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Abstract

Neurodegenerative disorders are characterised by progressive loss of the brain’s physiological
functions as a result of gradual degeneration of neurons in the central nervous system. Even
though they are classified as diseases of the elderly, occurrence earlier in life is possible, but
that would suggest the influence of genetic and/or environmental factors. Due to the continuous
rise in modernisation and industrialisation over the years, there has been an increase in
incidence and prevalence of neurodegenerative disorders. With the advances in technology and
life expectancy, the rates of the common forms (Alzheimer’s disease and Parkinson’s disease),
are expected to increase exponentially by 2050. Unfortunately, there is still no clinically
approved treatment or therapy to slow down or halt the degenerative process as most registered
drugs only offer symptomatic relief. Confounding this issue is the lack of definite mechanism
of neurodegeneration, which is still poorly defined and not completely understood.
Nonetheless, the pathology of most neurodegenerative disorders is believed to be a
combination of interrelated processes that eventually leads to neuronal cell death. Among the
postulated processes, the impact of excitotoxicity mediated by NMDA receptor over-activation
is prominent and it is implicated in virtually all neurodegenerative disorders. With this basic
insight, it is believed that molecules capable of inhibiting NMDA receptors and associated
calcium channels, without affecting the normal physiological functions of the brain, could
potentially serve as good neuroprotective drugs. Competitive and uncompetitive blockers
(MK-801 and ketamine) have been explored, but none were clinically accepted due to
undesirable side effects such as hallucinations, sedation and depression. However, NGP1-01,
a polycyclic cage molecule, has been shown to be neuroprotective through modulation of
NMDA receptors and voltage gated calcium channels and attenuation of MPP*-induced
toxicity. A similar approach could be useful in the design and development of new

neuroprotective drugs.

The aim of this study was to synthesise a series of open and rearranged cage-like molecules
and explore their neuroprotective potential in neuroblastoma SH-SY5Y cells. The proposed
structures, with norbornane scaffolds that contained different moieties, were designed to
structurally resemble NGP1-01 and MK-801. Once synthesised, the compounds were purified
and characterised, and were evaluated for their biological activities. Compounds were first

screened for cytotoxicity at different concentrations. Thereafter, they were evaluated for
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neuroprotective effects against MPP*-induced excitotoxicity and for calcium flux modulatory
effects on NMDA receptor and voltage gated calcium channels.

The norbornane derivatives were synthesised and characterised, and all final products were
afforded in sufficient yields. All compounds with the exception of two compounds displayed
good cytotoxic profiles towards the SH-SY5Y neuroblastoma cells at 10 uM, 50 uM and 100
MM concentrations as they demonstrated percentage cell viabilities close to 100% (control
treated cells). Only two compounds showed percentage cell viability of 51% and 59% at 100
WM. Utilising the same cell line, all compounds, tested at 10 uM, attenuated MPP*-induced
toxicity after 24 hours of exposure to a neurotoxin. This was evident in the 23% to 53%
enhancement (significant with p < 0.05) in cell viability when compared to the MPP* only
treated cells. In comparison to known NMDA receptor and/or voltage gated calcium channel
blockers (MK-801, NGP1-01 or nimodipine), the synthesised compounds demonstrated mono
or dual inhibition of calcium channels as they effectively attenuated calcium influx by blocking
NMDA receptors and/or voltage gated calcium channels expressed in neuroblastoma SH-
SY5Y cells. This group of compounds were found to be more potent NMDA receptor
inhibitors, probably due to similarities with MK-801 and memantine, than voltage gated
calcium channel inhibitors. All compounds demonstrated moderate to good calcium inhibitory
effects at NMDA receptors in the range of 23% to 70% while a selected few displayed very

little or no activity at the voltage gated calcium channels.

In conclusion, 27 compounds with norbornane scaffolds were successfully synthesised and
evaluated for cytotoxicity and neuroprotection. The abilities of the synthesised compounds to
protect neurons from the neurotoxin MPP™ and reduce calcium flux into neuronal cells were
successfully demonstrated. These characteristics are essential in neuroprotection as they may
prove significant in halting or slowing down the disease progression. The compounds showing
a good cytotoxicity profile, neuroprotective effects and ability to reduce calcium overload,
could potentially act as neuroprotective agents with good safety profiles or contribute as lead
structures to the development and design of structurally related molecules that could clinically

benefit people with neurodegenerative disorders.

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



CHAPTER 1

Introduction

1.1 Neurodegeneration
1.1.1 Neurodegenerative disorders

In neurodegenerative disorders, neuronal cells are subjected to death either by necrosis or
apoptosis in response to cellular stimuli or injury. Neuronal damages are usually slow and
progressive leading to loss of cell physiological functions (Ghavami et al., 2014). These
disorders, which share similar histopathological features; include Parkinson’s disease (PD),
multiple sclerosis (MS), human prion disease, Alzheimer’s disease (AD), frontotemporal
dementia, Huntington’s disease (HD) and amyotrophic lateral sclerosis (ALS). They have been
shown to exhibit common cellular and molecular mechanism (Gibbs and Braun, 2008;
Eftekharzadeh et al., 2016; Hasegawa et al., 2017; Croese and Furlan, 2018). Generally,
neurodegenerative disorders are characterised by distinctive features like selective loss of
neurons, change in synapses and neuro-inflammation. However, clinical features presented by
respective diseases differ and depend on the area of the brain or central nervous system affected
(Kumar et al., 2016; Dwivedi et al., 2019). In AD, degeneration of neurons is detected mainly
in the hypothalamus, amygdala and cortex regions of brain. These regions are essential part of
the brain necessary for memory and cognitive functions. Neuronal loss and functions in the
substantia nigra and striatum are characteristic features of PD, which are clinically presented
as tremor, rigidity, bradykinesis and postural instability. The loss of several neurons in the basal
ganglia, striatum and cerebral cortex is associated with the clinical presentations like
involuntary movements, cognitive impairment, dementia and psychiatric disturbances,
observed in HD. ALS is characterised by progressive loss of lower motor neurons in the spinal
cord and brainstem and atrophy of upper motor neurons in the motor cortex, resulting in muscle

weakness and paralysis (Fratiglioni and Qiu, 2009; Kumar et al., 2016).

The pathogenesis of most neurodegenerative disorders are linked to a quite number of factors
that are summarised into three namely: age, environmental and genetic factors. It has been
shown that as one ages, the brain begins to lose its functional and structural plasticity through
processes such as altered brain proteostasis, oxidative stress creation, alteration in gene
expression, dysfunction of neuroendocrine due to corticosteroid exposure, alteration of calcium

metabolism, mitochondrial dysfunction, impaired energy metabolism, and dysregulation of
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neuro-transmission homeostasis, at both cellular and molecular levels. Exposure to
environment variables such as metals, pesticides, pollutants, toxic food, microorganisms, virus
infections, smoking and drug abused have been identified as factors that contribute to the
pathogenesis of neurodegenerative disorders either by influencing expression of genes via
DNA methylation, histone modification and micro-RNA-postranscriptional gene silencing or
by direct injury. Moreover, some disorders such as ALS and HD are linked to mutations in
specific genes that completely alter the functions of expressed proteins leading to neuronal cell
death (Prolla and Mattson, 2001; Musgrove et al., 2015; Kavitha et al., 2020).

Most commonly neurodegenerative disorders such as PD and AD occur predominantly in the
elderly. However, it can also emerge at early stage of aging, but that would suggest genetic
influence or exposure to toxic chemicals as observed in HD and ALS (Bondy, 2016).
Nonetheless, ageing is still considered to be one of the major risk factors of neurodegenerative
disorders as it is associated with significant loss of synapses, neurons and brain functionality
in specific region of the brain (Daniele et al., 2018). AD is the most common neurodegenerative
disorder, followed by PD. These disorders affect nearly 1% of the world’s older population
with this numbers expected to escalate exponentially in the next 20 years owing to increase in
life expectancy of the population (Malhotra, 2018). Due to increasing prevalence, the financial
costs for the management of AD and PD are expected to rise to $ 1.2 trillion and $ 18.5 billion,
respectively by 2050. In addition to the treatment costs, patients’ quality of life is also
drastically reduced, causing significant economic and social burdens to both the patient and
their families (Yacoubian, 2017; Pena-Bautista et al., 2019).

Drug discovery for major neurodegenerative disorders has been a challenge for years as they
are associated with extremely high failure rate and an ever increasing clinical trial cost.
Moreover, the mechanism of neurodegeneration is still poorly defined despite several human
and animal studies. As such, the treatments approved only offer symptomatic relief with no

prospect of halting or slowing down disease progression (van Eijk et al., 2018; Swalley, 2020).
1.1.2 Mechanism of neurodegeneration

Using various models and approaches, countless studies have proposed several pathways or
mechanisms leading to neuronal cell death. Despite the vast knowledge, the mechanisms of
neurodegeneration are still poorly defined. However, it is believed that the pathology of
neurodegenerative disorders is caused by interrelated processes that include dysregulation of

protein homeostasis or proteostasis, oxidative stress, excitotoxicity, mitochondrial dysfunction
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(Elfawy and Das, 2019), protein aggregation (Garcia-moreno et al., 2019), lipid peroxidation,
neuroinflammation (Ellwardt and Zipp, 2014), dysregulation of microglia, and defects in
axonal transport and nucleocytoplasmic transport (Gan et al., 2018). Protein homeostasis can
be dysregulated through the inhibition of ubiquitin-proteasome and autophagy-lysosome
systems to promote accumulation of protein aggregates that in turn inhibit proteasome
activities, thus promoting the neurodegenerative process (Daniele et al., 2018). Although the
exact reason for mitochondrial dysfunction is not clear, abnormal change in mitochondrial
morphology mediated by mtDNA mutation, oxidative damage and/or mitochondrial protein
aggregation is believed to be the main reason for the dysfunction. Of the mediated factors, the
effect of oxidative stress is prominent as it generates reacting oxygen species (ROS) that is
capable of damaging mitochondrial proteins, nucleic acids, and lipids, and in turn generate
more intracellular ROS leading to more mtDNA mutations (Elfawy and Das, 2019). In addition
to these detrimental effects, mitochondrial dysfunction also results in ATP depletion, electron
transport chain enzyme inhibition, Ca?" imbalance and caspase-3 activation, which all
contribute to the degenerative process (Wu et al., 2019). In excitotoxicity, prolonged activation
of glutamate receptors leads to downstream effects such as calcium influx, oxidative stress and
mitochondrial dysfunction (Shinoda et al., 2016). Oxidation of lipids, mediated by oxidative
stress, results in lipid peroxidation, which produces cellular damage and generate new free
radicals that alters membrane- and circulating lipids and cellular functions, as observed in
various neurodegenerative disorders. Increase in lipid peroxidation has also been linked to high
enzymatic activities of acetylcholinesterase and butyrylcholinesterase and toxin (arbin and
methylmercury) exposure. Despite the documented effects of lipid peroxidation, it is still not
clear if lipid peroxidation is the cause or the consequence of neurodegenerative processes
(Pena-Bautista et al., 2019). Altogether, this and other mechanisms of neurodegeneration lead

to neuronal cell death either by apoptosis or necrosis.
1.1.3 Excitotoxicity in neurodegenerative disorders

Among the major pathways leading to neurodegenerative disorder, the effect of excitotoxicity
is profound, and it is implicated in virtually all forms of neurological disorders. In
excitotoxicity, excessive extracellular glutamate prolongs the activation of NMDA receptor
channels and associated channels (voltage gated calcium channels), and subsequently elevate
intracellular Ca2* to such an extent that it disrupts the calcium homeostasis process (Shinoda
et al., 2016; Boussicault et al., 2018). Ultimately, the consistent elevation of intracellular

calcium ion induces a cascade of events via enzymatic pathways (Liu et al., 2020), which
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inevitably compromise cell survival (Bano and Ankarcrona, 2018) leading to detrimental
effects such as mitochondrial dysfunction, calpain activation, lipid peroxidation, endoplasmic
reticulum, oxidative stress and protein aggregation (Zadori et al., 2012). These detrimental
effects consequently damage cellular components or organelles thus promoting neuronal cell
death.

1.1.4 MPP*-induced toxicity in neurodegenerative disorders

Several in vivo and in vitro studies, mainly in Parkinsonian model, have demonstrated the toxic
and destructive effects of 1-methyl-4-phenylpyridinium (MPP*) on dopaminergic neurons (Cai
et al., 2017). MPP* is an active metabolite of 1-methyl-4-phenyl-1,2,3.6-tetrahydropyridine
(MPTP) formed via enzymatic action of monoamine oxidase type B (MAO-B) in the brain.
MPTP can penetrate the blood brain barrier easily to be oxidised into MPP*. This active
metabolite, a toxic cation, is known to have high affinity for the dopamine active transporter,
and is able to gain entry into the dopaminergic neurons via this medium (Jouha et al., 2017;
Amo et al., 2019). Upon entry, MPP* accumulates in-the dopaminergic neuron and elicits a
number of effects that include neuroinflammation (Peng et al., 2019), generation of ROS and
mitochondrial dysfunction, which trigger apoptotic death of dopaminergic neurons (Bondy,
2016; Elfawy and Das, 2019; Obata, 2019). MPP™ induce mitochondrial dysfunction in neurons
by interfering with the mitochondrial complex 1 of the electron transport chain. Such
interference compromises mitochondrial integrity by opening mitochondrial transition pore,
thus resulting in the production of reactive oxygen species (Jovanovic-Tucovic et al., 2019;
Shishido et al., 2019). Due to dopaminergic neuronal loss, the cortical control of movement is

destroyed leading to the symptoms of Parkinsonism (Jouha et al., 2017).
1.2 Rationale

As discussed earlier, the role of calcium overload through glutamate induced excitotoxicity is
crucial in the pathology of several neurodegenerative disorders. As such, regulating calcium
influx by inhibiting NMDA receptors and voltage gated calcium channels (VGCC) is expected
to produce significant neuroprotection. However, achieving a clinically acceptable molecule to
block glutamate-induce neurotoxicity has been a major challenge in the sense that the same
process needed for normal glutamatergic physiological function is also responsible, in excess,
for excitotoxicity. Competitive (midafotel and selfotel) and uncompetitive (MK-801) NMDA
receptor blockers have been shown to potently counteract glutamate-induced excitotoxicity,

but are marked by undesirable psychotomimetic side effects. On the other hand, the polycyclic
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cage amines, amantadine and memantine, are approved by the FDA and are clinically tolerated
for the treatment of Parkinson’s disease and Alzheimer’s disease, respectively. Their
tolerability and safe side effect profiles are linked to moderate affinity at the PCP binding site
of NMDA receptors. Despite the activities of these polyamine amines, they only offer
symptomatic relief without the prospect of halting or slowing down disease progression.
Interestingly, a series of pentacyloundecylamines with the norbornane scaffold have been
shown to exhibit neuroprotection properties. One very good example is NGP1-01, a polycyclic
closed cage amine with a mode of NMDA receptor antagonism similar to memantine that may
suggest similar safe side effect profile (Duque et al., 2010; Geldenhuys et al., 2007; Van der
Schyf and Geldenhuys, 2009). This cage molecule and its derivatives possess multifunctional
neuroprotection through dual attenuation of calcium influx (NMDA receptor and voltage-gated
channels) and inhibition of MPP*-induced toxicity (Geldenhuys et al., 2003; Youdim et al.,
2007).

The synthesis of opened cages with norbornane scaffold has been explored, but the medicinal
chemistry profiles are pretty much limited to antiviral, antibacterial, and antitumor activities.
The neuroprotective effects, via NMDA receptors, voltage gated calcium channels and MPP*
induced neurotoxicity of these norbornane derivatives, are yet to be properly explored. The
need to develop neuroprotective molecules, with safe side-effect profiles, against glutamate-
and MPP*-induced neurotoxicity justify the investigation of opened- and rearranged- cage
norbornane derivatives, structurally similar to NGP1-01 and MK-801 (figure 1.1), as potential

multifunctional neuroprotective agents.
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Figure 1.1: Polycyclic NMDA receptor antagonists.

SH-SY5Y cells are the most commonly used cell line in neurological research. Their activities
and functions are believed to mimic that of the human brain and justify their usage in

neurochemical studies. Whenever this cell line is used, particularly in a MPP*-induced
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excitotoxicity study, MPP* as opposed to MPTP is generally required to induce cellular model
of PD due to inability of the SH-SY5Y cells to convert MPTP to MPP* (Amo et al., 2019).

1.3 Objectives

The crucial role of the glutamate- and MPP*-induced excitotoxicity in neurodegenerative
disorders have been highlighted, and the neuroprotective effects of certain polycyclic closed
cage amines, NGP1-01 in particular, have been illustrated. However, little is known about the
neuroprotective effects of polycyclic open cage molecules with the norbornane scaffold. The
proposed novel opened- or rearranged cages were designed to structurally resemble NGP1-01,
memantine or MK-801 and to exhibit functional moieties necessary for neuroprotection. As
such, we postulated that these polycyclic cage molecules would mimic the NMDA receptor
and voltage gated calcium channel antagonism and the MPP* neurodegeneration inhibition of
NGP1-01. Modification of the functional moieties is expected to allow better understanding of
the structure-activity relationship of these groups of compounds. On the basis of this

information, the following objectives were set:

1. The synthesis, purification, and structural characterisation of novel opened cage
norbornane scaffolds containing moieties such as furandione, pyrrolidinedione and
benzoquinone, and these moieties will be conjugated with various aliphatic and
heterocyclic amines (figure 1.2). These moieties are cyclic molecules that differ in ring
size and electron withdrawing group type. The influence of these functional moieties

will be explored;

(0]
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Figure 1.2: Analogues of opened cage norbornane scaffolds.

2. The synthesis, purification, and structural characterisation of novel rearrange closed

cage norbornane scaffolds fused with piperidine moieties (figure 1.3);
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Figure 1.3: Rearranged closed cage analogue.

3. The cytotoxic screening of synthesised compounds against the neuroblastoma SH-
SY5Y cell line for the purpose of identifying a suitable concentration for further
biological testing;

4. The evaluation of potential neuroprotective effects and structure activity relationship of
synthesised compounds against MPP*-induced excitotoxicity in a neuroblastoma SH-
SY5Y cells;

5. And the evaluation of calcium inhibitory effects and structure activity relationship of
synthesised compounds, compared to known blockers, on NMDA receptor and voltage
gated calcium channels after NMDA/glycine stimulation and/or KCI depolarisation,
respectively.

With these objectives, the aim was to develop multifunctional neuroprotective agents with safe
side effect and/or toxicity profiles, which will potentially not only manage the symptoms but

also halt or slow down the neurodegenerative process.
1.4 Conclusion

This chapter highlights the persistent and detrimental effects of neurodegenerative disorders in
modern days. If these problems are not addressed, particularly with increasing life expectancy,
they will escalate in the near future. Not only will the impact be felt by the affected individual
as quality of life is reduced, it also becomes a burden to the society as a whole. Understanding
the mechanism of neurodegeneration is crucial in devising strategies to effectively treat these
disorders. However, no study has established a definite mechanism and current clinically
approved treatments are only able to provide symptomatic relief. Therapeutic agents or
molecules with safe side effect and/or toxicity profiles are required to either halt or slow down
disease progression. NGP1-01 has shown to be neuroprotective, and as such is regarded as a
promising therapeutic lead. Structurally related analogues, as clearly defined in the objectives,
are hypothesised to exhibit neuroprotective properties. If the set objectives are met, it will add

to the series of existing molecules with promising therapeutic effects as well as assist our
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understanding of the structure activity relationships of these set of compounds. The remaining
chapters in this study contain, the review of relevant literature (chapter 2), the synthesis of
desired compounds (chapter 3), the biological evaluation of the synthesised compounds

(chapter 4), and finally the concluding remarks of the study (chapter 5).
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CHAPTER 2

Literature review

2.1 Neurodegenerative disorders
2.1.1 Introduction

Neurodegenerative disorders (NDs) are disorders characterised by persistent and progressive
loss of neuronal function that eventually lead to neuronal death and reduction of sensory,
motor, cognition and memory function (Luo et al., 2016; Procaccini et al., 2016). This neuronal
cell death is the reason for the profound decrease in size and volume of brain tissue observed
in the human brain (Ahmad et al., 2016). These diseases, with diverse pathologies, share
similarities in clinical manifestation and connections (Ghani et al., 2015; Vranova et al., 2016).
Most of these disorders are associated with gradual loss of bodily or physiological functions,

which eventually leads to neuronal cell death (Mazibuko et al., 2015).

These disorders, the main cause of disability among the elderly, occur in over 30 million
persons worldwide and is expected to increase sequentially over the years because of increased
lifespan and age of individuals. The occurrence of these diseases at an early age depends solely
on exposure to xenobiotics, defective lysosomal function and other environment factors.
Studies have demonstrated that prenatal and/or postnatal exposure to xenobiotics such as
metals, ambient particulate matter, organochlorine pesticides or organophosphate pesticides,
are associated with neurodegenerative disorders and impairment of neuropsychological
development (Hernandez et al., 2016; Heusinkveld et al., 2016; Saravi and Dehpour, 2016).
The exposure to xenobiotics and aging remains important aetiological factors of many
neurodegenerative disorders (Vadakkan, 2016; Vincenzetti et al., 2016). Evidence in at least
40 neurodevelopmental and neurodegenerative diseases of childhood described the impact of
defective lysosomal function as a major factor in the pathogenesis of adult and late-age onset
disorders. In fact, an alteration in just a single lysosomal gene can induce a congenital disorder
or late-onset neurodegenerative disease. However, this depends on the type of mutant gene and
the level of severity of associated lysosomal disruption. Also, evidence from associated genetic
studies strengthen the argument that exposure to additional pathogenic factors, during
adulthood and aging, may hasten subclinical lysosomal impaired functions towards a
catastrophic or severe lysosomal dysfunction, which ultimately promote neuronal cell death

associated with neurodegenerative disease. Genetic disorders linked to a mutant lysosomal
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gene exert their destructive effects by disrupting lysosome functions throughout organs or cells
in the body. Of the organs affected, the lysosomal disruption in the brain is prominent. This
explains why the central nervous system is highly prone to autophagic-lysosomal destruction
(Colacurcio & Nixon, 2016).

These disorders include Parkinson’s disease (PD), Parkinson’s disease dementia (PDD),
Alzheimer’s disease (AD), progressive supranuclear palsy (PSP), amyotrophic lateral sclerosis
(ALS), Huntington disease (HD), dementia with Lewy bodies (DLB), multiple system atrophy
(MSA), Prion disease, corticobasal degeneration (CD) and frontotemporal dementia (FTD)
(Mazibuko et al., 2015). AD is characterised by the accumulation of extracellular deposits of
amyloid-p peptides (AP) and hyperphosphorylated tau protein that forms senile plaques and
neurofibrillary tangles, respectively. These plagues and tangles mediate a cascade of events
that result in progressive cognitive decline. As such, it is the most prominent neurodegenerative
disease in which cytoskeleton damage is commonly discussed. PD is generally associated with
the formation of Lewy bodies, cytoplasmic inclusion of a-synuclein, and the progressive loss
of dopaminergic neurons that are linked to its clinical characteristic features like motor
impairment. In HD, mutation of the huntingtin genes is the major pathological hallmark of this
disorder. The altered genes are known to form neuronal intranuclear inclusion, which
ultimately affect various muscle coordination-, cognitive- and behavioural functions. ALS is
characterised by a progressive loss of motor neurons, mainly in the upper and lower parts and

it is associated with limited voluntary movement of muscles (Eira et al., 2016).
2.1.2 Incidence, prevalence and cost implication of neurodegenerative disorders

The incidence of neurodegenerative disorders that reportedly cause irrevocable harm to the
human brain is increasing at an exponential rate worldwide (Yang et al., 2015). According to
the World Health Organisation (WHOQO), neurological disorders have affected nearly 1 billion
people worldwide with 450 million suffering from mental or associated behavioural disorders.
Approximately 6.8 million deaths linked to brain-related disorders are recorded worldwide
each year (Hanamsagar and Bilbo, 2016). The prevalence of these disorders, particularly PD
and AD, is about 3% at the age of 65 and rises to 55% by the age of 95 (Procaccini et al., 2016).
AD is the most common form of neurodegenerative disorder in the elderly, and it is reported
to be the sixth-leading cause of death in the United States. In 2010, roughly 5 million of the
American population (above 65 years old) were diagnosed with AD, which correspond to

approximately 11% of the total population. The prevalence for PD, the second most common
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neurodegenerative disorder (Di Domenico et al, 2017), in the United States of America was
estimated at 630,000 cases as at 2010. By 2040, it is predicted that neurodegenerative disorders
will surpass cancer as the most prevalent cause of death in industrialised countries. Numerous
strategies and devises that involve the design and development of drugs and diagnostic tools
have already been employed and extensively researched. Moreover, there is a need for effective
diagnostic tools for early detection of these disorders as well as effective drugs with good safety
profiles to slow down or halt the degenerative process. This approach is crucial for the
successful treatment of these disorders. Current treatments primarily offer palliative care and
very modest advancement has been achieved (Mazibuko et al., 2015; Luo et al., 2016;
Yacoubian, 2017). With increasing healthcare cost as a result of the proportional increase of
elderly individuals in the population, NDs are often considered a major health problem with a
significant economic burden. The socioeconomic effects of these disorders are felt in different
parts of the world. The worldwide prevalence of dementia has doubled in the last 20 years and
the cost on health care, in dementia and related cases, Is increasing at an alarming rate (Ghani
etal., 2015). The rise in numbers of AD and PD cases is expected to continue in the next several
decades. As such, the societal burden and financial costs on these common disorders are
predicted to be massive and unaffordable, particular for developing countries. In the case of
AD and related dementias, the total health care costs were estimated at $214 billion in 2014,
and with the anticipated rise in AD prevalence, health care costs for AD is tipped to escalate
and reach the $1.2 trillion mark by 2050. By comparison, health care costs for PD are far much
less due to lower prevalence but are still considered a high cost. In the United States alone, all
medical costs associated with treatment of PD were estimated at $8 billion in 2010, and the
cost related to retrenchments and other indirect costs were estimated at $6.3 billion. By 2050,
these medical costs and associated costs is predicted to reach a staggering $18.5 billion. Even
though other neurodegenerative disorders such as ALS and HD are less common, there impact
in terms of disability and loss of life is still substantial (Yacoubian, 2017). In addition to the
high treatment cost, patients with neurodegenerative diseases and other mental illnesses are

subjected to stigma and social exclusion as well as reduced or loss of quality of life.
2.1.3 Gender role in neurodegenerative disorders

A number of neurodegenerative disorders and associated disorders differ in the prevalence
and/or therapeutic outcomes based on gender differences. This justifies the need for the
consideration of gender when considering treatment, although the links between gender

differences and neurodegenerative disease progression still remain unclear to many

11 http://etd.uwc.ac.za/ Chapter 2 - Literature review



researchers. Nonetheless, in numerous neurodegenerative disorders, there are noticeable
gender differences in the incidence, severity, and/or the progression of diseases. For example,
autism is more often diagnosed in male children than female children, while the number of
females who suffers from depression and anxiety is significantly higher than their male
counterparts. Also, the incidence of stroke is lower in females than males. However, they tend
to demonstrate poorer outcomes and suffer a horrific and catastrophic decline in brain functions
after a stroke incident when compared to males (table 1). Gender differences linked to
occurrence and outcome of neurodegenerative disorders still pose problems in the diagnosis
and treatment of patients. This strengthen the need for more investigation or studies to properly
understand the molecular mechanisms or pathways that determine these differences in both the
male and female (Hanamsagar and Bilbo, 2016).

Table 1: Sex differences in incidence and outcomes of neurological conditions commonly see

in humans (Hanamsagar and Bilbo, 2016).

Neurological condition

Sex difference in incidence

and prevalence

Sex difference in severity or

outcome

Attention deficit

hyperactivity disorder

Occur. more in boys (70%)
than Girls (30%)

Deterioration of motor skill
function is more severe in
boys. Also, distractibility is

higher in boys than girls.

Alzheimer’s disease

Higher prevalence in women

above age 65 years

Higher decline in cognitive

functions observed in women

Amyotrophic lateral sclerosis

Higher occurrence and earlier
onset in men. Increased risk

with post-menopausal women

Poorer survival rate in women

Autism spectrum disorders

Incidence and prevalence are

higher in boys than girls

Vague and heterogeneous
findings. Meta-analysis shows

that females have less severe

stereotyped and repetitive

behaviours
Depression and  anxiety | Higher prevalence are | Severity of clinical associated
disorder common among females than | symptoms or features are
males prominent in women than
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men. WWomen more prone to

subclinical depression

Juvenile Batten’s disease

Available data on incidence
are inconclusive. However,
late onset are observed in

females

Females known to experience
more severe symptoms. The
morbidity rate is higher in

females than males.

Multiple sclerosis

Mostly affect women

The progression of disease is

faster in men.

Parkinson’s disease

Higher incidence in men

Neuronal degeneration occurs
at a slower rate in women than

men

Schizophrenia

Early onset and higher

incidence in men

Poorer prognosis in  men
owing to severe symptoms and
weaker response to

antipsychotic drugs

Stroke

Later onset in women and

higher incidence in men

Women tend to not fully
recover after a stroke as they
suffer from more physical
disability, thus less favourable
when

outcome  displayed

compared to men.

2.2 Pathology of neurodegenerative disorders and established therapeutic approaches

2.2.1 Introduction

Neurodegenerative disorders are multifactorial diseases that share many common features such
as a late appearance in life, neuronal loss and synaptic abnormalities. They also share common
molecular mechanisms that include excitotoxicity, mitochondrial dysfunction, apoptosis,
oxidative stress and impaired protein homeostasis (Ahmad et al., 2016). These disorders exhibit
various overlapping symptoms that include, amidst others, cognitive impairment, dysarthria,
or motor dysfunction. The fundamental pathological trademark commonly observed in most
neurodegenerative disorders is the continuous degeneration of a group of neurons in the brain

and/or the spinal cord. Specific parts of the brain and/or spinal cord where neurons are
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degenerated often dictates the clinical manifestation or symptoms of each neurodegenerative
disorder (Yacoubian, 2017). The condition of neurons is exacerbated by continuous decrease
in cerebral blood flow or cerebral hypoperfusion leading to further degeneration of neurons.
This decreased blood supply to the brain have been observed in several dementia patients and
in various patients with age-related neurological disorders, particularly those suffering from
AD and PD. Interestingly, evidence from a neurological study has provided a link between low
cerebral blood flow and worsened neurodegenerative disease. The same study also suggested
that reduced blood flow could accelerate disease progression from a mild cognitive impairment
to full-blown Alzheimer’s disease (Tomycz, 2016). Countless studies have proposed
overlapping factors such as age, genetic and environmental, and molecular mechanisms that
are often crucial in the development or pathogenesis of most neurodegenerative disorders.
However, each detailed mechanism is inconclusive as none could establish a structurally clear
mechanism. Nonetheless, the general consensus is that, in each distinct neurodegenerative
disorder, a group of vulnerable neurons is subjected to cell death that is necrotic or apoptotic
in nature. This neuronal cell death is usually a result of several interrelated processes including,
amongst others: oxidative stress, excitotoxicity (Leist & Nicotera, 1998), RNA metabolism,
mitochondria dysfunction (Moreira et al., 2012), protein aggregation and propagation (Celsi et
al., 2009; Mehta et al., 2013), proteasomal dysfunction, autophagic/lysosomal dysfunction,
prion-like spread, loss of growth factors and neuroinflammation (Yacoubian, 2017). Despite
immense research and knowledge, and the continuous refinement and improvement in these
basic insights, the mechanisms of development of most neurodegenerative disorders are still
structurally disjointed and poorly defined (Qureshi & Mehler, 2013). More experimental
models are thus needed to understand the underlying molecular mechanisms or pathways and
to develop pharmacological and therapeutic interventions that will successfully treat these

neurodegenerative disorders (Dey and Nath De, 2015).
2.2.2 Parkinson’s disease

PD is a progressive age-related and incurable neurodegenerative disorder. It is sporadic in
nature, and defined as a multi-factorial disorder, where a genetic basis interacts with
environmental factors in a complexly linked manner (Landolfi et al., 2017; Pezzi et al., 2017).
PD is the second most frequent neurodegenerative disorder, characterized by a progressive loss
of dopaminergic neurons projecting from the substantia nigra to the basal ganglia. Patients with
PD often experience cardinal motor symptoms such as gait disorder (Eisinger et al., 2017,

Miller et al., 2018), rest tremor, bradykinesia, dysarthria, hypomimia, hypophonia,
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micrographia. dysphagia, rigidity and postural instability (Landolfi et al., 2017; Dickson, 2018;
Mao et al., 2018), and a range of frequent non-motor symptoms such as mood disorder,
cognitive impairment, psychiatric disorders (Deng et al., 2018), chronic fatigue, impulsivity
(Du Plessis et al., 2018), anxiety, depression, loss of smell, bladder dysfunction, diaphoresis,
apathy, sialorrhea, sexual dysfunction, sleep disorders and gastrointestinal symptoms,
particularly constipation (Chen & Dashipour, 2017; Cury et al., 2018; Liddle, 2018; Wilson et
al., 2018; Tuovinen et al, 2018; Aminoff, 2019).

