareri, et al., 2014). 

The multifactorial nature of AD means that there are a large number of biological targets for these  

MTDLs to act on. Several MTDLs have been explored for Alzheimer’s with the aim of acting as both 

symptomatic and disease modifying agents. The main approach thus far is to target AChE in 

combination with one or more targets using known pharmacophores (Agatonovic-Kustrin, et al., 2018).  

 A good example of a potential MTDL developed using this rationale is ASS234 (Figure 2.19) described 

by Bolea et al in 2013. The compound shows highly potent cholinesterase and MAO inhibitory activity 

in the nanomolar range and additionally has shown good neuroprotective activity. This is because the 

N-benzylpiperidine group from donepezil infers cholinesterase inhibition by interacting with the PAS 

site of ACHE, which additionally leads to decreased aggregation of Aβ. The propargylamine moiety 

has the two-fold effect of binding to the active site of MAO and conferring neuroprotection via an 

unknown mechanism (Marco-Contelles, et al., 2016). The compound has shown good activity in vitro 

as well as in vivo, rescuing memory loss and reducing synaptic dysfunction in mice models. Unlike 

current treatment options, ASS234 has displayed relatively low cell toxicity at high concentrations and 

thus it is thought to be safer than current agents (Unzeta, et al., 2016).  

 

Figure 2.19: Structure of the promising MTDL ASS234. The benzyl-piperidine moiety (indicated in 

yellow) binds to the PAS of AChE whilst the indole-propargylamine portion (in greem) confers MAO 

inhibition and neuroprotection 
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Another example of AChEI based MTDLs are tacrine-hydroxyquinoline hybrids (shown below in figure 

2.20), which combine the scaffolds of tacrine with an 8-hyroxyquinolone derivative via a carbon linker 

to produce a compound whose activity greatly exceeds the sum of the parent pharmacophores. It is a 

more potent inhibitor of both AChE and BuChE than its tacrine parent with IC50 values for both enzymes 

in the nanomolar and sub nanomolar range. This compound also has exceptional antioxidant activity 

due to its ability to not only absorb oxygen radicals, but also chelate Cu2+ ions and thereby stopping ion  

accumulation related oxidative stress. It binds to the PAS of AChE as well and therefore decreases Aβ 

aggregation (Fernández-Bachiller, et al., 2010).  

 

 

Figure 2.20: A tacrine-hydroxyquinoline hybrid MTDL. The tacrine moiety (in yellow) is responsible 

for ChE inhibitory activity was joined via a linker to an 8-hydroxyquinoline derivative (in blue) with 

antioxidant activity. 

In development are other MTDLs which do not solely focus on the cholinergic hypothesis, but also 

target various other known targets that cause neurotoxicity. A good example of this is compound 12 

(Figure 2.21) developed in a study by Zindo and colleagues in 2019. The compound is based on a 

polycyclic cage scaffold which was derived from NGP1-01, a known neuroprotective agent. This 

scaffold was then extensively optimised in a series of studies to develop a promising MTDL with 

neuroprotective capacity coupled with calcium regulatory activity and MAO inhibition (Zindo, et al., 

2019).   

 

 

Figure 2.21: Polycyclic cage based compound 12 developed by Zindo et al. Propargylamine (green) 

was conjoined to the NGP1-01 derivative (in red) to enhance neuroprotective capacity to the compound  

2.6 Coumarins  

Coumarin (Figure 2.22) was originally extracted and characterised from tonka beans in 1822 by Vogel 

(Montagner, et al., 2008). In subsequent years coumarin and coumarin derivatives have been classified 

as a family of compounds, also known as benzopyrones, which are of natural and synthetic origin 

(Murray, 2002).   

 

 

 

Figure 2.22: The coumarin scaffold.  

  

N 

N H C H 2 N H 
N 
H 

O H 

9 

  

O 

N H N H 

C H 

Cholinesterase inhibitory 

activity 
Cu2+ chelation 

ROS absorbance 

 

 

Neuroprotective 

MAO-B Inhibitory activity 

Voltage Gated Calcium 

Channel blockade 

NMDAr antagonism 

 

O O

http://etd.uwc.ac.za/ 
 



     Literature Review  

  

27  

  

They have a wide spectrum of pharmacological activities displaying antidepressant, antimicrobial, 

antitumor and antioxidant properties among others. The most prominent use of coumarins is in the 

anticoagulant drug warfarin, which is the mainstay blood thinner for a variety of cardiac conditions 

(Wu, et al., 2009; Matos, et al., 2015). Coumarins have also found use in psychiatric treatment in the 

drug ensaculin, which is a weak NMDA antagonist and 5HT1A agonist being explored for use in 

dementia (Hoerr & Noeldner, 2006).  

 

Figure 2.23: Ensaculin, a coumarin scaffold containing anti-dementia drug. 

Coumarins and their derivatives have displayed some MAO binding affinity and are potent MAO 

inhibitors. Quantitative structural activity relationship studies performed on these derivatives have 

shown that substitutions at positions 3, 4 and/or 7 determine the activity and selectivity of the compound 

(Santana, et al., 2008). Lipophilic groups in particular have been observed to impart great selectivity 

towards MAO-B inhibition due to their interactions with the hydrophobic amino acid residues 

surrounding the enzymes’ entrance cavity (Joao Matos, et al., 2012).   

In addition to inhibiting MAO, coumarin derivatives have also displayed the ability to inhibit the 

cholinesterases. To maximise this inhibitory activity it has been found feasible to make derivatives 

which are long enough to be dual binding to both the CAS and PAS of the enzyme. This is achieved by 

substituting various spacer groups onto the scaffold which allow penetration into the gorge shaped 

active site (Catto, et al., 2013; Yusufzai, et al., 2018).  

The coumarin scaffold thus has potential to be a good candidate for the development of MTDLs to treat 

AD. Its structure allows for versatility by allowing substitutions to occur at different positions in its 

structure. Figure 2.24 shows one of several MTDLs developed by combining modified coumarin 

scaffolds with the N-benzylpiperidine group from donepezil (Joubert, et al., 2017). These compounds 

showed well balanced cholinesterase and MAO inhibitory activity.  

N  
CH3 

Figure 2.24: A coumarin based MTDL with MAO and cholinesterase inhibitory activity designed by 

Joubert et al (2017).   

2.7 Conclusion  

Alzheimer’s disease belongs to a broad group of diseases termed Neurodegenerative Diseases which 

are on the increase due to the growing elderly population of the world. Due to the disease and its 

symptoms’ progressive nature it continues to put a great strain on patients, caregivers and the healthcare 
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system. and the lack of treatment only exacerbates these problems. The complex pathophysiology 

underlying the disease is multifactorial with factors such as oxidative stress, tau proteins and amyloid 

plaques playing a role in the development of symptoms and progressive neurodegeneration. Whilst 

many approaches are being explored to overcome this, the utilization of MTDLs holds great promise 

due to their ability to target multiple disease mechanisms. Examples of MTDLs have demonstrated 

efficacy in treatment of other complex diseases and there are a number of MTDLs in development for 

AD which have shown promise for treatment. By modification of the coumarin moiety, research has 

demonstrated it is possible to produce MTDLs which target the causative MAO and cholinesterase 

enzymes. Rationally designed coumarin derivatives would thus be able to reduce oxidative stress 

mediated by MAO, reduce the formation of toxic Aβ plaques and offer neuroprotection and thus be 

viable treatment for AD.  
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Chapter 3  

3. Synthetic procedures  

3.1 Reagents and chemicals  

All reagents used in the synthesis of the compounds were obtained from Industrial Analytical (RSA) 

and Sigma-Aldrich® (Steinheim, Germany). All solvents used in chromatography and reactions were 

acquired from various commercial sources and were used without further purification unless specified.  

3.2 Instrumentation   

Nuclear magnetic resonance spectroscopy (NMR): 

1H and 13C NMR spectra were obtained using a  Bruker 400MHz Avance IIIHD Nanobay spectrometer 

(Rheinstetten, Germany) equipped with a 5 mm BBO probe at 333 K using standard 1D NMR pulse 

sequence. The internal standard used in the experiments was tetramethylsilane (TMS) and all chemical 

shifts are reported relative to its signal (δ = 0) in parts per million (ppm) in either deuterated dimethyl 

sulphoxide (DMSO-d6) or deuterated chloroform (CDCl3). The following abbreviations are used to 

describe the multiplicity of signals:  

• s - singlet  

• d - doublet  

• dd - doublet of doublets  

• t - triplet  

• dt – doublet of triplets  

• q - quartet  

• m - multiplet  

Infrared spectroscopy (IR):   

The IR data were obtained by using a Perkin Elmer Spectrum 400 spectrometer (Waltham, USA) fitted 

with a diamond attenuated total reflectance (ATR) attachment linked to a computer system.  

Mass spectroscopy (MS): 

The MS data of the samples were obtained using Waters Synapt G2 MS Spectrometer (Wilmslow, UK) 

with an ESI probe attached in ESI Positive mode, with a cone voltage of  15 V, infused in methanol. 

The instrument was set to a tolerance of 50 ppm.  

The data from the IR, MS and NMR are attached in the annexure.  

Melting point determination (MP):   

MPs were determined using a Stuart Melting Point SMP 20 (Staffordshire, UK) apparatus and with the 

compound being tested contained in glass capillary tubes. The data obtained was for the purified sold 

form of the compounds.  

Microwave synthesis:   

All experiment involving the use of microwave assisted methods were performed using a CEM 

Discover ™ closed vessel system (Buckingham, UK). The settings used were custom and specific for 

each synthetic experiment.   
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3.3 Chromatographic techniques  

A number of chromatography techniques were used for the identification compounds and purification 

of compounds as well as tracking reaction progress:  

Thin Layer Chromatography  

The stationary phase used were sheets of 0.20 mm thick aluminium silica gel (TLC Silica gel 60 F245 

Merck KGaA) which were spotted via glass pipettes and placed in TLC tanks. Various mobile phases 

were prepared using volume:volume ratios and once the plates were developed the spots were 

visualised using UV light (254 nm and 366 nm) or in an iodine crystal tank.  