The key pathological postulated features of PD are: (1) The loss of dopaminergic neurons
concentrated in the substantia nigra pars compacta of the brain. Neuronal degeneration in this
part of the brain is responsible for the distinctive movement disorder and vagal nerve
dysfunction associated with PD; (2) Distinctive a-synuclein-containing cytoplasmic inclusion
known as Lewy bodies generated from misfolded a-synuclein accumulation that forms
oligomers, fibrils, and ultimately Lewy bodies. It seems that high mitochondrial stress and
elevated cytosolic calcium levels are characteristic features of the dopaminergic neurons found
in the substantia nigra. These features have been implicated in the promotion of a-synuclein
aggregation (figure 2.1). It is believed that the pathogenic a-synuclein together with
endogenous factors that make neurons more prone to destruction is likely the reason for toxicity
of dopaminergic neurons observed in Parkinson’s disease (Liddle, 2018). The Braak staging is
well documented in many studies and the phenomenon highlight the progression of synuclein
pathology from the periphery (enteric nervous system) to the caudal brainstem and then spread
anterogradely or retrogradely to specific brain region, including the cortical region. As soon as
Lewis bodies appear in the midbrain, particularly the substantia nigra pars compacta (SNc),
motor features begin to emerge, and in advanced stages, they spread to the cortex. This may be
the reason for the cognitive impairment and associated behavioural change in PD. Lewy bodies
have also been shown to spread into adjacent healthy neurons in a prion-like manner. However,
only a small number of patients follow this progression hence the questioning and debates
around the Braak hypothesis (Chen & Dashipour, 2017; Deng et al., 2018). In addition to this
pathogenesis, the role of somatic mitochondrial DNA (mtDNA) mutation and accumulation in
postmitotic cell population has been reported. The MtDNA accumulations are linked to
increased age, and if high enough would cause a dysfunction in the respiratory chain in

dopaminergic neurons of the substantia nigra (Nido et al., 2018).
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Figure 2.1: Pathological formation of Lewy bodies from seeded protein aggregation derived from
distorted a-synuclein (Liddle, 2018).
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Figure 2.2: Hlustration of the sequence of neurons observed in parkinsonism. Top: Dopaminergic
neurons (red) originate from substantia nigra to inhibit GABAergic mediated effects from the striatum,
thus allowing cholinergic neurons (green) to exert its excitatory effect. Bottom: In parkinsonism, there

is a selective degeneration of dopaminergic neurons (dashed, red) (Aminoff, 2019).

Despite the continuous rise in the incidence and prevalence of PD and extensive research for
several decades, the origin of the pathogenesis and the molecular determinants associated with

this disorder is not completely understood and still remains vague. Moreover, there is the issue
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of lack of experimental models or resources that could perfectly summarize the disease state.
Unfortunately, since this disease was first described with much learnt about the pathology and
pathogenesis, a large void in understanding this disease still remain. It is only by complete
understanding of the pathogenic mechanisms that define this disease that one can devise or
design therapeutic strategies that would halt or slow disease progression, rather than merely
treat the symptoms (Ludtmann & Abramov, 2018).
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Figure 2.3: Dopamine replacement therapy drugs.

In PD, the loss in dopaminergic neurons is not only confined to the substantia nigra, but also
project to the caudate putamen, a part of the basal ganglia, where dopamine indirectly inhibits
the function of cholinergic neurons. In this view, it would make sense to consider both
cholinergic and dopaminergic neuron imbalances in the therapeutic approaches for PD

treatment (figure 2.2).
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Figure 2.4: Dopamine agonists and anticholinergic drugs.

Currently, therapeutic approaches such as dopamine replacement therapy, dopamine agonist
therapy, and anticholinergic therapy are employed. Dopamine replacement therapies include:
levodopa and carbidopa combination; monoamine-oxidase inhibitors (MAQO) such as selegiline
and rasagiline; catechol-O-methyl- transferase (COMT) inhibitors such as tolcapone and
entacapone; (figure 2.3) and amantadine. The dopamine agonists used in the treatment of PD
include bromocriptine, pramipexole and ropinirole. Although they are less common,
anticholinergic agents such as trinexyphenidyl, orphenadrine, procyclidine, benztropine, and

biperiden (figure 2.4) reduce the activity of the uninhibited cholinergic neurons in the basal
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ganglia (Landolfi et al., 2017; Aminoff, 2019; Stringer, 2019). Unfortunately, these drugs only
help to relieve symptoms without halting or slowing down the disease progression (figure 2.5).
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Figure 2.5: Different therapeutic strategies that enhance dopamine activities in Parkinson’s disease.

Clinically approved drugs and their pharmacological effects are indicated. COMT, catechol-O-
methyltransferase; DOPAC, Dihydroxyphenyl acetic acid; L-DOPA, levodopa; MAO, monoamine
oxidase; 3-MT, 3-methoxytyramine; 3-OMD, 3-O-methyldopa (Aminoff, 2019).

2.2.3 Alzheimer’s disease

AD, first described as neuropsychiatric disorder by Alois Alzheimer (Maccioni et al., 2001),
affects the elderly and it is the most common among known age-linked neurodegenerative
disorders. It is characterised by the irreversible degeneration and progressive damage to
neurons and synapses throughout the brain, particularly the brain cortex, leading to profound
inability to memorise, learn or participate in other cognitive functions (Di Domenico et al.,
2017; Matej et al., 2019; Derakhshankhah et al, 2020; Nirale et al., 2020)). AD is the most
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common form of dementia (60-70%) in all dementia related cases. In 2016, the number of
people suffering from AD was estimated at 47.5 million with an estimated annual increase of
7.7 million per year. Worse than this, the figure is likely to reach 150 million by 2050
(Commins & Kirby, 2019; Havekes et al, 2019; Singh et al., 2020).
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Figure 2.6: Acetylcholinesterase inhibitors.

The pathology of AD can be categorised into three hypotheses that include amyloid hypothesis,
tau hypothesis and cholinergic hypothesis (Singh et al., 2020). In the amyloid hypothesis,
amyloid-p precursor proteins are cleaved by - and y-secretases in succession to produce Ap
peptides. These aberrant proteins (AP peptides) eventually form the core of parenchymal AP
plagues that accumulate outside the cell. The distribution of these plagues, around the brain,
changes with time and reflect the extent of spread of AP deposit in the diseased brain. They
first appear as diffused and fleecy plaques in the neocortex of the brain and later spread to the
other parts of the brain (allocortical areas, basal ganglia, thalamus, hypothalamus, midbrain,
medulla, pons and cerebellum) to form neuritic and dense cored AP plaques. In the tau
hypothesis, aggregation of a hyperphosphorylated form of tau proteins that would normally
help in organelle transportation and microtubular assembling, results in the formation of
intracellular neurofibrillary tangles (NFTs), mainly in the soma and neurites of neurons. NFTs
are highly associated with a decline in cognitive function, and they are known to spread in a
particular pattern. They are first detected around the entorhinal cortex and hippocampal

regions. These regions are essential for cognitive functions. The next stage is to spread across
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the amygdala and the anterodorsal thalamus. Thereafter, they increase their network to other
cortical areas to inflict gross neuronal cell death and associated neuronal dysfunction and
cognitive deterioration (Mufson et al., 2016; Drygalski et al., 2018; Commins and Kirby, 2019;
Ozben and Ozben, 2019; Havekes et al., 2019). In the cholinergic hypothesis, increased activity
of acetylcholinesterase, an enzyme that hydrolyse acetylcholine, is believed to reduce the level
of acetylcholine (neurotransmitter) leading to inhibition of neural transmission. This reduction
negatively impact the various physiological responses or functions mediated by acetylcholine
in the brain (Singh et al., 2020).
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Figure 2.7: Secretase inhibitors.

Currently, there are no effective treatment that act on the pathogenic mechanisms to slow down
or halt the progression of AD. However, there are a few treatment options to alleviate some of
the symptoms. The pharmacological treatment of AD is based on two classes of drugs
registered and approved by the FDA. They are the cholinesterase inhibitors and the NMDA
receptor antagonists. Anti-cholinesterase drugs such as donepezil, galantamine and
rivastigmine (figure 2.6) are known to increase cholinergic transmission while NMDA receptor
antagonists, such as memantine, have been shown to inhibit excessive glutamate induced
excitotoxicity mediated by NMDA receptors or other ionotropic receptors. Despite the
therapeutic benefits (improved cognitive function) associated with these classes of drugs, they
are only able to ameliorate a fraction of the symptoms as the neuronal cells are still being
progressively degenerated (Arbo et al., 2019; Fish et al., 2019; Ozben and Ozben, 2019). In
the past decade, verubecestat and semagacestat (figure 2.7) that inhibit B-secretase and vy-
secretase and anti-Ap antibodies (bapineuzumab and solanezumab) were identified as
promising drugs with therapeutic effects in preclinical studies, but all have failed when tested
in phase 3 clinical trials (Arbo et al., 2019).
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2.2.4 Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS), a rare but fatal disease (Vinceti et al., 2019), is a
progressive and debilitating neurologic disorder characterised by selective degeneration or loss
of motor neurons (upper and lower) located in the cerebral motor cortex, brainstem and spinal
cord (figure 2.8; Zhang et al., 2013; Gamez et al., 2016; Lee et al., 2016; Bennett et al., 2019;
Cai and Yang, 2019; Nomura et al., 2019; Juntas-Morales et al., 2020).

Generally, symptoms begin with focal weakness and later rapidly spread to most muscles
including the diaphragm, leading to the loss of muscle functions. Due to damage incurred by
upper and lower motor neurons, patients often experience dysfunctional deep tendon reflex
(increase activity). Patients also display pathological reflexes and weakness in the limb, body
trunk, and bulbar muscles. In fact, patients succumb to death within 2-5 years of onset of
symptoms due to oesophageal, oropharyngeal and respiratory complications or failure
(Blatzhelm, 2009; Katz et al., 2017; Fang et al., 2018; Steventon and Mitchell, 2018; Akaishi
etal., 2019; Steinbach et al., 2020; Yang et al., 2020). Despite numerous proposed mechanisms
and clinical trials, a definite mechanism of ALS is still unknown, and there is still no cure (Lee
et al., 2016). This is partly due to unavailable biomarkers, which potentially could assist in
early diagnosis, understanding how disease progress, and identifying therapeutic targets
(Steinbach et al., 2020; Yang et al., 2020).

ALS can be classified into 2 categories: familial and sporadic, and they both share similar
pathology (Bennett et al., 2019). They are both caused by extensive variety of different
mutations from a wide number of genes, the prominent being copper/zinc superoxide dismutase
1. The mutations in genes are more prominent in familial cases than in sporadic cases. Sporadic
ALS, with no previous family history, occurs in 90% of all ALS cases while the remaining
10% are linked to the familial type. The sporadic type has been linked to a series of
environmental and genetic factors that lack clarity in mechanisms while the familial type has
been heavily linked with genetic factors. However, interrelated mechanisms such as calcium-
induced excitotoxicity, endoplasmic reticulum (ER) stress, mitochondrial dysfunction, axon
transport impairment, protein quality control disturbance, microglia hyperactivation,
neuroinflammation, prion-like propagation, a deficit of neurotrophic factors, a diminished
energy supply associated with reduced monocarboxylate transporter 1 (MCT), cytoskeletal
defects, RNA metabolism (splicing, miRNA biogenesis, mRNA stability, translation)

disturbance, apoptosis, proteasomal, protein aggregation and oxidative stress have been
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proposed as the molecular pathways through which neuronal death occurs in ALS (Boll et al.,
2014; Yamashita and Kwak, 2014; Browne et al., 2016; Browne and Abbott, 2016; Cai and
Yang, 2019; Mathis et al., 2019; Brown et al., 2020). One of the pathologic hallmarks of both
sporadic and familial ALS is the aggregation or misfolding of mutant superoxide dismutase 1
(SOD1), a protein encoded by SOD1 genes. It is proposed that mutation in SOD1 alleles results
in expressions of mutant toxic proteins. The mutant proteins are believed to adopt atypical
orientation or conformation that promotes its aggregation, particularly in the neurons. These
aggregates in turns induce co-aggregation of the other normal protein leading to dysfunctional
neurons and subsequent death of motor neurons (Browne et al., 2016; Lee et al., 2016; Katz et
al., 2017).
(a)

Cerebral cortex

Motor cortex

Pre-motor cortex

Upper motor
neurone

'(

© Lateral l b)
corticospinal  Dorsal F :
tract horn Upper neurone

/ Intermediate
/ neurone.__
// .
o/ S
Q ° X R o
\ / CHAMBERS 08
Ventral horn e’ \/ <
Lower neurone
Lower motor neurone
Skeletal muscle

Figure 2.8: (a) The connectivity of the brain to the muscles via lateral cortical spinal pathway in the

spinal cord (b) displays the interlocking location of upper and lower motor neurons. It is the sole

23 http://etd.uwc.ac.za/ Chapter 2 - Literature review



responsibility of lower motor neurons to transmit signals to the muscles for various muscular related
activities. (c) Indicates the location of the lateral cortical spinal track in the spinal cord (Blatzheim,
2009).
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Figure 2.9: Drugs used in the management of ALS.

Admittedly, therapeutic options in the treatment of ALS are very limited. Even though riluzole
(glutamate release inhibitor) and edaravone (antioxidant drugs) have been approved by the
FDA in 1995 and 2017 (figure 2.9) to address these pathological mechanisms (Brown et al.,
2020), they are still only able to extend the patient’s life by 2-3 months. Moreover, they are
marked by a number of unbearable side effects like neuropsychiatric symptoms, muscle
stiffness or gait disturbance. Riluzole, through its inhibitory effects on glutamate release and
neuroprotective effects against neurotoxin induced cell damage, has proven to prolong the lives
of patients in the early stages of ALS or to prolong the time for tracheostomy in patients.
Despite the effects of these drugs, there is still no effective treatment to slow down or stop
disease progression (Blatzhelm, 2009; Boll et al., 2014; Cai and Yang, 2019).

2.2.5 Huntington’s disease

Huntington’s disease (HD), a genetically inherited autosomal-dominant disease of the neurons
that affects muscle coordination, is characterised by progressive and irreversible damage to
neurons in the striatum, basal ganglia and cerebral cortex. These crucial areas of the brain are
necessary for motor and cognitive functions. The loss of neurons in these prominent parts
ultimately leads to patients’ premature death. HD is also associated with psychiatric disorders.
The age of onset for most people is in the mid-adult life (35-45 years), but the onset may occur
earlier. In terms of clinical manifestation of HD, symptoms can be categorised into three
clusters namely motor, neuropsychiatric and/or cognitive. Dysfunctional motor neurons
produce symptoms such as chorea, dystonia, tics and parkinsonism while the neuropsychiatric
symptoms include vast and comprehensive apathy, irritability, depression, anxiety, psychosis,

obsessive-compulsive disorder and addictive behaviour. In the cognitive symptoms, the
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patient’s ability to pay attention and exercise executive function deteriorate significantly.
However, these symptoms are typical of advanced stages of Huntington’s disease (Van Der
Burg et al., 2009; Bayram-Weston et al, 2012; Mestre and Ferreira, 2012; Dey and Nath De,
2015; Di Domenico et al, 2017).

HD is linked to unstable expanded cytosine-adenine-guanine (CAG) or cytosine-adenine-
adenine (CAA) trinucleotide repeats that exist within the first exon of the IT15 (Htt) gene, an
important causative gene in HD. This gene encodes the protein huntingtin (Htt) that translates
into an elongated mutant polyglutamine (polyQ) stretched within the N-terminus of mutant
huntingtin (mHtt) protein resulting in the loss of functional proteins or allele, as well as protein
misfolding and aggregation in nucleus and neuronal processes (Kennedy et al., 2005; Carroll
et al., 2011; Deschepper et al., 2012; Valor, 2015; Walter et al., 2016; Fukuoka et al., 2018;
Oosterloo et al., 2019). In a normal healthy individual, the number of CAG repeats ranges
between 11 to 35 repeats. However, a repeat number that exceed 35 increases the risk, with
high probability, of an individual with such gene to develop HD. Expanded polyglutamine
repeats induce change in conformation of Htt and subsequently mediate the Htt protein
aggregation associated with HD. Although the functions of normal Htt protein have not been
clearly defined as yet, their association with synaptic vesicles and microtubules are well
established and they are vital, as a functional essential scaffolding protein, in the regulation of
axonal transport of vesicles including the brain-derived neurotrophic factor. In pathological
state, the mHtt protein mediated aggregation is neurotoxic, and induces progressive neuronal
loss, mostly in the striatum and other basal ganglia structures, but also all over the cerebral
cortex, thus contributing to the expression of clinical symptoms observed in HD (Di Domenico
et al, 2017; Dey and Nath De, 2015; Ciosi et al., 2019; Gusella, 2019). The precise mechanism
for mutant Htt protein-induced neuronal cell death is still not understood. However, studies on
both animal and cellular models have demonstrated the prominent role of excitotoxicity,
oxidative stress and mitochondrial dysfunction, axon transport disruption, autophagic
abnormalities, deficient energy metabolism, proteolytic processes, transcription dysregulation
and loss of striatal growth factors in dysfunctional neurons implicated in HD (Brooks et al.,
2012; Deschepper et al., 2012). Based on the knowledge of neuropathology of HD, a few

therapeutic approaches have been proposed and advanced (figure 2.10; Godinho et al., 2015).
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Figure 2.10: Potential therapeutic targets or approaches in the management of Huntington’s disease (HD).

Numerous alternative therapeutic approaches that could potentially elevate Huntington’s disease symptoms
include: (a) cell replacement approaches that could replace neurons in the striatum; (b) strategies that slow down
or halt the neurodegenerative processes; and (c) factors that prevent mutation of Huntingtin (muHTT) at molecular
level such as the genomic, post-transcriptionally or at post-translational level. Additionally, (d) environmental
enrichment has been shown to effectively delay disease progression in animal models of HD. As such, this could
be useful as non-pharmacological treatments. Abbreviations: BDNF, brain-derived neurotrophic factor; HDAC,
histone deacetylase; muHTT, mutant HTT; siRNA, short interfering RNA (Godinho et al., 2015).

In search for drugs to effectively treat HD disease, a significant number of projects that include
both pre-clinical and clinical studies have been conducted over the years. However, therapeutic
options with efficacy appear to be limited. Despite the substantial effort, the only drug that has
been formally approved to date for HD is tetrabenazine. This drug, however, only offers
symptomatic relief as it is approved for and treat the chorea features associated with HD. Some
other drugs have also been explored, but none was able to attain the same robust efficacy
displayed by tetrabenazine. In some European countries, the use of drugs such as haliperidol,
pimozide and tiapride are allowed for the treatment of chorea features in HD patients.
Tetrabenazine, although effective, is marked by serious adverse events like bradykinesia,
hypertonia, akathisia, muscle rigidity, dysphagia or depression. Perospirone has also been
shown to be clinically effective and tolerated when used to treat symptoms such as
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choreoathetoid movement disorders and psychosis (fear and anxiety) associated with advanced
Huntington’s disease. Unfortunately, treatments for other symptoms observed in HD are still
poorly addressed (Roppongi et al., 2007; Adam & Jankovic, 2008; Garcia de Yebenes et al.,
2011; Ross and Tabrizi, 2011; Mestre and Ferreira, 2012). Despite the effectiveness of some
of these drugs (figure 2.11), they are only able to provide temporal symptomatic relief as they
fail to slow down or halt the disease progression. Currently, no clinically approved drug to
effectively treat or stop disease from progressing is available, despite extraordinary growth in
knowledge about cellular mechanism and numerous efforts made to develop better treatment
(Fukuoka et al., 2018; Valionyte et al., 2020).
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Figure 2.11: Drugs used in the management of HD.

27 http://etd.uwc.ac.za/ Chapter 2 - Literature review



2.3 Oxidative stress and excitotoxicity in neurodegenerative disorders
2.3.1 The role of oxidative stress in neurodegenerative disorders

Reactive oxygen species (ROS) or free radicals are toxic ionised molecules exhibiting one or
two unpaired electrons that are generated during metabolism in a biological system, and they
are an integral part of normal brain functions involved in calcium signalling, synaptic plasticity,
memory and neurotransmission. The most common ROS include hydroxyl ions, hydrogen
peroxide, superoxide anions, nitric oxide and peroxynitrite anions (Sas et al., 2007; Migliore
and Coppede, 2009; Sivandzade et al., 2019). Under physiological condition, production of
these free radicals are regulated by enzymatic and non-enzymatic scavengers in the brain.
However, excessive free radicals can overcome neuronal antioxidant response systems and
other coping mechanism leading to oxidative stress, a disruptive cellular process that negatively
impacts on the normal function of the brain (Di Domenico et al, 2017; Neal and Richardson,
2018).

The loss of neuronal cells mediated by oxidative stress processes in the central nervous system,
via a cascade of events linked to imbalance between oxidative events and antioxidant defence
mechanism, is well studied and documented. This phenomenon is common in the mechanism
underlying the pathogenesis of most neurodegenerative disorders like AD, PD, ALS and HD.
The role played by oxidative stress in most neurodegenerative disorders has been suggested to
be mainly causative rather than an epiphenomenon of pathological processes. The detrimental
effect of oxidative stress on AD progression has also been demonstrated by a number of studies.
In the pathogenesis of AD, various animal and cell culture studies have proven beyond
reasonable doubt the early detection and occurrence of oxidative stress that precede the
formation of amyloid plagues in the disease model of neurological disorders. Currently, it is
believed that the amyloid peptide first act as a scavenger to reduce oxidative stress in neuronal
cells and only later evolves into a pro-oxidant after accumulating and forming plaques in
neuronal cells. In addition to the plague-mediated oxidative stress, macromolecule
peroxidation, abnormal levels of oxidized proteins, advanced glycation end products and
mitochondrial dysfunction are also involved in the generation of ROS and reactive nitrogen
species (RNS) (Garcia-Blanco et al., 2017; Aghajanov et al., 2019; Cassidy et al., 2020). In
PD, protein deglycase DJ-1 is known to protect dopaminergic neurons from oxidative stress
and the toxic consequence of mutant human a-synuclein through upregulation of glutathione

synthesis and increased expression of heat shock protein, respectively. However, mutation of

28 http://etd.uwc.ac.za/ Chapter 2 - Literature review



DJ-1, as seen in inherited early-onset PD forms, would result in loss of function of the oxidative
defence mechanism leading to increased oxidative damage to lipids, proteins and nucleic acid
in dopaminergic neurons. An additional source of oxidative stress is the generation of free
radicals arising from the metabolism of dopamine and the over-expression of monoamine
oxidase-B (Bains and Shaw, 1997; Migliore and Coppede, 2009; Jiang et al., 2016). In ALS,
increase in oxidative stress is attributed to mutation of SOD1 genes through production of
dysfunctional superoxide dismutase protein. Normally, this protein is a precursor to superoxide
dismutase enzyme, and it assists in the attenuation of oxidative stress through the scavenging
of free radicals produced by mitochondrial respiration. However, this loss of protection allows
the neurons to be susceptible to oxidative damage. Indeed, the elevation of ROS and resultant
damage to mitochondrial DNA, proteins and lipids have been demonstrated in both mutant
SOD1 mouse models of ALS and human patients. Such damage is generally a precursor to
apoptotic cell death of motor neurons, which is likely to occur in ALS (Carri et al., 2003; Zhang
et al., 2019). Knowledge about the crucial role of oxidative stress in the pathogenesis of HD
has been growing in recent years as several studies have demonstrated the detrimental effect of
oxidative damage on HD. Particularly, the high level of oxidative stress in HD is associated
with proteasome malfunction, which exacerbates aggregate formation, somatic CAG
expansion in neurons, cell death, and the deficiency of the mitochondrial complex 1V (Ju et al.,
2014). Moreover, during CAG trinucleotide expansion in somatic cells, a process for repairing
damaged DNA using 7,8-sihydro-8-oxoguanine-DNA glycosylase enzymes is postulated to be
responsible for oxidative damage in HD patients (Sorolla et al., 2008; Migliore and Coppede,
2009; Jonson et al., 2013). The Oxidative damage further increases the DNA triplet expansion

leading to more aggregation and neuronal cell death (Jonson et al., 2013).

The mitochondria are extremely important in the physiological functions of many cellular
processes like the generation of ATP energy, the maintenance of calcium homeostasis, the
synthesis of steroidal hormones, and the activation of programmed cell death (apoptosis). It is
fundamentally the main site for oxidative stress as it allows leakage of electrons during cellular
oxidation, leading to constant production of superoxide anion that is responsible for 90% of
endogenous reactive oxygen and nitrogen species. The metabolism of neurons requires high
energy that demands a high oxygen consumption rate. Due to this increase in demands and
consumptions, the generation of ROS by products such as hydrogen peroxide, superoxide
radical anions, and hydroxyl radicals is high. The brain is also rich in peroxidizable

polyunsaturated fatty acids and contains a high level of potent catalyst iron. Unfortunately, the
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ability or capacity of neurons to regenerate or scavenge is limited, therefore allowing it to be
susceptible to oxidative damage (Wang et al., 2014; Yang et al., 2020). Mitochondrial
dysfunction is instrumental in the progression of neurodegenerative disorder such as AD, HD,
ALS and PD. Notably, numerous studies with substantial evidence have suggested that
mitochondrial dysfunction triggered by events such as bioenergetics effects, mitochondrial
dynamics (mitochondrial fusion and fission process) imbalance, mitochondrial permeability
transition pore (mPTP) opening, mitochondrial DNA (mtDNA) mutations and gene mutation,
is identified at the early pathological stage of most neurodegenerative disorders (Wang et al.,
2019). Physiologically, mitochondria are regarded as the engine where most of the cell’s
energy, in the form of ATP and essential for metabolism, are generated. In addition to this basic
but crucial function, they also respond to oxidative stress by generating endogenous reactive
oxygen species, which are physiologically eliminated by various enzymatic actions,
particularly the mitochondrial manganese-dependent enzymes such as dismutase and catalase
(Rodriguez-Martinez et al., 2013; Jha et al., 2017; Kumar et al., 2019; Lin et al., 2020).
However, in pathological state, as observed inmany neurodegenerative disorders,
mitochondrial respiration is compromised and the ATP production needed for energy is
depleted resulting in a cascade of events that include the blocking of the activities of electron
transport chain, the generation of more reactive oxygen species in a vicious self-destructive
cycle, the reduction of mitochondrial DNA and caspase-3 release (Bhat et al., 2014; Jha et al.,
2017; Wu et al., 2019). The excess production of ROS attacks the mitochondria and aggravates
oxidative damage to mitochondrial proteins and structures and other cellular components,
leading to compromised cell functions that ultimately advances neuronal cell death through
apoptosis (Chen et al., 2019).

2.3.2 The role of excitotoxicity in neurodegenerative disorders

Glutamate is a primary excitatory neurotransmitter whose activity is crucial for neuronal
physiological functions and a wide range of receptor mediated downstream signalling cascades
in the central nervous system (Park et al., 2010; Bano and Ankarcrona, 2018). Glutamate is
known to control activity-dependent neuronal depolarization for the purpose of differentiation
and survival of neurons, and play a prominent role in various physiological functions such as
synaptic plasticity, learning, memory and other cognitive processes. In order to fulfil this
physiological role, low micromolar concentrations of extracellular glutamate are constantly
maintained by both neuronal or astroglial cells (Haeberlein and Lipton, 2009; Mehta et al.,

2013; Bano and Ankarcrona, 2018; Park et al., 2020). However, under certain pathological

30 http://etd.uwc.ac.za/ Chapter 2 - Literature review



conditions such as AD, PD, ALS, and HD, there is an increase in the level of extracellular
glutamate caused by a decreased expression of glutamate transporter, reduced glutamine
synthase (in astrocytes) capacity, or/and reduced function of potassium channels and
aquaporins. These increased levels are usually mediated by multiple factors such as age, genes
or a suboptimal generation of energy in neurons and glial cells (Figure 2.12). The elevated
extracellular glutamate becomes toxic to the neuronal cells leading to excitotoxicity (Bano and
Ankarcrona, 2018; Zhao et al., 2019).
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Figure 2.12: Factors that mediate glutamate induced excitotoxicity leading to the loss of neurons in specific part

of the and their corresponding neurodegenerative disorders (Mehta et al., 2013).

In excitotoxicity, excessive extracellular glutamate over-activates ionotropic receptors in the
neurons. While almost all ionotropic receptors are activated, the effects on NMDA receptors
are prominent (Jing et al., 2004). Over-activation of these receptors, along with voltage-gated
calcium channels, results in the increase of intracellular calcium ions, thus disrupting the
calcium homeostasis process (Breyer, et al, 2007). Under normal resting conditions, neuronal
cells are able to efficiently prevent rise in intracellular Ca?* concentration above critical
threshold and maintain calcium homeostasis. This is achieved through the sequestration of
calcium ions by intracellular organelles such as mitochondria or endoplasmic reticulum

(calcium depot compartment) or the binding of calcium ions to buffering proteins in the cytosol
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or the extrusion of calcium ions outside the cells through Na*/Ca?* exchanger (figure 2.13).
However, these recovery processes are hindered in the excitotoxic cells as the activities of
glutamate at receptors and channels are prolonged, leading to elevation of calcium load to a
level that exceeds the capacity of the Ca?* regulatory mechanisms (Arundine and Tymianski,
2003; Lai et al., 2014; Bano and Ankarcrona, 2018). Due to the sensitivity of neurons towards
intracellular calcium ion concentration, disruption of calcium homeostasis can lead to
destructive consequences such as damage to cell dendrites or neuronal cell death, in part, by
activating calpain, a cysteine protease, that degrades a variety of substrates such as cytoskeletal
proteins, membrane receptors, and metabolic enzymes. Interestingly, caplain is known to have
many substrates and some of these substrates are involved in the re-organisation of post-
synaptic density long-term potentiation. However, excessive calpain activation, a prominent
event in pathological conditions, destabilised the microtubules in the neuronal cell leading to
axonal structure impairment, substrate transport alteration and eventually cell death.
Additionally, activation of cyclooxygenases and lipoxygenase, up-regulation of neuronal nitric
oxide synthase (NNOS), endoplasmic reticulum (ER) stress, induction of lipid peroxidation,
and dysfunction of mitochondria also respond to glutamate-induced excitotoxicity or calcium
influx leading to the generation of reactive oxygen species, an important contributor to
neurodegeneration (Yang et al., 2013; Gold et al., 2015; Xu et al., 2016; Jeong et al., 2017;
Mattson, 2019; Rivero-Segura et al., 2019).
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Figure 2.13: The role of calcium in excitotoxicity.
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Excessive glutamate on NMDA receptors are known to induce both neuronal necrosis and
apoptosis, with the latter form of cell death well established in the development of several
neurodegenerative disorders, including HD, ALS, multiple sclerosis, AD, PD, and metabolic
deficiencies of brain related to ischemic or epileptic injury (Jing et al., 2004; Kostic et al.,
2017). The link between NMDA receptors and AP effects in AD has been extensively studied.
In these studies, it has been suggested that AP oligomers, applied on cultured cortical neurons,
are capable of activating GIuN2B-containng NMDA receptors to subsequently induce
immediate intracellular calcium influx, dysregulation of NMDA receptor expression to impair
synaptic plasticity, and enhancing endocytosis. Some studies have also indicated the direct link
between mutated presenilins and Ca?" dysregulation in AD. It is believed that neurons
expressing mutated presenilins genes (PSEN1 and PSENZ2), as observed in AD, promote ER
Ca2* overfilling and excessive Ca?* release via inositol-1,4,5-trisphosphate receptor (InsPsR)
or ryanodine receptors (RyR) in the ER (Abeti & Abramov, 2015; Pchitskaya et al., 2018). In
the pathological studies of HD, evidence of calcium dysregulation through disruption of the
mitochondrial Ca?* uptake system-is well-documented. It is proposed that the mutant form of
Huntingtin protein is capable of sensitising mPTP opening in neuronal cells to disrupt
mitochondrial calcium ion homeostasis or sequestration, and to increase neuronal susceptibility
to NMDA-induced excitotoxicity (Zadori et al., 2012; Abeti & Abramov, 2015; Boussicault et
al., 2018). Calcium dysregulation in HD has also been linked to increased surface expression
and currents of NR2B-bearing NMDA receptors as a result of mutant Huntingtin protein. This
leads to excessive function of extrasynaptic NMDA receptors resulting in synaptic loss, as
observed in the early stage of HD. Similar to AD, mHtt appears to bind to InsP3R and RyR to
enhance Ca?* release from the ER, thus contributing to the calcium overload (Abeti &
Abramov, 2015; Pchitskaya et al., 2018; Moraes et al., 2020). PD pathology is strongly linked
with mitochondrial dysfunction and Ca?* signalling dysregulation. In the absence of synaptic
input, SNc dopaminergic neurons are known to display pace-making activity leading to
increased calcium influx through the L-type VGCC, which if it persists, disrupt the intracellular
calcium homeostasis process and increase the vulnerability of SNc neurons to calcium overload
leading to basal mitochondrial oxidative stress (Pchitskaya et al., 2018). a-Synuclein is a gene
implicated in the pathogenesis of PD and its oligomeric form has been shown to induce
mitochondrial calcium overload, mitochondrial dysfunction and mPTP opening. In ALS, a
mutation of the SOD1 gene is mainly associated with abnormal change in ER-mitochondrial

intercommunication and reduction in the Ca?*-binding protein cytosol leading to mitochondrial
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calcium overload and dysfunction and mPTP opening, which subsequently promotes neuronal
cell death via apoptosis (Abeti & Abramov, 2015).

2.4 NMDA receptors and Voltage gated calcium channels
2.4.1 Structure and functions of NMDA receptors

Of all the ionotropic glutamate receptors, the activity or role of NMDA receptor activity are
distinct as they are able to act as coincidence detectors for pre- and post-synaptic activity,
converting specific patterns of neuronal activity into long term changes in synaptic strength. In
addition to these characteristics, they are activated simultaneously by glycine and glutamate,
highly permeable to calcium, and are prone to voltage-dependent magnesium blockage. They
are also of significant interest in the search for therapeutic targets in neurodegenerative
disorders since their dysfunction are associated with several neuropathological conditions such
as AD, ALS, HD, PD, ischemia, epilepsy, mental retardation, depression and schizophrenia
(Dong et al., 2018; Stroebel et al., 2018; Zhang et al., 2018).

NMDA receptors are heterotetrameric membrane proteins consisting of two GIuN1 subunit and
two GIuN2 or GIuN3 subunits. The GIuN2 and GIuN3 subunits are encoded by four (2A-2D)
and two (A-B) genes, respectively (Tovar and Westbrook, 2017; Regan et al, 2018). Even
though the subunit composition of presynaptic, postsynaptic, perisynaptic and extrasynaptic
NMDA receptor is dissimilar, the molecular structure of each subunit is very much alike and it
is grouped into four different functional domains that include: An ion channel formed by 4
hydrophobic segments (M1-M4), the transmembrane region, and the M2 segment that partially
enter the membrane; a carboxyl tail domain located in the intracellular region; an amino

terminal domain situated in the extracellular region; and a ligand binding domain (figure 2.14).

A functional NMDA receptor comprises of two obligatory GIuN1 subunits and two GIuN2
and/or GIuN3 subunits. The activation of NMDA receptors requires it binding to glutamate and
glycine (co-agonist) concurrently, with selectivity towards GIuN2 subunit for glutamate while
GluN1 and GIuN3 subunits provide binding sites for glycine (figure 2.15). While the functional
role of GIuN1 and GIuN2 subunits have been explored in depth, very little information on the
functional role of GIUN3 subunits are available. At resting potential state of neuronal
membranes, the channels are constantly blocked by extracellular Mg?*. However, due to the
voltage sensitivity of these receptors and excitation by synaptic inputs, postsynaptic

depolarisation is capable of relieving Mg?* block as the affinity of Mg?* to the binding sites is
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drastically reduced leading to NMDA receptor mediated calcium influx. The Ca?* influx,
mediated by NMDA receptors, is crucial for long-term potentiation (LTP) and other cellular
processes, and for both neuroprotection and apoptotic cell death (Chaffey and Chazot, 2008;
Zito and Scheuss, 2009; Flores-Soto et al., 2012; Mellone and Gardoni, 2013; Yu and Lau,
2018; Ingram et al., 2018; Amidfar et al., 2019). Calcium influx at synaptic sites is believed to
activate signalling pathways that lead to LTP or long-term depression (LTD), depending on the
temporal pattern and amplitude of the calcium transient. On one hand, synaptic calcium influx
activates cyclic adenosine monophosphate response element binding protein (CREB) to
upregulate the brain-derived neurotrophic factor (BDNF) gene that acts to promote prosurvival
program. On the other hand, extrasynaptic NMDA receptor mediated calcium influx is thought
to deactivate CREB leading to downregulation of BDNF, which are detrimental to neuronal
cells. Despite the functional role of NMDA receptors, the opening of the NMDA receptors
linked to cation channels are regulated through allosteric modulation or various ligand binding
sites that are involve in the binding of endogenous extracellular substances like zinc ions, Mg?*
glutamate, glycine, protons, polyamines, and reducing and oxidizing agents to the respective
binding sites at the receptor or the binding of exogenous substance like phencyclidine to its
binding site (Aepkers and Wunsch, 2005; Zito and Scheuss, 2009).
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Figure 2.14: Schematic representation of the structure of a NMDA-type glutamate receptor and its

pharmacological regulation sites (Flores-Soto et al., 2012).
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Functionally, NMDA receptors are crucial as mediators of fast synaptic transmission and are
necessary for the LTP and LTD functions at glutamatergic synapses in the central nervous
system. This plasticity processes, mediated by NMDA receptors, are believed to be important
for learning and memory that is attributed to the NMDA receptor’s ability to regulate excitatory
synaptic transmission (Nagasawa et al., 1996; Zito and Scheuss, 2009; Moreau and Kullman,
2013; Ingram et al., 2018). In addition to these functional roles, NMDA receptors also play an
important role in the synaptogenesis, strengthening and maturation of synapses and the growth
and retraction of dendritic spine (Zito and Scheuss, 2009; Mellone and Gardoni, 2013; Moraes
et al., 2020).
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Figure 2.15: Schematic representation of the transmembrane topology of a Glul (A) and a Glu2 (B)
subunits displaying the extracellular amino terminals, the intracellular carboxyl terminals, the
membrane domains (M1-M4) and the agonist binding sites (Chaffey and Chazot, 2008).

In spite of the crucial physiological roles of glutamate in the central nervous system, its effect,
in response to hyperexcitability can be detrimental to the neuronal cells due to overactivation
of NMDA receptors that mediate dysfunctional calcium homeostasis leading to damage of
neuronal cells and apoptosis. This phenomenon is common among several chronic

neurodegenerative disorders (Moraes et al., 2020).
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2.4.2 Structure and functions of voltage gated calcium channels

The voltage-gated calcium channels can be categorised into two major channels namely the
high voltage-activated channels that respond to large membrane depolarisation and the low
voltage-activated channels that are unlocked when subjected to smaller voltage changes near
typical neuronal resting membrane potential (Chen et al., 2008; Simms and Zamponi, 2014).
Voltage-gated Ca?* channels, associated with high voltage-activated channels (HVA), are
macromolecular protein complexes consisting of a core a1 pore-forming subunit and a number
of auxiliary subunits that include B, a2s, and vy, encoded by multiple genes. Whereas, those
associated with low voltage-activated channels (LVA) appear to lack the auxiliary subunits.
While the a1-subunits provide binding sites for drugs and regulators, the -, o2s-, and y-subunits
assist in trafficking, anchorage, and modulating the biophysical function of the a1 complex
(figure 2.16). The az-subunits are made up of approximately 2000 amino acid residues that are
organised into four repeated domains (I to IV), and each domain contains six transmembrane
segments (S1 to S6) with a pore situated in between S5 and S6 and a voltage sensor site formed
by the S1-S4 segments (figure 2.17). These characteristics make up the conduction pore,
voltage sensor and gating apparatus, and allosteric modulation binding sites needed for the
physiological functions of the channels. (Arikkath et al., 2002; Wang et al., 2004; Hurley and
Dexter, 2012; Dolphin, 2013; Simms and Zamponi, 2014; Tuluc et al., 2016; Lazniewska and
Weiss, 2017; Kushnir and Marx, 2018; Abderemane-Ali et al., 2019).

These channels comprise four types that include L-type Ca®* channels (Cav1.1, Cay1.2, Cay1.3
and Cay1.4), T-type Ca®** channels (Ca,3.1, Ca,3.2 and Ca,3.3), P/Q-type Ca®*" channels
(Cay2.1), N-type Ca?* channels (Ca.2.2), and R-type Ca?* channels (Ca,2.3). The L-type is
known to exhibit long lasting currents while the T-type exhibit relatively transient Ca?* current
(McDonough et al., 2007; Piedras-Renteria et al., 2007; Neumaier et al., 2015; Kushnir and
Marx, 2018). The low threshold and slow deactivation (due to hyperpolarised voltage range of
activation) of T-type channels are the main characteristic features that distinguish them from
L-, P/Q-, N-, and R-type channels (Barbado et al., 2009; Lipscombe et al., 2013; Bourinet and
Zamponi, 2017). The Ca/l.2, Cay/1.3 and Cayl.4-subtypes of the L-type channels are
predominantly expressed on the neuronal membrane while the Cay1.1 isoform is specific to the
skeletal muscle. These channels are known to display slow voltage-dependent gating
characteristic and are sensitive to dihydropyridine agonists and antagonists. The P/Q, N, R-

type are expressed mainly in the nerve terminals, dendrites, and neuronal cell bodies (Piedras-
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Renteria et al., 2007; Nieto-Rostro et al., 2014; Simms and Zamponi, 2014; Heyes et al., 2015
Neumaier et al., 2015; Kushnir and Marx, 2018).
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Figure 2.16: Subunit composition and transmembrane topology of voltage-gated calcium channel

subunits (Simms and Zamponi, 2014).

Voltage-gated calcium channels are the major medium through which Ca?* enters the neuronal
cells. They are activated by a voltage sensor that detects change in membrane depolarisation
following an exposure to stimulus. They are expressed throughout the excitable neuronal cells
and play an important role in maintaining calcium homeostasis and regulating excitability
(Hristov et al., 2018). Under normal resting conditions, the concentration of intracellular
calcium ions is constantly kept below 100 nM by buffers, efflux and cytosol sequestration.
However, if stimulated, functional voltage gated calcium channels respond to neuronal
membrane depolarisation by allowing Ca?* influx, along the electrochemical gradient, across
the membrane into neuronal cells to shift the intracellular calcium concentration into the high

micromolar range. This in turn mediate processes such as the regulation of neuronal electrical

38 http://etd.uwc.ac.za/ Chapter 2 - Literature review



activity, modulation of other ion channel gating, the control of cellular processes such as
synaptic neurotransmitter release, neuronal survival through the regulation of membrane
excitability, activation of calcium-dependent enzymes (Calmodulin-dependent kinase and
protein kinase C), neurite outgrowth, intracellular signal transduction and gene transcription
(Chen et al., 2008; Hurley and Dexter, 2012; Simms and Zamponi, 2014; Nanou and Catterall).
On the other hand, persistent depolarisation that results in calcium overload is detrimental to
the neuronal cells. Thus, there is need to constantly regulate the activities of voltage-gated
channels and other type of calcium-permeable channels either by intrinsic gating processes or
by cell signalling pathways. The cell signalling pathways involve presynaptic calcium channel
proteins through forming large signalling complexes at active zones, G protein of By subunits
through activation of G-protein-coupled autoreceptors, and/or multiple protein kinases through
protein phosphorylation, which control channel activity and trafficking to and from the plasma
membrane. Interestingly, calcium influx through voltage-gated channels are capable of
controlling and regulating intracellular calcium ions through positive (Ca?*-dependent
inactivation) and negative (Ca?*-dependent facilitation) feedback regulatory mechanisms.
However, this fundamental function depends solely on calmodulin binding to the pore-forming
ay subunit. Dysfunction of these calcium regulatory mechanisms and associated disruption of
calcium homeostasis have been implicated in several neurodegenerative disorders (Christel and
Lee, 2012; Simms and Zamponi, 2014; Nanou and Catterall, 2018).
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Figure 2.17: Diagram showing the multi-heteromeric nature of voltage-gated Ca?* channels. Disulfide
bonds between the o, and the 6 subunits are indicated. AID, as-interacting domain, which interacts with

the auxiliary subunit; BID, B-interacting domain (Piedras-Renteria et al., 2007).
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2.4.3 The roles of NMDA receptor and voltage-gated channel blockers in attenuating

glutamate-induced excitotoxicity

Despite the vast knowledge acquired in the years of investigating the pathology of
neurodegenerative disorders, the mechanism of degeneration is still poorly defined. However,
several mechanisms have been proposed as described earlier. Of the proposed mechanisms, the
effects of excitotoxicity via glutamate activation are prominent. In excitotoxicity, excessive
glutamate overactivates NMDA receptors and VGCC leading to increased intracellular Ca* in
the neurons that subsequently destroy cellular components of neurons. Under physiological
conditions, neuronal cells inherently possess the abilities to regulate the intracellular Ca?* rise.
However, in pathological state, organelles in the cytoplasm become dysfunctional and are
susceptible to oxidative stress leading to various overlapping events that ultimately leads to
cell death. Compounds blocking or regulating the excessive calcium influx is thus of major
interest as neuroprotective agents. Moreover, the crucial role of excitotoxicity has been
discussed in the pathology of most neurodegenerative disorders such as PD, AD, ALS and HD.
Altogether, the use of NMDA receptor and/or voltage gated calcium blockers may be
therapeutically relevant and represent promising targets in regulating or controlling
intracellular calcium ions so as to minimise or halt degeneration of neurons (Aepkers and
Wunsch, 2005).
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Figure 2.18: Competitive NMDA receptor antagonists.

Developing strategies to combat glutamate induced excitotoxicity have been a major challenge
because the same processes (e.g. prolong glutamate activity) that mediates excitotoxic cell
death are, at physiological concentration, extremely important for normal physiological
functions of the neurons and the brain (Lipton, 2004). At first, competitive NMDA receptor
antagonists such as midafotel and selfotel (figure 2.18), which binds to the same binding site

as glutamate in the NMDA receptor, were developed, but were quickly discontinued due to the
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undesirable dose-related psychotomimetic side effects observed with this set of antagonists
(Sonkusare and Ramarao, 2005). For years, focus has been on the phenylcyclidine (PCP)
binding site of the NMDA receptor ion channels. It is generally believed that ligands or
molecules that interact with the PCP binding site would inhibit calcium influx to function as
NMDA receptor antagonist (Krull and Wunsch, 2004). As such, a number of compounds or
molecules with structural diversity, including those similar to PCP, MK-801, ketamine and
dextromethorphan (figure 2.19) have been shown to interact with the PCP binding site to
effectively antagonise NMDA receptors in an uncompetitive manner. In the past decades, open
channel blockers (uncompetitive NMDA receptor antagonists) such as MK-801 and
phencyclidine (PCP) activities have been extensively studied. Although these blockers strongly
block NMDA receptor associated ion channels, they are regrettably marked by undesirable
psychotomimetic side effect such as hallucination, psychosis, dysphoria and amnesia and are
thus unsuitable for practical purposes. These side effects are attributed to the high affinity of
the antagonists towards the PCP binding site of receptors. On the other hand, amantadine and
memantine (figure 2.19) are open channel blockers (uncompetitive NMDA receptor
antagonist) with moderate affinity towards the PCP binding site and are clinically well tolerated
for the treatment of Parkinson’s disease and Alzheimer’s disease, respectively due to their
atypical mechanism of action on the NMDA receptors (Barygin et al., 2009; Zambrano et al.,
2018; Smidkova et al., 2019; Temme et al., 2020). The moderate affinity is due to the steric
bulk not sufficiently tolerated in the region that binds the cyclohexyl ring of PCP or one of the
aromatic rings of MK-801. These compounds have been shown to block NMDA receptor
effectively with safe side effect profiles (Jirgensons et al., 2000; Temme et al., 2020).
Memantine, in comparison to MK-801, has been showed to have favourable Kinetics
(substantial shorter dwelling time (faster off-rate)) in the NMDA receptor channels to exert its
neuroprotective effects while also demonstrating minimal adverse effects in the form of
occasional restlessness and rare cases of light dizziness even at higher dosages (Lipton, 2004;
Jiang et al., 2010).
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Figure 2.19: Uncompetitive NMDA receptor antagonists.

Based on the mechanism of interaction between the NMDA receptor channel and its blockers
or antagonists, they are grouped into two categories; namely trapping and foot-in-the-door
blockers. It has been shown that antagonists or blockers can either bind to the deep or shallow
site of the NMDA receptor to exert their inhibitory effects. Binding of trapping blockers such
as MK-801 and phencyclidine (Figure 2.19) to the deep site of the receptor allow channel
closure and agonist dissociation. As a result, molecules that are trapped in the closed state are
unable to leave the channels until it is open again. This corresponds to the trapping mechanism.
In contrast, foot-in-the-door channel blockers such as memantine, adamantane, ketamine and
9-aminoacridine (Figure 2.19) bind to the shallow site of the receptor to prevent channel
closure. As a result, molecules that act in this manner are not trapped in the receptor channels
while in the closed states. An important feature of the foot-in-the-door mechanism is the shift
of the equilibrium of channel activation towards an open state in the blocker’s presence
(Bolshakov et al., 2005; Barygin et al., 2009). This form of block is common among selective
NMDA receptor blockers. It is believed that most selective NMDA receptor blockers are
monocations displaying a V-like molecular shape together with hydrophobic wings and a
ionisable amino group at the vertex, and the proton donating moiety of these blockers interact

with the filter that incur selectivity to the channels (Barygin et al., 2009).
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Figure 2.20: Allosteric modulators of NMDA receptors.

An alternative approach to block NMDA receptor-induced calcium influx is the design and
development of allosteric modulators with improved pharmacological properties (Costa et al.,
2012). An allosteric binding site that modulates the NMDA receptor has emerged as a potential
target for blocking calcium influx in neuronal cells. This binding site, referred to as the
ifenprodil binding site, is confined to the region of the forebrain and is located at the interface
between the GIuN1 and GIuN2B subunits of NMDA receptors. The inhibitory activity of
compounds at the allosteric binding site depends on the ability of the compounds to form H-
bonds and lipophilic interactions with the functional groups of the GIuN2B subunits (Temme
et al., 2020). Non-selective GIuN2B antagonists such as ifenprodil, eliprodil and haloperidol
(figure 2.20) have been shown to modulate NMDA receptors, but exhibit limited therapeutic
application due to their off target pharmacological and pharmacokinetic properties. Of these
modulators, ifenprodil was the first to be developed and it exhibits high affinity for the GIuUN2B
subunit of NMDA receptors. Despite its high affinity, ifenprodil is marked by undesirable side
effects such as impairment of reaction and low blood pressure. These effects are attributed to
its activity at a1, 5-HT, o1 and o2 receptors. Also, ifenprodil exhibit low bioavailability due to
fast metabolism in the form of phenol glucuronidation. These unfavourable characteristics
limits its clinical use as potential neuroprotective agent. However, several selective GIuN2B
antagonists, derived from ifenprodil, that demonstrate full therapeutic effects of non-selective
NMDA receptors with a reduced side effect profile are being developed (Bienat et al., 2014;
Lutnant et al, 2016).
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Figure 2.21: L-type calcium channel antagonists.

Ligands that bind to imdazoline 1, receptors are another class of modulators with good
regulatory activities at NMDA receptor channels. Idazoxan and 2-BFI (figure 2.20) are good
examples of such modulators. These compounds have been shown to effectively attenuate
calcium influx (through NMDA receptor-gated calcium channels) in a voltage-dependent
manner in neuronal cells, particularly those in the cerebellar granule and the striatum. In fact,
a NMDA receptor-mediated Ca?* influx study has demonstrated the calcium inhibitory effects
of these antagonists utilising cortical neurons. With compelling evidence, they were able to
show that idazoxan and 2-BFI reversibly block Ca?* in cortical neurons in a way similar to
memantine, and to exhibit potent neuroprotection against glutamate-induced excitotoxicity
(Jiang et al., 2010).

During glutamate induced excitotoxicity, voltage gated calcium channels are also depolarised,
thus contributing to the rise in intracellular calcium ions. It is proposed that compounds or
molecules that block or modulate voltage gated calcium channels would be therapeutically
useful in lowering intracellular calcium ions to prevent catastrophic consequence of calcium

overload. Several studies have indicated that amlodipine, a dihydropyrimidine calcium
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antagonist, and other structural related calcium channel antagonists predominantly block L-
type voltage calcium channels with additional blocking effects on N- and P/Q-type calcium
channels (figure 2.21). These distinctive characteristics enable these compounds to act as
neuroprotective agents against neuronal apoptosis mediated by excessive intracellular calcium.
Studies have also demonstrated the calcium concentration lowering and neuroprotection effects
of voltage gated calcium channel blockers such nimodipine, amlodipine, isradipine and
nitrendipine in rat brain, following exposure to 6-hydroxydopamine (6-OHDA) or MPTP.
Additionally, amlodipine has been shown to exhibit neuroprotective activity against oxidative
stress as it minimises the detrimental effects of oxidative stress in numerous tissue models of
neurotoxicity. The neuroprotective benefits of these voltage gated calcium channel blockers
are supported by epidemiological studies (retrospective analysis) that show a reduced risk for
neurodegenerative disorders in patients treated for hypertension with the dihydropyridine
blockers (Anekonda et al., 2011; Hurley and Dexter, 2012; Warnock et al., 2013; Singh et al.,
2016). However, more studies are required to understand the neuroprotective effect of this
group of blockers.

2.5 Polycyclic cage amine as neuroprotective agents

2.5.1 Neuroprotective functions of polycyclic cages and it derivatives via dual attenuation

of calcium entry pathways

Since the serendipitous discovery of amantadine and memantine as a neuroprotective agent, a
number of structural related analogues or moieties have been developed. Classical analogues
are the pentacyloundecylamines, which are polycyclic amines derived from reductive
amination of Cookson’s ‘bird cage’ diketone. Other polycyclic cages include the adamantanes,
cubanes, homocubanes, bishomocubanes, and trishomocubanes (figure 2.22). These analogues
are expected to serve as prototypes for the development of more potentially active compounds.
The analogues, when incorporated in drug molecules, have been shown to improve the
pharmacological and pharmacokinetics (cell membrane permeability and half-life) properties
of drugs. Moreover, most of these analogues are stable and lipophilic in nature, thus enhancing
the blood brain barrier permeability of incorporated drugs in the central nervous system.
Pentacyloundecylamines have been described as versatile scaffolds with derivatives that target
ion channels, second messenger receptors, enzymes and viruses. One good example of a
functional pentacyloundecylamines is NGP1-01, a polycyclic cage amine shown to be a

multifunctional ion-channel blocker (Grobler et al., 2006; Van der Schyf and Geldenhuys,
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2009; Kelani et al., 2020). The structural similarities that exist between memantine and NGP1-
01 prompted the investigation into possible neuroprotective activities of NGP1-01 (Geldenhuys
et al, 2003). Like memantine, NGP1-01 has been shown to uncompetitively block NMDA
receptor channels with a good safety profile and inhibition slightly less potent than memantine.
Unlike memantine, it also effectively blocks L-type voltage gated calcium channels with
blocking activity related to nimodipine, thus a good candidate for dual attenuation of calcium
entry pathways in neuronal cells. As such, it exhibits neuroprotective properties as evidently
demonstrated by several studies (Duque et al., 2009; Geldenhuys et al., 2004; Mdzinarishvili
et al., 2005; Hao et al., 2008; Lockman et al., 2012).
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Figure 2.22: Polycyclic cages.

Structure-activity relationship studies of NGP1-01 derivatives suggested that the activities on
NMDA receptors and VGCC seems to be more of geometry interaction or steric constraints
rather than an electronic consideration as enlarged polycyclic cages tend to exhibit improved
calcium inhibitions. However, there are limitations to the size of the polycyclic cages required
to enhance inhibitory effects at the ion channel pores of these receptors or channels
(Geldenhuys et al, 2003). In the series (NGP1-01 and structurally related derivatives), it was
suggested that the polycyclic cage amine may be the most important pharmacophoric element
necessary for interaction with the NMDA receptor. However, the addition of the phenyl ring,
as observed in NG1-01, increase the inhibitory activity of the pentacyloundecylamine
molecule. The enhanced activity has been attributed to the ability of the phenyl ring to form a
n-1 type aromatic interaction with aromatic amino acids located at the entrance of NMDA

receptors. Similar to memantine and amantadine, NGP1-01 is known to exhibit uncompetitive
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antagonism in the functional calcium influx assay. At first, it was predicted to bind to the MK-
801 binding site. However, binding studies demonstrated otherwise as NGP1-01 seems to
interact with a unique binding site that is different from the PCP binding site in the NMDA
receptors/ion channel complex (Geldenhuys et al., 2007).

(2-Oxaadamant-1-yl)amines (figure 2.23) are also polycyclic cage amines, which are
structurally similar to memantine or amantadine. The NMDA receptor antagonisms of various
derivatives, modified with different moieties, were investigated. Of all the moieties, only the
ethyl and hexyl moieties showed activities similar to amantadine. However, the alkylation of
the amines to form a tertiary or secondary amines resulted in increased NMDA inhibition with
potency that is seven times greater than amantadine, but still ten-fold weaker than memantine.
Surprisingly, all the benzyl moieties were found to be inactive. This contradicts the structure
activity relationship of NGP1-01 that demonstrates such feature is necessary or essential for
NMDA receptor antagonism (Dugue et al., 2009; 2010). No study has reported the activity of

these polycyclic cages as a voltage gated calcium blocker.

CHj

Figure 2.23: (2-Oxaadamant-1-yl)amine derivatives.
2.5.2 Polycyclic cages and attenuation of MPP*-induce neurotoxicity

1-Methyl-4-phenylpyridinium (MPP*) is a neurotoxin derived from 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) through oxidative metabolism by astroglial cells. It is
actively transported, via the dopamine active transporter, into the dopaminergic neurons, where
it accumulates and interferes with mitochondrial functions to induce harmful effects to cell’s
organelles and promote neuronal cell death. MPP* induces neuronal cell death by targeting and
inhibiting electron transport at mitochondrial complex 1, organelle crucial for respiration in

cells, so as to interfere and destroy ATP synthesis that subsequently promote MPP* toxic
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effects. These toxic effects are mainly attributed to excessive production and accumulation of
ROS that activate oxidative stress and consequential promote peroxidative damage to proteins,
lipids and nucleic acids. As such, compounds that prevent MPP* from entering the neurons
may protect the neuronal cells from degeneration (Geldenhuys et al., 2003; Prins et al., 2009;
Wang et al., 2018; Bhurtel et al., 2019). NGP1-01, if co-treated with MPTP, has proven to
significantly improve the dopamine content and activities in the brain of mice-model
parkinsonian studies, potently inhibiting dopamine re-uptake into the pre-synaptic terminal of
murine synaptosomes through the blockage of the dopamine transporter (DAT). In fact, the
phenylethylamine derivative of NGP1-01 had demonstrated a more potent neuroprotection than
NGP1-01 in a MPTP-parkinsonian mouse model (Youdim et al., 2007; Geldenhuys et al.,
2009). In a neuron-glia cultured cell line exposed to MPP* in a PD model, amantadine was
shown to significantly protect dopaminergic neurons from MPP* induced neurotoxicity by
preventing MPP* entry via the same transporter (DAT). This characteristic may make these
compounds neuroprotective against MPP* induced cell (Ossola et al., 2011).

The protection against MPP*-induced toxicity, via DAT inhibition, of polycyclic cage amines
is well known. Other protective pathways could potentially include: restoration of antioxidant
enzymes such as SOD and GSH; downregulation of the Bax/Bcl-2 ratio and Apaf-1; inhibition
of cytochrome c release; and inactivation of caspase-9 and caspase-3. However, no study has
reported or investigated the protective effects of polycyclic cage amines against MPP* induced

neurotoxicity via these pathways (Wang et al., 2018).
2.6 Norbornane derivatives in medicinal chemistry

Norbornane scaffolds are moieties common in a number of pharmacologically active
compounds. Synthesised derivatives of norbornane scaffolds include, amidst others, the
dicylic, tricyclic (oxatricyclo[5.2.1.0%®]dec-8-ene-3,5-dione and tricyclo[6.2.1.0%"Jundeca-
4,9-diene-3,6-dione) and tetracyclic derivatives (figure 2.24), and the pentacyloundecane
derivatives (pentacyloundecylamines). While pentacyloundecylamines are closed cages, di-
and tricyclic derivatives are open cage molecules derived from the Diels-Adduct reaction of
benzoquinone and cyclopentadiene (Diels and Alder, 1928). The dicylic and tricyclic
derivatives (open cages) have been demonstrated to be active against feline herpes virus (FHV-
1; Dejmek et al., 2014), coxsackievirus (Sala et al., 2009; 2011; 2012; Hrebabecky et al., 2012)

and Gram-positive and Gram-negative bacteria strains (Hickey et al., 2018).
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Figure 2.24: Opened polycyclic cages with norbornane scaffolds.

Interestingly, lurasidone (figure 2.25) is an antipsychotic agent approved by the FDA for
treatment of the acute phase of schizophrenia. This triyclic derivative with a norbornane
scaffold has been shown to be well tolerated when compared to the second-generation
antipsychotic drugs such as ziprasidone or olanzepine (figure 2.25). The tolerability of
lurasidone is attributed to negligible interaction or affinity with histamine H1 and muscarinic
M: Receptors. The reduced interactions or affinities with these receptors are believed to be the
reason for the absence of side effects such as increased appetite, drowsiness and aggravated
cognitive functions that are prominent in the second-generation antipsychotic agents. In
binding studies, the structure activity relationship of lurasidone demonstrated that the bulkiness
of the norbornane-2,3-dicarboximide is, in part, responsible for the high selectivity against H
and M receptors (Ichikawa et al., 2012). The antipsychotic property of lurasidone is due to its
ability to fully block, with high affinity, dopamine (D2 and Ds), azc-adrenergic and 5-
hydroxytryptamine (5-HT2a, 5-HT7 and 5-HT14) receptors. Additional effects observed during
preclinical trials of lurasidone include antidepressant effects, improvement of cognition
associated with executive functions and anxiolytic efficacy (Findling et al., 2015; Jaeschke et
al., 2016).

Like the pentacyloundecylamines, these open cages have also been used to alter the
bioavailability features of certain drugs due to their bulkiness and lipophilicity. In a recent
study, a series of thiopyrano[2,3-d][1,3]thiazol-2-one (figure 2.26) derivatives conjugated with
tricylic norbornane derivatives displayed anti-tumor activities that target cancer of the lungs,
breast, blood, kidneys, and skin (Lesyk et al., 2006).

The neuroprotective effects of the closed cages have been extensively studied and are well
known, and numerous studies have already reported the multifunctional targets modulated by

these cages. Despite the vast knowledge and extensive studies on the synthesis of open cage
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molecules with a norbornane scaffold, the evaluations as potential therapeutical agents in
medicinal chemistry are still only limited to antiviral, anti-bacterial and antipsychotic effects.
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Figure 2.25: Antipsychotic agents.

Thiopyrano[2,3-d][1,3]thiazol-2-one

Figure 2.26: An anticancer agent.

A previous study reported the neurobiological effects of a small series of open cage molecules
(tricycloundecane derivatives). The inhibitory effects of these molecules through attenuation
of NMDA receptor- and voltage gated calcium channel-mediated calcium influx were
evaluated, at 100 uM, in murine synaptoneurosomes (Egunlusi et al., 2015). To the best of our

knowledge, no study has reported the neuroprotective effects of these open cages.
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2.7 Summary

Neurodegenerative disorders are diseases characterised by a progressive loss of neuronal
functions, because of cell death either by necrosis or apoptosis. These disorders, associated
with the elderly, occur in over 30 million persons worldwide with the environment, gender and
genetic factors playing a crucial role in its pathology. These disorders can also occur earlier in
life, but such occurrences are usually associated with genetic factors and, in some cases,
exposure to environmental contaminants. The disorders, amidst others, include Alzheimer’s
disease, Parkinson’s disease, amyotrophic lateral sclerosis, and Huntington disease. Symptoms
or clinical features associated with each disorder are dictated by the part of the brain or central
nervous system affected in the degenerative process. Of all the neurodegenerative disease
cases, AD and PD are the most common and an anticipated rise in numbers and cost are
expected in the next several decades. Current treatments for each disorder only offer

symptomatic relief without halting the degenerative process.

Despite countless studies proposing various mechanism of neurodegeneration, the
pathogenesis and mechanisms of neurodegeneration are still poorly defined. However, the
general consensus is that neuronal cells undergo cell death either by necrosis or apoptosis via
interrelated processes that include oxidative stress, excitotoxicity, RNA metabolism,
mitochondria dysfunction, protein aggregation and propagation, proteasomal dysfunction,
autophagic/lysosomal dysfunction, prion-like spread, loss of growth factors and
neuroinflammation. In the processes, the role of excitotoxicity via glutamate-induced
activation of receptors and channels is prominent. Moreover, excitotoxicity is implicated in the
pathology of several neurodegenerative disorders. In excitotoxicity, it is believed that excessive
extracellular glutamate overactivates NMDA receptor and voltage gated calcium channels
leading to intracellular calcium overload that through a cascade of events result in neuronal
cell death.

Therefore, it is therapeutically logical to use compounds with inhibitory activities at NMDA
receptor and voltage-gated calcium channels. These inhibitors could provide protection
through regulation of excessive calcium influx mediated by prolonged glutamate activity.
However, combatting glutamate-induced excitotoxicity has been a major challenge as the same
process that leads to excitotoxic cell death is required for the normal physiological function of
the brain. Competitive NMDA receptor blockers (midafotel and selfotel) were first introduced

but were quickly withdrawn due their dose-relative psychotomimetic side effects.
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Uncompetitive NMDA receptor blockers (MK-801 and phenylcyclidine) with high binding
affinities were later considered, but were also marked by undesirable psychotomimetic side
effects. However, uncompetitive NMDA receptor blockers (memantine and amantadine) have
been shown to be clinically well tolerated for the treatment of Alzheimer’s disease and
Parkinson’s disease, respectively. The tolerability is attributed to the moderate affinity of these
blockers to the PCP binding site. Nonetheless, they exhibit significant NMDA receptor
inhibitory effect and safe side effect profiles. During glutamate induced excitotoxicity, voltage-
gated channels are also depolarised, contributing to the intracellular calcium rise. Nimodipine
and other dihyropyridines calcium blockers have displayed intracellular calcium lower and

neuroprotective effects in rat brain neurotoxicity studies.

Polycyclic cage derivatives, open and closed, are interesting compounds with several
established pharmacological activities. Moreover, they have been shown to enhance the
pharmacological and pharmacokinetic properties of other drug molecules after conjugation.
NGP1-01 is a closed polycyclic cage amine that has been shown to effectively block NMDA
receptors and L-type voltage gated calcium channels in a manner similar to memantine and
nimodipine, respectively, with good safety profiles. This multifunctional ion channel block
exhibited by NGP1-01 ensures that neurons are protected from the destructive consequence of
calcium overload. Additionally, NGP1-01, a pentacyloundecylamine, has been shown to

demonstrate significant neuroprotection against MPP*-induced cell death.

The synthesis of open cage analogues with norbornane scaffold has been extensively explored.
However, their uses in medicinal chemistry as a pharmacological active molecules are limited.
These analogues have been shown to be active against certain virus and bacterial strains. Some
analogues such as lurasidone have demonstrated significant antipsychotic effects with few side

effects when compared to the second generation antipsychotic drugs.

The neuroprotective effects of closed cages such as NGP1-01, via dual calcium inhibition and
MPP* mediated neurotoxicity attenuation, are well documented in several studies. The
neuroprotective effects of the open- and rearranged-cage molecules (developed analogues), in
the present study, are yet to be explored or investigated. Analogues that exhibit structural
similarities with NGP1-01 or other polycyclic closed cage amines are postulated to be
neuroprotective, as observed in a previous study (Egunlusi et al., 2015), and may present with

therapeutic properties able to halt the progression of neurodegenerative disorders.