Column chromatography  

Purification of the specified compounds was performed in glass columns filled with appropriate 

amounts of silica gel (0.063 - 0.200 mm/70 - 230 mesh ASTM, Macherey - Nagel, Duren, Germany) 

as the stationary phase. The mobile phases used for each compound are indicated. 

3.4 General Synthetic Procedure  

The synthesis of the proposed compounds (Scheme 3.1) began with a Pechman condensation reaction 

of a benzaldehyde to obtain 7-hydroxy-3-methyl-coumarin which would serve as the base scaffold. 

Following this, two different series of compounds were obtained which were grouped depending on 

whether an ethyl benzene or diethyl carbamate moiety is substituted at position 7 of the scaffold. 

Addition of the moiety was done via a microwave assisted SN2 substitution, followed by an α-

bromination of the CH3 at position 3 to obtain a halogenated methyl group (CH2Br) and finally a further 

SN2 substitution reaction with a propargylamine functional group. A total of seven compounds were 

synthesised.  
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Scheme 3.1: Reagents and conditions: (a) Sodium propionate, propionic anhydride, piperidine, reflux, 

6 Hr; (b) 2-bromoethylbenzene, NaH, acetonitrile, MW @ 150 W, 80  oC, 5 Hr (for SM2A) or diethyl 

carbamoyl chloride, K2CO3, Acetonitrile MW @ 150 W, 80 oC, 2.5 Hr (for SM2B); (c) N-

bromosuccinimide, benzoyl peroxide, CCl4, stir at room temperature, 7 Hr (for SM3A) or reflux, 15 

Hrs (for SM3B); (d) Propargylamine, K2CO3, dry THF, stir for 48 Hrs.  
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3.4.1 7-Hydroxy-3-methyl-2H-1-benzopyran-2-one (SM1)  

 

Synthesis: A mixture of 2,4-dihydroxybenzaldehyde (7.2 mmol, 1.0 g), propionic anhydride (19.4 

mmol, 2.5 mL), piperidine (1 mmol, 0.1 mL) and sodium propionate (15.6 mmol, 1.5 g) was refluxed 

for 6 hours. The mixture was then poured onto ice and made acidic with 20 ml of a 0.1 N solution of 

HCl. This yielded a precipitate that was filtered and treated under stirring with concentrated H2SO4 (2 

mL). The resulting mixture was poured onto ice again to afford a red brown precipitate of the desired 

product.   

Physical Properties: C10H8O3 ; mass: 764 mg ; yield: 60%; mp: 165 oC; 1H NMR (400 MHz, 

DMSOd6) δH (Spectrum 1) : 7.72 (s, 1 H, H – 4), 7.42 - 7.40 (d, 1 H, J = 8.5 Hz, H – 5), 6.76 – 6.73 

(dd, 1 H, J = 2.2, 8.4 Hz, H – 8), 6.69 – 6.68 (d, 1 H, J = 2.1 Hz , H – 6), 2.02 (s, 3 H, H – 12); 13C 

NMR (100 MHz, DMSO-d6) (Spectrum 2) : 161.77, 160.18, 154.51, 140.14, 128.73, 120.00, 113.04, 

111.83, 101.91, 16.49; HR-ESI [M+H]+ (Spectrum 3) : calc. 175.0395, exp. 175.0398; IR (FT–IR, 

cm-1) (Spectrum 4) : 3234, 2934, 1739, 1675, 1451.  

3.4.2 3-Methyl-7-(2-phenylethoxy)-2H-1-benzopyran-2-one (SM2A)  

 
  

Synthesis: A microwave compatible glass-vessel was charged with 200 mg of 7-hydroxy-3-methyl-

2H-1-benzopyran-2-one (SM1) and 68 mg of NaH (80% dispersion in oil) and dissolved in 10 ml of 

acetonitrile. To this mixture, 570 µl of 2-bromoethylbenzene was added dropwise and subsequently 

stirred at 80 oC for 5 hours under microwave irradiation (maximum power = 150 W). The solvent was 

removed in vacuo and the resulting crude mixture was washed with 30 ml ethyl acetate and 15 ml 

water. The organic layer was washed with 15 ml of 1 M KOH and then 15 ml of brine, thereafter the 

solvent was removed in vacuo. The crude product was then purified using column chromatography 

(Mobile Phase; hexane: ethyl acetate 3:1).   

  

Physical Properties: C18H16O3; mass: 116 mg; yield: 37%; mp: 89-92 oC ; 1H NMR (400 MHz, 

CDCl3) δH (Spectrum 5) : 7.39  (s, 1 H, H – 4), 7.31 – 7.22 (m, 6 H, H – 5, 17, 18, 19, 20, 21), 6.78 – 

6.59 (m, 2 H, H – 6, 8), 4.17 (t, 2 – H, J = 7.0, H – 14), 3.10 – 3.06 (t, 2 – H, J = 7.1, H – 15), 2.13 (s, 

3 H, H – 12); 13C NMR (100 MHz, CDCl3) (Spectrum 6) : 162.57, 160.90, 154.80, 139.33, 137.71, 

128.96, 128.57, 127.76, 126.67, 122.12, 113.23, 112.69, 101.16, 69.08, 35.50, 16.94; HR-ESI [M+H]+ 

(Spectrum 7) : calc. 281.1178, exp. 281.1171;  IR (FT–IR, cm-1) (Spectrum 8) : 3026,2850, 1612, 1284, 

1247.  

  

10 

9 

5 

8 

6 

7 

3 

2 

4 

O 
1 

O 
11 

12 

O H 
13   

10 
9 

5 

8 

6 

7 

3 

2 

4 

O 
1 

O 
11 

C H 
3 12 

O 
13 

14 

15 

16 

17 
18 

19 21 
20 

  

http://etd.uwc.ac.za/ 
 



Synthetic procedures  

  

32  

  

3.4.3 3-Methyl-2-oxo-2H-1-benzopyran-7-yl-diethylcarbamate (SM2B)  

 
  

Synthesis: A microwave compatible glass-vessel was charged with 250 mg of 7-hydroxy-3-methyl-

2H1-benzopyran-2-one (SM1), 295 mg of K2CO3 and a catalytic amount of TBA HSO4 and dissolved 

in 10 ml of acetonitrile. Following this, 385 mg of diethyl carbamoyl chloride was added dropwise and 

stirred at 100 oC for 2.5 hours under microwave irradiation (maximum power = 150 W). Once the 

reaction was complete, K2CO3 was filtered out and the solvent was removed in vacuo. The crude 

mixture was dissolved in 30 ml ethyl acetate and 15 ml water and transferred to a separatory funnel. 

The layers were separated and the organic layer was washed with 15 ml of 1 M KOH and then 15 ml 

of water. The combined aqueous layers were extracted with ethyl acetate (3 x 20 ml). The combined 

organic layers were then washed with brine and concentrated under reduced pressure. The crude 

product was obtained as an amber coloured oil.  

  

Physical Properties: C15H17NO4; mass: 254 mg; yield: 65%; mp: wax ; 1H NMR (400 MHz, 

DMSOd6) δH (Spectrum 17) : 7.85 (s, 1 H, H – 4), 7.62 – 7.60 (d, 1 H, J = 8.4 Hz, H – 5), 7.20 – 7.19 

(d, 1 H, J = 2.1 Hz, H – 8), 7.11 – 7.09 (dd, 1 H, J = 2.2, 8.5 Hz , H – 6), 3.42 – 3.37 (q, 2 H, J = 6.53 

Hz , H – 17), 3.36 – 3.28 (q, 2 H, J = 7.4 Hz , H – 19 ), 2.08 (s, 3 H, H – 12), 1.21 – 1.10 (dt, 6 H, J = 

6.6, 31.3 Hz, H – 18, 20); 13C NMR (100 MHz, CDCl3) (Spectrum 18) : 161.94, 153.59, 153.24, 153.00, 

138.79, 127.26, 124.48, 118.32, 116.64, 109.78, 42.29, 41.91, 29.57, 16.98, 14.13, 13.19; HR-ESI 

[M+H]+ (Spectrum 19) : calc. 276.1236, exp. 276.1235; IR (FT – IR, cm-1) (Spectrum 20) : 2920, 

1708, 1471, 1316, 1240.  

3.4.4 3-(Bromomethyl)-7-(2-phenylethoxy)-2H-1-benzopyran-2-one (SM3A)  

 
  

Synthesis: A mixture of 114 mg of N-bromosuccinimide, 150 mg of 3-methyl-7-(2-phenylethoxy)-2H-

1-benzopyran-2-one (SM2A) and 33 mg of benzoyl peroxide (75%) were dissolved in 7 ml CCl4. The 

reaction vessel was stirred at room temperature for 7 hours and once the reaction was complete the 

succinimide residue was filtered out. The solvent was removed in vacuo and the crude product was 

purified via flash column chromatography (Mobile Phase; hexane: ethyl acetate: chloroform, 4:4:1). 

An orange solid was obtained.  

  

Physical Properties: C18H15BrO3; mass: 116 mg; yield: 43%; mp: 101-105 oC; 1H NMR (400MHz, 

CDCl3) δH (Spectrum 9): 7.70 (s, 1 H, H – 4), 7.43 – 7.27 (m, 6 H, H – 5, 17, 18, 19, 20, 21), 6.86 –  

6.83 (dd, 1 H, J = 2.33, 8.58 Hz, H – 8),  6.81 – 6.80 (d, 1 H, J = 2.1 Hz,  H – 6), 4.41 (s, 2 H, H – 12), 

4.25 – 4.21 (t, 2 H, J = 7.0, H – 15), 3.14 – 3.11 (t, 2 H, J = 7.1, H – 16);  13C NMR (100 MHz, CDCl3) 
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(Spectrum 10) : 142.17, 129.02, 128.97, 128.92, 128.62, 128.58, 127.84, 126.76, 121.73, 113.39, 

112.71, 101.27, 101.18, 69.27, 69.09, 35.51, 35.45, 28.166; HR-ESI [M+H]+ (Spectrum 11) : calc.  

359.0283, exp. 359.0298; IR (FT – IR, cm-1) (Spectrum 12): 3029, 2918, 1707 1158, 698.  

  

3.4.5 3-(Bromomethyl)-2-oxo-2H-1-benzopyran-7-yl diethylcarbamate (SM3B)  

 
  

Synthesis: N-Bromosuccinimide (323 mg) was added to a suspension of 250 mg 3-methyl-2-oxo-2H-

1-benzopyran-7-yl diethylcarbamate (SM2B) in 9 ml CCl4. Next, 192 mg of benzoyl peroxide (75%) 

was added to the mixture. After heating at reflux for 15 hours, the hot reaction mixture was filtered to 

remove the succinimide by-product. The solvent was removed in vacuo and the crude product was 

purified via flash column chromatography (Mobile Phase; DCM: hexane: ethyl acetate, 4:3:1) to obtain 

a white solid.  

  

Physical properties: C15H16BrNO4; mass: 47 mg; yield: 15%; mp: 84-88 oC 1H NMR (400 MHz, 

CDCl3) δH (Spectrum 21) : 7.83 (s, 1 H, H – 4), 7.48 – 7.46 (d, 1 H, J = 8.6 Hz, H – 5), 7.15  (d, 1 H, 

J = 1.9 Hz, H – 8), 7.13 – 7.10 (dd, 1 H, J = 2.1, 8.5 Hz , H – 6), 4.42 (s, 2 H, H – 12), 3.45 – 3.38 (m, 

4 H, H – 18, 20), 1.28 – 1.19 (m, 6 H, H – 19, 21); 13C NMR (100 MHz, CDCl3) (Spectrum 22) : 

154.57, 154.39, 141.60, 128.52, 124.30, 118.95, 116.00, 110.16, 42.48, 42.08, 40.64, 35.28, 28.95, 

27.66, 14.27, 13.30; HR-ESI [M+H]+ (Spectrum 23) : calc. 354.0341, exp. 354.0344; IR (FT – IR, 

cm-1) (Spectrum 24) : 2979, 2920, 1615, 1246, 1147.  

3.4.6 7-(2-Phenylethoxy)-3-{[(prop-2-yn-1-yl)amino]methyl}-2H-1-benzopyran-2-one 

(SM4A)  

 
  

Synthesis: A mixture of 115 mg of 3-(bromomethyl)-7-(2-phenylethoxy)-2H-1-benzopyran-2-one 

(SM3A) and 441 mg of K2CO3 was dissolved in 5 ml dried THF. Propargylamine (44 mg) was added 

dropwise and the mixture was stirred at room temperature for 48 hours. The K2CO3 was filtered off and 

the solvent was removed under reduced pressure. The resulting crude product was purified using 

column chromatography (Mobile phase; hexane: ethyl acetate 2:1) and the product was obtained as a 

waxy amber solid.  

Physical Properties: C21H19NO3; mass: 32 mg; yield: 30%; mp: wax; 1H NMR (400 MHz, CDCl3) 

δH (Spectrum 13) : 7.70 (t, 1 H, J = 11.8 Hz,  H – 4), 7.36 – 7.27 (m, 6 H, H – 5, 21, 22, 23, 24, 25), 

6.84 – 6.81 (dd, 1 H, J = 2.4, 8.4 Hz, H – 8), 6.80 – 6.78 (d, 1 H, J = 2.2 Hz , H – 6), 4.23- 4.20 (t, 2 H, 

J = 6.9 Hz, H – 18), 3.82 (s, 2 H, H – 12), 3.52 (d, 2 H, J = 2.4, H – 14), 3.14 – 3.1 (t, 2 H, J = 7 Hz, H 

– 19), 2.28 (t, 1 H, J = 2.4 Hz, H- 16); 13C NMR (100 MHz, CDCL3) (Spectrum 14): 161.81, 161.65, 
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155.06, 140.53, 137.63, 128.97, 128.66, 128.59, 126.71, 122.21, 113.05, 112.74, 101.17, 80.83, 72.52, 

69.17, 47.67, 3.44, 35.47; HR-ESI [M+H]+ (Spectrum 15) : calc. 334.1443, exp. 334.1450; IR (FT – 

IR, cm-1) (Spectrum 16) : 3284, 3027, 2922, 2853, 1706, 1237.  

3.4.7 2-Oxo-3-{[(prop-2-yn-1-yl)amino]methyl} - 2H-1-benzopyran-7-yl 

diethylcarbamate (SM5A)  

 

Synthesis: 3-(Bromomethyl)-2-oxo-2H-1-benzopyran-7-yl diethylcarbamate (120 mg, 0.34 mmol) was 

dissolved in 2.5 ml of THF before adding 480 mg (3.4 mmol) of K2CO3 and 38 mg (0.68 mmol) of 

propargylamine. The mixture was stirred at room temperature for 48 hours following which the 

inorganic residue was filtered off after washing with THF. The resulting solution was concentrated in 

vacuo and purified using column chromatography (Mobile phase; DCM: hexane: ethyl acetate in a 

20:1:1 ratio) and an off-white solid was obtained.  

Physical Properties: C18H20N2O4;  mass: 24 mg; yield: 21%; mp: 124-126 oC; 1H NMR (400MHz, 

CDCl3) δH (Spectrum 25): 7.72 (s, 1 H, H – 4), 7.46 – 7.44 (m, 1 H, H – 5), 7.13 (d, 1 H, J = 2.0 Hz, 

H – 8), 7.10 – 7.07 (dd, 1 H, J = 2.2, 8.4 Hz , H – 6), 3.83 (s, 2 H, H – 12), 3.50 (s, 2 H, H – 14), 3.45 

– 3.38 (m, 4 H, H – 21,23), 2.26 – 2.25 (t, 1 H, J = 2.1 Hz, H – 16), 1.28 – 1.19 (m, 8 H, H – 22, 24); 
13C NMR (100 MHz, CDCL3) (Spectrum 26) : 161.21, 153.94, 153.83, 153.29, 14067, 128.44, 124.06, 

118.65, 116.46, 109.94,77.83, 74.45, 52.50, 42.86, 42.43, 42.04, 29.71, 14.26, 13.32; HR-ESI [M+H]+ 

(Spectrum 27): calc. 330.3364, exp. 329.1495; IR (FT – IR, cm-1) (Spectrum 28): 2921, 2851, 1634, 

1616, 1245.  

3.5 Challenges and optimisation of synthesis  

The SN2 conjugation reactions performed to add substituents to SM1 (see Scheme 3.1) were initially 

unsuccessful, thus modifications and optimisations had to be performed to the methods reported in the 

literature (see Table 3.1). For SM2A, the TLC plates for the initial reactions (performed with ethanol 

as a solvent at room temperature) indicated that there was no product forming from the reaction. 

Subsequent attempts were done with a change to acetonitrile as solvent (which is aprotic rather than 

protic, like ethanol) and a switch to microwave assisted synthesis, which resulted in a successful 

reaction with reasonable yield.  

SM2B’s reaction followed a similar trend with initially low yields, which likewise increased after 

switching to acetonitrile as the reaction solvent and the use of microwave conditions. The most 

significant observation was a near doubling in the yield following the addition of catalytic amounts of 

tetrabutylammonium hydrogensulphate (TBAHSO4). TBAHSO4 acts as a phase transfer catalyst and 

not only increased the yield, but significantly cut down the overall reaction time.  
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Table 3.1 Optimization of conjugation reactions occurring at position 7  

  

Reaction Conditions Yield 

 Ethanol 

NaH 

Stir @ room temp 

for 11hrs 

0% 

Acetonitrile 

NaH 

MW @ 150 W, 80 
oC, 5 Hr   

37% 

 DME 

K2CO3 

Stir @ room temp 

overnight 

0% 

DME 

K2CO3 

Reflux for 12 hrs

  

9% 

Acetonitrile  

K2CO3 

MW @ 150 W, 100 
oC, 6Hr  

27% 

Acetonitrile 

K2CO3 

cat. TBAHSO4 

MW @ 150 W, 100 
oC, 2.5Hr   

65% 

 

3.6 Conclusion  

Seven compounds were successfully synthesised. The compounds' structures were confirmed using the 

analytical techniques as described in the instrumentation section and the results of the spectroscopies 

corroborated with their characteristics and expected values. Next, the compounds were analysed for in 

vitro biological activity as per the objectives of this study and the results are discussed in Chapter 4.  
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Chapter 4  

4. Biological Evaluation  

4.1 Introduction  

Following the successful synthesis of the seven test compounds described in the last chapter, the 

compounds were evaluated using a number of in vitro assays in order to assess their potential as MTDLs. 

It is hypothesised that the compounds would show inhibitory activity towards AChE, BuChE as well as 

selective MAO-B inhibition. In silico modelling was also performed in order to simulate and elucidate 

the nature of the interactions these compounds could have with the aforementioned enzymes.  

4.2 Cholinesterases activity 

Cholinesterase activity is determined using a colorimetric method first described by Ellman et al (1961). 

The assay is based on the principle that AChE and BuChE catalyse acetylthiocholine and 

butyrylthiocholine respectively, which are sulphur containing analogues of their natural substrates. 

Upon catalysis, thiocholine is cleaved off and reacts with 5,5-dithiobis-2-nitrobenzoate (DTNB) to form 

5-thio-2-nitrobenzoate, which produces a yellow colour and is measured at a wavelength of 405 nm  

(Pohanka, et al., 2011). The enzymes’ activity is directly proportional to the formation and intensity of 

5-thio-2-nitrobenzoate. The inhibitory activity of a compound can therefore be derived from the 

difference in the absorbance readings between a blank reaction mixture with no inhibitor and a run with 

the test compound. Using this percentage inhibition data over a range of concentrations, dose-response 

curves can be constructed to determine the IC50 values of the test compounds.  

4.2.1 Consumables and instrumentation  

All chemicals and reagents were obtained from Sigma-Aldrich® (Steinheim, Germany). The intensity 

of colour change and absorbance readings were obtained using a Rayto 2100C microplate reader 

(Shenzhen, China) set at an absorbance wavelength of 405 nm. The data obtained was analysed using 

Microsoft Excel® and GraphPad Prism software.     

4.2.2 Experimental procedures  

The test compounds and positive control (donepezil) were dissolved in DMSO to prepare 10 mM stock 

solutions. The stock was then further diluted by factors of ten to produce solutions of 1 mM, 100 µM, 

10 µM, 1 µM and 0.1 µM which would correspond to concentrations of 100 µM, 10 µM, 1 µM ,0.1 µM 

and 0.01 µM in the final reaction mixture. The test concentrations were stored in the refrigerator until 

the day of the assay.  