52 http://etd.uwc.ac.za/ Chapter 2 - Literature review



CHAPTER 3

Synthetic procedure

3.1 Introduction

Compounds containing the norbornane structure are versatile building blocks that not only exist
as agonists or antagonists of biologically active substances, but are also used in the synthesis
of polycyclic analogues or derivatives. Some of these analogues exhibit a wide variety of
pharmacological activities. These characteristics make them fundamentally important in
medicinal chemistry as potentially useful scaffolds to be used in drug design. This study
involves the synthesis of norbornane derivatives fused with moieties such as furandione,
pyrrolidinedione, piperidine and benzoquinone, which were conjugated with various aliphatic
and heterocyclic amines to obtain the desired compounds.

3.2 Instrumentation used for synthesis

The following instrumentation were used in the synthesis of the intermediates and desired
compounds, the measurement and weighing of reactants and solvents, the identification and
isolation of compounds, the monitoring of reaction progression, the selection of mobile phase,
the separation and/or purification of reaction products, and the structural and physical

characterisation of the final compounds.
3.2.1 Apparatus for reaction conditions

The reactions were performed at the different conditions necessary to provide sufficient

activation energy for each product formation.
3.2.1.1 Weighing apparatus and stirrers

A Sartorius analytic balance, up to four decimal places, was used to weigh reactants and
products during synthesis. The weighing of samples for the analytical work or biological assays
was done on the Shimadzu (AUD 220D) analytical balance. This analytical balance is a dual-

range semi micro balance up to five decimal places.

For continuous stirring during the reactions, IKA and RCT basic magnetic stirrers were used.
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3.2.1.2 Heating apparatus for reactions

Heating mantles (Electromantle MV) and hotplates (IKA and RCT basic) were used to supply
thermal energy to certain reactions.

3.2.1.3 Cooling baths

In synthetic steps where temperature below the room temperature were required, an ice bath
was set up and used.

3.2.1.4 Microwave reactor

A CEM Discovery SMP microwave reactor that is fitted with an intellivent™ Pressure Control
System and CEM’s synergy'™ software was used to supply microwave energy where this type

of energy was required in the reaction condition.
3.2.1.5 High pressure metal reactor

A sealed tube made of stainless steel was used to carry out reactions under high pressure. The
high pressure metal reactor was used to contain the pressure generated by solvent-reactant

mixtures. The metal reactor is designed to withstand high pressure up to 700 kPa.
3.2.2 Separation techniques

The different techniques that were used in the separation and the purification of intermediates

and products are as follows:
3.2.2.1 Thin layer Chromatography

The progress of reactions and column chromatographic elution were monitored using thin layer
chromatography on aluminium silica gel sheets (TLC silica gel 60 F2s4, product catalogue no.
105555, Merck Millipore), which also aided the isolation processes. Visualisation of thin layer
chromatography was achieved using ultra violet (UV) light at 254 nm and 366 nm in a
Chromato-vue® cabinet (Ultra-violet product, USA). For the development of TLC, saturated

iodine vapours in a transparent glass chamber was used.
3.2.2.2 Column chromatography

The separation of reaction mixtures and the purification of desired products were performed

by column chromatography using silica gel 60 (particle size 63-200 pm) in standard glass
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columns. The lengths and diameters of the glass column chosen for column chromatography
depended on the amount of the reaction mixtures.

3.2.2.3 Mobile phases

Different ratios of mobile phases were prepared for TLC plate development and
chromatographic elution or separations. Solvents such as hexane, ethyl acetate, chloroform,
dichloromethane, methanol, and ammonia solution (25%) were used for preparing the different
mobile phases.

3.2.2.4 Crystallisation

Re-crystallisation of some products was required for purification and isolation. The suitable
solvents for this process were hexane, ethyl acetate, methanol and dichloromethane. The choice

of solvents was dependent on the polarity of the reaction mixtures and/or products.
3.2.3 Spectroscopic and physical characterisation

The structures of the desired compounds were characterised and confirmed by means of nuclear
magnetic resonance (NMR), Fourier transform infrared (FT-IR) and mass spectrometry (MS)
techniques. In the NMR spectroscopy, *H, *C and distortionless enhancement of polarisation
transfer (DEPT) analysis were performed for structural elucidation. The spectra obtained from
the DEPT-135 analysis enable CH3, CH or CH; differentiation. The carbon peaks of CHz and

CH gave positive signals and CH2 gave negative signal.

The physical characteristics of the compounds are reported as physical state, colour and melting

point.
3.2.3.1 NMR

NMR’s were obtained using the Bruker 400 MHz instrument. The *H spectra were obtained at
400 MHz while the '3C spectra were obtained at 100 MHz on the NMR spectrometer.
Tetramethylsilane (TMS) and deuterated residue solvent peaks were used as internal standards.
The chemical shifts are reported as 6 in parts per million (ppm) using TMS (8H: 0 ppm; 3C: 0
ppm) and CDClz (6H: 7.26 ppm; 3C: 77.16 ppm) or CD3OD (SH: 3.35, 4.78 ppm; 6C: 49.3
ppm) or DMSO-d6 (6H: 2.49 ppm; 6C: 39.7 ppm) peaks as reference. The multiplicities of
NMR signals are expressed as: s, singlet; bs, broad singlet; d, doublet; dd, doublet of doublets;
dt, doublet of triplets; t, triplet; td, triplet of doublets; g, quartet; Q, quintet; St. septet; m,
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multiplet, and the coupling constants (J) are given in hertz (Hz). The 'H data is presented as
follows: chemical shift in ppm (multiplicity, coupling constant, integration as number of
protons).

3.2.3.2MS

High-resolution mass spectra (HRMS) were recorded on a Water APl Q-TOF Ultima
spectrometer (Stellenbosch University, Stellenbosch, South Africa) using electrospray

ionization technique.
3.2331IR

Infrared spectra were obtained on a Perkin Elmer Spectrum 400 FT-IR/FT-NIR spectrometer,
fitted with a diamond attenuated total reflectance (ATR) attachment.

3.2.3.4 Melting point apparatus

Melting points were measured using glass capillary method. The melting points were
determined using a Stuart SMP-300 melting point apparatus and capillary tubes. The melting

points are uncorrected.
3.2.3.5 Elemental analysis

A Vario EL Cube Elemental Analyzer (Elementar®) was used to determine the C, H, N, & S'in
products that required additional structural analysis. A sample size of at least 1 mg was used to

calculate the percentage of each atom in some of the synthesised compounds.
3.3 Synthesis of designed compounds
3.3.1 Reagents

Unless otherwise specified, all reagents were obtained from Merck (St Louis, MO, USA) and
Sigma-Aldrich® (UK). The reagents were of analytical grade and used without further
purification unless specified. Solvents used for reactions and chromatography were purchased
from various commercial sources and dried using standard methods. To get dry DCM,
commercially available DCM was initially dried over anhydrous calcium chloride and then
distilled. The distillate was collected and stored in an amble glass bottle away from light over
3A molecular sieves. Solvents such as ethyl acetate, hexane, acetone and benzene were also

distilled, and the distillates were stored in amber glass bottles.
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3.3.2 General synthetic approach

The synthesis of the proposed series of compounds involved several experimental procedures
and methods. In this part, general synthetic approaches for the different series of compounds
and challenges faced during synthesis are discussed. In each series, the primary structure was
synthesised and used as the scaffold for further synthesis within each series.

3.3.2.1 Synthetic procedures and characterisation data of compound 1-7

The cycloaddition reaction between p-benzoquinone and monomerised dicyclopentadiene
yielded tricycloundeca-4,9-diene-3,6-dione (1) which was used as the scaffold for all further
synthesis within this series.

3.3.2.1.1: Tricyclo[6.2.1.0>"lundeca-4,9-diene-3,6-dione (1)

3.3.2.1.2: Pentacyclo[10.2.1.1°8,0%**.0*°Thexadeca-6,13-diene-3,10-dione (4)

(|)| 0 0
0 °C. Toluene ” ”
O« £
| Hexane/Ethyl acetate
o S
1 4

A solution of p-benzoquinone (6 g, 55.50 mmol) in benzene (50 ml) and 25 ml of
hexane:ethylacetate (4:1) were mixed in a 250 ml round-bottom flask. The resulting solution
was stirred and cooled to 0 'C using an ice bath. A stoichiometric volume of monomerised
cyclopentadiene (7 ml, 83.24 mmol) was slowly added, with an increment of 3.5 ml, to the
mixture and stirred for 3.5 hours. The reaction mixture was concentrated in vacuo to form a
crude yellow product. The product was purified by re-crystallisation in hexane to form a pure
yellow crystal (yield: 9.7 g, 100%). The NMR data and melting points of compound 1
correspond to those reported in the literature (Ito et al., 2007; Egunlusi et al., 2015).

The isolation of one of the fractions obtained from a reaction involving tricyclo[6.2.1.0%7]
undec-9-ene-3,6-dione (2) and propylamine afforded a di-substituted Diels Alder conjugate,

compound 4 in 12.5% vyield. The formation of this compound was possible due to impurities
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from intermediate reactions. It was proposed that reaction between cyclopentadiene and
tricyclo[6.2.1.0>"]undeca-4,9-diene-3,6-dione (1), both impurities, gave the tetracylic
conjugate, as seen in compound 4. Ideally, it would have been discarded but the structural
similarities existing between the conjugate and MK-801 allows us to include it in the list of
compounds for biological evaluation.

The procedure and work up leading to the isolation of impurities, 4, was as follows:

Tricyclo[6.2.1.0%"Jundec-9-ene-3,6-dione (2, 1 g, 5.68 mmol) was dissolved in THF (25ml).
Sodium hydride (0.1 g, 4.17 mmol) and acetic acid (2 g, 33.30 mmol) was added to the solution.
Propylamine was added in excess, and the solution was continuously stirred at room
temperature. After 24 hours, the reaction mixture was washed with saturated brine (50 ml),
saturated sodium bicarbonate solution (50 ml) and water (50 ml). The organic fraction was
dried over anhydrous magnesium sulphate and filtered. The filtrate was concentrated in vacuo
to give a crude yellow mixture. The crude mixture was purified by silica gel column
chromatography using a mobile phase of hexane and ethyl acetate in ratio of 1:1 (yield: 0.17 g,
12.4%). The NMR data and melting points of compound 4 correspond to those reported in the
literature (Gieling et al., 2004).

Tricyclo[6.2.1.02"Jundeca-4,9-diene-3,6-dione (1)

Physical characteristics: A yellow crystal, Mp: 70-71 °C. FT-IR (ATR): Vmax (cm™) = 3034,
2987, 2955, 1660, 1334, 1298, 1065, 726. *H NMR (400 MHz, CDCls): § 6.54 (s, 2H), 6.04 (t,
J=1.7 Hz, 2H), 3.52 (t, J = 1.6 Hz, 2H) 3.20-3.19 (m, 2H), 1.53-1.50 (dt, J = 8.8, 1.8 Hz, 1H),
1.41 (d, J=8.7 Hz, 1H). **C NMR (100 MHz, CDCls) and DEPT-135: § 199.43 (C=0), 142.04
(C=C), 135.29 (C=C), 48.76 (CH), 48.70 (CH>), 48.34 (CH).

Pentacyclo[10.2.1.1°8.021,0*9]hexadeca-6,13-diene-3,10-dione (4)

Physical characteristics: A white crystal, Mp: 154-158 °C. FT-IR (ATR): Vmax (cm™) = 3008,
2982, 1682, 1330, 1243, 1031, 706. *H NMR (400 MHz, CDCls): § 6.17 (t, J = 1.7 Hz, 4H),
3.34 (s, 4H), 2.86 (s, 4H), 1.46-1.43 (dt, J = 8.6, 1.7 Hz, 2H), 1.28-1.26 (d, J = 8.6 Hz, 2H).
13C NMR (100 MHz, CDCls) and DEPT-135: § 212.66 (C=0), 136.36 (C=C), 53.21 (CH),
49.58 (CHy), 48.26 (CH). MS (HR-ESI) m/z: calc. 241.1223 (M+H"), found 241.1195 (M+H"),
263.1039 (M+Na). Anal. Calcd for C16H1602: C, 79.97; H, 6.71. Found: C, 81.53; H, 4.44.
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3.3.2.1.3: Tricyclo[6.2.1.02>"Jundec-9-ene-3,6-dione (2)

O O

[ . [
m Acetic Acid " @i}

14 11

To a solution of tricyclo[6.2.1.0%"Jundeca-4,9-diene-3,6-dione (1, 9.7 g, 55.75 mmol) in 100
ml of glacial acetic acid, powdered zinc (12 g, 183.54 mmol) was added. The mixture was
sonicated, in a Soniprep 150, for 30 minutes. After 30 minutes, the mixture was filtered and
the residue washed with dichloromethane (20 ml). Brine (50 ml) was added to the combined
filtrates and shook vigorously. Further extraction of the aqueous phase was done using
dichloromethane (4 x 50 ml). The organic fractions were combined and washed with water
(100 ml), a saturated aqueous NaHCQOs3 solution (100 ml), and again with water (100 ml).
Anhydrous magnesium sulphate was added to the organic fraction to remove any trace of water
after extraction. The mixture was filtered and the solvent was evaporated under reduced
pressure to give a crude yellow oil. The final product was further purified from the crude
reaction mixture by silica gel column chromatography using a mobile phase of hexane/ethyl
acetate/dichloromethane (10/5/2) to render the pure product as a yellow oil (yield: 6.98 g,
71.2%). The NMR data and melting points of compound 2 correspond to those reported in the
literature (Ito et al., 2007; Egunlusi et al., 2015).

Physical characteristics: A yellow oil. FT-IR (ATR): Vmax (cm™) = 2921, 1701, 1301, 1256,
1156, 726. *H NMR (400 MHz, CDCls): § 6.18 (t, J = 1.6 Hz, 2H), 3.45 (t, J = 1.6 Hz, 2H),
3.21 (m, 2H), 2.68-2.58 (M, 2H), 2.36-2.26 (M, 2H), 1.50-1.47 (dt, J = 8.7, 1.6 Hz, 1H), 1.35
(d, J = 8.7 Hz, 1H). 3C NMR (100 MHz, CDCls) and DEPT-135: § 209.57 (C=0), 136.65
(C=C), 51.85 (CH), 48.76 (CH,), 47.46 (CH), 37.95 (CHy>).
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3.3.2.1.4: 6-Hydroxytricyclo[6.2.1.0>"Jundec-9-en-3-one (3)

o] 0]
| Methanol/H ,0/0 °C

@i} Acetic Acid/ NaB'H 4
ll OH

Tricyclo[6.2.1.0%"Jundec-9-ene-3,6-dione (2, 3.3 g, 18.75 mmol) was dissolved in a mixture of
methanol (60 ml) and water (10 ml) contained in 250 ml round bottom flask. The solution in
the flask was cooled to 0 'C on an external ice bath. Sodium borohydride (0.25 g, 6.61 mmol)
was added to the cooled mixture and it was stirred to room temperature, and then continuously
for an additional 4 hours. After approximately 5 hours, glacial acetic acid (0.85 ml) was added,
followed by the addition of ice (14 g). The resulting mixture was extracted with
dichloromethane (3 x 50 ml). The combined organic fractions were washed with water (100
ml), dried over anhydrous magnesium sulphate and filtered. The solvent was evaporated in
vacuo to afford the crude mixture as light yellow oil. The crude mixture was purified by column
chromatography using the mobile phase of hexane, ethyl acetate and dichloromethane in the
ratio of 10:5:2 (yield: 2.85 g, 86.4%). The NMR data and melting points of compound 3
correspond to those reported in the literature (Ito et al., 2007; Egunlusi et al., 2015).

Physical characteristics: A light-yellow oil. FT-IR (ATR): Vmax (cm™) = 3398, 2940, 1687,
1331, 1217, 1049, 722. 'H NMR (400 MHz, CDCl3):  6.19 (m, 2H), 4.33-4.28 (m, 1H), 3.27
(bs, OH), 3.07 (m, 1H), 2.90-2.87 (dd, J = 10.4, 3.8 Hz, 1H), 2.85-2.81 (m, J =8.4, 5.3, 2.9 Hz,
1H), 2.23-2.15 (dt, J = 14.0, 6.9 Hz, 2H), 1.93-1.84 (m, 2H), 1.83-1.75 (m, 1H), 1.45-1.42 (dt,
J=8.4,1.8Hz, 1H), 1.30 (d, J = 8.4 Hz, 1H). 3C NMR (100 MHz, CDCls) and DEPT-135: &
212.96 (C=0), 137.30 (C=C), 134.81 (C=C), 67.74 (C-OH), 51.59 (CH), 50.15 (CH>), 46.21
(CH), 45.59 (CH), 45.23 (CH), 35.71 (CHy2), 28.05 (CH2). MS (HR-ESI) m/z: calc. 179.1067
(M+H"), found 179.1068 (M+H"), 201.0889 (M+Na).
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3.3.2.1.5: 6-(Benzylamino)tricyclo[6.2.1.0%"Jundec-9-en-3-one (5)

@)

\

DCM/Acetic acid
+ > NH
NaBH,

Tricyclo[6.2.1.0%"Jundec-9-ene-3,6-dione (2, 0.9 g, 5.11 mmol) was dissolved in 30 ml
dichloromethane in a round-bottom flask. To the mixture, a solution of sodium borohydride
(0.1 g, 2.64 mmol) in acetic acid (2 g, 33.30 mmol) was added. Benzylamine (1.47 g, 13.73
mmol) was added to the combined mixture, and was continuously stirred at room temperature
for 60 hours. The reaction mixture was washed with saturated brine (50 ml), saturated sodium
bicarbonate (50 ml) and water (50 ml). Anhydrous magnesium sulphate was used to dry the
organic fraction, and upon filtration and evaporation it gave a brownish reaction mixture. The
crude mixture was purified using silica gel column chromatography with 50% ethyl acetate in
chloroform as mobile phase. The final product gave a light brown oil that solidified at room
temperature (yield: 0.22 g, 16.2%).

Physical characteristics: A light brown oil. FT-IR (ATR): Vmax (cm™) = 3289, 2984, 2940,
1685, 1450, 1352, 1128, 903, 735. *H NMR (400 MHz, CDCls): & 7.38-7.25 (m, 5H), 6.24-
6.22 (dd, J = 5.4, 2.9 Hz, 1H), 6.12-6.09 (dd, J = 5.6, 2.9 Hz, 1H), 3.89 (s, 2H), 3.33 (m, 1H),
3.17-3.13 (m, 2H), 2.93-2.83 (m, 2H), 2.28-2.21 (m, 1H), 2.15-2.05 (m, 1H), 1.75-1.68 (m,
1H), 1.66-1.58 (m, 1H) 1.45-1.42 (dt, J = 8.6, 1.9 Hz, 1H), 1.33 (d, J = 8.3 Hz, 1H). 3C NMR
(100 MHz, CDCls) and DEPT-135: & 213.40 (C=0), 140.54 (Ar-C), 136.65 (C=C), 136.02
(C=C), 128.50 (Ar-C), 127.98 (Ar-C), 127.06 (Ar-C), 54.57 (CH), 51.53 (CH>), 51.32 (CH),
50.26 (CHy), 47.26 (CH), 45.26 (CH), 43.17 (CH), 38.90 (CH,), 25.14 (CH,). MS (HR-ESI)
m/z: calc. 268.1696 (M+H"), found 268.1700 (M+H™), 269.1734, 270.1760.
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3.3.2.1.6: 6-(1-Piperidylamino)tricyclo[6.2.1.02,7]undec-9-en-3-one (6)

N\
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| NaBH 4 NH
®

To a solution of tricyclo[6.2.1.02"Jundec-9-ene-3,6-dione (2, 0.8 g, 4.55 mmol) in

dichloromethane (30 ml), a mixture of sodium borohydride (0.1 g, 4.17 mmol) and acetic acid
(2 g, 33.30 mmol) was added. To the combined solution, 1-aminopiperidine (0.45 g, 4.49
mmol) was added and stirred for 18 hours. After completion, the reaction mixture was washed
with saturated brine (50 ml), saturated sodium bicarbonate (50 ml) and water (50 ml).
Anhydrous magnesium sulphate was added to eliminate traces of water and filtered. The
solvent of the dried organic fraction was evaporated under reduced pressure to give a dark
crude mixture. The final product was obtained by silica gel column chromatography with 70%
ethyl acetate in chloroform used as mobile phase to afford a dark brown oil that solidified at

room temperature (yield: 0.43 g, 36.44%).

Physical characteristics: A dark brown oil. FT-IR (ATR): Vmax (cm™) = 3288, 2984, 2939,
1686, 1450, 1352, 1251, 1167, 904, 724. *H NMR (400 MHz, CDCls): § 6.19-6.17 (dd, J = 5.6,
3.0 Hz, 1H), 6.02-6.00 (dd, J = 5.6, 2.9 Hz, 1H), 3.39-3.34 (dd, J = 15.1, 6.6 Hz, 1H), 3.27 (m,
1H), 3.11 (m, 1H), 2.85-2.78 (m, 2H), 2.71-2.43 (m, 4H), 2.21-2.19 (t, J = 4.1 Hz, 1H), 2.15-
2.08 (Q,J=18.2,9.5 Hz, 1H), 1.62-1.56 (m, J = 11.4, 5.8 Hz, 4H), 1.55-1.52 (td, J = 7.9, 4.2
Hz, 2H), 1.42-1.36 (m, 2H), 1.35 (d, J = 1.7 Hz, 1H), 1.27 (d, J = 8.2 Hz, 1H). 3C NMR (100
MHz, CDCls) and DEPT-135: § 214.12 (C=0), 136.84 (C=C), 136.73 (C=C), 57.79 (CHy),
53.61 (CH), 51.26 (CH), 50.17 (CHy), 47.29 (CH), 45.58 (CH), 42.48 (CH), 38.83 (CHy), 26.17
(CH2), 24.37 (CHz), 24.06 (CH2). MS (HR-ESI) m/z: calc. 261.1961 (M+H*), found 261.1965
(M+H"), 262.1996.
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3.3.2.2 Synthetic procedures and characterisation data of compound 7-18

Cycloaddition reaction between maleic anhydride and monomerised dicyclopentadiene yielded
4-oxatricyclo[5.2.1.0%%]dec-8-ene-3,5-dione (7) which was used as the scaffold for all further
synthesis within this series.

3.3.2.2.1: 4-Oxatricyclo[5.2.1.0%%]dec-8-ene-3,5-dione (7)

0 i
o // Toluene . o
@ + Q Reflux B
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To a solution of maleic anhydride (10 g, 200 mmol) in toluene (100 ml) in a 250 ml round-
bottom flask, monomerised cyclopentadiene (7 g, 105.90 mmol) was added in stoichiometric
ratio. The resulting solution was stirred and refluxed for 1.5 hours and cooled to room
temperature. The solvent was evaporated under reduced pressure to give a crude white mixture.
The final product was purified by re-crystallising the crude mixture in methanol to give a white
crystal (yield: 8.03 g, 48.94%). The NMR data and melting point of compound 7 correspond
to those reported in the literature (Reid and Bellinger, 1984; Brown and Sheares, 2007; Mulpuri
etal., 2011).

A white crystal, Mp: 163-165 °C. FT-IR (ATR): Vimax (cm™) = 1840, 1766, 1229, 1088, 901,
733. 'H NMR (400 MHz, CDCls): § 6.31 (t, J = 1.6 Hz, 2H), 3.58-3.57 (dd, J = 3, 1.7 Hz, 2H),
3.51-3.50 (dd, J = 2.9, 1.6 Hz, 2H), 1.80-1.77 (dt, J = 9, 1.5 Hz. 1H), 1.58-1.56 (d, J = 9 Hz,
1H). 3C NMR (100 MHz, CDCls) and DEPT-135: & 171.29 (C=0), 135.55 (C=C), 52.76
(CHz), 47.08 (CH), 46.13 (CH).
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3.3.2.2.2: Synthetic procedures and characterisation data of compounds 8 and 9

I

O
O 8
J S
Toluene/Triethylamine
Reflux
\

4-Oxatricyclo[5.2.1.0>%]dec-8-ene-3,5-dione (7, 0.62 g, 3.78 mmol) was dissolved in 100 ml
of toluene. To this solution, benzylamine (3.92 g, 36.62 mmol) was added. The reaction
mixture was stirred and refluxed for 24 hours, cooled to room temperature and concentrated in
vacuo to give a crude light yellow oil. Purification by column chromatography (25% hexane in
ethyl acetate) on silica gel gave compounds 8 and 9 as white powders (yield: 8, 0.79 g, 82.62%);
9, 0.06 g, 6.27%).

3.3.2.2.2.1: 4-Benzyl-4-azatricyclo[5.2.1.0>®]dec-8-ene-3,5-dione (8)

Physical characteristics: A white powder, Mp: 87-89 °C. FT-IR (ATR): Vmax (cm™) = 2875,
1689, 1391, 1336, 1169, 901, 702. *H NMR (400 MHz, CDCls): § 7.31-7.22 (m, 5H), 5.89 (t,
J = 1.6 Hz, 2H), 4.48 (s, 2H), 3.37-3.36 (dd, J = 2.7, 1.6 Hz, 2H), 3.25-3.24 (dd, J = 2.8, 1.5
Hz, 2H), 1.70-1.67 (dt, J = 8.8, 1.4 Hz, 1H), 1.50-1.52 (d, J = 8.8 Hz, 1H). 3C NMR (100
MHz, CDCls) and DEPT-135: § 177.44 (C=0), 136.03 (Ar-C), 134.34 (C=C), 128.92 (Ar-C),
128.39 (Ar-C), 127.76 (Ar-C), 52.14 (CHy), 45.76 (CH), 45.02 (CH), 42.03 (CHz). MS (HR-
ESI) m/z: calc. 254.1176 (M+H"), found 254.1177 (M+H"), 255.1207, 276.0993 (M+Na),
277.1034 (M+Na+H").
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3.3.2.2.2.2: N2,N3-Dibenzylbicyclo[2.2.1]hept-5-ene-2,3-dicarboxamide (9)

Physical characteristics: A white powder, Mp: 141-143 °C. FT-IR (ATR): Vmax (cm™) = 3304,
2977, 1654, 1532, 1454, 1227, 1028, 908, 698. *H NMR (400 MHz, CDCls): & 7.31-7.18 (m,
10H), 6.33 (m, 2H), 4.25-4.14 (m, 4H), 3.23 (M, 2H), 3.10 (m, 2H), 1.44 (d, J = 8.5, 1H), 1.24
(d, J=9.2 Hz, 1H). 3C NMR (100 MHz, CDCls) and DEPT-135: § 172.80 (C=0), 138.21 (Ar-
C), 135.76 (C=C), 128.62 (Ar-C), 127.73 (Ar-C), 127.34 (Ar-C), 52.04 (CH), 49.98 (CH>),
47.35 (CH), 43.52 (CH,). MS (HR-ESI) m/z: calc. 361.1910 (M+H"), found 361.1913 (M+H"),
362.1945, 363.1979, 383.1732 (M+Na), 384.1761, 385.1793.

3.3.2.2.3: 4-(1-Piperidyl)-4-azatricyclo[5.2.1.026]dec-8-ene-3,5-dione (10)

i
O Toluene/Triethylamine —0
O + N > N
| Reflux - SR
\ NH, = N
i )

To a solution of 4-oxatricyclo[5.2.1.0%°]dec-8-ene-3,5-dione (7, 0.45 g, 2.74 mmol) in toluene

(200 ml), 1-aminopiperidine (1 g, 9.98 mmol) and triethylamine (0.3 g, 2.96 mmol) was added.
The mixture was continuously stirred under reflux conditions. After 12 hours, the reaction
mixture was cooled to room temperature and the solvent was evaporated under reduced
pressure to give a crude light yellow powder. The crude mixture was crystallised from methanol
to afford the product as white crystals (yield: 0.32 g, 47.05%).

Physical characteristics: A white crystal, Mp: 163-166 °C. FT-IR (ATR): Vmax (cm™) = 2996,
2938, 1708, 1452, 1339, 1285, 1185, 845, 718. 'H NMR (400 MHz, CDCls): § 6.12-6.11 (t, J
= 1.6 Hz, 2H), 3.39 (m, 2H), 3.12-3.11 (dd, J = 2.8, 1.5 Hz, 2H), 3.10-3.07 (t, J = 5.4 Hz, 4H),
1.70-1.67 (dt, J =8.8, 1.6 Hz, 1H), 1.67-1.61 (m, 4H), 1.48-1.45 (d, J = 8.8 Hz, 1H), 1.43-1.37
(m, 2H). 3C NMR (100 MHz, CDCl3) and DEPT-135: § 176.48 (C=0), 134.45 (C=C), 52.22
(CH>), 51.55 (CHy), 45.17 (CH), 43.46 (CH), 25.89 (CH2), 23.06 (CH,). MS (HR-ESI) m/z;
calc. 247.1441 (M+H"), found 247.1446(M+H"), 248.1470, 249.1492, 269.1260 (M+Na),
270.1290.
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3.3.2.2.4:4-Prop-2-ynyl-4-azatricyclo[5.2.1.0%%]dec-8-ene-3,5-dione (11)

J
@Co +H2N/\CH Toluene __0
Reflux N
o// /
&

4-Oxatricyclo[5.2.1.0>®]dec-8-ene-3,5-dione (7, 0.7 g, 4.26 mmol) was dissolved in toluene

o

(200 ml). To this solution, propargylamine (0.6 g, 10.89 mmol) was added. The resulting
mixture was continuously stirred and heated to reflux for 15 hours. On completion, the reaction
mixture was brought to room temperature and concentrated using a rotary evaporator under
reduced pressure to give a crude yellow oil. The final product was obtained by re-crystallising
the crude oil in a mixture of hexane and ethyl acetate to afford a yellow crystal (yield: 0.65 g,
75.58%).

Physical characteristics: A yellow crystal, Mp: 99-101 °C. FT-IR (ATR): Vmax (cm™) = 3265,
1759, 1703, 1530, 1423, 1383, 1323, 1175, 1120, 1090, 951, 906, 845, 715, 668. *H NMR (400
MHz, CDClz): 8 6.11-6.10 (t, J = 1.6 Hz, 2H), 4.09-4.08 (d, J = 2.5 Hz, 2H), 3.42 (m, 2H),
3.30-3.29 (dd, J = 2.8, 1.5 Hz, 2H), 2.14-2.12 (t, J = 2.5 Hz, 1H), 1.75-1.72 (dt, J = 8.8,1.5 Hz,
1H), 1.55-1.53 (d, J = 8.8 Hz, 1H). *C NMR (100 MHz, CDCls) and DEPT-135: § 176.38
(C=0), 134.46 (C=C), 70.97 (C), 52.14 (CH), 45.86 (CH), 45.17 (CH), 27.21 (CH3). MS (HR-
ESI) m/z: calc. 202.0863 (M+H"), found 202.0866 (M+H"), 203.0898, 224.0679 (M+Na),
225.0722.
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3.3.2.2.5: 4-Propyl-4-azatricyclo[5.2.1.025]dec-8-ene-3,5-dione (12)

/O
5 HZN‘\; Toluene __0
— =
+ CH3 Refiux SN
\ o 2
O
CH3

A solution of 4-oxatricyclo[5.2.1.0%%]dec-8-ene-3,5-dione (7, 0.5 g, 3.05 mmol) in toluene (150
ml) was prepared in a 250 ml round-bottom flask. To this solution, 0.7 g (11.84 mmol) of
propylamine was added, and continuously stirred and refluxed for 15 hours. Upon completion,
the reaction mixture was evaporated to dryness in vacuo to give a crude residue. The residue
was crystallised from hexane to afford the final product as white crystals (yield: 0.59 g,
94.55%).

Physical characteristics: A white crystal, Mp: 70-72 °C. FT-IR (ATR): Vmax (cm™) = 3267,
2965, 1763, 1683, 1550, 1467, 1337, 1301, 1198, 1138, 1015, 874, 737, 666. *H NMR (400
MHz, CDClz): 8 6.10 (t, J = 1.5 Hz, 2H), 3.39 (m, 2H), 3.31-3.28 (t, J = 7.4 Hz, 2H), 3.25-3.24
(dd, J = 2.8, 1.5 Hz, 2H), 1.74-1.72 (dt, J = 8.7, 1.5 Hz, 1H), 1.55-1.53 (d, J = 8.8 Hz, 1H),
1.51-1.41 (m, 2H), 0.87-0.84 (t, J = 7.4 Hz, 3H). *C NMR (100 MHz, CDCls) and DEPT-135:
0 177.84 (C=0), 134.43 (C=C), 52.23 (CHy), 45.73 (CH), 44.90 (CH), 40.05 (CH), 21.16
(CHy), 11.38 (CHs3). MS (HR-ESI) m/z: calc. 206.1176 (M+H"), found 206.1179 (M+H?"),
207.1213, 208.1238.
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3.3.2.2.6: 4-Anilino-4-azatricyclo[5.2.1.0%®]dec-8-ene-3,5-dione (13)

O
// —0
o + Toluene
@j/ Reflux O// N\
\ NH NH
[e) e

4-Oxatricyclo[5.2.1.0%%]dec-8-ene-3,5-dione (7, 0.63 g, 3.84 mmol) was dissolved in toluene
(150 ml), and phenylhydrazine (1.65 g, 15.26 mmol) was added to the solution. The solution
was stirred and refluxed for 10 hours. After completion, the reaction mixture was concentrated
in vacuo to give a crude white power. The crude powder was purified by precipitation from

ice-cold methanol to give a white powder (yield: 0.47 g, 48.54%).