Trisma HCl buffer (50 mM , adjusted to a pH 8 using 2 N NaOH) was prepared as the buffer and used 

to prepare enzyme stock solution (22 U/ml for Electrophorus electricus AChE and 12 U/ml BuChE 

from equine serum), 15 mM acetylthiocholine iodide, 15 mM S-butyrylthiocholine iodide and 1.5 mM 

DTNB (Ellman’s reagent). The enzyme stock solution was stabilised for storage with 1% bovine serum 

albumin and stored in aliquots at -80 oC until the assay was performed.  

The assay was performed in a clear, flat bottom 96 well plate, with each row consisting of wells for the 

positive control, the seven test compounds and the negative control. Each concentration was performed 

in triplicate. Prior to the assay the background absorbance for each compound at the different test 

concentrations was measured and accounted for when reading the final absorbance.  

Before performing the assay, the enzyme was diluted to 0.88 units/ml for AChE and 0.48 units/ml for 

BuChE. In each individual well 148 µL DTNB, 50 µL of the enzyme and 2 µL of the test compound or 
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control (donepezil in the positive control and DMSO in the negative control well) were added and 

incubated at 25 oC for 10 minutes. Following this, 30 µL of the substrate was added to each well 

simultaneously using a multipippette. The plate was then placed in a Rayto® RT-2100C microplate 

reader and the absorbances were measured every 60 seconds over a 20-minute period. The data obtained 

was used to calculate the maximum inhibition over the 20-minute period and this was used to plot a 

dose-response graph, which subsequently could be used to extrapolate the IC50 values of the compounds. 

A one sample t-test was performed by comparing the mean values of the compounds’ data against the 

mean for the negative control. The concentration of DMSO was kept constant at less than 1% in order 

not to interfere with the assay results.  

4.2.3 AChE assay results and discussion  

In general, the designed compounds were expected to have good AChE inhibitory capacity. The starting 

scaffold, SM1, is expected to have the least activity and activity of the compounds is predicted to 

increase once substitutions are performed on positions 3 and/or 7 of the scaffold. This increase in 

activity should arise from the fact that the resultant molecules should become large enough to span the 

length of the active site gorge and interact with both the CAS and PAS (Catto, et al., 2006). The nature 

of the substitutions could also affect the inhibitory activity, with series B’s carbamate containing 

compounds expected to have superior activity compared to series A’s compounds (Ma, et al., 2010; 

Colovic, et al., 2013). The propargylamine containing compounds SM4A and SM5A were expected to 

have greater activity due to the length of the compounds resulting in dual site binding (Stefanachi, et 

al, 2018).  

The results of the assay were analysed and a one-way t-test was performed using GraphPad Prism to 

determine that all values were statistically significant, with p-values less than 0.05. Percentage 

inhibition of the compounds was measured relative to the negative control, which is assumed to 

represent the enzyme’s uninfluenced activity. The results of the assay showed that in general the 

compounds had low inhibitory activity against AChE. Figure 4.1 below summarises the percentage 

AChE inhibition observed at the highest concentration (100 µM) used for this assay. It can be observed 

that compounds SM1, SM2A and SM2B exhibited the least inhibitory activity, all displaying less than 

15% enzyme inhibition at a 100 µM concentration. Compounds SM3A, SM4A and SM5A performed 

slightly better as they displayed 25-30% inhibition at this concentration. Compound SM3B displayed 

the best inhibitory activity with 49% inhibition, and the data was plotted onto a dose response curve 

which shows that its IC50 value lies at around 108 µM (Figure 4.2).  

The results demonstrate that substitutions with the carbamate or benzyloxy moieties at position 7 do not 

solely confer significant AChE inhibitory activity to the scaffold, as SM2A and SM2B have similar 

activity to SM1. However, α-bromination of the methyl at position 3 to produce -CH2Br appears to 

enhance the molecules inhibitory effect. This can be observed by the increase in inhibition observed 

with SM3A and SM3B as compared to SM2A and SM2B and these 3-bromomethyl derivatives had the 

highest inhibition in both series. With the exception of SM3B, the compounds with the carbamate 

moiety did not display superior activity as expected based on the literature.  
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Figure 4.1: AChE inhibition for each test compound at 100 µM. Data was performed in triplicate with 

each bar representing the mean percentage inhibition ± standard deviation. A one sample t test was used 

to compare the compounds data to the -ve control. The asterisks indicate the statistical significance of 

each data set (*, p < 0.05; **, p < 0.005; ***, p < 0.001 and ****, p < 0.0001). 
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Figure 4.2: Non-linear dose response curves for the most active compound SM3B and donepezil 

indicating their IC50 values. Each data point is plotted indicating the mean inhibition ± SD at each 

concentration. 

As observed with SM4A and SM5A, the incorporation of propargylamine did not result in the expected 

increase in activity. These compounds were hypothesized to have the best inhibitory activity due to their 

length, and whilst they displayed better inhibition than SM2A and SM2B, overall this difference was 

not significant. Docking simulations were performed on the compounds in order to elucidate the 

structure activity relationships responsible for the observed weak inhibitory activity of the compounds.  

IC50 = 0,225 µm 

IC50 = 108 µm 
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4.2.3.1 Molecular Modelling of AChE  

The AChE enzyme active site is an ellipsoid shaped gorge, consisting of 2 main sites termed the 

peripheral anionic site (PAS) and the choline binding site (also termed the CAS) containing the catalytic 

triad. The peripheral anionic site is situated at the entrance of the active site. It is made up of largely 

aromatic amino acids such as Trp 279 and is responsible for guiding and stabilising substrates in the 

active site. Towards the bottom of this gorge lies the CAS and catalytic triad, which are essential for the 

enzymes’ catalytic capability (Sussman & Silman, 1992). In order for inhibition to take place the 

designed ligands were expected to form binding interactions with amino acids found in these mentioned 

regions, ideally interacting with both sites simultaneously. From literature it is expected that the 

coumarin nucleus will sit in the PAS of the enzyme and the various substituents interact with the CAS 

and catalytic triad (Anand & Singh, 2013).  

4.2.3.1.1 Molecular Modelling Methods  

Molecular Operating Environment (MOE) 2018 on the Windows platform was used for the studies. The 

co-crystallised AChE enzyme was obtained from the PSLIO/PDB data bank co-crystallised with 

donepezil (Code: 1EVE). Prior to the studies the enzyme was first energy minimised and the enzyme 

was protonated to position hydrogens and assign ionization states in the macromolecular structure. The 

co-crystallised ligand was then selected to identify which binding site to use as the pocket for docking. 

The prepared enzyme was then saved in this state for use in docking studies.  

The test ligands were drawn using the ChemSketch 2016 software, saved as MDL files (V3000) and 

prepared for docking by energy minimising them in MOE using the MMFF94 force field. A database 

of these compounds was created and docking performed. Five possible docking conformations for each 

compound were tested and the conformer with the lowest binding energy selected and discussed below. 

4.2.3.1.2 Results  

The results of the docking simulations were used to correlate the structure activity relationships 

responsible for the results obtained in the AChE assay. Accordingly, the weak activity of SM1 can be 

attributed to the fact that none of its most stable conformations allow it to form significant interactions 

with any key residues in the AChE active site gorge (Figure 4.3)  

 

Figure 4.3: Diagrammatic representation of compound SM1’s lack of binding interactions with AChE 

(left). A 3D docking simulation (right) shows SM1 indicated in pink and the active sites’ amino acids 

indicated in green.  

The addition of the substituents to position 7 done in SM2A and SM2B results in orienting the coumarin 

nucleus away from the PAS and towards the CAS (Figure 4.4). When the molecules are oriented in this 
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way, neither compound is able to form favourable interactions with amino acids in either of these 

regions.  

 

Figure 4.4: Diagrammatic representation of compound SM2B binding interactions with AChE (left) 

and docking simulation (right) with SM2B indicated in pink and amino acids indicated in green.  

The improved inhibitory capacity of compounds SM3A and SM3B can be attributed to the replacement 

of the CH3 at position 3 with -CH2Br (See Figure 4.5). The molecules appear to have similar poses as 

seen with SM2B in the active site, however the -CH2Br group forms π-H interactions with Trp 84. 

Additionally, there is π-π stacking between the aromatic region of the coumarin and Phe 330, both of 

which are key residues for substrate binding in the CAS. It can be hypothesised that the electron 

withdrawing effect caused by bromine may have led to more stable interactions with the aromatic Trp 

84 residue and was responsible for these compounds’ superior inhibitory activities.  

 

Figure 4.5: Diagrammatic representation of compound SM3B binding interactions with AChE (left) 

and docking simulation (right) with SM3B indicated in pink and amino acids indicated in green.  

Figure 4.6 below shows that while the addition of the propargylamine moiety in derivatives SM4A and 

SM5A elongated the molecules, it did not contribute to the formation of any favourable interaction in 

the active site. The added length altered the conformation and disrupted the binding interactions which 

had been demonstrated with SM3A and SM3B.  
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Figure 4.6: Diagrammatic representation of compound SM4A binding interactions with AChE (top) 

and docking simulation (bottom) SM4A indicated in pink and amino acids indicated in green. The 

propargylamine moiety lies outside of the active site.  

4.2.4 BuChE assay results and discussion  

The compounds were also expected to have BuChE inhibitory activity in line with the objectives of this 

study, bearing in mind the takeover role this enzyme has in the advanced disease state. The results 

represented in Figure 4.6 show that in general, the compounds were more active against BuChE than 

AChE at the 100 µM concentration. Each compound had a higher percentage inhibition than when tested 

against AChE with compounds SM2A, SM2B, SM3A and SM4A displaying 32% to 40% enzyme 

inhibition.   
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Figure 4.7: Percentage inhibition of BuChE at 100 µM concentration by the test compounds. Each bar 

represents the mean percentage of inhibition as well as standard deviation. A one sample t test was used 

to compare the compounds data to the -ve control. The asterisks indicate the statistical significance of 

the data sets (***, p < 0.001 and ****, p < 0.0001).  

Compounds SM1 and SM3B were the most active inhibitors with IC50 values of 20.25 µM and 23.27 

µM, respectively (Figure 4.9). These values show that whilst the compounds have good activity they 

are not as potent as more typical cholinesterase inhibitors such as donepezil (Figure 4.7). The base 

scaffold SM1 displayed the best BuChE inhibition and the trend of the results show that substitution on 

position 7 with either the carbamate or benzoyloxy moiety leads to a decrease in activity. Whilst α-

bromination of the -CH3 does not affect the 7-benzyloxy derivative, this drastically improves the activity 

of the 7-carbamate derivative (SM3B). Replacing the -Br with the propargylamine moiety diminishes 

the inhibitory capacity of the 7-carbamate derivatives and does not improve the already poor activity of 

the 7-benzyloxy derivative. 
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Figure 4.8: Non-linear dose response curves for donepezil and the most active compounds, SM1 and 

SM3B, with IC50 values indicated. Each data point is plotted indicating the mean inhibition  ± SD at 

each concentration. 
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Based on their higher percentage inhibition for BuChE, the tested compounds can be classified as 

weakly selective BuChE inhibitors. The compounds’ selectivity may be hypothesized to them having 

stronger binding interactions with the higher density of hydrophobic amino acids lining the active site 

gorge of BuChE. The larger volume of BuChE’s active site may also allow the enzyme the ability to 

accommodate the compounds better as compared to AChE (Shen, et al., 2006).   

4.3 MAO Assay 

In order to assess the compounds for in vitro activity against MAO-A and MAO-B, a fluorometry based 

assay was performed. MAO is a known catalytic deaminator for a wide range of substances and this 

assay takes advantage of this by utilizing the synthetic compound kynuramine as an alternative substrate 

to be catalysed in place of typical substrates such as dopamine (Mazzio, et al., 2012). The oxidative 

catalysis of kynuramine by MAO produces 4-hydroxyquinolone (4HQ), which is fluorescent and thus 

its formation can easily be detected using a fluorometer at an excitation wavelength of 310 nm and 

emission wavelength of 410 nm (See Figure 4.9 ) (Matsumoto, et al., 1985).  

   

   

  

 

 

 Kynuramine 

 

Figure 4.9: Formation of the fluorophore 4HQ following catalysis of kynuramine.  

The intensity of fluorescence detected can therefore be directly correlated to enzyme activity. When the 

enzyme is fully active there is no interference with 4HQ production. Therefore in the presence of an 

inhibitor, less fluorescence is detected as less 4HQ is produced.  The degree of enzyme inhibition can 

therefore be calculated as a function of the difference between these two fluorescence readings. The 

percentage inhibition across a range of concentrations was calculated and used to plot non-linear dose-

response curves in order to determine the IC50 values of the compounds.  

4.3.1 Consumables and instrumentation  

All chemicals and reagents were obtained from obtained from Sigma-Aldrich® (Steinheim, Germany). 

The fluorescence readings were obtained using a SynergyMx Biotek spectrophotometer (Winooski, 

USA) with readings done at excitation and emission wavelengths of 310 nm and 410 nm respectively. 

The data obtained was analysed using Microsoft Excel ® and Graph Pad Prism 8 software.    

4.3.2 Experimental procedures  

The test compounds and positive control (clorgiline for MAO-A and rasagiline for MAO-B) were 

dissolved in DMSO to prepare 10 mM stock solutions. The stock was then further diluted by factors of 

ten to produce solutions of 1 mM, 100 µM, 10 µM, 1 µM and 0.1 µM which would correspond to 

concentrations of 100 µM, 10 µM, 1 µM, 0.1 µM and 0.01 µM in the final reaction mixture. The test 

concentrations were stored in the refrigerator until the day of the assay. A potassium phosphate buffer 

(KH2PO3 100 mM, pH 7.4, adjusted by 2N NaOH, made isotonic using  0.9 % w/v NaCl) was prepared 

N 

O H 

MAO   

4 - Hydroxyquinolone   

NH2

O
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and refrigerated until further use. The enzyme stock solutions were prepared by dissolving 2.5 mg of 

enzyme in 33.33 ml of phosphate buffer to produce stock solutions of 0.075 mg/ml which were stored 

in 1 ml aliquots at -80 oC until the assay. Once in the final reaction mixture this enzyme solution will 

have a concentration of 0.0075 mg/ml. The substrate was prepared by dissolving kynuramine HBr in 

potassium buffer and was prepared as two separate concentrations; 750 μM for MAO-A and 500 μM 

for MAO-B. When placed in the reaction mixture, these solutions ended up with final concentrations of 

45 μM for MAO-A and 30 μM for MAO-B respectively. Fresh substrate was prepared on the day of the 

assay.   

The assay was carried out in 2 ml Eppendorf vials. To each vial, 207.5 μL of phosphate buffer was 

added followed by 2.5 μL of the respective test compound or control (positive control: clorgiline for 

MAO-A or rasagiline for MAO-B; control:  DMSO). Following this, 25 μL of the enzyme stock was 

added to each vial in 10 second intervals and the vials were incubated at 37 oC for 10 minutes. After 

this time period 15 μL of kynuramine (750 μM for MAO-A and 500 μM for MAO-B) was added at 10 

second intervals and then incubated for 20 minutes. To stop the reaction at the end of this time 150 μL 

of 2 N NaOH was added and the mixture was shaken. Using a micropipette 80 μL of the mixture was 

transferred to a well in a black flat based 96 well plate. The plate was placed in the fluorescent reader 

and readings taken at excitation/emission wavelength of 310 nm/410 nm. Each assay was performed in 

triplicate and the data was analysed using Graph Pad Prism 8 software.  

4.3.3 Results and discussion  

Coumarin derivatives are known to be fluorophores and based on the principal of this assay this may 

interfere with obtained results (Donovalová, et al., 2012). Accordingly, the background fluorescence of 

each test compound at each concentration had to be accounted for inhibition calculations. The enzyme 

inhibition was calculated using the formula:  

   

 Enzyme  = DMSO control fluorescence − (Test fluorescence − Background fluorescence) 𝑥100  

 

Inhibition %  Negative Control fluorescence 

  

It was expected that all compounds would display inhibition for both isoforms of the MAO enzyme. 

Based on work done by Foka et al (2018) and Bruhlmann et al (2001), it was expected that the 

benzyloxy substitution would impart superior MAO inhibition to the test compounds compared to the 

carbamate moiety. Thus, the compounds expected to perform best would be from series A. The 

propargylamine derivates from each series were expected to have enhanced inhibition of both isoforms, 

but with selectivity towards MAO-B (Kumar, et al., 2016).  

4.3.3.1 MAO-A  

The results of the MAO-A assay demonstrated that all the tested compounds exhibited good inhibitory 

activity towards the enzyme. Compounds SM2A, SM3A and SM3B performed best, displaying IC50 

values in the mid nanomolar range, but did not perform as well as clorgiline the positive control (Figure 

4.10). The results confirmed that whilst substitutions to position 7 increased the inhibitory capacity, the 

benzyloxy moiety confers superior inhibition as compared to the carbamate moiety. This is 

demonstrated with the fact that with the exception of SM3A, the compounds with this substitution have 

5 to 6 times higher activity than their counterparts in series B.   

http://etd.uwc.ac.za/ 
 



Biological Evaluation  

  

45  

  

Contrary to expectations for the assay, the results showed that substitution of propargylamine led to 

decreased activity of the compounds, with SM4A and SM5A having the lowest activities barring the 

unsubstituted scaffold SM1. This trend was demonstrated in both series of compounds, in the case of 

SM5A the activity of the compound was 8 to 60-fold less active than the other compounds in the same 

series. SM3A and SM3B showed the best activities with IC50 values of 0.476 µM and 0.3545 µM 

respectively. Replacing the -CH3 with -CH2Br at position 3 showed a significant increase in activity of 

the compounds towards MAO-A. α-Bromination of the methyl group introduces a large electron 

withdrawing group and it can be hypothesised that this allows the molecules to form stronger significant 

interactions with amino acids in the enzymes active site. This, among other structure activity 

relationships, will be explored with molecular modelling performed on these compounds later in the 

chapter.  
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Figure 4.10:  Dose-response curves for MAO-A inhibition with IC50 values displayed for the test 

compounds and positive control. Each data point is plotted indicating the mean inhibition ± SD at each 

concentration. 

4.3.3.2 MAO-B  

The results of the MAO-B assay demonstrated that the majority of the tested compounds had superior 

inhibitory activity towards this enzyme as compared to MAO-A (Figure 4.11). This fits into the 

hypothesis that the compounds would have superior MAO-B activity. The exception to this was SM3A, 

which only exhibited 35% enzyme inhibition at the highest concentration for the assay (100 µM). Five 

of the test compounds demonstrated to be exceptionally good inhibitors of MAO-B, with nanomolar 

IC50 values. Compounds SM2A and SM4A performed best in the assay with IC50 values of 13 nM and 

27 nM. This makes them 20 to 40 times more potent than rasagiline, an MAO-B inhibitor currently on 

the market indicated for PD treatment.  

Similar to what was observed for MAO-A, substitution of the benzyloxy at position 7 conferred superior 

activity as compared to substitution of the carbamate moiety. This is observed in that the 7-benzyoloxy 

compounds displayed better inhibition than their 7-carbamate substituted counterparts. Unlike what was 
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observed for MAO-A, the incorporation of the propargylamine imparts increased activity with 

compounds SM4A and SM5A displaying nanomolar IC50 values.  
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Figure 4.11: Dose-response curves for MAO-B inhibition with IC50 values displayed for the test 

compounds and positive control. Each data point is plotted indicating the mean inhibition  ± SD at each 

concentration. 