Physical characteristics: A white powder, Mp: 191-194°C. FT-IR (ATR): Vmax (cm™) = 3282,
2955, 1767, 1703, 1601, 1497, 1381, 1295, 1184, 1138, 1056, 980, 845, 727, 696. *H NMR
(400 MHz, CDCls): & 7.24-7.20 (dd, J = 8.4, 7.6 Hz, 2H), 6.97-6.93 (t, J = 7.4 Hz, 1H), 6.76-
6.75 (d, J = 7.7 Hz, 2H), 6.22-6.21 (t, J = 1.6 Hz, 2H), 6.01 (s, NH), 3.49 (m, 2H), 3.36-3.35
(dd, J=2.7, 1.5 Hz, 2H), 1.81-1.78 (dt, J = 8.9, 1.5 Hz, 1H), 1.59-1.57 (d, J = 8.9 Hz, 1H). 13C
NMR (100 MHz, CDCls) and DEPT-135; § 175.32 (C=0), 145.13 (Ar-C), 135.03 (C=C),
129.15 (Ar-C), 122.57 (Ar-C), 115.03 (Ar-C), 52.14 (CHy), 44.99 (CH), 44.12 (CH). MS (HR-
ESI) m/z: calc. 255.1128 (M+H"), found 255.1133 (M+H™), 256.1164, 257.1188, 277.0952
(M+Na), 278.0981.
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3.3.2.2.7: 4-(2-Aminoethyl)-4-azatricyclo[5.2.1.0%%]dec-8-ene-3,5-dione (14)

Toluene S 7/0
Reflux

NH2

To a solution of 4-oxatricyclo[5.2.1.0%%]dec-8-ene-3,5-dione (7, 1 g, 6.09 mmol) in toluene
(150 ml), ethylenediamine (1 g, 16.64 mmol) was added and stirred. The solution was
continuously stirred and refluxed for 12 hours. The resulting reaction mixture was allowed to
cool to room temperature and concentrated under reduced pressure to give a crude mixture.
Ethyl acetate (100 ml) was added to the mixture and stirred at room temperature for 30 minutes.
The mixture was filtered and the filtrate was concentrated under reduce pressure to give a light-

yellow oil which solidified at room temperature (yield: 1.13 g, 89.94%).

Physical characteristics: A yellow oil. FT-IR (ATR): Vmax (cm) = 3379, 2946, 1762, 1687,
1549, 1490, 1440, 1400, 1335, 1156, 1051, 842, 778, 724. *H NMR (400 MHz, CDCl3): & 6.12-
6.11 (t, J = 1.7 Hz, 2H), 3.40 (d, 3 = 6.4 Hz, 2H), 3.38 (m, 2H), 3.27-3.26 (dd, J = 2.8, 1.5 Hz,
2H), 2.75-2.72 (t, J = 6.4 Hz, 2H) 1.75-1.72 (dt, J = 8.8, 1.5 Hz, 1H), 1.55-1.53 (d, J = 8.8 Hz,
1H). 33C NMR (100 MHz, CDCls) and DEPT-135: & 177.98 (C=0), 134.57 (C=C), 52.31
(CHy), 45.81 (CH), 44.92 (CH), 41.67 (CH?>), 40.11 (CH2). MS (HR-ESI) m/z: calc. 207.1128
(M+H"), found 207.1135 (M+H"*), 208.1165, 209.1179, 229.0949 (M+Na), 230.0991.
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3.3.2.2.8: 4-[2-(3,5-Dioxo-4-azatricyclo[5.2.1.0%%]dec-8-en-4-yl)ethyl]-4-azatricyclo

[5.2.1.0*°]dec-8-ene-3,5-dione (15)

0] (0]
[/ HN =
+ Toluene N \\
0 —_—
Reflux O\\ /\/ O
\E) NH, N
0

To a solution of 4-oxatricyclo[5.2.1.026]dec-8-ene-3,5-dione (7, 0.5 g, 3.05 mmol) in toluene
(150 ml), ethylenediamine (0.5 g, 8.32 mmol) was added and stirred. The solution was
continuously stirred and refluxed for 12 hours. The resulting reaction mixture was allowed to
cool to room temperature and concentrated under reduced pressure to give the crude mixture.
The crude mixture was re-crystallised from ice-cold methanol to give white crystals (yield:
0.13 g, 12.32%).

Physical characteristics: A white crystal, Mp: 262-265 °C. FT-IR (ATR): Vmax (cm™) = 2998,
1759, 1690, 1435, 1379, 1336, 1154, 1029, 975, 842, 780, 716. *H NMR (400 MHz, CDCls):
 6.05 (m, 4H), 3.46 (m, 4H), 3.33(m, 4H), 3.23-3.22 (dd, J = 2.8, 1.5 Hz, 4H), 1.72-1.70 (d, J
= 8.7 Hz, 2H), 1.52-1.50 (d, J = 8.7 Hz, 1H). C NMR (100 MHz, CDCls) and DEPT-135: &
177.70 (C=0), 134.45 (C=C), 52.14 (CH>), 45.96 (CH), 44.67 (CH), 36.37 (CH.). MS (HR-
ESI) m/z: calc. 353.1496 (M+H"), found 353.1497 (M+H™), 354.1530, 355.1556, 375.1319
(M+Na), 376.1349, 377.1372.

It should be noted that the procedure leading to the formation of compound 15 is similar to that
of compound 14 thus it could be described as secondary product. However, they differed in the
work-ups and reagents concentrations. This, and the fact that the reactions were performed at

different time justified the reason why the reaction procedures were outlined differently.
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3.3.2.2.9: 4-(3-Aminopropyl)-4-azatricyclo[5.2.1.0%®]dec-8-ene-3,5-dione (16)

)
[/ HN
Toluene 0
O + —_— —
\ Reflux // N

° N
NH; NH

4-Oxatricyclo[5.2.1.0>®]dec-8-ene-3,5-dione (7, 0.8 g, 4.87 mmol) was dissolved in toluene
(150 ml). To this solution, 1,3-diaminopropane (0.5 g, 6.75 mmol) was added. After the
addition, the reaction mixture was stirred and refluxed for 14 hours. The reaction mixture was
allowed to cool to room temperature and the solvent was evaporated under reduce pressure to
give a crude yellow mixture. To purify, the crude mixture was column chromatographed on
silica gel. Elution with 90% ethyl acetate in methanol afforded the final product as a light-
yellow oil (yield: 0.54 g, 50.76%).

Physical characteristics: A light yellow oil. FT-IR (ATR): Vmax (cm™) = 3372, 2944, 2868,
1729, 1658, 1474, 1406, 1339, 1299, 1251, 1193, 1127, 977, 918, 840, 747, 717. *H NMR (400
MHz, CD30D): 6 6.03-6.01 (dd, J =5.6, 2.7 Hz, 1H), 5.99-5.97 (dd, J = 5.6, 2.7 Hz, 1H), 3.33-
3.30 (m, 2H), 3.29-3.26 (m, 2H), 3.23-3.22 (dd, J = 3.2, 1.6 Hz, 2H), 3.17-3.16 (m, 1H), 3.15-
3.12 (dd, J=7.8, 4.6 Hz, 1H), 1.71-1.65 (dd, J = 13.7, 5.1 Hz, 1H), 1.64-1.59 (dt, J = 6.7, 4.8
Hz, 1H) 1.58-1.55 (dt, J = 8.6, 1.6 Hz, 1H), 1.49-1.47 (d, J = 8.6 Hz, 1H). 3C NMR (100 MHz,
CD30D) and DEPT-135: § 176.9 (C=0), 159.23 (C=0), 134.28 (C=C), 134.03 (C=C), 50.83
(CHy), 45.56 (CH), 45.50 (CH), 44.42 (CH), 43.79 (CH), 43.73 (CH>), 37.30 (CH,), 18.72
(CH>). MS (HR-ESI) m/z: calc. 221.1285 (M+H"), found 221.1288 (M+H™), 222.1316.
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3.3.2.2.10: 4-(4-Aminobutyl)-4-azatricyclo[5.2.1.0%%]dec-8-ene-3,5-dione (17)

NH,

Toluene —0
O + —_— >

Refux /N
0

\ ¥\j
0
NH,

NH,

To a 250 ml round-bottom flask, 4-oxatricyclo[5.2.1.02%]dec-8-ene-3,5-dione (7, 0.5 g, 3.05
mmol) dissolved in toluene (150 ml) and 1,4-diaminobutane (0.8 g, 9.08 mmol) were added.
The resulting solution was stirred and refluxed for 15 hours. The reaction mixture was allowed
to reach room temperature and concentrated in vacuo to give a crude yellow mixture. For the
purpose of purification, the crude mixture was subjected to column chromatography on silica
gel and elution with ethyl acetate/ammonia/methanol (69:1:30). The elution gave the final
product as light-yellow oil (0.4 g, 56.34%).

Physical characteristics: A light yellow oil. FT-IR (ATR): Vmax (cm™) = 3387, 2941, 2869,
1760, 1684, 1567, 1436, 1337, 1217, 1146, 1024, 896, 843, 723. *H NMR (400 MHz, CDCly):
3 6.08 (t, J = 1.6 Hz, 2H), 3.37 (m, 2H), 3.34-3.30 (t, J = 7.1 Hz, 2H), 3.23-3.22 (dd, J = 2.7,
1.4 Hz, 2H), 2.68-2.65 (t, J =6.9 Hz, 2H), 1.73-1.70 (dt, J = 8.8, 1.4 Hz, 1H), 1.53-1.51 (d, J
=8 Hz, 1H), 1.48-1.42 (m, 2H) 1.41-1.34 (m, 2H). *C NMR (100 MHz, CDCls) and DEPT-
135: 8 177.76 (C=0), 134.23 (C=C), 52.24 (CH>), 45.74 (CH), 44.90 (CH), 41.61 (CH), 38.15
(CH2), 30.88 (CHy), 25.14 (CH>). MS (HR-ESI) m/z: calc. 235.1441 (M+H"), found 235.1443
(M+H™), 236.1475, 237.1502, 257.1261 (M+Na).

72 http://etd.uwc.ac.za/ Chapter 3 — Synthetic procedure



3.3.2.2.11: 4-[2-(Dimethylamino)ethyl]-4-azatricyclo[5.2.1.0%°]dec-8-ene-3,5-dione (18)

/0 NH,
Toluene —0
O + —_
{ Reflux o N
N O
O  H,e” CH,
N—CH,
H3C

To a solution of 4-oxatricyclo[5.2.1.0%6]dec-8-ene-3,5-dione (7, 0.6 g, 3.65 mmol) in toluene
(150 ml), 0.8 g (9.08 mmol) of N,N-dimethylethylenediamine was added. The resulting solution
was continuously stirred and refluxed for 15 hours. The reaction mixture was allowed to return
to room temperature while stirring. The solvent was evaporated under reduced pressure, and
the residue was subjected to column chromatography on silica gel. Elution of the residue with
90% ethyl acetate in methanol gave a white oil that solidified at room temperature to give the
final product as white powder (0.83 g, 96.5 %).

Physical characteristics: A white powder, Mp: 83-85 °C. FT-IR (ATR): Vmax (cm™) = 3456,
2971, 2789, 1739, 1687, 1355, 1229, 1152, 1046, 1001, 950, 914, 843, 778, 722. *H NMR (400
MHz, CDCl3): 8 6.06 (t, J = 1.6 Hz, 2H), 3.44-3.41 (t, J = 6.9 Hz, 2H), 3.35 (m, 2H), 3.24-3.23
(dd, J=2.8, 1.5 Hz, 2H), 2.32-2.29 (t, J = 6.9 Hz, 2H), 2.20 (s, 6H), 1.71-1.69 (dt, J =8.7,1.4
Hz, 1H), 1.52-1.50 (d, J = 8.7 Hz, 2H). **C NMR (100 MHz, CDCls) and DEPT-135: § 177.70
(C=0), 134.37 (C=C), 56.26 (CH.), 52.09 (CH>), 45.77 (CH), 45.37 (CH3), 44.85 (CH), 36.19
(CH2). MS (HR-ESI) m/z: calc. 235.1441 (M+H"), found 235.1442 (M+H"), 236.1475,
237.1505, 257.1267 (M+Na).
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3.3.2.3 Synthetic procedures and characterisation data of compound 19-23

Epoxidation of dicyclopentadiene yielded 4,10-dioxapentacyclo[6.3.1.0%7.0%3°.0%!]dodecane
(19) which was used as scaffold for all further synthesis within this series.

3.3.2.3.1: 4,10-Dioxapentacyclo[6.3.1.0>7.0%°.0%!]dodecane (19)

@)

Toluene/Na ,CO5 * 1.5 H,0,
Acetic anhydride/60 °C

To a mixture of dicyclopentadiene (7.2 ml, 52.95 mmol) and toluene (200 ml) in a high-
pressure metal reactor, sodium percarbonate (45 g, 286.61 mmol) and acetic anhydride (50 ml,
528.95 mmol) were added. The reaction mixture in the reactor was heated to 60 °C and was
continuously stirred. After 24 hours, the reaction mixture was allowed to cool to room
temperature and washed with water (100 ml x 4). The organic fraction was dried over
anhydrous magnesium sulphate and. the solvent was evaporated under reduced pressure
affording a white residue, which was crystallized from hexane to give a white crystal as the
final product (yield: 4.72 g, 54.32%). The NMR data and melting points of compound 19

correspond to those reported in the literature (Zhao et al., 2013).

Physical characteristics: A white crystal, Mp: 176-180 °C. FT-IR (ATR): Vmax (cm™) = 3456,
2971, 1739, 1367, 1217, 997, 827, 691. *H NMR (400 MHz, CDCls): & 3.54-3.53 (t, J = 2.2
Hz, 1H), 3.40-3.39 (d, J = 2.3 Hz, 1H), 3.27-3.26 (d, J =3.3 Hz, 1H), 3.22 (d, J = 2.9Hz, 1H),
2.69-2.67 (dd, J = 4.2, 1.4 Hz, 1H), 2.62-2.59 (dd, J = 8.2, 4.4 Hz, 1H), 2.51-2.45 (m, 2H),
1.93-1.87 (dd, J = 15.4, 8.9 Hz, 1H), 1.83-1.77 (m, J = 15.6, 3.5, 2.6 Hz, 1H), 1.44-1.42 (d, J
= 9.8 Hz, 1H), 0.85-0.83 (d, J = 9.8 Hz, 1H). 3C NMR (100 MHz, CDCls) and DEPT-135: &
61.76 (CHO), 58.70 (CHO), 49.01 (CHO), 48.77 (CHO), 48.35 (CH), 44.60 (CH), 39.92 (CH),
39.17 (CH), 29.63 (CH2), 26.98 (CHy).
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3.3.2.3.2: Synthetic procedures and characterisation data of compounds 20 and 21

HO HO
H,0/115 C
150 W/72 hrs/150 psi ] F

A mixture of 4,10-dioxapentacyclo[6.3.1.0%7.0%°.0%!]dodecane (19, 0.82 g, 4.99 mmol) and
benzylamine (0.4 g, 3.72 mmol) were added to a microwave reaction vessel containing a

magnetic stirrer. To this mixture, water (10 ml) was added. The vessel was placed in the
microwave reactor and subjected to the following conditions: Power = 150 W; T =110 °C; P
= 250 psi. After 72 hours, the cloudy mixture was cooled to room temperature and extracted
with dichloromethane (15 ml x 4). The combined organic layers were dried over anhydrous
magnesium sulphate and concentrated in vacuo to give a dark brown oil containing a mixture
of diastereomers 20 and 21. The crude material was purified by silica gel column
chromatography eluding with 100% ethyl acetate to afford yellow oils which solidified at room
temperature to give creamy white powders (yield: 20;.0.43 g, 31.85%) (yield: 21; 0.29 g,
21.48%).

3.3.2.3.2.1: 7-Benzyl-7-azatetracyclo[6.2.1.0%%.0*°Jundecane-5,11-diol (20)

Physical characteristics: A creamy white powder, Mp: 143-145 °C. FT-IR (ATR): Vmax (cm™)
= 3409, 2970, 2950, 1739, 1450, 1366, 1217, 1043, 991, 890, 774, 699. *H NMR (400 MHz,
CDCl3): 6 7.35-7.21 (m, 5H), 5.29 (bs, OH), 4.28 (m, 1H), 3.89 (m, 1H), 3.85-3.70 (dd, J =
13.7 Hz, 2H), 2.90-2.89 (d, J = 1.8 Hz, 1H), 2.76-2.75 (d, J = 4.8 Hz, 1H), 2.56-2.50 (dd, J =
14.8, 7.7 Hz, 1H), 2.31 (m, 1H), 2.27-2.26 (d, J = 4.9 Hz, 1H), 2.22-2.20 (d, J = 7.4 Hz, 1H),
1.92-1.90 (d, J=10.3 Hz, 1H) 1.80-1.77 (d, J = 14.1 Hz, 1H), 1.72-1.66 (m, 1H), 1.34-1.32 (d,
J =10.1 Hz, 1H). *3C NMR (100 MHz, CDCls) and DEPT-135: § 139.22 (Ar-C), 128.76 (Ar-
C), 128.35 (Ar-C), 127.06 (Ar-C), 74.85 (CH), 71.14 (CH), 67.06 (CH), 63.48 (CH), 58.15
(CH2), 51.41 (CH), 44.08 (CH), 41.16 (CH), 36.83 (CH>), 35.44 (CH), 24.81 (CH2). MS (HR-
ESI) m/z: calc. 272.1645 (M+H™"), found 272.1648 (M+H"), 273.1684, 274.1718, 294.1483
(M+Na).
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3.3.2.3.2.2: 7-Benzyl-7-azatetracyclo[6.2.1.02°.0*1°Jundecane-5,9-diol (21)

Physical characteristics: A creamy white powder, Mp: 135-140 °C. FT-IR (ATR): Vmax (cm™)
= 3357, 2971, 2940, 2852, 1739, 1450, 1366, 1217, 1009, 916, 838, 778, 746, 705. *H NMR
(400 MHz, CD30D): & 7.32-7.18 (m, 5H), 4.44-4.43 (d, J = 3.4 Hz, 1H), 4.34-4.33 (d, J = 3.4
Hz, 1H), 4.14-4.13 (d, J = 3.1Hz, 1H), 3.94 (m, 1H), 3.72 (s, 2H), 2.68-2.67 (d, J = 1.9 Hz,
2H), 2.21 (s, OH), 2.19-2.18 (m, 1H), 2.09-2.06 (t, J = 6.9 Hz, 1H), 2.02 (s, OH), 1.86-1.84 (d,
J=9.2 Hz, 1H) 1.64-1.59 (Q, J =10.6, 5.0 Hz, 1H), 1.40-1.37 (d, J = 11 Hz, 1H), 1.11-1.09 (d,
J =9.2 Hz, 1H). *3C NMR (100 MHz, CDsOD and DEPT-135: § 140.64 (Ar-C), 128.71 (Ar-
C), 128.52 (Ar-C), 126.96 (Ar-C), 71.09 (CH), 71.01 (CH), 68.27 (CH), 64.05 (CH), 58.08
(CHy), 47.12 (CH), 43.84 (CH), 43.32 (CH), 36.87 (CH2), 30.01 (CH2). MS (HR-ESI) m/z:
calc. 272.1645 (M+H"), found 272.1647(M+H"), 273.1681, 274.1739.

3.3.2.3.3: Synthetic procedures and characterisation data of compounds 22 and 23

= HO
0]
H,0/110 °C
+ > +
150 W/60 hrs/200 psi N N
OH
/NH OH
O H,N
22 23

4,10-Dioxapentacyclo[6.3.1.0%7.0*°.0%!]dodecane (19, 1 g, 6.09 mmol) was placed in a 30 ml
glass reactor vessel. To the same vessel, phenylhydrazine (2 g, 18.49 mmol) and water (10 ml)
were added. The cloudy mixture was heated in a microwave reactor (150 W) at 110 °C. The
pressure was set at 200 psi and continuously stirred for 60 hours. After completion, the reaction
mixture was allowed to cool to room temperature and was extracted with dichloromethane (15
ml x 4). The combined organic fractions were washed with water (50 ml), dried over anhydrous
magnesium sulphate, and concentrated under reduced pressure to give a dark crude mixture.
The crude mixture was purified by column chromatography on silica gel. Hexane (25%) in
ethyl acetate was used as an eluding solvent to afford the diastereomers (64:36) as a dark yellow
oil (yield: 0.32g, 20.10%).
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Different mobile phases, each with distinctive polarities, were used to separate compounds 22
and 23, but were unsuccessful. However, the NMR spectra (*H, *C and DEPT) showed a
mixture of diastereomers, each with different proton integrations. Based on the integration
values, the percentages of each compound in the mixture were obtained as 64% for compound
22 (major) and 36% for compound 23 (minor).

3.3.2.3.3.1: 7-Phenyl-7-azatetracyclo[6.2.1.026.0*1°Jundecane-5,11-diol (22)

Physical characteristics: A dark yellow oil. FT-IR (ATR): Vmax (cm™) = 3326, 2971, 2954,
2243, 1739, 1661, 1596, 1497, 1371, 1217, 1023, 907, 727. *H NMR (400 MHz, CDCl3): §
7.25-7.23 (m, 2H), 6.95-6.93 (d, J = 8 Hz, 2H), 6.79-6.75 (t, J = 7.2 Hz, 1H), 4.01-4.00 (d, J =
3.2 Hz, 1H), 3.96 (m, 1H), 3.93 (m, 1H), 3.65-3.64 (d, J =7.4 Hz, 1H), 2.64-2.58 (dd, J = 15.8,
7.7 Hz, 1H), 2.41 (bs, OH), 2.34-2.29 (m, 1H), 2.28 (bs, OH), 2.14-2.12 (d, J = 10.8 Hz, 1H),
2.08-2.05 (d, J = 10.3 Hz, 1H), 1.98-1.93 (Q, 3= 9.5, 4.1 Hz, 2H), 1.81-1.74 (dt, J = 15.6, 5.2
Hz, 1H), 1.45-1.43 (d, J = 10.2 Hz, 1H) . **C NMR (100 MHz, CDCl3) and DEPT-135: § 149.87
(Ar-C), 129.36 (Ar-C), 118.42 (Ar-C), 116.12 (Ar-C), 75.81 (CH), 74.78 (CH), 63.44 (CH),
61.89 (CH), 51.80 (CH), 44.78 (CH), 41.62 (CH), 37.13 (CH>), 35.74 (CH), 27.33 (CH,). MS
(HR-ESI) m/z: calc. 258.1489 (M+H"), found 258.1492 (M+H?*), 259.1523, 260.1557.

3.3.2.3.3.2: 7-Phenyl-7-azatetracyclo[6.2.1.0%6.0*'°Jundecane-5,9-diol (23)

Physical characteristics: A dark yellow oil. FT-IR (ATR): Vmax (cm™) = 3326, 2971, 2954,
2243, 1739, 1661, 1596, 1497, 1371, 1217, 1023, 907, 727. *H NMR (400 MHz, CDCls): &
7.21-7.19 (d, J=6.9Hz, 2H), 6.68-6.65 (t, J = 7.3 Hz, 1H), 6.62-6.61 (d, J = 7.9 Hz, 2H), 4.48-
4.47 (d, J=5.2 Hz, 1H), 3.92-3.90 (d, J =5.3 Hz, 1H), 3.63-3.62 (d, J = 5.4 Hz, 1H), 3.10-3.05
(Q,J=10.4,5.1 Hz, 1H), 2.94 (s, OH), 2.87 (s, OH), 2.82-2.74 (St, J = 15.2, 10, 4.9 Hz, 1H),
2.68-2.67 (t, J = 4.8 Hz, 1H), 1.92-1.91 (d, J = 4.1 Hz, 2H), 1.74 (m, 1H), 1.7 (m, 1H), 1.67-
1.64 (d, J = 10.2 Hz, 1H) 1.58-1.51 (dd, J = 15.5, 10.1 Hz,1H). 3C NMR (100 MHz, CDCls)
and DEPT-135: & 145.08 (Ar-C), 129.39 (Ar-C), 115.82 (Ar-C), 112.30 (Ar-C), 77.92 (CH),
75.39 (CH), 68.50 (CH), 49.23 (CH), 45.83 (CH), 43.94 (CH), 43.63 (CH), 36.94 (CH>), 31.35
(CH2). MS (HR-ESI) m/z: calc. 258.1489 (M+H"), found 258.1492 (M+H"), 259.1523,
260.1557.

3.3.2.4 Characterisation data of compound 24-27

The synthesis, isolation and purification of compound (24-27) were done by Dr Vitalii A.

Palchykov at the Oles Honchar Dnipro National University, Department of Organic Chemistry,
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Ukraine. The structures of these compounds were already confirmed and published (Kas'yan
& Palchikov, 2010; Palchikov et al., 2014).

3.3.2.4.1: 2-Azabicyclo[2.2.2]octan-6-0l (24)

OH
H@/

Physical characteristics: A white powder.*H NMR (400 MHz, CD3s0D): § 4.16-3.94 (m, 1H),
3.31-3.21 (m, 1H), 3.07-2.93 (m, 2H), 2.20-2.01 (m, 2H), 1.87-1.37 (m, 5H). *C NMR (100
MHz, CD30D): 6 67.23, 43.95, 35.08, 34.26, 27.28, 23.95, 22.72. MW: 127.18 g/mol.

3.3.2.4.2: 4-Azatricyclo[5.2.2.0?%Jundec-8-ene (25)

Physical characteristics: A white powder. *H NMR (400 MHz, CDsOD): § 6.33-6.31 (dd, J =
4.3, 3.5 Hz, 2H), 3.46-3.41 (dd, J = 11.7, 7.6 Hz, 2H), 2.76-2.71 (dd, J = 11.4, 6.3 Hz, 2H),
2.68 (m, 2H), 2.61-2.58 (Q, J = 6.8, 2.8 Hz, 2H), 1.58-1.53 (m, 2H), 1.33-1.29 (m, 2H). 3C
NMR (100 MHz, CD30D): 6 133.78 (C=C), 50.12 (CH), 42.17 (CH2), 32.35 (CH>), 23.55
(CH2). MW: 149.23 g/mol.
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3.3.2.4.3: 7-Azatetracyclo[6.3.0.02%.03%lundecane-5,9-diol (26)

HO

HN
OH

Physical characteristics: A light brown powder. *H NMR (400 MHz, DMSO-ds): § 5.25 (d, J
= 3.4 Hz, 1H), 5.20-5.19 (d, J = 2.4 Hz, 1H), 4.28-4.27 (d, J = 2.3 Hz, 1H), 4.12 (bs, 1H), 3.13-
3.12 (d, J = 5 Hz, 1H), 2.38 (bs, OH), 2.31-2.29 (d, J = 6 Hz, 1H), 2.27-2.23 (t, J = 6.5 Hz,
2H), 2.01-1.99 (d, J = 9.8 Hz, 1H), 1.87-1.77 (m, 2H), 1.32-1.29(d, J = 9.8 Hz, 1H). 3C NMR
(100 MHz, DMSO-ds): 6 72.91, 70.53, 59.92, 58.71, 46.34, 43.27, 42.27, 37.83, 26.76. MW.:
181.23 g/mol.

3.3.2.4.4: Bicyclo[3.3.1]nonane-2,6-dione (27)

Physical characteristics: A brown powder. *H NMR (400 MHz, DMSO-dg): § 2.55-2.53 (m,
2H), 2.47-2.38 (m, 4H), 2.13 (s, 2H), 2.07-1.98 (m, 2H), 1.88-1.83 (m, 2H). *C NMR (100
MHz, DMSO-ds): 6 213.00, 43.65, 37.15, 31.03, 26.48. MW: 152.19 g/mol.

3.4 Discussion

The Diels-Alder reaction between p-benzoquinone and monomerised cyclopentadiene yielded
the adduct 1, an open cage polycyclic molecule, which was used to obtain the cage-like

compounds and derivatives thereof (2-6). The cycloaddition reaction that resulted in the
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formation of 1 was performed in a mixture of hexane (4 parts) and ethylacetate (1 part) to give
the exo- (minor) and endo- (major, +/- 95% yield) isomers after recrystallisation from hexane
as 100% vyield. In the presence of zinc and acetic acid, the sonication of compound 1 (30 mins)
selectively reduced the double bond next to the two ketal groups to afford 2 in substantial yield
(71.2%). Further reduction of 2 utilising NaBH4, a strong reducing agent, promoted the
formation of the keto-alcohol 3. The asymmetric reduction of the diketal groups may be due to
the steric hindrance caused by the cage-like structure and/or the weak electrostatic effect as
well as dispersion forces resulting from the solvents and reductant (Constantino et al., 2000;
Ito et al., 2007; Yang et al., 2018). This might have affected the hydrogen bonding abilities of
the unreacted ketal group. The selective reduction could also be attributed to lower
concentration of hydrogen bond donors (reductant) in the solvent mixtures. The structures of
these compounds (1, 2 & 3) were elucidated and confirmed through spectroscopic data (*H-,
13C-, DEPT-135-NMR and IR). The formation of compound 4 resulted from the reaction
between tricyclo[6.2.1.0%"Jundeca-4,9-diene-3,6-dione and cyclopentadiene, in the presence of
NaH and CH3COOH. In the work up reaction leading to compound 4, 6-
(propylamino)tricyclo[6.2.1.0%7Jundec-9-en-3-one was expected as the product. However,
pentacyclo[10.2.1.158.0>%.0*%Jhexadeca-6,13-diene-3,10-dione (4) was obtained at a yield of
12.4% and this was possible due to reaction between impurities (cyclopentadiene and
tricyclo[6.2.1.02"Jundeca-4,9-diene-3,6-dione (1)) transferred from the intermediate product.
The work up allowed further Diels-Alder reaction between the enedione of 1 and
cyclopentadiene to afford the double adduct 4. In addition to the NMR spectra, MS and

elemental analysis was used to confirm compound 4.

For compounds 1-4, the characteristic vibration bands between 1600 cm™ and 1700 cm™ for
the carbonyl group were observed in the IR spectra. The appearance of a broad peak at 3398
cm? indicates the presence of the hydroxyl group as seen in compound 3. In the NMR spectra,
the bridge protons resonated as a doublet of triplets in the & = 1.42-1.53 ppm region and a
doublet in the 6 = 1.26-1.41 ppm region for 1-4 (figure 3.1). The formation of two multiplets
upfield at 6 = 2.26-2.36 ppm and & = 2.58-2.68 ppm confirmed the successful reduction of
compound 1 to form 2. The resonance of an additional CH2 observed in the upfield region of
the DEPT-135 spectra supported the formation of compound 2. The upfield shift observed in 2
was due to the shielding of the carbon atoms caused by the increased in number of hydrogen
atoms formed after selectively reducing the double bond in cyclohexyldione region of the cage

molecule. The multiplets at & = 4.28-4.33 ppm in the *H spectrum and § = 67.74 ppm in the 2*C
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spectrum confirmed the formation of the keto-alcohol seen in compound 3. The M+Na peak at
m/z 263.1039 and 81.53% of carbon atoms present as per the elemental analysis, suggest the
presence of 16 carbon atoms, as seen in 4. In the elemental analysis, the percentage
compositions were found to differ by 1.5-2.3%, and these were attributed to slight impurities
present in the final product. Alternatively, the differences can also be linked to incomplete
combustion of compound 4 leading to incorrect quantitative analysis of the corresponding
atoms. These characteristics together with the NMR (H, *C, DEPT-135 & HSQC) spectra
obtained were used to elucidate and confirm the structure of compound 4, In the *H spectrum,
the triplet, integrating for four protons, was observed downfield at & = 6.17-6.18 ppm and was
assigned to the cyclic alkenes moieties. The signals observed at & = 3.34 ppm and 6 = 2.86 ppm
were identified as multiplets, each also integrating for four protons and were assigned to the
cyclic CH group. In the 3C and DEPT-135, the characteristic carbonyl signal § = 212.66 ppm
was observed downfield. The signal for the cyclic alkenes moieties was also observed
downfield at 6 = 136.36 ppm while the characteristic signal for the bridge carbons (CH2) was
observed upfield at 6 = 49.58 ppm. The symmetrical nature of the structure of 4 accounted for
the lower number of signals or peaks observed in the NMR spectra.

Figure 3.1: The signals of the bridge proton of compound 2 in *H NMR at 400 MHz.

Benzylamine (2.7 molar equivalent) or 1-aminopiperidine (1 molar equivalent) were reacted
with compound 2 to afford the secondary amine derivatives in yields of 16.2% (5) and 36.44%
(6), respectively. Compound 5 and 6 were obtained from a one-step reaction that involves a

Schiff base reaction to form imine derivatives as intermediates. These intermediates were

81 http://etd.uwc.ac.za/ Chapter 3 — Synthetic procedure



subsequently reduced by a strong base (NaBH4) to give the cyclohexylamine derivatives 5 and
6. In the NMR spectra of compound 5, the presence of the characteristic signal of the benzyl
protons that integrated for five protons were evident downfield at 6 = 7.25-7.38 ppm. The
presence of multiplet at 8 = 3.33 and singlet at 6 = 3.89 ppm with integration of 1H and 2H,
respectively, confirmed the formation of amine derivative (figure 3.2). The peak at 6 = 3.33
ppm was assigned to the proton at cyclohexyl region while the peak at 6 = 3.89 ppm was
assigned to the CH> group. The downfield assignment of the peaks was due to the electron-
withdrawing effect of the nitrogen atom directly attached to the carbons. The **C and DEPT-
135 spectrum showed four CH> signals that correspond to the number of carbon atoms with
two protons at 6 = 51.53, 50.26, 38.90 and 25.14 ppm; aromatic signals at 6 = 140.54, 128.50,
127.98 and 127.06 ppm; and a carbonyl signal at 6 = 213.40 ppm. In the IR spectra, the
characteristic absorption band for N-H and C=0O were observed at 1450 and 1685 cm?,
respectively. These characteristics together with the MS spectra peak (M+H) at m/z 268.1700

confirmed the structure of 5.
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Figure 3.2: Multiplet and singlets of the benzylamine moiety of compound 5 in *H NMR at 400 MHz.
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As expected, compound 6 showed similarities with compound 5 in the IR spectra, but differs
in the NMR spectra and mass spectra. In the *H spectrum, the doublet of doublets peaks
observed at 6 = 3.34-3.39 ppm (Hj=15.1, 6.6 Hz) Was assigned to the proton in the cyclohexylamine
region, and the high coupling constant was due to the electron-withdrawing effect of the
nitrogen atom directly linked to the proton. The protons in the piperidyl ring of the conjugate
derivative were observed upfield. The peaks in the ring showed: multiplet at 6 =2.43-2.71 ppm
(4H); multiplet at § = 1.56-1.62 ppm (4H); and multiplet at & = 1.36-1.42 ppm (2H). In the 3C
and DEPT-135 spectra, six CH> group peaks were observed upfield at 6 = 57.79, 50.17, 38.83,
26.17, 24.37 and 24.06 ppm while the peak observed at & =214.12 was assigned to the carbonyl
moiety present in 6 (figure 3.3).