These results demonstrated that the compounds were more selective for the MAO-B isoform over the 

MAO-A isoform. This is desirable as this is the isoform found predominantly in the brain and avoids 

the potential of a tyramine induced hypertensive crisis developing as seen with non-selective inhibitors 

(Grady & Stahl, 2012). The selectivity index (SI) was used to calculate and quantify how much more 

selective the compounds are for MAO-B than MAO-A using the following formula:  

 

 

  

From table 4.1 below, it can be inferred that compounds in Series A have greater selectivity for MAOB, 

thus it can be hypothesised that the benzyloxy moiety in position 7 imparts this desirable selectivity. It 

can also be observed that whilst α-bromination of the methyl group at position 3 increases MAO-A 

IC50 = 0.335 µM 

  

IC50 = 0.029 µM 

 

IC50 = 0.101 µM 

 

Selectivity Index =  
MAO-A IC50

MAO-B IC50
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inhibitory activity (as seen for SM3B), this comes at the cost of diminishing the compounds’ selectivity 

towards MAO-B. Incorporation of propargylamine appears to have the greatest influence on the 

compounds selectivity as the propargylamine derivatives SM4A and SM5A have the greatest 

selectivity, being 130 to 200 times more selective towards MAO-B than MAO-A.  

Overall the assay results are promising as it can be observed that the synthesised compounds display 

good inhibitory activity towards both MAO enzyme isoforms. In addition to this, six of the compounds 

are selective towards MAO-B. Molecular modelling was conducted in order to determine the binding 

interactions responsible for the observed results.  

 Table 4.1: Summary of MAO IC50 values and selectivity indices of test compounds.  

Compound MAO-A IC50 MAO-B IC50 Selectivity Index 

Clorgiline (+ve) 0.66 nM - - 

Rasagiline (+ve) -- 0.586 µM - 

SM1 33.4 µM 16.36 µM 2.04 

SM2A 0.658 µM 0.014 µM 47.7 

SM2B 2.822 µM 0.497 µM 5.67 

SM3A 0.476 µM - - 

SM3B 0.355 µM 0.333 µM 1.05 

SM4A 3.86 µM 0.029 µM 133.2 

SM5A 20.8 µM 0.101 µM 205.9 

  

4.3.4 Molecular Modelling of MAO  

MAO-A and MAO-B share 70% of their amino acid sequence. Both enzymes have an entrance cavity 

and a substrate cavity which contains the FAD co-factor essential for enzyme function. MAO-B’s active 

site is smaller and elongated as compared to MAO-A, whose active site is more round shaped and allows 

for greater substrate rotation (Medvedev, et al., 2003). Whilst MAO-A crystallises as a simple monomer 

MAO-B crystallises as a dimer, however for the purpose of these simulations only one monomeric unit 

was considered. Based on the literature, it was expected that for all the compounds the coumarin moiety 

should fit well into the enzymes’ substrate cavity and subsequently form interactions with key amino 

acids (Gnerre, et al., 2000).   

4.3.4.1 Molecular modelling methods  

Molecular Operating Environment (MOE) 2018 on the Windows platform was used for the studies. The 

co-crystallised MAO enzymes were obtained from the PSLIO/PDB data bank with MAO-A co-

crystallised with clorgiline (Code: 2BXS) and MAO-B co-crystallised with safinamide (Code: 2V5Z). 

Prior to the studies the enzymes were energy minimised and the enzyme was protonated to position 

hydrogens and assign ionization states in the macromolecular structure. The co-crystallised ligand was 
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then selected to identify which binding site to use as the pocket for docking and the prepared enzyme 

was then saved in this state for use in docking studies.  

The test ligands were drawn using the ChemSketch 2018 software and saved as MDL files (V3000) and 

energy minimised to prepare them for docking. A database of these compounds was created and docking 

performed. Five possible docking conformations for each compound were tested and the one with the 

lowest binding energy chosen and discussed below.  

4.3.4.2 Results  

The docking results from SM1 showed that the coumarin nucleus fits well into both enzymes’ active 

sites. However, for MAO-A while the nucleus simply enters the entrance cavity site there are no 

significant binding interactions occurring with amino acids in this site. Contrary to this, for MAO-B it 

can be observed that the coumarin moiety fits well into the entrance cavity, forming relatively stable π-

H bonds between the aromatic ring and the amino acids Ile 199 and Leu 171 (Figure 4.13). This 

hydrogen bond with the Leu 171 residue on the fringe of the substrate cavity was observed and 

conserved for the rest of the compounds and may explain their selectivity towards MAO-B.  

 

  

 

Figure 4.13: Diagrammatic representations of compound SM1’s binding interactions with MAO-A 

(top) and MAO-B (bottom). The compound is indicated in pink and amino acids indicated in grey with 

the FAD cofactor indicated in green.  
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4.3.4.2.1 Series A  

From the results of the MAO assays it was observed that series A generally displayed better inhibition 

than series B for both enzymes (see Table 4.1). From the docking simulations performed on MAO-A it 

can be seen that substitution with the benzyloxy moiety resulted in compounds SM2A and SM3A 

occupying MAO-A’s rounder shaped substrate cavity better than SM1 did (Figure 4.14). The 7-

benzyloxy substituent alters the compound’s shape and conformation favourably and the resulting 

volume of the compounds may lead to steric blocking of the substrate from penetrating the substrate 

cavity. In addition to this, SM3A is able to form weaker sidechain interactions with Asr 181 in the 

MAO-A active site and this may explain why the compound’s activity is slightly better than SM2A. 

With regards to MAO-B, the compounds’ (particularly SM2A’s) good activity and selectivity towards 

MAO-B can be attributed to the previously noted interactions between the coumarin moiety and Leu  

171 coupled with new stable π-H bonds which form between the benzyloxy moiety and the Ile 199 

residue. This interaction is important as the Ile 199 residue is critical in forming part of the gating 

mechanism which allows access to MAO-B’s substrate cavity (Milczek, et al., 2011).   

  

 

 

Figure 4.14: Diagrammatic representations of compound SM2A’s binding interactions with MAO-A 

(top) and MAO-B (bottom). The compound is indicated in pink and amino acids indicated in grey with 

the FAD cofactor indicated in green.  

Figure 4.15 shows that addition of the propargylamine to the 7-benzyloxy scaffold produced a molecule 

which is unable to fit into the active site of MAO-A. Docking conformations of compound SM4A 

demonstrated that the molecule lacks the flexibility to fit and subsequently interact with the active site. 

This is in contrast to docking in MAO-B, where it was observed that SM4A fits in the active site with 

the propargylamine moiety pointing towards the FAD cofactor. The FAD cofactor is essential for 
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substrate catalysis and thus compounds which can come into close proximity or bind to this cofactor 

are known to inhibit enzyme function to a greater extent (Moureau, et al., 1994; Chimenti, et al., 2010). 

In addition to being in proximity with the FAD cofactor, the molecule maintains the π-H bonding 

between Cys 172 and its coumarin nucleus. From the low nanomolar IC50 the compound displayed in 

the assay, it can be seen that interactions such as these are important in producing a potent and highly 

selective inhibitor of MAO-B.   

 

  

 

Figure 4.15: Diagrammatic representations of compound SM4A’s binding interactions with MAO-A 

(top) and MAO-B (bottom). The compound is indicated in pink and amino acids indicated in grey with 

the FAD cofactor indicated in green.  

4.3.4.2.2 Series B  

When docking with MAO-A compounds SM2B are seen to exhibit weak sidechain interactions between 

Cys 323 residue (near the entrance of the catalytic site) and the oxygen atom on the carbamate moiety. 

When docking with MAO-B its observed that both SM2B and SM3B retain the π-H interaction with 

Leu 171 which was first seen with SM1 (Figure 4.16). This may account for the molecule’s selectivity 

and superior activity towards MAO-B. The compounds in this series however lack the hydrogen bond 

with Ile 199 and this may account for their lower activity compared to their counterparts in series A.  
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Figure 4.16: Diagrammatic representations of compound SM3B’s binding interactions with MAO-A 

(top) and MAO-B (bottom). The compound is indicated in pink and amino acids indicated in grey with 

the FAD cofactor indicated in green.  

The docking results of the propargylamine derivative SM5A showed that the majority of its docking 

poses could not fit well into the MAO-A active site, and as a result no significant interactions could be 

formed with amino acids in the cavities. This was reflected in the assay as SM5A displayed relatively 

low MAO-A inhibitory capacity compared to the other compounds with an IC50 of 20.8 µM. On the 

other hand, from Figure 4.17 it can be seen the elongated nature of the MAO-B active site allows for 

better accommodation of the molecule within the substrate cavity. SM5A is thus able to form crucial π-

H bonds with the enzymes’ FAD cofactor via its propargylamine moiety. This demonstrates the 

importance of incorporating the propargylamine moiety for selective MAO-B inhibitors as the 

compound displayed the highest selectivity of the tested compounds, being over 200 times more 

selective for MAO-B than MAO-A.  

MAO-A 
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MAO-B  

 

Figure 4.17: Diagrammatic representations of compound SM5As’ binding interactions with MAO-A 

(top) and MAO-B (bottom). The compound is indicated in pink and amino acids indicated in grey with 

the FAD cofactor indicated in green.  

4.4 Cytotoxicity and neuroprotection studies  

Cell viability and proliferation is an important indicator of cell health and cytotoxic assays provide us 

with a quick and accurate way to assess the toxicity of new potential drug molecules. When looking at 

the degenerative nature of AD it is pertinent that the compounds designed in this study are assessed for 

their effects on cell health and do not potentiate neuronal cell death. Cell based assays such as these are 

important as they provide a more holistic representation of a potential drugs’ effects once in the body 

(McNutt, et al., 2014). The compounds were thus further evaluated in in vitro cytotoxicity and 

neuroprotection studies.  

4.4.1 Cytotoxicity studies  

Cytotoxicity of the compounds was assessed first in order to establish the toxicity of the compounds 

and what concentrations this occurs at. This was done using a standard 3-[4,5-dimethylthiazol-2-

yl]2,5-diphenyl tetrazolium bromide (MTT) assay. MTT is a yellow salt which is reduced to form 

a purple formazan compound in the presence of living cells. This expected cell metabolism is 

indicative of cell survival and so cell viability can be determined as a function of the amount of this 

formazan detected spectrophotometrically (Fotakis & Timbrell, 2006). The test compounds were 

http://etd.uwc.ac.za/ 
 



Biological Evaluation  

  

55  

  

compared to a vehicle control which consist of cells treated with DMSO which was used to indicate 

100% cell survival. 

4.4.1.1 Experimental procedures  

SH-SY5Y cells were plated in growth medium in flat bottom 96 well plates at a density of approximately 

7,500 cells/well. The cells were allowed to adhere to the plate surface for 24 hours and following this 

their media was replenished with fresh media containing the test compounds at 10 μM, 50 μM and 100 

μM concentrations dissolved in DMSO. Vehicle control cells were treated with DMSO, at a 

concentration similar to that of the highest concentration of the test compounds. Following an 

incubation period of 48 hours, 10 μL of MTT solution (5 mg/mL) was added to each well. This was 

further incubated for 4 hours and the formazan formed was solubilized with 100 μL of DMSO. The 

plates were read using a BMG Labtech Omega® POLARStar (Ortenberg, Germany) plate reader 

spectrophotometer to determine the absorbance recorded at a wavelength of 570 nm. The percentage 

cell viability was calculated relative to the vehicle control using the formula below:  

Cell viability % =  
Absorbance of treated well

Absorbance of untreated well
x 100 

4.4.1.2 Results and discussion  

The results of the assay were obtained in triplicate and subjected to ANOVA analysis for statistical 

significance and the data is presented in Figure 4.18. The results show that in general exposure to the 

test compounds led to a concentration dependent decrease in the SH-SY5Y cell counts. With the 

majority of the compounds this decrease in viability was not statistically significant (p > 0.05) at the 50 

µM and 10 µM concentrations. At 10 µM the compounds' cytotoxic effect is diminished and can be 

seen to cause a favourable increase in the cell count compared to the untreated control. This increase 

ranges from 2% to 22%. Compound SM2B had the best cytotoxicity profile and was the only compound 

which displayed a dose-dependent increase in cell viability correlating with an increase in its 

concentration.  

The 3-bromomethyl containing compounds SM3A and SM3B showed the most concentration related 

cytotoxicity, with significant reduction in cell count at 50 µM and 100 µM. SM3A’s profile was 

significantly better with 65% and 7% survival at 50 µM and 100 µM compared to a 0% survival rate at 

the same respective concentrations for SM3B. It can be derived from this observation that the 3-

bromomethyl substitution underlies this cytotoxicity and this is in agreement with previous studies 

describing the general cytotoxicity of halogen containing coumarin derivatives (Zhang, et al., 2012). 

This cytotoxicity is mitigated at the lower 10 µM concentration at which the compound caused slight 

increase in the cell count. Whilst the cytotoxic profile of the propargylamine derivatives in each series 

was better than these 3-bromomethyl derivatives, the compounds were more cytotoxic compared to 

SM2A and SM2B.  
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Figure 4.18:  Percentage cell viability of test compounds relative to a control of untreated viable cells. 

Each bar represents the mean percentage survival and SD. An ANOVA analysis determined the 

statistical significance (*, p < 0.05 and ****, p < 0.0001) when comparing the compounds data to the 

positive control. 

Bearing in mind the results of the previous enzyme inhibitory assays, it is noteworthy that the 

compounds’ MAO-B IC50 values (≤ 18 μM) are significantly lower than the concentrations where 

significant cell loss is observed. This gives an indication that the compounds can safely be used within 

the range of their MAO inhibitory activity without causing significant harm to the cells they are 

administered to. For compound SM1 this extends to its BuChE IC50 (20.8 µM) as significant cytotoxicity 

was recorded at 100 µM. For compound SM3B this assay would have to be performed at more 

concentrations between 50µM and 10 µM to investigate whether it is significantly cytotoxic around 25 

µM which is the concentration of its BuChE IC50 value.  

Based on the results of SH-SY5Y cytotoxicity analysis it was confirmed that the compounds can be 

tested for MPP+ induced neuroprotection studies. These assays could be conducted at compound 

concentrations between 1 μM and 10 μM as these would not negatively affect the viability of the cells. 

4.4.2 Neuroprotection  

The neurotoxin 1-methyl-4-phenyl pyridinium (MPP+) is widely known to induce an apoptotic cascade 

in neurons and is thus used to induce neurodegeneration in a variety of in vitro and in vivo assays and 

models for NDs (Zeng, et al., 2006; Santos, et al., 2015). The induced apoptosis takes place via a variety 

of mechanisms including the formation of free radicals and targeting of the mitochondria, leading to 

depletion of ATP in the cell (Fonck & Baudry, 2003). Thus this assay can demonstrate the 

neuroprotective nature of multifunctional compounds such as the test compounds, based on their ability 

to rescue the cells from MPP+ neurotoxicity. In this assay, SH-SY5Y cell lines were incubated with the 

test compounds following which they are challenged with 2000 µM of MPP+. Following further 

incubation, a spectrophotometric assay is performed to assess cell viability. The percentage of cells 

which survived is calculated relative to a negative control consisting of untreated cells. A positive 

control of cells challenged with the same 2000 µM MPP+ but with no compound is conducted as well 

in order to establish a baseline of the negative effect of the neurotoxin on the cell line.  

4.4.2.1 Experimental procedures  

SH-SY5Y cells were seeded onto a 96-well plate in growth medium at a density of 7,500 cells/well.  
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Different concentrations (1 μM, 5 μM, 10 μM) of test compounds were administrated to the cells and 

following a two hour incubation period the cells were treated with 2000 μM MPP+ and incubated for a 

further 48 hours to induce cytotoxicity. Afterwards, an MTT colorimetric assay was used to measure 

cell viability relative to an untreated control. To determine the data’s statistical significance, a Turkey’s 

multiple comparison test was conducted on all experimental replicates using GraphPad Prism® 8.  

4.4.2.2 Results and discussion  

Each experiment was performed in triplicate and tested for statistical significance. As illustrated in 

figure 4.19, the cell survival of untreated cells exposed to the MPP+ for 48 hours, declined significantly 

to around 56%. 
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Figure 4.19: Bar graph comparing the effect of the test compounds on MPP+-induced toxicity in 

SHSY5Y cells. The viability count of the untreated control was defined as 100%. Error bars represent 

the standard deviation of the mean data. Statistical significance (*, p < 0.05) when compared to the 

control is indicated. 

Subsequently, all the cell lines treated with the test compounds displayed higher survival counts 

compared to the untreated control cell line. This indicates that the compounds provided neuroprotection 

to the cells. Compared to the untreated cells, the cells exposed to the test compounds resulted in between 

70% and 90% of cells surviving. The nature of the substitution at position 7 does not seem to influence 

this neuroprotection greatly, as there is no significant trend observed in the difference in neuroprotection 

across the two series. However, as expected from literature, the propargylamine derivatives exhibited 

the highest neuroprotective capability, with cells treated with compounds SM4A and SM5A having 

92% and 85% survival rates respectively, further demonstrating the moiety’s significance in 

neuroprotection.  

The general neuroprotective profile of the compounds may also suggest that this neuroprotection is 

independent of their enzyme inhibitory capabilities, as all compounds performed fairy similarly despite 

having different enzyme inhibitory profiles. As described in literature, coumarin derivatives may 

possess inherent anti-inflammatory, anti-apoptotic and antioxidant effect and these coupled with 

the test compounds MAO inhibition may synergistically counter the MPP+ induced apoptosis 

(Kapp, et al., 2017)  
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The results from the cytotoxicity and neurotoxicity studies show in general that at a concentration 

of below 10 µM, the compounds will exhibit good neuroprotective capacity. This gives an 

indication that the compounds would be tolerated well by neurons and most importantly ameliorate 

the neurodegeneration underlying progression of AD to some extent.  

4.5 Conclusion   

In accordance with the aims of this study the ability of the test compounds to act as multifunctional 

ligands for AD was assessed successfully. The results obtained throughout this chapter are summarised 

in Table 4.2 below and provide valuable insights into which compounds would serve as the best 

MTDLs.  

Table 4.3: Summarised results of the test compounds activity in the relevant biological assays. 

Compounds SM3B and SM4A are highlighted as displaying the best activity.   

Compound AChE IC50 BuChE IC50 MAO-A IC50 MAO-B IC50 MPP+ 

neuroprotection 

SM1 >100 µM 20.25 µM 33.4 µM 16.36 µM 82.24 % 

SM2A >100 µM >100 µM 0.658 µM 0.014 µM 78.85 % 

SM2B >100 µM >100 µM 2.822 µM 0.498 µM 71.59 % 

SM3A >100 µM >100 µM 0.476 µM >100 µM 78.11 % 

SM3B 108 µM 23.27 µM 0.355 µM 0.333 µM 77.86 % 

SM4A >100 µM >100 µM 3.86 µM 0.029 µM 91.96 % 

SM5A 
>100 µM >100 µM 20.8 µM 0.101 µM 84.19 % 

From these results it can be surmised that the compounds produced in this study display potent selective 

MAO-B inhibition as well as excellent neuroprotective ability. Overall, the best compound with regards 

to this was SM4A. The compound has a selectivity index of 133 towards MAO-B, with an IC50 of 29 

nM making it 20 times the potency of rasagiline. This compound also exhibited exceptional 

neuroprotection with 92% cell viability. SM4A highlights the trend of the 7-benzyloxy derivatives of 

series A having better activity than their counterparts in series B. In silico modelling of the compounds 

showed that this is because the compounds can form favourable interactions with the key Ile 199 residue 

in MAO-Bs entrance cavity. In addition, the propargylamine moiety (present in SM4A and SM5A) was 

shown to impart significant neuroprotection and MAO-B selectivity to the 7-substituted coumarin 

scaffold and this reaffirms its importance in developing MTDLs for AD.   

Whilst the compounds lacked the desired activity towards AChE, they were more selective towards 

BuChE and so further optimization studies would need to be performed in order to improve their 

cholinesterase inhibitory profile. Compound SM3B displayed the best activity towards the 

cholinesterase and thus can also be highlighted as a promising potential MTDL. The compound displays 

selective BuChE inhibition and non-selective MAO inhibition at sub millimolar concentrations (AChE 

IC50 = 108 µM, BuChE IC50 = 23 µM, MAO-A IC50 = 0.355 µM, MAO-B IC50 = 0.333 µM).
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Chapter 5  

5. Summary and conclusion  

5.1 Introduction  

Neurodegenerative Diseases (NDs) are a group of cognitive and movement related disorders resulting 

from neuronal loss in the brain. There is no singular cause or process that is responsible for this cell 

death, but instead it is the result of different interlinked mechanisms, underpinned by genetic and 

environmental factors (Lanctôt, et al., 2009; Gabbianelli & Damiani, 2018).  