=3.34-3.

[_75=333ppm m @:? 8 =3.34-3.39 ppm, dd

5= 389ppms @/b 2.43-2.71 ppm, m
8 =1.36-1.42 ppm, m=—

5 1.56-1.62 ppm, m
6 7.25-7.36 ppm, m

Figure 3.3: 'H NMR spectrum differences existing between 5 and 6.

The cyclo-addition reaction between maleic anhydride and monomerised cyclopentadiene
resulted in the formation of 7, an open cage-like molecule. This molecule was conjugated with
benzylamine,  1l-aminopiperidine,  propargylamine, propylamine, phenylhydrazine,
ethylenediamine, 1,3-diaminopropane, 1,4-diaminobutane and N,N-methylethylenediamine
through aminolysis to afford compounds 8-18 with yields of 6.27-96.5%. Under reflux
conditions, the aminolysis of 7 with excess benzylamine afforded the desired compound 8
(82.62%) and the minor dibenzylamide derivative 9 (6.27%) in a ratio of 13:1. A two-step
reaction was proposed for compound 9. In the same reaction leading to the formation of 9 and
10, it is believed that 7 was hydrolyse, resulting in the formation of Bicyclo[2.2.1]hept-5-ene-
2,3-dicarboxylic acid, an intermediate (Rzaeva et al., 2007; Foster et al., 2018). Condensation
between dicarboxylic moiety of the intermediate and benzylamine led to the formation of

diamide 9 as illustrated in Figure 3.4 (Leggio et al., 2017). Under similar condition, equivalent
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molar of l1-aminopiperidine, propargylamine and propylamine were conjugated with
compound 7 to afford 10 (47.1%), 11 (75.6%) and 12 (94.6%), respectively.

0
_ _ 7
0 o
J I | NH
Toluene/Triethylamine OH Benzylamine —O0
o — T HN
\ Reflux OH
o |
(6]
! - - 9

Intermediate

Figure 3.4: Proposed synthetic pathways of compound 9.

The reaction between compound 7 and ethylenediamine yielded the mono-substituted amine
14 and the di-substituted amine 15. Although both involve the same single reaction step, two
different work-up procedures of the crude mixture afforded compounds 14 and 15,
respectively. Precipitation of the crude mixture with ethylacetate and isolation of the filtrate
afforded 14 at a considerable high yield of 89.94%. Re-crystallisation of the crude product in
ice-cold methanol afforded 15 at a low yield of 12.32%. Compounds 16-18 differ from
compound 14 by the number of carbons between and/or attached to the diamines. Amongst the
diamine reactions, the highest yield (96.5%) was observed in the reaction involving N,N-
dimethylethylenediamine (18). This was expected as the di-methyl substitution protected one
of the amines, thus limiting by-product formation. This observation was also evident in 11
(75.58%) and 12 (94.55%). A very important observation was the absence of acid or base
catalyst in reactions involving the formation of compound 9 and 13. This differs from similar
reactions reported in the literature (Tarabara et al., 2004; Krishchik et al., 2004; Camm et al.,
2007 & Gomez-SanJuan et al., 2013). However, the reactions proceeded to give significant
yields of each compound as illustrated in outline 3.3.2.2.6 and 3.3.2.2.7. A plausible
explanation would be that the aminolysis of 7 produces water as by-product which is capable

of catalysing the reaction.

The structures of compounds 7-18 were elucidated and confirmed by NMR experiments that
include: *H, *3C, and DEPT-135. The IR and MS spectra were also employed to confirm these

structures.

In the IR spectra, the characteristic stretching signals for the carbonyl moiety were observed in
the region of 1654-1766 cm™ for 7-18. The signal in the region of 800-920cm™ and 1729-
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1841cm? indicates the presence of a five membered heterocyclic ring in all the compounds
except 9. The appearance of stretching absorption bands at 1654cm™? (strong) and 3304 cm'™
(medium), which were attributed to the C=0 and N-H group respectively, suggests the presence
of the amide moiety in compound 9. Similarly, the N-H group also exist in the structure of 13,
and was observed as a medium sharp peak at 3282 cm™. The characteristic medium and broad
stretching signal for aliphatic primary amines (NH2) were observed in the 3372-3386 cm'*
range for compounds 14, 16, and 17. The strong sharp absorption bands at 3265 cm™, as seen
in the IR spectrum of compound 11, supported the presence of aliphatic alkyne in the structure.

In the *H NMR spectrum, the bridge protons resonate upfield as a doublet of triplets and a
doublet for all the azatricycloundecane derivatives except for compounds 9 and 15 that
appeared as two doublets. The doublet of triplets and doublet of compounds 7, 8, 10, 11, 12,
13, 14, 16, 17 and 18 were observed in the region of & = 1.55-1.81 and 1.45-1.59 ppm,
respectively, while the bridge protons of 9 and 15 appeared in the region of 6 = 1.24-1.72 ppm
as two doublets. The characteristic peaks for aromatic protons were evident downfield in the
spectra of 8, 9 and 13. The aromatic protons of compounds 8 and 9 were observed as multiplets
in the 6 =7.18-7.31 ppm region, integrating for five and ten protons, respectively. Unlike 8 and
9, the aromatic protons of 13 were observed as a doublet of doublets (6 = 7.20-7.24 ppm), a
triplet (6 = 6.93-6.97 ppm) and a doublet (6 = 6.75-6.76 ppm). The piperidyl ring of compound
10 was evident in the proton NMR spectra. A triplet (6 = 3.07-3.10 ppm) and a multiplet (6 =
1.61-1.67 ppm) were observed and assigned to the piperidyl ring protons, each integrating for
four protons. The electron-withdrawing effect of the nitrogen atom in the heterocyclic ring
causes a downfield shift of the CH> protons adjacent to the heterocyclic nitrogen. The multiplet
observed upfield at & = 1.37-1.43 ppm was also assigned to the piperidyl protons as its
integration accounted for the final two protons. The H spectrum of compound 11 showed a
doublet signal at 6 4.09 ppm (Hj=25Hz) and a triplet at 6 2.13 ppm (H; = 25 Hz) With integration
for two and one protons, respectively. These signals together with the coupling constants
observed confirms the presence of the propargyl conjugate in 11. In comparison, the
appearance of a multiplet at & = 1.41-1.51 ppm (H; =75 1) that integrated for two protons and
a triplet at 6 = 0.87-0.84 ppm (H;=7.4 1) that integrated for three protons, as seen in compound
12, indicate the presence of the propyl conjugate that replaced the propargyl moiety. The
protons of compounds 14-18 were all accounted for. In the proton spectra of 14, the CH>
protons adjacent to the aliphatic primary amine were observed at 6 =2.72-2.75 ppm (Hi=6.4Hz)

as a triplet while the CH> protons adjacent to the heterocyclic nitrogen were observed at 6 =
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3.40 ppm (Hy=64Hz) as a doublet. The downfield shift of the former was due to a higher
deshielding effect of the heterocyclic nitrogen when compared to the primary amine. In
contrast, compound 15 showed no signals between 2.00 ppm and 3.00 ppm. The disappearance
of this signals suggest that the ethylenediamine had undergone di-substitution at both amines
to afford 15. Due to the symmetrical nature of the carbons, the signal for the two CH- adjacent
to the nitrogens was observed as multiplet at 6 = 3.46 ppm, integrating for four protons. By
comparison to 14, the appearance of a doublet of doublets at 6 = 1.65-1.71 ppm signal and a
doublet of triplets 6 = 1.59-1.64 ppm signal upfield indicate the presence of an additional
aliphatic CH. which corresponds to the structure of 16. The structural similarities that also exist
between 14, 17 and 18 allows for spectral comparison and the allocation or assignment of
protons. When compared to 14, two additional CH: signals were observed upfield as multiplets,
each integrating for two protons, in the spectrum of compound 17. For compound 18, the
signals for the hydrogens of the two methyl groups were present as a singlet at 6 = 2.20 ppm
with an integration of six protons. The downfield shift of the CHs protons was expected due to
the influence of the nitrogen atom deshielding the methyl protons.

In the *3C NMR spectra, all carbon signals of compounds 7-18 were observed in the respective
regions. DEPT-135 experiments were also conducted for each compound in order to establish
the number of methyl, methylene and/or methine signals present. For compound 7, the carbonyl
signal was observed downfield at 6 = 171.3 ppm, and this downfield observation was common
in the 5 = 172.8-178 ppm region for the spectra of its derivatives (8-18). The characteristic **C
spectra signals for aromatic carbons were evident in the & = 115.0-138.2 ppm region for
compound 8, 9 and 13. The signal for the methylene carbon between the aromatic carbon and
the nitrogen atom was prominent in the DEPT-135 and **C spectra for 8 and 9. The absence of
this signal in the spectra of 13 provides confirmation to the presence of the phenylhydrazine
conjugate. The DEPT-135 experiment was also very useful in identifying the methylene
carbons of compound 10 as the CHz signals found at 6 = 52.2, 51.6, 25.9 and 23.1 ppm
correspond to the structure. For compound 11, the quaternary carbon and methylene carbon
signals of the propargyl conjugate were observed at 6 = 71 ppm and 27.2 ppm, respectively. In
contrast, compound 12 showed upfield shift signals at 21.2 ppmand 11.4 ppm for the respective
methylene and methyl carbons, thus confirming the presence of the propyl conjugate. Finally,
the differences in the structures of compound 14-18 were more pronounced when comparing
the methylene carbon signals of amine conjugates in the DEPT-135 spectra for each compound.

While compound 14 showed two methylene signals at 6 = 40.1 ppm and 41.7 ppm that
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correspond to its structure, only one signal at § = 36.4 ppm was observed in the *C and DEPT-
135 spectrum of 15. This was due to the symmetric nature that allowed one signal to represent
two methylene carbons as reflected in the spectra of 15. Compared to 14, compound 16 showed
one additional methylene carbon while compound 17 showed two in the respective spectra.
The methyl carbons of compound 18 were observed upfield as a single signal at 6 = 45.4 ppm
due to the symmetric nature of these carbons.

On the basis of the above experiments, it is safe to conclude that the structures and spectra of
each compound were in good agreement. The MS spectra showed the respective molecular ion
peaks that corresponded to each empirical formula of the compounds (8-18). This further
confirmed the identity of these compounds.

The epoxidation of dicyclopentadiene using sodium percarbonate in a high-pressure metallic
reactor afforded the corresponding diepoxide (19) in 54.32% yield. The diepoxide was then
conjugated with amines in aqueous medium under microwave condition to afford different

rearranged polycyclic amine cages (20-23).

A 0.75 molar equivalent of benzylamine was reacted with the diepoxide (19) in a microwave
system to afford a mixture of diastereomers 20 and 21. Upon extraction from water and
subsequent elution with ethyl acetate, 20 and 21 were separated and obtained in yields of
31.85% and 21.48%, respectively. It is important to point out that several solvents such water,
methanol, ethanol and toluene were employed in this reaction. However, only the reaction
involving the use of water produced a reasonable yield while the rest showed little or no yield.
This was attributed to water’s ability to act simultancously as catalyst and solvent at such a
high temperature, thus eliminating or reducing by product (Akiya and Savage, 2002; Medina-
Ramos et al., 2014). Hence, allowing the reaction to proceed thus favouring compound 20 and
21 formation. Interestingly, the use of a three molar excess of phenylhydrazine did not afford
the final product as a polycyclic cage amine with phenylhydrazine moiety. Instead, aniline
analogues (22 and 23) were obtained as diastereomers in a yield of 20.1% (64:36). When equal
molar of phenylhydrazine was used, very little or no product was observed. In an attempt to
separate these isomers, several mobile phases were employed. Unfortunately, the separation of
compounds 22 and 23 was not successful. The reasons for the aniline analogue formation could
be explained in two ways: (1) it may be that the phenylhydrazine was reductively cleaved by
the aqueous medium under high temperature and pressure to form aniline which ultimately

reacted with the diepoxide; or (2) the secondary amine adjacent to the phenyl group in the
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phenylhydrazine could have conjugated with the diepoxide. Prior to the conjugation, the
primary amine may have initially formed the nitro- group and subsequently been eliminated to
form the aniline analogues as seen in 22 and 23

Under conventional technique, the reaction that afforded compounds 20 and 21 occurred in a
high-pressure metallic reactor at a temperature greater than 160 °C utilizing water as a solvent
(Kas’yan & Palchikov, 2010). Under microwave condition as described earlier, the reaction
proceeded at a lower temperature although the yields were much lower than expected. The
reason for the poor yield might be explained by the suboptimal isolation and purification
techniques employed. It is important to mention that the actual pressure and power during
reaction were different from the set figures, and the time of reaction completion was not
investigated. However, the advantage of lower temperature could be beneficial in similar
reaction where reagents or reactants are prone to degradation by harsh reaction conditions.

Compound 19-23 were characterised and confirmed by MS, IR, and various NMR experiments
such as *H, 3C and DEPT-135. In the IR spectra of 19-23, there were stretching absorption
bands at 690-704, 1217, 1366-1370, 1739 and 2971 cm™ that suggest the presence of five
membered ring and methine group in each of the compounds. The bands in the 1217, 1366-
1370 and 1739 cm regions supported the presence of five membered ring while the bands in
the region of 690-704 and 2971 cm™ represent those of methine group. The appearance of a
strong stretching absorption signal at 827 cm™, as seen in the spectra of compound 19, suggest
the presence of an epoxide group(s). Weak broad absorption bands that indicate the presence
of an OH group(s) were also observed in the spectra of 20-23. It is important to note that the
epoxide absorption bands were absent in the IR spectra of 20-23. This clearly indicates that
these amines or intermediate amines interacted with both epoxide moieties to afford the

respective analogues.

The bridge protons of compound 19 was observed upfield at 6 = 0.84 and 1.43 ppm (H j=9.8Hz)
as two doublets, each integrating for one proton. The epoxy protons were also observed
downfield as a triplet and three doublets with the peaks in the 6 = 3.39-3.54 ppm (Hy=22/23 Hz)
region assigned to the norbornanyl epoxide moiety and the peaks in the 6 = 3.22-3.27 (Hy=29/3.3
Hz) Ppm region assigned to the five membered ring epoxide moiety. The structure of 19 was
further investigated by analysing the *3C and DEPT-135 spectra. The carbons adjacent to the
epoxy moiety were observed downfield at 6 = 48.77, 49.01, 58.70 and 61.76 ppm. This was
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due to the electron-withdrawing effect of the oxygen group. The presence of two CH: signals
identified upfield at 6 = 26.98 and 29.63 ppm correspond to the structure of compound 19.

For compound 20 and 21, the characteristic peaks for the aromatic protons (downfield) and the
bridge protons (upfield) were observed in the 6 = 7.12-7.35 ppm and 6 = 1.09-1.89 ppm (H20;
=10Hz; H213=9Hz) region, respectively. The multiplicity of the aromatic protons showed multiplet
peaks while the bridge protons were observed as two doublets. In the proton NMR spectrum
of 20, the two multiplets observed downfield at & = 4.28 and 3.89 ppm, each integrating for
one proton, were assigned to the protons adjacent to the hydroxyl group while the methylene
group in between the aromatic and amino moiety showed a doublet of doublets signal in the o
= 3.70-3.85 ppm region. These observations together with the appearance of two doublets
signals in the 6 = 2.89-2.90 ppm (H;= 18 Hz) and 2.75-2.76 ppm (H; = 48 Hz) regions, each
integrating for one proton, confirmed the presence of the benzylamine conjugate. By
comparison, 21 showed two doublets signals downfield in the 4.43-4.44 pm (H;y =34 Hz) and
4.33-4.34 (H; =34 Hz) ppm region, each integrating for one proton, and these signals were
assigned to the protons adjacent to the hydroxyl groups. Although they are not adjacent protons,
the coupling constant observed (J = 3.4 Hz) indicates close proximity to each other. Based on
this information, it was possible to determine the hydroxyl pasitions in the five-membered
cyclic ring. The position of the hydroxyl groups and the orientation of the molecular structure
in 21 allow protons adjacent to the hydroxyl moieties to have the same splitting effect on each
other, hence the coupling between them while no splitting effects were noticeable in the
molecular structure of 20. The methylene group was observed downfield as a singlet at 6 = 3.72
pm, which showed an integration for two protons. The protons adjacent to the amino group, in
the rearranged heterocyclic moiety, were also observed downfield at 6 = 4.13-4.14 ppm and 6=
3.94 ppm as a doublet and a multiplet, respectively, which also confirmed the benzylamine

conjugate.

Compounds 22 and 23 exist as a diastereometric mixture in a 3:2 ratio. The ratio was
determined from integrations of part of the benzyl peaks extracted from the *H spectrum in the
6-7 ppm region as shown in figure 3.4. The aromatic protons for 22 and 23 gives rise to a
multiplet, doublets and triplets in the 6.61-7.25 ppm region. All other protons were assigned
accordingly. It is important to note that there was no methylene peak observed in the 3.70-3.85
ppm region in the *H spectrum. This confirms the absence of the methylene moiety adjacent to
the benzyl group and confirms the presence of aniline moiety within the structures of 22 and

23. Since the structures are similar to compound 20 and 21, assignment of protons were done
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in the same manner. Based on the splitting behaviour of the protons adjacent to the hydroxyl
moieties, as seen in 20 and 21, each isomer was identified as compound 22 and 23. The protons
directly attached to the hydroxyl moieties were observed at 6 =4.01 and 3.96 ppm as doublets
and multiplet, respectively for compound 22 while those of 23 were observed as doublets, each
integrating for one protons, at 4.48 (Hy=52Hz) and 3.91 ppm (Hy=53Hz).

Figure 3.5: Aromatic region of the *H spectrum of compound 22 and 23.

In the $3C and DEPT-135 spectra for 20-23, the resonances of all the carbons were observed.
The aromatic signals were represented in the 112-150 ppm region. Both compounds 20 and 21
showed three methylene signals, while in compounds 22 and 23 only two methylene signals

were observed.

Finally, compound 20-23 showed molecular ion peaks (m/z) corresponding to the molecular
formula of each compound. The MS spectrum of compound 22 and 23 showed a molecular ion
peak m/z at 258.1492 [M+H]" which corresponds to the molecular formula C16H19NO2. This
finding also correlates to the NMR spectra observations that indicate the absence of

phenylhydrazine or benzylamine analogues, thus confirming the structure of 22 and 23.

Compounds 24-27 were included in the series due to the structural similarities. They were
characterised and confirmed by *H and 3C-NMR experiments and the signals observed in each

of the compound correspond to those found in the literature (Kas’yan & Palchikov, 2010;
Palchikov et al., 2014).
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3.5 Conclusion

The norbornane derivatives were successfully synthesised in sufficient yields. The low yields
observed in some reactions were due to the susceptibility of certain reactants to degradation by
heat and/or under acidic conditions, the separation and purification techniques employed in
obtaining final product from the crude mixture, and prolonged reaction times caused by slow
reactions. The yields could be improved by either performing reactions in a controlled
environment that limits degradation or optimising purification techniques that should minimise
product wastage. The synthesised compounds were characterised by MS, IR and NMR
techniques. The successful syntheses of the various diamine analogues also provide new
opportunities, as linking agents, for conjugation of privileged structures to these norbornane

derivatives.
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Figure 3.6: Proposed aliphatic amine conjugates.

In the series that include the synthesis of compound 1-6, conjugates of propargylamine,
propylamine, ethylenediamine, 1,3-diaminopropane, 1,4-diaminobutane and N,N-
methylethylenediamine were also proposed (figure 3.5). They were subjected to similar

reacting conditions as compound 5 and 6. However, none of the reactions proceed as expected.
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It is suggested that the reaction is favourable to the cyclic, heterocylic or aromatic conjugates
or moieties than aliphatic conjugate. The reactivity of the alicyclic conjugates may have been
due to the low activation energy required for their reactions when compared to the aliphatic
conjugates (Mereshchenko et al., 2015).

Reactions were also conducted under acidic, reflux or dean-stack condition using different
solvent such as THF, benzene and ethanol but none of the desired compounds were formed
even though one of the starting material (compound 2) was completely used up in the reaction
mixtures. A plausible explanation would be that compound 2 was completely degraded owing
to its susceptibility to low pH or thermal energy thus preventing the formations of these
conjugates. It is proposed that if subjected to low temperature and high pressure in a microwave
system, the formation of these conjugates are possible.

HO HO

N

r OH OH
H I

CH HsC
Figure 3.7: Proposed propargylamine and propylamine conjugates of compound 19.

In the compound 19-23 series, conjugates of propargylamine and propylamine were also
proposed (figure 3.6). In this case, products were formed but were insoluble in most organic
solvent including DMSO. Therefore, they were not isolated and analysis, and were excluded
in the list of series to be evaluated in biological assays as the solubility in DMSO is paramount

for activity testing.

In total, 27 compounds were successfully synthesised to be evaluated in cytotoxicity-,

neuroprotection-, NMDA receptor inhibition- and VGCC blockage studies.
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CHAPTER 4

Biological Studies

4.1 Introduction

The pathways or mechanisms that lead to various neurodegenerative disorders have been a
subject of debate for many years. Numerous studies have been proposed, but none could
establish a definite mechanism as they are still fragmented and poorly defined. However, it is
generally believed that these disorders are a consequence of interrelated processes which
eventually lead to neuronal cell death either by necrosis or apoptosis. Of the well known
multifactorial processes, the effect of excitotoxicity through calcium overload is prominent.
There is then need for compounds or molecules that not only modulate calcium influx under
pathological condition, but also have appropriate safety profiles. The objective of this chapter
is to evaluate the cytotoxicity, neuroprotection and neuronal calcium inhibition profiles of the
norbornane derivatives that were synthesised in the previous chapter. This was achieved by
various in vitro tests that utilise the human neuroblastoma SH-SY5Y cell-line for biological
studies. This cell-line that originates from the peripheral nervous system possesses components
of excitatory neurotransmission and contains receptors with high affinity to glutamate as well
as other ionotropic receptors (NMDA, AMPA and Kainate) that influence the level of
intracellular calcium. Moreover, the human neuroblastoma SK-NA-S cell line, a subclone from
which SH-SY5Y cells originate, has been shown to contain expression of transcription for
ionotropic glutamate receptors (Jantas et.al, 2014). These characteristics enable it to be used in
neurotoxicity and neuroprotection studies as a human culture model and align with our
biological studies. The safety profile of the compounds (1-27) in neuronal cells was assessed
by performing neurotoxicity assays in order to determine the optimum concentration for the
neuroprotection and Ca?* inhibition studies. The neuroprotection studies were performed to
investigate the anti-apoptotic abilities of the synthesised compounds against neurotoxin, 1-
methy-4-phenylpyridinium (MPP*), induced neuronal cell death in human neuroblastoma SH-
SY5H cells. Finally, calcium influx studies were performed to determine the Ca?* inhibitory
potential of the synthesised compounds on N-methyl-D-aspartate receptors (NMDAR) and
voltage gated calcium channels (VGCC) as these pharmacological targets play a vital role in

calcium overload as observed in numerous neurodegenerative disorders.
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4.2 Instrumentation

The readings of spectroscopic emission of light from intracellular Fura-2 (bound/unbound) in
the calcium inhibition studies were obtained on a Biotek Synergy™ Mx Monochromator-based
fluorescence microplate reader that uses Gen™ 5 data analysis software. The BMG Labtech
Omega® POLARstar multimodal plate reader was used in the cell viability studies
(neuroprotection and neurotoxicity assays) to measure the spectroscopic absorbance of treated
and untreated human neuroblastoma SH-SY5H cells. Black 96-well plates (mfr. No. Greiner
655076, Greiner Bio-one GmbH) were used in the fluorescence measurement experiment while
the transparent 96-well plates (mfr. No. Greiner 655101, Greiner Bio-one GmbH) were used
in the UV-absorbance assay. Appropriate micropipettes (P2G, P20G, P100G Pipetman
micropipettes (Gilson, Inc.)) for each accurate aliquot solution measurement were used to
achieve the desired concentrations needed for each experiment during the assay studies. In
order to reduce contamination, sample preparations were conducted under sterile condition in
a compact laminar flow cupboard (Labotec). Incubation of prepared samples was done in an
ESCO CelCulture Air Jacket COz incubator (Apex scientific).

4.3 Cytotoxicity Studies
4.3.1 Background

Cytotoxicity assays are commonly used to measure the toxic potential of substances or
chemicals on viable cells without necessarily highlighting their mechanism of action (Cudazzo
et al., 2019). Cytotoxicity studies are commonly used to investigate the impact (cytostatic or
cytocidal) of tested agents or substances over certain period of time on the proliferation of
specific cancer cell line such as human neuroblastoma SH-SY5Y cells, human embryonic
kidney HEK?293 cells, human T-cell leukemia Jurkat cells, mouse neuroblastoma N2a cells,
mouse neuroblastoma NIH383 fibroblasts, or rat hepatoma H-4-11-E cells. These cell lines have
been shown to be sensitive to chemically-induced cytotoxicity (Vinken and Blaauboer, 2017).
The choice of markers or approach in cytotoxicity testing or assessment is very important for
an accurate or effective toxicological endpoint. Most often, the activity of lactate
dehydrogenase is measured in cell culture medium using the NADH-dependent conversion of
a dye. This approach evaluates acute toxicity of drugs or chemicals by performing viability or
metabolic activity tests based on luminogenic ATP assays (Riebelling et al., 2018; Steinbrecht
et al., 2019). Another approach is the measurement of the number of viable cells after treatment

in quantitative colorimetric assay such as the 3-(4,5-dimethylthiazol-2-yl)-2,5-
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diphenyltetrazolium bromide (MTT) assay, 2-3-bis(2-methoxy-4-nitro-5-sulphophenyl)-2H-
tetrazolium-5-carboxanilide sodium salt (XTT) assay, WST-1 assay and 3-(4,5-dime
thylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt (MTS)
assay. The suitability of these colorimetric assays are based on the ability of cellular NAD(P)H-
dependent oxidoreductase enzymes located in the cytoplasm to reduce a tetrazolium salt to a
coloured formazan salt derivative. The reduction of these tetrazolium salts is a measure of the
cell’s metabolic state or capacity that corresponds to the number of viable cells (Riebelling et
al., 2018). Colorimetric assays have been shown to be an easy and fast method in determining
cells viability after incubation with the tested substance (Nery et al., 2014). Of all the
colorimetric assays discussed earlier, the MTT assay is undoubtedly the most commonly used
one. The MTT cytotoxicity assay is based on the ability of viable cells, via mitochondrial
enzyme succinate dehydrogenase, to reduce a yellow tetrazolium salt into a blue insoluble
formazan that is impermeable to the cell membrane, thus detained inside the cells. However,
the addition of organic solvent such as DMSQO dissolves the formed formazan and the
solubilised formazan is released into the culture medium to allow colorimetric measurement of
the cell samples. The ability of the cells to reduce MTT is dependent on the uncompromised
mitochondrial activity. Since the integrity and activity of mitochondria are an integral part of a
viable cell, it is save to collude that the number of surviving cells is directly proportional to the

level of formazan product formed (Vinken and Blaauboer, 2017).

For the cytotoxicity studies, the human neuroblastoma SH-SY5Y cell-line was used. This cell
line is commonly used as model cell system for studying neuronal cell death. This cell type
also expresses growth factor receptors and produces neurotransmitters such as dopamine and
noradrenaline in similar manner as the innate human neurons (Ruffels et al., 2004; Gonzalez-
Burgos et al., 2017).

The aim of the experiment was to screen the synthesised compounds for potential toxicity
against the human neuroblastoma SH-SY5Y cells in order to determine the optimal

concentration for neuroprotection and calcium inhibition studies.
4.3.2 Material and methods
4.3.2.1 Cell line and Culture

The human neuroblastoma SH-SY5Y cells were generously donated by the Blackburn

Laboratory, University of Cape Town. Cells were grown in Dulbecco’s Modified Eagle
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Medium (DMEM, Gibco, Life Technologies Corporation, Paisley, UK), supplemented with
10% fetal bovine serum (FBS, Gibco, Life Technologies Corporation, Paisley, UK), 100 U/mL
penicillin and 100 pg/mL streptomycin (Lonza Group Ltd., Verviers Belgium). Cultures were
incubated at 37 °C in humidified air with 5% CO and a medium change every three days. Cells
were sub-cultured when they attained 70 to 80 percent confluency using a solution of 0.25%
trypsin EDTA (Lonza Group Ltd., Verviers, Belgium).

4.3.2.2 Screening protocol

Confluent SH-SY5Y cells were seeded in a 96-well microtiter plastic culture plates at a density
of 1 x 10* cells/100uL/well. Plated cells, suspended in DMEM (culture media), were incubated
for 24 hours in a humidified atmosphere and 5% CO: at 37 °C to allow for cell adhesion to the
bottom of the microtiter plastic plate. After 24 hours, the culture media were replaced with
fresh DMEM (100 uL) that contain increasing concentrations (10 uM, 50 uM and 100 uM) of
test compounds (1-27), dissolved in DMSO, in each well. The treated group of cells were
incubated for 24 hours in a humidified incubator embedded with 5% CO> at 37 °C. The control
group of cells contained DMEM and DMSO in concentration similar to the highest
concentration of the treated group, and were processed and incubated concurrently as the

treated group of cells.
4.3.2.3 MTT assay

After incubation of cells, in 96-well plates and exposed to different concentrations (0 uM, 10
MM, 50 uM and 100 uM) of test compounds, for 24 hours, 10 pL of MTT (5mg/ml) solution
was added to each well and further incubated for 4 hours at 37 °C. This was followed by
addition of 100 ul of DMSO to ensure solubility of the formazan, and absorbance of the sample
in each well was measured at 570 nm on a BMG Labtech Omega® POLARStar multimodal
plate reader. The absorbance data were normalised against those of the control wells with the

medium alone (blank).
4.3.2.4 Data analysis

The data of the medium alone (blank) were normalized to the absorbance of the control cells
(100%) and the cell viability of the test compounds was expressed as percentage relative to the
control cells. The percentage cell viability in test wells were calculated using the formula: %
cell viability = (absorbance of treated cells/absorbance of untreated well) x 100. The data

analysis was done using the GraphPad Prism version 6.01 for windows (GraphPad software,
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LA Jolla California, USA). Statistical significance was performed using the one-way ANOVA
analysis. Each test well was done in triplicate and the statistical significance was set at p < 0.05.