Alzheimer’s Disease (AD) was first classified over a century ago and is the most prevalent ND as well 

as form of dementia, with over 30 million diagnosed patients worldwide (Takeda, 2019). Its symptoms 

are progressive, initially characterised by recurring short term memory loss. As the disease progresses, 

higher cognitive and executive functions such as decision making and language are affected (East, 

2017). As with other NDs the complex pathophysiology of AD has made treatment difficult and only 

symptomatic relief is provided by the drugs available on the market. Nevertheless, theories such as the 

role of oxidative stress and the cholinergic hypothesis have gained momentum in explaining the 

disease’s pathology and in guiding treatment options (Tönnies & Trushina, 2017). By inhibiting the 

activity of the causative MAO and cholinesterase enzymes, it becomes possible to not only improve 

cognitive functions, but also to achieve neuroprotection and subsequently halt disease progression 

(Yanez & Vina, 2013; Wang, et al., 2015).  

By developing multitarget directed ligands (MTDLs) it is possible to simultaneously target both of 

these targets and achieve a synergistic therapeutic effect whilst avoiding the pitfalls of polypharmacy 

(Morphy, et al., 2004). The coumarin scaffold has many intrinsic pharmacological properties and 

coumarin derivatives have shown promise as a starting point for MTDL design strategies due to ease 

of functionalisation and inherent ChE and MAO inhibitory capacity (Stefanachi, et al., 2018).   

This study therefore aimed to further explore the potential of coumarin derivatives as MTDLs by 

designing and synthesising 2 series of compounds which have substitutions of moieties known to 

enhance inhibition of MAO and cholinesterases. Propargylamine is one such moiety known for its 

capacity to confer neuroprotection and increase MAO inhibition (Naoi, et al., 2003). These molecules 

could have the potential to relieve the symptoms of AD, slow down disease progression and ultimately 

reduce the burden of the disease.  

5.2 Synthesis  

The designed compounds were successfully synthesised using a multiple step process. Initially, a 

Pechmann condensation reaction was performed to produce SM1, which acted as the starting scaffold. 

From this compound (SM1), SM2A and SM2B were then synthesised via microwave assisted SN2 

reactions. These methods were employed as necessary optimisations to this reaction step, following 

low-yields produced when using conventional methods such as refluxing. The microwave assisted 

methods resulted in a two to three-fold increase in yield, as well as considerably reducing reaction 

times. Following this step, the 7-substituted coumarins were α-brominated at position 3 using N-

bromosuccinimide to produce the intermediates SM3A and SM3B. These intermediates then allowed 

for the final step consisting of a further SN2 substitution to incorporate propargylamine on position 3, 

producing SM4A and SM5A.   

A total of 7 compounds were synthesised with yields ranging from 15% to 65%. The low yields arose 

as a result of incomplete reactions, which did not use up all of the available starting materials. This 

then necessitated purification of the reaction mixtures via column chromatography at each step, which 
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in turn led to further product loss. The potential MTDLs were structurally elucidated using NMR, MS 

and IR techniques and evaluated for biological activity.  

5.3 Biological Evaluation  

The compounds were evaluated for biological activity through in vitro cell and enzyme based assays. 

Activity against the cholinesterase enzymes was assessed using a modified colorimetric Ellman’s assay 

against Electrophorus electricus AChE and equine BuChE (Ellman, et al., 1961; Denya, et al., 2018) .  

The results of the assay showed that the compounds lacked significant inhibition towards AChE; they 

exhibited only 10% to 30% inhibition of enzyme activity at a 100 µM concentration with  the 3-

bromoethyl derivatives SM3A and SM3B having the best activities. Molecular modelling showed that 

this was because the compounds could not form substantive interactions with amino acids in AChE’s 

active site. By contrast the compounds displayed higher percentage inhibition towards BuChE (Figure 

5.1) and thus can be classified, in general, as weak selective BuChE inhibitors.  

 

Figure 5.1: Comparative inhibitions of the cholinesterase enzymes with error bars shown, highlighting 

the BuChE selectivity of the test compounds. Data is represented as mean % inhibition and SD. 

The compounds were also assessed for their MAO inhibitory activity using a fluorometric assay with 

recombinant human MAO-A and human MAO-B (Matsumoto, et al., 1985). The compounds 

demonstrated good inhibition of both MAO isoforms. They display potent MAO-B inhibition with IC50 

values ranging from low micromolar to nanomolar values. Five of the compounds displayed lower IC50 

values (0.497 µM to 0.029 µM) than those of rasagiline (0.586 µM). The 7-benzyloxy derivatives had 

greater inhibition than their 7-carbamate counterparts whilst the propargylamine derivatives had 

exceptional selectivity towards MAO-B. Molecular modelling attributed the compounds’ activity to 

their ability to sterically block the entrance cavity and additionally form interactions in the substrate 

cavity. MAO-B selectivity resulted from the compounds ability to form interactions with Leu 171, an 

important amino acid residue for MAO-B catalytic activity.  
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Figure 5.2: Coumarin derivatives synthesised with a summary of their relevant biological activity.  
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Cytotoxicity studies showed that the compounds were not toxic to neuroblastoma cells, particularly at 

concentrations within their range of IC50 values. Subsequent neuroprotective studies demonstrated that 

the compounds significantly increase the survival rate of human neuroblastoma cells which have been 

compromised with MPP+. The propargylamine derivatives displayed the best neuroprotection, which 

is in line with our hypothesis and as described in previous studies. The results are summarised in figure 

5.2 above.  

5.4 Conclusion  

With the growing threat that is arising from the lack of AD treatment, continual research is paramount 

in overcoming these shortcomings. MTDLs provide a viable solution to overcome the current AD 

treatment failures and continued research may provide the answer to combat this and similar 

multifactorial diseases.  

The objectives of this study were to synthesise a number of neuroprotective coumarin derivatives with 

cholinesterase and MAO inhibition. Seven novel compounds were successfully synthesised and 

biological evaluations showed that despite their lack of cholinesterase inhibitory activities, they are 

potent inhibitors of MAO and offer excellent neuroprotection. Therefore, substitution of the 

benzoyloxy, carbamate and propargylamine moieties to the coumarin scaffold have great potential in 

developing compounds which can reduce neurodegeneration in AD patients from MAO mediated 

oxidative stress. Compounds SM3B and SM4A displayed the best activities and embody these 

properties the best. 

 Although the aims of the study were achieved to varying extents, there were limitations which provide 

the opportunity for further work to be done. Further structure activity investigations could be performed 

by incorporating known moieties such as tacrine which confer additional ChE inhibitory activity. 

Similarly, methylation of the 3-proprgylamine compounds could be performed to produce 3-

methylpropargylamine derivatives, as studies have found methyl propargylamine to be a potentially 

more neuroprotective moiety (Naoi, et al., 2003). It is also necessary to investigate the compounds’ 

druggability such as their ability to cross the BBB, scavenge free radicals and inhibit Aβ plaque 

formation. Future work is also needed to optimise these structures in order to be sufficiently active 

against the cholinesterase enzymes and therefore alleviate the PAS mediated amyloidosis and cognitive 

decline associated with the cholinergic system. Based on the observations in this study elongation of 

the molecules may allow them to span the AChE gorge and form interactions within the active site 

which would inhibit AChE activity.   
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Annexure: Spectral 

Data 
1H NMR, 13C NMR, MS and IR 
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Spectrum 1: 1H NMR COMPOUND SM1 
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Spectrum 2: 13C NMR COMPOUND SM1 
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Spectrum 3: HR-MS  COMPOUND SM1 
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Spectrum 6: 13C NMR COMPOUND SM2A 
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Spectrum 7: HR-MS COMPOUND SM2A  
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Spectrum 8:  IR COMPOUND SM2A 
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Spectrum 9: 1H NMR COMPOUND SM3A 
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Spectrum 10: 13C NMR COMPOUND SM3A 
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Spectrum 11: HR-MS COMPOUND SM3A 
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Spectrum 12: IR COMPOUND SM3A 
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Spectrum 13: 1H NMR COMPOUND SM4A 

  

http://etd.uwc.ac.za/ 
 



       Annexure  

  

91  

  

 Spectrum 14: 13C NMR COMPOUND SM5A 
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Spectrum 15: HR-MS COMPOUND SM4A 
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Spectrum 16: IR COMPOUND SM4A 
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Spectrum 17: 1H NMR COMPOUND SM2B 
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Spectrum 18: 13C NMR COMPOUND SM2B 
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Spectrum 19: HR-MS COMPOUND SM2B 
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Spectrum 20: IR COMPOUND SM2B 
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Spectrum 21: 1H NMR COMPOUND SM3B 
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Spectrum 22: 13C NMR COMPOUND SM3B 
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Spectrum 23: HR-MS COMPOUND SM3B 
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Spectrum 24: IR COMPOUND SM3B 

 

 

 

 

 

 

  

CH3

NCH3 O O O

Br

O

http://etd.uwc.ac.za/ 
 



       Annexure  

  

102  

  

Spectrum 25: 1H NMR COMPOUND SM5A 
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Spectrum 26: 13C NMR COMPOUND SM5A 
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Spectrum 27: HR-MS COMPOUND SM5A 
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Spectrum 28: IR COMPOUND SM5A 

 

 

 

4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 650.0

3.2

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100.0

cm-1

%T 

3221.48

3060.77

2921.33

2851.87

2105.66

1634.75

1616.69

1576.92

1504.01

1471.71

1456.73

1417.33

1393.01

1378.28

1329.30

1313.13

1266.16

1245.67

1220.90

1193.57

1141.70

1099.08

1068.40

1044.75

992.97

984.52

953.67

937.30

899.19

870.81

848.05

824.61

800.96

777.86

752.61

731.81

723.86

CH3

NCH3 O O O

NHO
CH

http://etd.uwc.ac.za/ 
 


	Synthesis and evaluation of 7-substituted 3-propargylamine coumarin derivatives as multifunctionalmonoamine oxidase and cholinesterase inhibitors forAlzheimer’s Disease treatment
	Abstract
	Acknowledgments
	Keywords
	Table of Contents