4.3.2.5 Result and Discussion

Figure 4.1 illustrates the cytotoxic profile of compounds 1-27 and expresses the percentage cell
viability of each test compound relative to DMSO only. DMSO only containing wells, without
test compound, represents 100% cell viability. These were obtained by screening the test
compounds at 10 uM, 50 pM, and 100 uM against the human neuroblastoma SH-SY5Y cells
upon 24 hours exposure and subsequently assessed using the MTT assay. After the MTT assay
protocol, the absorbance values obtained were analysed and the treated cells were compared to
the untreated controls. As expected, the cell viability rate observed in most of the test
compounds was inversely proportional to its concentration. This suggests that the percentage
cell viability is concentration dependent. In contracts, compound 11 and 15 showed a
proportional cell viability rate as low number of viable cells were observed at low concentration
(10 puM) and vice versa. This could be due to a number of reasons that include: (1) Incomplete
solubilisation of formazan crystal caused by change in pH as the concentration increases. It
could be that the compounds (11 and 15) altered the pH (increase) level as the concentration
increases: (2) Reduced formazan crystal formation caused by slow metabolism of the cells as
the concentration increases. It could be that the metabolism of compound 11 and 15 treated
cells becomes slower as the concentration increases, thus reducing the ability of the cells to
metabolically convert MTT to formazan crystals. Since the accurate measurement of viable
cells is solely dependent on the formation of formazan crystals by treated and untreated cells
and the solubilisation of formazan crystals, it is suggested that the incomplete solubilisation
and formation of formazan crystals had reduced the absorbance value in cells leading to the
loss of linearity between absorbance and cells number as evident in figure 4.1. In a number of
the treated cell wells, percentage cell viability exceeding 100% (untreated control) were
noticeable. This may be due to absorbance readings obtained from over seeded wells relative
to the control wells. It may also be that the metabolism of cells in some of the treated wells is
faster leading to increase formation of formazan crystals than the untreated controls. Cells
treated with compound 7 and 24, at 100 uM showed the lowest percentage of viable cells with
values of 51% and 59%, respectively. These values suggest that compound 7 and 24 have some
cytotoxicity towards neuroblastoma cells at 100 uM. At 10 uM and 50 pM, all the tested
compounds showed extremely low cytotoxic effect exhibiting percentage cell viability very

close to 100% (control).
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Figure 4.1: Cytotoxicity effect of tested compounds (1-27) on human neuroblastoma SH-SY5Y cells at concentration of 10 uM, 50 uM and 100 uM, after 24 hours exposure.
Cell viability of treated cells is expressed as percentage of untreated control cell (100%). Data represent the mean + SD of treated cell versus untreated control cell (n = 3;
three independent experiments and each experiment done in quadriplicate), was analysed by a one-way ANOVA, and the level of significance expressed as: *P < 0.05,
**pP < 0.01, ***P < 0.001, ****P < 0.0001.
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Due to the good and acceptable cytotoxic profile observed at the lowest concentration (10 uM)
for the synthesised compounds, this concentration was identified and selected for the
neuroprotection and calcium influx assays. This is required to avoid potential cytotoxic effect
of the synthesised compound on the neuroblastoma cells and to promote accurate cell viability

measurements.
4.4 Neuroprotection Studies
4.4.1 Background

Neuroprotection assays are commonly used to investigate or evaluate the ability of compounds
to inhibit or halt degeneration of neuronal cells following neurotoxin attack or treatment with
agents that induce excitotoxic cell death. In most cases, the aim is to prevent disease
progression and secondary injuries by halting or reducing the loss of neurons (Ahsan, 2017;
Tripathi and Ayyannan, 2017). For the purpose of assays, induced loss of neurons can be
achieved by either administering neurotoxins such 1-methyl-4-phenylpyridinium (MPP*) and
amyloid beta (AP) or introducing a stressor or oxidant such as hydrogen peroxide (H202) or
endotoxins. The MPP* and neuroblastoma SH-SY5Y cells is the most commonly used
neurotoxin and cell lines, respectively, in neurotoxin induced and/or neuroprotection assays,
particularly for Parkinson’s disease models. MPP* is an active metabolite derived from 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) following activation by monoamine
oxidase B (MAO-B) in the inner mitochondrial membrane. MPP™ has been shown to selectively
and potently inhibit respiratory complex 1 of the mitochondrial electron transport chain to
cause cascades of events leading to the generation of free radicals that subsequently attack the
neuronal cells, thus contributing to neuronal cell death (Cui et al, 2013; Kim et al., 2009; *Wang
et al., 2016; Wang, et al., 2016; Jantas et al., 2014; Zheng et al., 2019). It has also been
established that the effective concentration of MPP™ needed to evoke 50% SH-SY5Yneuronal
cell death is 2 mM (Jantas et al., 2014). It was then appropriated to utilise the MPP*-induced
toxicity model and neuroblastoma cell line to evaluate the neuroprotective characteristics of
the synthesised compounds. Although this model is prominent in Parkinson’s disease
protection research, it can also be applied to other neurodegenerative diseases as other parts of

the brain are susceptible to MPP*-induced toxicity.

In this experiment, neuroblastoma SH-SY5Y cells were treated with either MPP* only or in
combination with synthesised compounds 1-27. After incubation for a specific period of time,

the treated cells relative to untreated control (DMSQO) were subjected to MTT assay as
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described earlier. The percentage cell viability of the treated cell relative to the untreated
control that represent 100% cell viability were then analysed.

4.4.2 Material and methods
4.4.2.1 Cell line and Culture

The cell line (human neuroblastoma SH-SY5Y) and culture utilized for the neuroprotection
studies were prepared in the same manner as that of the cytotoxicity studies (outlined in
4.3.2.1).

4.4.2.2 Neuroprotection protocol

Once confluent, SH-SY5Y cells were seeded in a 96 well plate at density of 1 x 10*
cells/100ul/well. Plated cells were allowed to adhere to the bottom of the plastic plate as
described in outlined 4.3.2.2. Synthesised compounds (1-27) were dissolved in DMSO required
to make a final solution of 10 uM for each compound. This concentration was deemed
appropriate as it showed minimal or no cytotoxic effect on cells (figure 4.1), and consequently
will not affect the cell viability values. The plated cells were treated with synthesised
compounds and 2 mM of MPP*, and were incubated for a period of 24 hours. Prior to MPP*
exposure or incubation, the cells were pre-treated with 10 uM of each compound for 2 hours.
The untreated control cells which contain DMSO and DMEM were incubated in the same
manner as the treated cells. After ‘incubation for the set period of time, both treated and

untreated cells were subjected to MTT assay.
4.4.2.3 MTT assay and Data analysis

The cell viability of treated and untreated cells were assessed and analysed by the MTT
reduction assay and data analysis previously described in 4.3.2.3 and 4.3.2.4, respectively.
Statistical significance was performed using the one-way ANOVA and the t-test (unpaired)

analysis. Each test well was done in triplicate and the statistical significance was set at p < 0.05.
4.4.2.4 Result and Discussion

The neuroprotective effect of compounds 1-27 on neuroblastoma SH-SY5Y cells after 24 hours
exposure to neurotoxin (MPP™) was assessed using the MTT cell viability assay. As illustrated
in figure 4.1, the test compounds, when used alone at 10 uM, showed very little or no

detrimental effects on the cells as confirmed by the cytotoxicity studies. The neuroprotection
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assay was then carried out at this concentration (10 pM) to ensure that the integrity or cell
viability is not compromised by the test compounds. However, treatment of neuroblastoma
cells with 2 mM of MPP* over 24 hours period induced a significant loss in cell viability by
49.9%. This value is similar to the values (about 50 percent loss) reported in literature (Wang
and Xu, 2005, Cui et al., 2013).

In order to determine the neuroprotective effects of synthesised compounds, cells pre-treated
for 2 hours with test compounds were subjected to the same condition (2000 uM of MPP*). All
compounds (1-27) attenuated MPP*-induced neuronal cell damage as shown by significant
enhancement in cell SH-SY5Y viability of 22.8% to 53.3% when compared to the MPP* only
treated cell. The increases in cell viability for each compound was statistically significant as
shown by all the p values that were smaller than 0.05 when compared to the MPP* only treated
group of cells (figure 4.2). The highest and lowest neuroprotective activities were observed for
compound 8 and 18, respectively. The selective reduction and double adduct derivative of
compound 1 showed improved protection against MPP*-induced cell damage as seen in

compound 2 and 4, respectively.

The substitution of the propargylamine moiety (11) with the propylamine moieties (12) leads
to a slight increase in neuroprotective activity while substitution of the phenylhydrazine moiety
with the benzylamine moiety improved the percentage cell viability of compound 8 by about
18%. The saturated carbons, in 2 and 12, offer less rigid structures than the unsaturated carbons
of alkenes and alkynes in 1 and 11. The flexibility of these structures may allow better
interactions with the neuronal cell membrane or antioxidant enzymes leading to improved

neuroprotective activities.

The increased lipophilicity of compound 4 and amino group of 14 that provide better
interaction with protein transporter may have enhanced their transportation into the neuronal
cell or binding to dopamine active transporter (compared to 1 and 18, respectively) thus the
improved activity. When one of the carbonyl moieties in 2 was reduced to the hydroxyl moiety
(compound 3), a decrease in protection was observed. The introduction of a hydroxyl moiety
improves hydrophilic character of compound 3 that in turns reduce its penetration into the cells

leading to reduced neuroprotective activity.
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Figure 4.2: Neuroprotective effect of compound 1-27 on MPP*-induced toxicity in neuroblastoma SH-SY5Y cells. Cell viability of treated cells is expressed as percentage
relative to the untreated control cells (DMSO) expressed as 100% cell viability. Data are represented as percent + SD of treated cell versus untreated control cell (n = 3; three
independent experiment) and was analysed by a one-way ANOVA statistic. The level of significance is expressed as: *P < 0.05, **P < 0.01, ***P <0.001, ****P < 0.0001
versus 2000 uM MPP*-treated cells.
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Interestingly, compound 26 showed a significant (p < 0.05) increase in cell viability of 98.5%
upon exposure to MPP*-induced toxicity. However, the addition of a benzyl moiety, as seen in
22 & 23, significantly reduced the percentage cell viability to 85.1% (p < 0.05), and the
introduction of a linker between the nitrogen group and benzyl moiety, as seen in 20 and 21,
result in cell viability values of 79.0% and 77.2%, respectively, which indicate a further
reduction in neuroprotective activity. It is suggested that the reduced activities may be due to
the loss of protonated nitrogen group (lacks lone pair electrons) in compounds 20-23. Similarly,
the effect of the nitrogen group was also evident when compound 18 was compared with
compound 14, 16, and 17. Replacing the hydrogen atoms on the primary amines (14, 16 & 17)
with two methyl groups (18) reduced the neuroprotective effects of compound 18 by
approximately 6-12% (p < 0.05 for compound 16), indicating the importance of primary or
secondary amines for improved activity. There were no significant differences in the activities
of compound 14, 16 and 17, indicating that a difference in chain length between the
heterocyclic five membered ring and the primary amines do not change the neuroprotective
activities of these compounds. Ideally, this nitrogen group would offer improved interaction
and binding to dopamine active transporter. This prevents MPP" from entering dopaminergic
neurons and subsequently improves neuroprotection as observed in compound 16 and 26. The
neuroprotective effect of compound 20 was similar to that of compound 21. This indicates that
changing the position of the hydroxyl moiety is well tolerated as no significant change in
activities were observed (figure 4.2). It is important to note that the improved activity of the
diastereometric mixture 22 & 23, over 20 and 21 may suggest additive or synergistic effect
rather than improved neuroprotective effect by each compound (22 or 23). Successfully
separating this mixture and testing each compound would give clarity on their neuroprotective
effects. Generally, the benzoquinone moieties (1-6) showed better neuroprotection than the

furandione moieties (7-18) and the diepoxide moieties (19-27).

In this study, the norbornane scaffold has been shown to have neuroprotective effects against
MPP*-induced neuroblastoma cell damage, and the effect of structural modifications were also
illustrated. Although the mechanisms of neuroprotection were not discussed, the restoration of
cell viability of neuroblastoma SH-SY5Y that range between 72.9% to 100%, after pre-treating
for 2 hours with synthesised compounds (1-27) and subsequent exposure to MPP*, was most
probably due to the compounds ability to: inhibit MPP*-induced caspase-3 activation; block
MPP™ transport into the cell via dopamine active transporter; reduce Bax/Bcl-2 (pro-apoptotic

and anti-apoptotic) ratio evoked by MPP*; improve mitochondrial integrity and functions;
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and/or protect antioxidant such as catalase and superoxide dismutase (SOD) from MPP* thus
limiting reactive oxygen species (Wang and Xu, 2005; Singh et al., 2016; Jung et al., 2006;
Lee et al, 2011; Sun et al., 2011; Zhou et al., 2013; Jantas et al., 2014; Jouha et al, 2017). In
order to verify or ascertain this mechanism, experiments that include: microscopic assessment
of morphological changes, assessment of caspase-3 activity, flow cytometric measurement of
mitochondrial transmembrane potential, flow cytometric detection of apoptotic cells, flow
cytometric detection of necrotic cells, oxygen consumption assays to determine mitochondrial
respiration, mitochondrial cytochrome c release using western blot assay, measurement of
intracellular reactive oxygen species, and quantification of immunoblot by densitometric
analysis to determine Bax/Bcl-2 ratio will be necessary (Wang and Xu, 2005; Jantas et al.,
2014).

4.5 Calcium influx studies
4.5.1 Introduction

Calcium influx studies are designed to evaluate the influence of test compounds on the flux of
calcium ions through ionic channels or receptors, NMDA receptors and voltage-gated calcium
channels in particular, in response to membrane depolarisation or receptor stimulation. Calcium
ions (Ca®") play a very important role as a secondary messenger or signal involved in many
neuronal physiological processes including neurotransmission, gene expression, and neuronal
development (progenitor proliferation, neuronal migration and differentiation, axon guidance,
dendrite growth and cortical development). Despite its physiological importance, conditions
that disrupt calcium homeostasis with even little change in intracellular calcium concentration
can lead to pathophysiological neuronal processes like neuronal excitability, neuronal
dysfunction, apoptosis, neurodegeneration and cell death. Due to its role in excitatory neurons,
it is necessary to ensure precise calcium dynamics and maintain intracellular calcium
homeostasis at all time for normal neural functions (Heusinkveld & Westerink, 2011; Baykara
etal., 2019; Leoni et al., 2019; Wang et al., 2019). The primary source of intracellular calcium
influx in excitable neuronal cells is from the depolarisation of the cell membrane that results in
the opening of VGCC and the activation of NMDA receptor-gated channels leading to influx
of calcium from the neuronal extracellular space. Although intracellular Ca?* release
contributes to the intracellular [Ca], its impact is less detrimental to the neuronal cells. Under
physiological conditions, neuronal cells are able to exert strong calcium homeostasis control

by tightly regulating the balance between Ca?* influx, extrusion, sequestration and buffering
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(cytosolic Ca?* binding proteins). However, under pathological conditions, increased or
excessive calcium influx triggers a cascade of events that leads to neuronal dysfunction and
cell death. To avert this effect, there is need for calcium ion chelating agents, calcium receptor
inhibitors or calcium channel blockers that will prevent neurodegeneration by restoring calcium
homeostasis (Heusinkveld & Westerink, 2011; Danesi et al, 2018; Bisi et al., 2019; Leoni et
al., 2019). The most common methods for assessing real-time change in intracellular Ca?* are
the plate reader-based approach or the single cell fluorescence microscopy experiment. The
microscopy approach is well known to have higher temporal and spatial resolution and higher
sensitivity, and no artifacts associated with changes in volume and osmolarity. However, it is
labour intensive and time consuming, and are considered low- or at best medium-throughput.
In contrast, plate reader-based approaches have lower sensitivity and are associated with
artifacts, but has high throughput and are not labour intensive and time consuming. Despite the
limitations, this approach is mostly utilized and preferred by many researchers as they still
provide enough information on the kinetic change in intracellular calcium ion concentration.
The plate reader approach uses dyes as indicators to measure the concentration of calcium ions
that flows into the cells within a set period of time. It can either be single wavelength dye such
as Fluo-4 or ratiometric dual wavelength dye such as Fura-2 (Heusinkveld & Westerink, 2011;
Meijer et al., 2014). In most case, the ratiometric dual wavelength dye, Fura-2, is preferred due
to its ability to determine calcium influx concentration by indicating the fractional contribution
of the Ca?* free and Ca®* bound forms of the probe in instances where the concentration of the
probes is unknown. In contrast, despite the higher fluorescent yield of a single wavelength dye,
they are affected by variability in factors like cell density, loading efficiency of dye, dye
concentration and dye leakage which influence the results, and are unable to process probes
with unknown calcium concentration. The ratiometric indicators also have the advantage of not
needing calibration for each or individual experiment as the use of ratiometric calculation
makes the output independent of indicator loading. These advantages, together with the
capability to ensure more accurate calibration due to its ability to exhibit an increase in
fluorescence upon calcium ion binding with a corresponding shift in the excitations and
emissions, favour the use of a ratiometric wavelength indicator over the use of single
wavelength indicator (Neher, 1995; Szmacinski & Lakowicz, 1995; Robinson et al., 2004;
Kukkonen, 2009). Fura-2 is a ratiometric indicator of Ca?* that exhibit fluorescence at certain
wavelength. It is commercially available as an ester in the form of Fura-2/AM (acetoxymethyl).
In this form, it is unable to bind to Ca?* and easily diffuses through the cell membrane into the

cell. Once inside the cells, the Fura-2/AM is cleaved by intracellular esterase enzymes into the

105 http://etd.uwc.ac.za/ Chapter 4 — Biological studies



Ca2*-sensitive molecule, an impermeant anionic indicator (Fura-2), which is trapped in the
cytoplasm and has strong binding affinity for intracellular Ca?*. Generally, a plate reader with
the capacity to monitor fluorescence over a period of time, after excitation of samples at 340
nm and 380 nm and subsequent emission at 510 nm, is commonly used to assess or determine
the Fura-2 response to intracellular Ca?* by showing a change in the optimal excitation
wavelength with a substantial change in emission wavelength. Due to the fact that excitation
of Ca?*-bound and Ca?*-free Fura-2 occurs at 340 nm and 380 nm, respectively, and both are
able to fluoresce at approximately 510 nm, one is able to predict increase in concentration of
intracellular Ca?* as indicated by reduction in the fluorescence value at 380 nm after stimulation
or depolarisation of neuronal cells loaded with Fura-2. The relative calcium influxes or
inhibitions by screened molecules or drugs are mostly determined by calculating the 340/380
nm fluorescence intensities ratio (Grynkiewicz et al., 1985; Lev-Ram & Grinvald, 1987; Blatter
& Wier, 1990; Henke et al., 1996; Dustin, 2000; Robinson et al., 2004; Hu et al., 2005;
Gulaboski et al., 2008; Mauleon et al., 2013). In this view, the ratiometric approach using a
fluorescent plate reader was considered appropriate for the calcium influx studies of
synthesised compounds (1-27). Due to the physiological and pathological similarities that exist
between primary neurons and neuroblastoma SH-SY5Y cells, the use of SH-SY-5Y cell to
screen known and unknown calcium blockers (receptors or channels) is justified (Warnock et
al, 2013).

In these studies, the inhibitory or blocking effects of synthesised compounds (1-27) on calcium
influx through NMDA receptors and VGCC were explored in order to investigate the
neuroprotective potential of tested compounds against calcium (overload) induced neuronal

toxicity under neuropathological condition.
4.5.2 NMDA mediated Ca?* influx studies
4.5.2.1 Background

NMDA receptors are ionotropic receptors whose activation or stimulations by an excitatory
neurotransmitter account for the majority of intracellular calcium ions in neuronal cells.
Glutamate is the principal excitatory neurotransmitter found in the mammalian brain and spinal
cord. Under physiological condition, glutamate concentration is tightly controlled and it plays
a vital role in calcium signalling, fast synaptic transmission, neuronal plasticity, neuronal
outgrowth and survival, memory, behaviour and learning, and critical for neural functioning

by activating the ionotropic receptors (NMDA and non-NMDA receptors). However,
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glutamine concentration becomes abnormally high under pathological conditions, and become
neurotoxic to the neuronal cells as observed in the pathogenesis of many neurodegenerative
disorders. Excessive glutamate is believed to over-activate or over-stimulate neuronal
glutamate receptors (NMDA and non-NMDA receptors) leading to prolonged and massive
influx of calcium ions in the cytoplasm. Of these glutamate receptors, the NMDA receptor is
suggested to be the most influential in glutamate-mediated neuronal death during primary
cultures of nerve cells. The excess calcium influx or overload disrupts the normal calcium
homeostasis and triggers several cascades of events that ultimately induce neuronal cell death
either by apoptosis or necrosis. This glutamate-induce neuronal cell death is termed
excitotoxicity and it is a prominent feature among neurodegenerative disorders (Jing et al.,
2004; Lee et al., 2012; Kim et al., 2013; Taveira et al., 2014; Yang et al., 2014; Pereira et al.,
2017; Jeong et al., 2017; Berntsen et al., 2018; Jembrek et al., 2018; Kumar et al., 2019;
Smidkova et al., 2019; Park et al., 2020).

It is clear that excessive glutamate induced activation of the NMDA receptor is the main cause
of excitotoxic effects in neuronal cells, and reduction of this NMDA-mediated calcium influx
is considered as a possible therapeutic or pharmacological target that would slow down or halt
the degenerative process in neurological disorders and diseases (Berntsen et al., 2018;
Smidkova et al, 2019). The NMDA induced SH-SY5Y cell injury model is believed to mimic
glutamate-induced toxicity in human neurons and is generally accepted as activity screening
model for the neuroprotective effect of NMDA receptor inhibitors. This supported the selection
of neuroblastoma SH-SY5Y cell lines for the NMDA calcium influx studies (Liu et al., 2019).

4.5.2.2 Experiment design

The inhibitory potential of synthesised compounds (1-27) against NMDA receptor mediated
Ca?*influxes were assessed using a fluorescence dual wavelength ratiometric approach. Fura-
2/AM was used as the ratiometric indicator. The fluorescence indicator, suspended in fresh
DMEM solution, was loaded on adhered SH-SY5Y neuroblastoma cells that were cultivated
and grown in the lab, and calcium containing buffers were subsequently added. DMSO (only)
was used as the control while MK-801 and NGP1-01 were designated as the positive controls.
The NMDA/glycine buffer solution was used to stimulate or activate NMDA receptors of the
SH-SY5Y cells to induce NMDA-mediated calcium influxes. The real-time Kinetic changes in
intracellular Ca?* were monitored by a fluorescent plate reader that measures change in

fluorescence intensities upon activation of the receptors. Since change in fluorescence
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intensities corresponds to change in intracellular Ca?*, the inhibitory effects of the synthesised
compounds (1-27) and positive controls (MK-801 and NGP1-01), relative to the negative
control (DMSO), on NMDA receptor mediated Ca?* influxes can be determined.

4.5.2.3 Material and methods

Solutions were prepared in a controlled environment to minimise contaminants, and were
stored at 2-8 °C throughout the experiments. Cells were handled and treated in a lamina air
flow sterilised system. Materials, solutions and methods used in this study were outlined as
follows:

4.5.2.3.1 Calcium and magnesium free buffer

Appropriate amount of sodium chloride (NaCl, 118 mM), potassium chloride (KClI, 4.7 mM),
HEPES (20 mM) and glucose monohydrate (30.9 mM) were correctly weighed in a litre
volumetric flask. To the flask, distilled water was added and it was made up to a litre volume
to make the final calcium and magnesium free solution. Using a 4 molar concentration of an
acid or base (NaOH/HCI), the pH of the final solution was adjusted to 7.4.

4.5.2.3.2 Calcium containing buffer

Calcium chloride dehydrate (CaCl2.2H20, 2 mM) was dissolved in 200 ml solution aliquots
from the calcium and magnesium free buffer solution. The calcium containing final solution

was then buffered with an acid or a base, as described earlier, to a pH value of 7.4.
4.5.2.3.3 Stimulation or activation buffer

To 200 ml of calcium and magnesium free buffer, appropriate amount of calcium chloride
dihydrate (0.1 mM), NMDA (0.55 mM), and glycine (0.55 mM) were added. The final solution
was adjusted to a pH value of 7.4 with an acid or base as described earlier, to obtain the final

stimulation buffer solution
4.5.2.3.4 Cell line and culture conditions

The human neuroblastoma SH-SY5Y cells were generously donated by the Blackburn
Laboratory, University of Cape Town. Cells were grown in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco, Life Technologies Corporation, Paisley, UK), supplemented with
10% fetal bovine serum (FBS, Gibco, Life Technologies Corporation, Paisley, UK), 100 U/mL
penicillin and 100 pg/mL streptomycin (Lonza Group Ltd., Verviers Belgium). Cultures were
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incubated at 37 °C in humidified air with 5% CO- and a medium change every three days. Cells
were sub-cultured when they attained 70 to 80 percent confluency using a solution of 0.25%
trypsin EDTA (Lonza Group Ltd., Verviers, Belgium).

4.5.2.3.5 Cell treatment

Confluent neuroblastoma SH-SY5Y cells were seeded in 100 pL of DMEM at a density of 1 x
10° cells per well in a 96-well black plate. The seeded plate was incubated at 37 °C for 24 hours
so as to allow cell adherence to the plate bottom. After 24 hours, 10 pL of Fura-2/AM (5 mM)
was suspended in 9990 pL of fresh DMEM to obtain 5 uM final concentrations. The DMEM
in each of the seeded wells was replaced with 100 pL of Fura-2/AM in DMEM suspension,
and was incubated for 1 hour at 37 °C to allow diffusion of Fura-2/AM into the neuroblastoma
cells. After 1 hour, the Fura-2/AM in DMEM suspension was removed from each well, and the
wells were washed with Krebs-HEPES solution to remove any extracellular Fura-2/AM.
Thereafter, 49 pL of calcium containing buffer was added to the wells and incubated at 37 °C

for 30 minutes. The test compounds were added to seeded wells for fluorescence analysis.
4.5.2.3.6 Measurement of intracellular calcium

A stock solution of 0.5 mM of each test compound was prepared in an eppendorf vial by
dissolving an appropriate amount in 1 mi DMSO. 1 pL of the test compounds (reference and
synthesized (1-27) compounds) were pipetted from the stock solutions and added to the treated
cells in order to achieve final concentrations of 10 uM in each well. 1 pl of DMSO was used
as negative control. Once sample preparation was completed, the 96-well plate was placed in
a Synergy™ Mx monochromator-based fluorescent microplate reader (BioTek®, Germany)
connected to Gen 5™ data analysis software. In the machine, the plate was further incubated
at 37 °C for 30 minutes with intermittent shaking every minute before fluorescence reading.
Calcium influx for each cell well was monitored over a period of 35 seconds with 0.5 seconds
interval between wells. During fluorescence readings, 10 uL of NMDA/glycine or stimulating
buffer was injected into each well after 10 seconds to activate the NMDA receptors for purpose
of calcium influx. The sample was exposed to dual wavelengths of 340 and 380nm for the
purpose of excitation, and fluorescence from emission at 510 nm was measured. The ratio of
fluorescence (340/380) values after stimulation corresponds to the concentration of NMDA-
mediated calcium influx within the 35 seconds period. The number of samples for each test

compound was greater than eight, and the experiment was conducted in triplicate.
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4.5.2.3.7 Data and statistical analysis

The calcium influx of each test compound was expressed as percentage relative to the control
(DMSO only) represented as 100% calcium influx. Percentage values were obtained from a
fluorescence ratio (340/380 nm) versus time analysis using Microsoft Excel and graphs were
generated in GraphPad Prism version 6.01 for windows. Data is expressed as the mean + SD.
A one-way ANOVA and t-test (unpaired) analysis were done, and the statistical significance
was set at p < 0.05.

4.5.2.4 Result and discussion

The ability of the synthesised compounds (1-27) to block calcium ions influx into neuronal
cells was evaluated in this study. MK-801 and NGP1-01 are known NMDA receptor blockers,
which were used as reference compounds. While MK-801 is associated with undesirable
psychotomimetic side effects (Lipton, 2004), NPG1-01 is described as a polycyclic cage with
a safe side effect and toxicity profile (Joubert et al., 2011). The inhibitory effects (figure 4.3)
of test compounds at 10 uM were determined by measuring the increase in intracellular calcium
ions through NMDA receptors on SY-SY5Y neuroblastoma cells, loaded with Fura-2, upon
NMDA (0.55 mM)/glycine (0.55 mM) activation. Synthesised compounds (1-27) were treated
in the same manner as the reference compounds. Unsurprisingly, MK-801 and NGP1-01
showed NMDA receptor inhibition of 47.5 and 38.2%, respectively. All synthesised
compounds (1-27) were able to moderately inhibit NMDA mediated calcium ion influx by
23.5-73% with the strongest inhibition observed for compound 27. Compound 7 showed the
weakest inhibition. Interestingly, the inhibitory activity of compounds 2, 3, 4, 5, 12, 15, 16, 17,
18, 19, 20, 21, 25, 26 and 27 exceeded that of MK-801. This is probably due to the structural
similarities between these compounds and MK-801, with functional moiety modifications that

are well tolerated, thus allowing better interaction and inhibition at the NMDA receptors.

Norbornane derivative, 1, demonstrated an inhibitory effect, in NMDA/glycine mediated Ca?*
influx, similar to MK-801 but greater than NGP1-01 as evident by the 43.8% inhibition.
Reduction of the alkene in the benzoquinone moiety, as observed in 2, improves the blocking
activity by 7.2%. The improved activity, even though minimal, is likely due to less steric
hindrance or rigidity in compound 2, thus allowing it to properly fit the receptor pocket leading
to improved inhibition. When one of the carbonyl moieties was selectively reduced to the
hydroxyl moiety (3), a significant increase to 69.7% NMDA receptor inhibition was observed

(p < 0.05). The presence of the hydroxyl moiety may have enhanced the hydrogen bonding
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interaction between compound 3 and the NMDA receptor and improved activity at the receptor
binding site. Surprisingly, the double adduct 4 produces a higher NMDA receptor inhibition
(62.3%) than both Diels-adduct 1 and MK-801. This observation is inconsistent with most of
the polycyclic molecules like MK-801 or NGP1-01 in terms of binding mechanism. Most
polycyclic molecules usually have a bridgehead basic nitrogen atom that interacts at or near
the Mg?* binding site of the NMDA receptors. Despite the absence in 4, an improved blocking
of Ca?* influx was still evident. It is possible that the inhibitory effect of 4 against calcium ion
influx in NMDA receptor is through an allosteric site rather than the Mg?* binding site. The
same mechanism of receptor interaction can be proposed for compound 1. The possible reason
for improved double adduct activity over the Diels-Adduct could be the planar conformation
and potential deeper penetration, in the allosteric site, of double adduct 4. This could be the
reason why increased NMDA blocking activity was observed when compared to the Diels-
Alder adduct 1. The incorporation of a benzylamine moiety at one of the carbonyl moieties
significantly improved the activity of 2 from 51% to 65.3% NMDA receptor inhibition as
observed in 5. The improvement is attributed to the presence of the basic nitrogen atom and
aromatic moiety that enhance binding to the NMDA receptor via the Mg?* binding site and the
hydrophobic pocket of the receptor, respectively, leading to impraoved blocking activity at the
NMDA receptor. However, replacing the benzylamine moiety with the 1-aminiopiperidine
moiety diminishes the inhibitory activity, as evident in 6 (26.5%), thus suggesting the
importance of the aromatic ring in hydrophobic NMDA receptor interactions for this particular
series. The reduction of the ring size form a 6-membered ring (benzoquinone moiety) to a 5-
membered heterocyclic ring (furandione moiety) significantly reduces the ability of 7 to
attenuate NMDA receptor mediated calcium ion influx demonstrated by the 23.5% inhibition
(p < 0.05). Substitution of the oxygen atom in the 5-membered heterocyclic ring with a less
electronegative atom (nitrogen), as seen in 25, resulted in increased NMDA receptor inhibitory
activity (55.5%). Addition of the benzylamine moiety to form compound 8 reduces the
inhibition to 43.3%. This is because the basic nitrogen atom influence on the receptor (NMDA)
was eliminated by the methylenebenzyl conjugate leading to diminished activity. Similar
inhibitory effects were observed for compound 10 (43.7%), 11 (43.8%), and 13 (45.1%). This
shows that changing the CH> to NH group and/or incorporation of aromatic or alkyne moieties

in these group compounds do not influence their inhibitory activities.
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Figure 4.3: Inhibitory effects of synthesised (1-27) and reference compounds on NMDA/glycine calcium influx. MK-801 and NGP1-01 were used as reference compounds
and data are expressed as percentage Ca?* influx relative to 100% control untreated cells (DMSO only). The level of significance expressed as: *P < 0.05, **P < 0.01,
***p < 0.001, ****P < 0.0001.

112 http://etd.uwc.ac.za/ Chapter 4 — Biological studies



However, the replacement of the alkyne moiety in 11 with the alkane moiety in 12 improved
the NMDA receptor blocking activity by 10.2%. This is attributed to the flexibility of the alkane
moiety that in turn produces better receptor interaction than the alkyne moiety.

The replacement of either the heterocyclic ring, in 10, or aromatic ring, in 8 and 13, with
aliphatic amines resulted in moieties that displayed little or no change in blocking activity.
Compound 14, a diamine conjugate, showed a reduced inhibitory activity (36.2%) when
compared with 8, 10 or 13. Interestingly, the di-substituted derivative of the diamine moiety
(15) and dimethylation of the primary amine (18) potentiate their ability to attenuate calcium
ion influx. Compound 15 and 18 showed inhibition of 50.4% and 64.3%, respectively. This
deviates from the norm for polycyclic derivatives such as memantine, as described earlier and
suggest an allosteric binding site that favours hydrophobic interaction rather than the Mg?*
binding site. It is also possible that the two methyl groups on compound 18 prolonged and
enhanced its interaction with the NMDA receptor and consequentially increased the affinity
leading to improved activity. The effects of different chain lengths were noticeable in the
aliphatic amine groups. Increase in chain length from the ethyl moiety to a propyl moiety (16)
improved the inhibitory activity by 14.2%. It is suggested that the elongated chain may have
provided deeper penetration into the receptor pocket resulting in enhanced activity. However,
an additional methylene group in the flexible side chain, as seen in 17, offered no change in

activity when compared with 16.

NMDA receptor inhibition was also observed for the diepoxide compound 19 (53.3%). The
activity at the NMDA receptor site could be explained by the susceptibility of the diepoxide to
hydrolyse under physiological conditions or medium leading to the formation of hydroxyl
moieties in both epoxyl groups. The formed hydroxyl moieties would easily promote hydrogen
bond interaction with the NMDA receptor binding sites. All the closed cages (20, 21, 22, 23 &
26) derived from compound 19 showed good to excellent inhibition of NMDA mediated
calcium influx. Among this group, compound 26 showed the highest inhibition (59.5%). This
was expected as the basic amino functionality and the hydroxyl moieties would have enhanced
NMDA receptor interaction leading to a slight increase in activity when compared to compound
19. However, when the aniline analogue was incorporated in compound 26, a diminished
activity was observed as evident in calcium inhibition value of 37.8% for the diastereomers (22
and 23). The addition of a methylene moiety between the aromatic ring and the heterocyclic
moiety, in 20, significantly enhances the NMDA receptor inhibitory effects (48.8%). It was

suggested that the linker (CH2) may have allowed the aromatic ring to extend deeper into the
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hydrophobic pocket of the NMDA receptor thus improving hydrophobic interaction and
activity. A similar inhibitory effect was also observed for compound 21. This indicates that the
inhibitory effect of compound 20 or 21 is not affected by changing the position of the hydroxyl
moiety.

The importance of the basic amino functionality and hydroxyl moiety to promote binding to
Mg?* site and hydrogen bond interaction, respectively was also noticeable in compound 24.
This suggests that the presence of the norbornane analogue with a basic amine group and
hydroxyl or carbonyl moieties in the molecular structure may just proof sufficient for calcium
influx attenuation. This proposition was corroborated by the activity of compound 9 with its
NMDA receptor inhibition similar to compound 24.

Interesting, the enlargement of the ring size from a 6-membered ring to a 8-membered ring was
well tolerated at the NMDA receptor as demonstrated by the excellent inhibition (73%) for
compound 27. Due to the absence of a basic amine bridgehead or hydroxyl moiety, the strong
inhibition was proposed to be either enhanced hydrophobic interaction with the NMDA
receptor as a result of bulkiness or strong affinity at the receptor allosteric site. A particular
trend was noticeable in the activity of the dione cyclic ring as NMDA receptor inhibition of 8-

membered > 6-membered > 5-membered.

In this NMDA mediated calcium influx study, the inhibitory effects of the synthesised
compounds (1-27), with reference to MK-801 and NGP1-01 were established, and the proposed
structure activity relationships of each structure were highlighted. The percentage inhibitions
of the reference compounds (MK-801 and NGP1-01) were inconsistent with those reported in
Geldenhuys et al. (2007) as complete NMDA receptor inhibitions, close to 100%, were
observed. However, the author conducted its calcium influx studies using a
synaptoneurosomes, and tested the compounds (pre-incubated with nitrendipine) at 100 uM.
In this study, the difference in the type of cells (neuroblastomas SH-SY5Y cells) and test
concentration (10 puM), and the lack of pre-treatment with a calcium channel blocker
(nitrendipine) may have influenced the results for MK-801 (47.5%) and NGP1-01 (38.2%).
Nonetheless, all test compounds were screened in the same manner, thus the values for the
reference compounds were acceptable for comparison or screening studies. Some of the
norbornane derivatives (5, 6, 9, 13, 14, 16, 17, 24, 25 & 26) share similar characteristics like
basic amino functionality, hydroxyl moiety or hydrophobic moiety with polycyclic cages such

as memantine or NGP1-01(known blockers), which enhanced their calcium inhibition via the
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Mg?* binding site and/or hydrophobic pocket of the NMDA receptor. While some derivatives
showed satisfactory inhibition by means of hydrophobic or allosteric interactions with the
NMDA receptor; others showed inhibition greater than MK-801 and NGP1-01. These calcium
current inhibitions are expected to be beneficial through prevention of NMDA/glycine induced
excitotoxicity, a prominent phenomenon in most neurodegenerative disorders. Albeit, the
evaluation of more norbornane derivatives and the 1Cso determination of active compounds are
needed so that the structure activity relationship is well understood. It should also be noted that
this study focused on inhibition of NMDA mediated calcium influx. It is will be interesting to
explore their neuroprotective effect against NMDA-induce toxicity. Information on the
blocking mechanism could be vital as one would be able to identify if the mode of binding is
by “trapping” like MK-801 and phenylcyclidine or “foot in the door” like memantine. This is
clinically relevant as it provides information on the psychotomimetic side effect profile.
Nonetheless, this study predicted the potential calcium blocking effects of norbornane
derivatives that could be beneficial in slowing down or halting excitotoxic induced neuronal

death through impediment of glutamate or NMDA/glycine mediated calcium overload.
4.5.3 Voltage gated Ca?" influx studies
4.5.3.1 Background

The detrimental effects of intracellular Ca** overload mediated by NMDA receptors on
neuronal cells have already been discussed. Similarly, voltage-gated calcium channels are
calcium-conducting channels (Pchitskaya et al, 2018) that also contribute to the increased
calcium influx in response to membrane depolarisation or indirect activation by glutamate.
These additional sources of calcium mediated by VGCC, L-type calcium channels in particular,
contribute to intracellular calcium overload and play important role in inducing excitotoxicity
and apoptosis (Joubert et al, 2011; Luoma, 2011). Under physiological condition, influx of
Ca?" mediated by VGCC regulates numerous intracellular functions including contraction,
secretion, nerve and cardiac excitability, pacemaker activity, neurohormone secretion,
neurotransmitter release, cell differentiation, enzyme and allosteric protein modulation, and
gene expression (Figure 4.4; Snutch, 2009; Seko et al, 2003; Kumar et al, 2019). However,
deviation from its physiological role via alteration in L-type VGCC activities have been linked
to aging and age-related neurodegenerative disorders (Seko et al, 2003; Kumar et al, 2019).
Increase in intracellular Ca?* and disruption of calcium homeostasis by AP peptide

accumulation in Alzheimer’s disease through L-type VGCC activation has been reported. In
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Parkinson’s diseases, the enhanced role of L-type VGCC in driving the pacemaking activity of
ageing substantia nigra pars compacta neurons (adult mice) and subsequently making the
dopaminergic neurons prone to degeneration has been reported (Kochegarov, 2003; Hurley &
Dexter, 2012; Espinosa-Parrilla et al., 2015; Pchitskaya et al, 2018). Under these pathological
conditions and Ca®* dysregulation, the extremely sensitive neurons are further subjected to
calcium homeostasis defects that are consequently destructive, thus promoting neuronal cell
death (Pchitskaya et al, 2018).
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Restoring calcium homeostasis via VGCC blockers or modulators could be therapeutically
beneficial to patients with neurodegenerative diseases. Currently, calcium ion blockers such as
izradipine and dihyropyridines have been shown to protect neurons in an animal model of PD
and in hypertensive patients, respectively. This protective effect may be attributed to their
ability to prevent Ca?* overload through L-type VGCC due to excessive excitation leading to
reduced neuronal damage and improved behaviour (Kochegarov, 2003; Espinosa-Parrilla et al,
2015; Pchitskaya et al, 2018). Luoma et al. (2011) have also shown and reported the
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neuroprotective effects of L-type calcium channel inhibitors while investigating the activity of
progesterone.

Due to the similarities that exist between human neurons and the SH-SY5Y neuroblastoma cell
line and the usage thereof by most researchers in pharmacological disease models of most
neurodegenerative diseases, the SH-SY5Y cell line was also used for this VGCC mediated

calcium influx study.
4.5.3.2 Experiment design

The ability of the synthesised compounds (1-27) to block VGCC mediated Ca2*influx was
evaluated utilising the ratiometric fluorescent method. Fura-2/AM was the preferred indicator
due to its dual wavelength excitation reading system. The fluorescence indicator, suspended in
fresh DMEM solution, was loaded on adhered SH-SY5Y neuroblastoma cells that were
cultivated and grown in the lab, and calcium containing buffers were subsequently added.
DMSO (only) was used as the positive control while nimodipine and NGP1-01 were used as
the reference compounds. A depolarising buffer solution containing 770 mM of K™ was used
to activate or open the voltage-gated calcium channel through depolarised membrane potential,
leading to movement or influx of calcium ions against concentration (ions) gradient (from
extracellular space inside the neuroblastoma SH-SY5Y cell). The real-time Kinetic changes in
intracellular Ca?* after membrane depolarisation were monitored utilising a fluorescent plate
reader that measures change in fluorescence intensities. The change in fluorescence intensities
correlates with the change in intracellular Ca®" upon VGCC mediated membrane
depolarisation, and the inhibitory effects of the synthesised compounds (1-27) and reference
controls (nimodipine and NGP1-01), relative to the negative control (DMSQ) were determined

in this manner.
4.5.3.3 Material and methods

Solutions were prepared in a controlled environment, and were stored at 2-8 °C throughout the
experiments. Cells were handled and treated in a laminar air flow sterilised system. Materials,

solutions and methods used in this study were outlined as follows:
4.5.3.3.1 Calcium free buffer

Sodium chloride (NaCl, 118 mM), potassium chloride (KCI, 4.7 mM), HEPES (20 mM),

magnesium chloride (MgCly, 1.18 mM) and glucose monohydrate (30.9 mM) were weighed in
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a 1 L volumetric flask The contents in the flask were dissolved and made up to one litre volume
using distilled water. The resulting solution was adjusted to a pH of 7.4 by titrating with either
4 molar concentrations of HCI or NaOH.

4.5.3.3.2 Calcium containing buffer

Sodium chloride (NaCl, 118 mM), potassium chloride (KCI, 4.7 mM), HEPES (20 mM),
calcium chloride dihydrate (CaCl,.2H20, 2 mM), magnesium chloride hexahydrate (1.18 mM)
and glucose monohydrate (30.9 mM) were correctly weighed in a 200 ml volumetric flask.
Distilled water was added and made up to 200 ml. The pH of the solution was adjusted to 7.4
by the addition of either HCI or NaOH.

4.5.3.3.3 Depolarisation buffer

Sodium chloride (NaCl, 5.4 mM), potassium chloride (KCI, 770 mM), sodium hydrogen
carbonate (NaHCOs, 10 mM), calcium chloride dihydrate (CaCl..2H20, 1.4 mM), magnesium
sulphate (MgSOs, 0.9 mM), glucose monohydrate (5.5 mM), potassium dihydrogen phosphate,
(KH2PQOg4, 0.6 mM), sodium hydrogen phosphate (Na2HPO4, 0.6 mM), and HEPES (20 mM)
were correctly weighed and dissolved in 50 ml of distilled water in a 200 ml volumetric flask.

The solution was made up to 200 ml with distilled water, and the pH was then adjusted to 7.4.
4.5.3.3.4 Cell line and culture conditions

The human neuroblastoma SH-SY5Y cells were generously donated by the Blackburn
Laboratory, University of Cape Town. Cells were grown in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco, Life Technologies Corporation, Paisley, UK), supplemented with
10% fetal bovine serum (FBS, Gibco, Life Technologies Corporation, Paisley, UK), 100 U/mL
penicillin and 100 pg/mL streptomycin (Lonza Group Ltd., Verviers Belgium). Cultures were
incubated at 37 °C in humidified air with 5% CO> and a medium change every three days. Cells
were sub-cultured when they attained 70 to 80 percent confluency using a solution of 0.25%

trypsin EDTA (Lonza Group Ltd., Verviers, Belgium).
4.5.3.3.5 Cell treatment

Confluent neuroblastoma SH-SY5Y cells were treated in the same manner as that of the
NMDA mediated Ca?* influx studies (outlined in 4.5.2.3.5). Thereafter, the test compounds

were added to seeded wells for fluorescence analysis.
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4.5.3.3.6 Measurement of intracellular calcium

A stock solution of 0.5 mM for each test compounds was prepared in an eppendorf vial by
dissolving an appropriate amount in 1 ml DMSO. 1 pL of the test compounds (reference and
synthesized (1-27) compounds) were pipetted from the stock solutions and added to the treated
cells in order to achieve final concentrations of 10 uM in each well. 1 pl of DMSO was used
as negative control. Once sample preparation was completed, the 96-well plate was placed in
the fluorescence plate reader, a Synergy™ Mx monochromator-based fluorescent microplate
reader (BioTek®, Germany) connected to Gen 5™ data analysis software. In the machine, the
plate was further incubated at 37 °C for 30 minutes with intermittent shaking every minute
before fluorescence reading. Calcium influx for each well was monitored over a period of 35
seconds with 0.5 seconds interval between wells. During fluorescence reading, 10 pL of the
depolarisation buffer was injected into each well after 10 seconds to activate voltage-gated
calcium channel mediated calcium influx. Samples were exposed to dual wavelengths of 340
and 380 nm for the purpose of excitation, and fluorescence from emission at 510 nm was
measured. The ratio of fluorescence (340/380) values after stimulation corresponds to the
concentration of VGCC-mediated calcium influx within the 35 second period. The number of
samples for each test compound was greater than 8, and experiments were conducted in

triplicate.
4.5.3.3.7 Data and statistical analysis

The calcium influx of each test compound was expressed as percentage relative to the control
(DMSO only) represented as 100% calcium influx. Percentage values were obtained from a
fluorescence ratio (340/380 nm) versus time analysis using Microsoft Excel and graphs were
generated in GraphPad Prism version 6.01 for windows. Data is expressed as the mean + SD.
A one-way ANOVA and t-test (unpaired) analysis were done, and the statistical significance

was set at p < 0.05.
4.5.3.4 Result and discussion

In this study, the inhibitory activities of synthesised compounds were evaluated and compared
with known VGCC blockers, nimodipine and NGP1-01. Using a fluorescence (Fura-2) based
assay, the ability of test compounds (10 uM; synthesised and reference) to attenuate VGCC
mediated calcium ion influx in response to membrane depolarisation (KCI, 770 mM) in human

SH-SY5Y neuroblastoma cells were evaluated (Figure 4.5). As expected, nimodipine and
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NGP1-01 showed VGCC inhibition of 34.1 and 34.2 % at 10 pM, respectively. In comparison
to the reference compounds (nimodipine and NGP1-01), compounds 1, 2, 3, 4, 6, 7, 8, 9, 10,
11, 12, 13, 14, 15, 16 & 17 demonstrated moderate to good inhibition activities while
compounds 5 and 18-27 exhibit little or no VGCC inhibition.

Norbornane derivative, 1, slightly attenuated VGCC mediated Ca?" influx in neuroblastoma
cells by 15%. However, the inhibitory activity was increased, as observed in 2 (25.4%), by
selectively reducing the double bond in the benzoquinone moiety. This may indicate that the
less sterically hindered cyclohexane ring is important for VGCC inhibitory activity as it allows
it to interact better with the voltage-gated calcium channels. Reduction of one of the carbonyl
moieties in 2 to a hydroxyl moiety further improved the VGCC inhibition of compound 3
(32.8%), which is similar to the inhibitory activities of nimodipine and NGP1-01. It was
suggested that the hydroxyl moiety could have provided better interaction with the channels
through hydrogen bonding leading to enhance activity. Interestingly, the double adduct 4
(50.3%), when compared to 1, demonstrated significantly improved VGCC inhibition that
exceeded the activities of nimodipine and NGP1-01. The double adduct is more lipophilic than
the Diels-adduct, and it is suggested that this hydrophobic characteristic of 4 may have allowed
improved interaction with the VGCC that translated to increased VGCC inhibitory activities.
The introduction of the benzylamine moiety to compound 2, drastically diminished the
inhibitory activity of 5 (8.4%, p < 0.05). However, replacement with the 1-aminopiperidine

moiety improved the inhibitory effects, as seen in compound 6.

The inhibitory effects of compound 7 in VGCC mediated calcium ions influx was moderate
(23.1%) when compared to known blockers (nimodipine and NGP1-01). The introduction of
the benzylamine moiety increased the activity of compound 8 (37.2%). The replacement of the
benzylamine moiety with 1-aminopiperidine and phenylhydrazine moieties lead to calcium
inhibitions of 29.9% (10) and 26.8% (13), respectively. Further structure modifications with
propargylamine (11) and propylamine (12) had very little effect on the inhibitory activities as
indicated by blockage of 30.2% and 28%, respectively. These activities were considered good
when compared to the known VGCC blockers, nimodipine and NGP1-01. The replacement
and elimination of the oxygen atom with the nitrogen atom and carbonyl moieties in the
heterocyclic ring of 7 lead to diminished inhibitory activity in compound 25 (7.9%). This
suggests that the carbonyl moieties may be necessary for VGCC inhibition in this series of

compounds.
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The inclusion of aliphatic amines, as seen in 14, demonstrated VGCC inhibition of 22.2%. The
inhibitory activity was similar to compound 7 but weaker than compound 8 (benzylamine
moiety). The weaker inhibitory effect was largely due to reduced lipophilicity introduced by
the basic nitrogen atom (aliphatic amines). The di-substituted derivatives (15) showed
improved VGCC inhibition (31.4%). The enhanced activity, over 14, may be due to the
hydrophobic or lipophilic nature of compound 15, which could have improved interaction with
the voltage gated calcium channels. In comparison to 14, increasing the carbon linker between
the primary amine and heterocyclic ring from two to three resulted in improved VGCC
inhibition of 16 (37.9%). However, further increase in the linker drastically diminished the
activity of 17. Also, the dimethylation of the primary amines, as observed in 18, reduced the
inhibitory activity to 8.5%. This activity was inconsistent with the good VGCC inhibitory
activities demonstrated by compound 10 and 15 where the structures also lacked the primary
or secondary amine. In comparison to 14, compound 18 (dimethyl moiety) was expected to
demonstrate improved activity, like the di-substituted derivative (15) and aminopiperidine
moiety (10), due to its improved hydrophobicity. It was proposed that the dimethyl moiety, as
seen in 18, lack the hydrophobic character possessed by compound 10 or 15 leading to less
hydrophobic interaction(s) with VGCC and subsequent reduction in VGCC inhibition. It is also
likely that the dimethyl substitution resulted in lesser hydrogen bond interaction between the
voltage gated channels and compound 18, leading to a weaker inhibitory activity than

compound 14.

Unfortunately, the closed cage molecules (20-23 & 26) and norbornane derivative (24) showed
very little or no inhibitory activities on VGCC mediated calcium influx in a neuroblastoma
cell. The lack of activity may be attributed to the absence of carbonyl moieties which may be
necessary for VGCC inhibition in this group of compounds. Compounds 20 and 21 showed
weak calcium inhibition of 9.2% and 5.9%, respectively. However, conversion of the
benzylamine moiety to the aniline moieties (22 & 23), with weaker basicity, resulted in
complete loss of inhibitory activity. No inhibitory activity was observed for compound 27 even
though it exhibits the characteristic carbonyl moieties. The lack of VGCC inhibitory activities
is likely due to the enlarged ring size that is unable to fit the voltage gated calcium channel.
Also evident is the influence of the dione ring size on the VGCC inhibitory activities of these
group of compounds as a particular trend was observed: 5-membered ring > 6-membered > 8-

membered ring.
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In this VGCC mediated calcium influx study, the inhibitory effects of synthesised (1-27) and
reference (nimodipine and NGP1-01) compounds were determined. The impact or influence of
structural modifications on inhibition of VGCC mediated Ca?* influxes were highlighted. The
majority of these norbornane derivatives demonstrated inhibitory activities similar to or
exceeding nimodipine or NGP1-01. The structure activity relationship of these groups of
compounds illustrated the importance of carbonyl moieties and hydrophobicity on VGCC
inhibition. In some instances, the hydroxyl moiety demonstrated improved activity, but only in
the presence of a carbonyl moiety. It is well known that voltage gated calcium channels are
also activated during glutamate/glycine induce toxicity. Calcium ions contributed through this
channel potentiate calcium overload and exacerbate neuronal cell death. It is reasonable to
conclude that inhibition of this channel could potentially reduce calcium overload in
pathological condition thus halting or reducing excitoxic mediated cell death, which was

explored using norbornane derivatives and structurally related moieties.
4.6 Conclusion

The cytotoxicity and neuroprotection profiles of norbornane derivatives and related moieties
were successfully evaluated in this study. Where necessary, the activities of synthesised
compounds (1-27) were compared with reference compounds with known activities, and
consequences of structure modifications were illustrated, enabling the determination of
structure activity relationships of the synthesised compounds. Due to the primarily role of
excitotoxicity in neurodegenerative disorders, finding therapeutic agents, with very little or no
cytotoxic effects, which potentially attenuate channels or receptor mediated calcium influx
while also being neuroprotective against neurotoxins such as MPP™ is highly necessary. The
activities of all test compounds in a SH-SY5Y neuroblastoma cell line (10 uM) are summarised
in table 4.1. The table illustrates the following: the average mean of percentage cell viability at
different concentration in cytotoxicity study; the average mean of percentage cell viability after
co-treatment of synthesised compounds with MPP* in the neuroprotection study; and the

average mean percentage of VGCC and NMDA receptor mediated calcium inhibition.

When screened at different concentrations, synthesised compounds showed satisfactory
cytotoxic profiles as demonstrated by the high percentage (close to 100) of cell viability
observed at 10 uM. Similarly, increasing the concentration to 50 uM was well tolerated in the

study. However, at 100 uM, compound 7 and 24 were toxic to the SH-SY5Y neuroblastoma
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cell as evident by the almost 50% loss in cell viability. To avoid or minimise compound induced

cell death, further experiments or studies were conducted at 10 pM utilising the same cell line.

Table 4: Biological profiles of test compounds

Compounds Structures Cytotoxicity Neuroprotection NMDA VGCC
% viability % viability %Inhibition | %Inhibition
10uM | 50pM [ 100 pM 10 uM 10 pM 10 uM

MK-801 - - - - 48 -

Nimodipine k, - - - - - 34
NGP1-01 & O - - - - 38 34
1 @$ 97 96 85 83 44 15
2 @$ 97 94 85 91 51 23
3 @¢ 97 97 102 |85 70 33
4 % 95 104 100 92 62 50
5 @@ 94 102 [100 |84 65 8

6 Q 108 98 109 84 27 21
7 ©%< 89 93 51 81 23 23
8 { 84 93 87 103 43 37

o,
9 ©\/7‘/§ 108 83 69 79 43 32
10 @io 115 103 |83 82 44 30
11 Qié/ 104 124 127 77 44 30
\
12 @ié o 114 89 83 80 54 28
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13 m Q 96 73 70 85 45 27
14 mf 96 89 80 80 37 22
15 @ifm 77 88 93 77 50 31
16 m = 98 79 68 85 50 38
17 m/ 93 83 73 79 50 15
18 @i‘;f{: 100 |94 76 73 64 7
19 @@ 94 88 88 78 53 8
20 @ 104 99 97 79 49 9
21 @ 96 92 102 77 48 6
22 &g@
@/ oH
23 @ 111 104 96 85 38 -3
©/ oH
24 08 96 97 59 78 44 -2
25 o 108 112 106 78 56 6
26 &g& 113 127 120 99 60 8
27 @ 125 114 118 76 73 -2

The neuroprotective properties of the norbornane scaffolds, co-treated with MPP*, were
established, and the cell viabilities were compared with viability of MPP™ infected neuronal
cells. All synthesised compounds appeared to show very good neuroprotection profiles in the
presence of neurotoxins. Although few structure activity relationships were highlighted, the
mechanisms of protection were not determined as it is outside the scope of this study.

Nonetheless, the impact of primary amines or basic nitrogen atom and hydrophobicity on
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neuroprotection for these series of compounds were discussed to assert their importance.
Various mechanisms of neuroprotection have been proposed or suggested but would require
additional experiment work to support or confirm them.

In the calcium influx studies, most of the synthesised compounds showed good inhibition of
NMDA receptor mediated calcium flux when compared to activities of known NMDA receptor
blockers (MK-801 and NGP1-01). For those with basic amino functionality and hydrophobic
moieties, structure activity relationships were consistent with those of polycyclic cage amines
such as NGP1-01. In contrast, the activities of compounds without these functional groups were
attributed to either binding to an allosteric site or hydrophobic interactions with the receptor.
The overall NMDA inhibition results demonstrated the importance of basic amino
functionality, hydroxyl moieties, carbonyl moieties and/or hydrophobic moieties in this series
of compounds. In the VGCC inhibition studies, compounds 2, 3, 4, 6, 7, 8, 9, 10, 11, 12, 13,
14, 15 and 16 showed good inhibitory activities when compared to the reference compounds.
In few cases, compounds (4, 8 and 16) showed better inhibition than the well know calcium
blockers (nimodipine and NGP1-01). The structure activity relationship of these proposed
VGCC inhibitors (1-27) revealed the importance of hydrophobic and carbonyl moieties, which
are well tolerated and accommodated in the hydrophobic pockets of voltage gated calcium
channels, despite the presence of polar group such as amines and amides. These results were
consistent with the finding of VGCC inhibitors reported in the literature (Bisi et al., 2019).
Interestingly, compounds (2, 3,4, 6,7, 8,9,10,11, 12,13, 14, 15 and 16) were able to attenuate
calcium ion influx in the NMDA receptor and voltage gated calcium channels. In addition to
the dual inhibitions, they also displayed good neuroprotective and cytotoxicity profiles. These
characteristics potentially classify these compounds as possible neuroprotective agents with a
good safety profile. However, investigations at different concentrations for 1Cso determination
are required for optimal assessment of these activities. Despite the unavailability of 1Cso data,
findings were considered satisfactory since the synthesised compounds (1-27) were treated in
the same manner as the reference compounds with known activities. In these studies,
compounds with NMDA receptor inhibition, VGCC inhibition, neuroprotection against MPP*
and/or good cytotoxic profiles were identified as promising therapeutic candidates in the

treatment or prevention of neurodegenerative disorders.
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CHAPTER S

Conclusion

5.1 Introduction

The progressive loss of neuronal cells is a feature common to most neurodegenerative
disorders. As a result, physiological functions of the brain and/or spinal cord are lost leading
to characteristic symptoms that defines each neurodegenerative disease. These disorders,
amidst others, include: Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic
lateral sclerosis (ALS) and Huntington’s disease. Devising strategies and treatments to combat
these disorders have been challenging therapeutically. Firstly, the mechanism of
neurodegeneration is still not well elucidated as various degenerative process are being
proposed by countless studies. However, it is generally believed that neuronal cell death is
caused by interrelated processes that include, amongst others; excitotoxicity, oxidative stress,
neuroinflammation, mitochondrial dysfunction-and protein aggregation (Swart et al., 2014,
Gan et al., 2018). This cascade of events leads to apoptosis or necrosis. Despite the vast
knowledge, no adequate treatment has been discovered as current treatment only offer
symptomatic relief. As such, a multi-target approach that addresses these processes is required
to not only effectively treat the symptoms, but also stop the degenerative process (Dey and
Nath De, 2015; Eberhart and Topka, 2016). Secondly, the complexity of the brain makes it
almost impossible to develop a clinically acceptable therapeutic agent without affecting its
physiological functions. In most cases, the same neurotransmitters or neuronal enzymes to be
regulated or inhibited are required for the normal physiological functions of the brain.
Therefore, a balancing act between treatment of neurodegenerative disorders and ensuring

normal function of the brain is crucial.

Of the proposed mechanisms of neurodegeneration, the effect of excitotoxicity caused by either
extracellular and/or intracellular stimuli is prominent, as implicated in the pathology of several
neurological disorders (Abeti and Abramov, 2015). MPP*, a neurotoxic cation, induces
excitotoxicity in dopaminergic neurons by attacking mitochondria through its interaction with
mitochondrial complex 1 of the electron transport chain, leading to a cascade of events that
mediate neuronal cell death. Glutamate, a main excitatory neurotransmitter, induces
excitotoxicity by overestimating NMDA receptors to allow a massive influx of calcium ions

via NMDA receptor channels and associated gated channels (voltage gated calcium channels),
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leading to several interrelated processes that eventually result to cell death. Agents or
molecules with ability to control the activity of glutamate on NMDA receptors or to block
MPP* and mitochondrial complex 1 interactions are supposed to be therapeutic in the effective
treatment of these disorders. While memantine is a non-competitive NMDA receptor\blocker,
NGP1-01, a polycyclic closed cage amine, has been shown to not only block NMDA receptor
channels, but also voltage gated calcium channels. Additional advantages of NGP1-01 are its
ability to inhibit MPP*-induced toxicity. With this as background, we proposed and synthesised
a series of opened-and rearranged- cage compounds that are structurally similar to MK-801
and NGP1-01, and evaluated their activities against NMDA/glycine- and MPP*-induced
toxicity in neuroblastomas SH-SY5Y cells.

5.2 Synthesis

Three series with a total number of 29 compounds were proposed and 23 compounds (1-23)
that includes by products were successfully synthesised, isolated and purified. Additional
compounds (24-27) that were synthesised, isolated, and purified by Dr Vitalii A. Palchykov

were included in biological assays.
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Figure 5.1: Structures of series 1.

In the first series (1-6; figure 5.1), the cycloaddition reaction of benzoquinone and

monomerised cyclopentadiene yielded the adduct 1 with a 100% yield of isomer mixtures ((exo
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(minor): endo (major, +/- 95%)). This open-cage like molecule was sonicated in a mixture of
zinc and acetic acid to form its respective reduced derivative as observed in compound 2. Using
a strong reducing agent (NaBH4), compound 2 was further reduced to the keto-alcohol 3. A
one-step synthesis consisting of Schiff base and reductive reactions of compound 2, afforded
compounds 5 and 6 in the presence of benzylamine and 1-aminopiperidine, respectively. The
dimeric adduct 4 was obtained from impurities (cyclopentadiene and 1) that were transferred
from the intermediate product. The structures of these compounds (1-6) were elucidated and
confirmed by various experiments that include NMR, MS or IR. The characteristics signal for
the bridge in each compound was observed upfield, while the signals of the conjugated moieties
were identified downfield for compound 5. Certain functional groups, carbonyl moieties in
particular, that support structural confirmation were identified in all the compounds. The
molecular mass data obtained from a high resolution mass spectrometer confirmed the

molecular structure of some of the compounds.

Compounds containing propylamine, propargylamine, ethylenediamine, 1,3-diaminopropane,
1,4-diaminobutane and N,N-methylethylenediamine were also proposed. Unfortunately, the
syntheses were unsuccessful. Reactions were conducted both at room temperature and under
reflux conditions. However, none of the reactions proceeded neither at room temperature nor
high temperature (reflux). lIdeally, these type of reactions would proceed under reflux
conditions but the thermolabile vulnerability of compound 2 (intermediate) prevented the
formation of these conjugates. In this series, alicyclic conjugates (benzylamine and 1-
aminopiperidine) easily reacted with the diketal 2 to form 5 and 6, whereas the aliphatic
conjugates were practically unreactive under the same reaction condition. Generally, by
comparison, alicyclic conjugate reactions are known to require lower activation energy than
their aliphatic counterparts, which was why the reactions proceeded at room temperature
(Mereshchenko et al., 2015). The reaction between the diketal and aliphatic moieties could
succeed if the activation energy is improved. However, the conditions would exclude the use

of thermal energy due to the thermal instability of diketal 2.

In the second series (7-18, figure 5.2), the cycloaddition reaction, under reflux, between maleic
anhydride and monomerised dicyclopentadiene yielded a furandione derivative (7). Under
similar reaction conditions, aminolysis of compound 7 with benzylamine, 1-aminopiperidine,
propargylamine, propylamine, phenylhydrazine, ethylenediamine, 1,3-diaminopropane, 1,4-
diaminobutane and N,N-methylethylenediamine resulted in respective pyrrolidinedione

conjugates (8-18). The structures of these opened cages were also confirmed using various

129 http://etd.uwc.ac.za/ Chapter 5 — Conclusion



experiments that include NMR, MS and IR. The characteristic peaks for each compound in

these experiments were observed and correctly assigned.
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Figure 5.2: Structures of series 2.

Unlike the diketal 2, furandione 7 was thermostable and the reaction proceeded under thermal
or reflux conditions to afford the respective pyrrolidinedione derivatives (8-18). The reaction
that led to the formation of compound 8 also afforded the dibenzylamide derivate 9 as a by-
product in 6.27% vyield. A change in the reaction conditions may improve the yield of
compound 9. Interestingly, changing the work up procedure of compound 14 by re-crystallising

the crude mixture in ice-cold methanol resulted in the isolation of 15, however at a lower yield
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(12.32%) when compared to 89.94% of compound 14. It is suggested that the polar protic
nature of methanol favour crystal formation (15) when compared to ethyl acetate, an aprotic
organic solvent (Braybrook et al., 2002; Sathyanarayanamoorthi et al., 2010; Yang et al.,
2014). The low yield was attributed to the relative solubility of the compound 15 in methanol.
It is believed that changing the solvent may significantly improve the yield.

In the third series (19-23; figure 5.3), di-epoxidation of dicyclopentadiene resulted in the
formation of compound 19. Under microwave condition, benzylamine was incorporated into
the epoxy derivative to afford the rearranged cage-like molecules (20 and 21). Interestingly,
the reaction involving phenylhydrazine under similar condition afforded the aniline derivatives
(22 and 23). These rearranged cage like molecules emerged as a diastereometric mixture in the
respective crude products. The benzylamine derivatives (20 and 21) were easily separated with
100% ethyl acetate using column chromatography. The aniline derivatives (22 and 23) were
practically inseparable despite exploring different mobile phases. The structure of these
compounds (19-23) were elucidated and confirmed by various experiments that include NMR,
MS and IR.

HO HO
o)
N N
OH OH
o)
19 20 21
HO HO
N N
©/ OH O/ OH
22 23
Figure 5.3: Structures of series 3.
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The aliphatic conjugates (propylamine and propargylamine) were also proposed. However, the
products formed were insoluble in conventional solvents such as DMSO, water, acetone,
methanol and benzene. Due to their poor solubility, particularly in DMSO, these conjugates
were excluded in the series as the biological testing would be affected.

Compound 24-27 (figure 5.4) were acquired and included in the series because of the structural
similarities between the acquired (24-27) and synthesised (1-23) compounds. The structures
were elucidated and confirmed by *H and 3C-NMR, and the peaks observed correspond to
those found in the literature (Kas’yan & Palchikov, 2010; Palchikov et al., 2014).

Once the structures were characterised and confirmed, the synthesised (1-23) and acquired (24-
27) compounds were screened for potential neurotoxic and neuroprotection effects.

OH
NH
24 25
O
HO
OH o
26 27

Figure 5.4: Structures of acquired compounds.
5.3 Biological studies

The cytotoxic profiles, neuroprotective effects and calcium inhibitory profiles of the
synthesised compounds (1-27) were successfully evaluated in the biological studies (table 4.1).
The human neuroblastoma SH-SY5Y cell line was used throughout the biological studies as it
possesses components and characteristics which are typical of human neuronal cells. Firstly,
the cytotoxicity of the synthesised polycyclic compounds was determined at different
concentrations in human neuroblastoma cells to establish the optimal concentration for
neuroprotection and Ca2* inhibition studies. Once the optimal concentration was identified, the
anti-apoptotic effects of these compounds against MPP* induced neurotoxicity were

successfully assessed. The abilities of the synthesised compounds to attenuate calcium influx

132 http://etd.uwc.ac.za/ Chapter 5 — Conclusion



through NMDA receptor and voltage gated calcium channels on human neuroblastoma cells

were also successfully evaluated.

In the cytotoxicity study, compounds 1-27 were tested at 10 uM, 50 uM and 100 pM in
neuroblastoma SH-SY5Y cells. After a 24-hour exposure time and MTT cell viability
assessments, all of the compounds except 11 and 15 displayed cell viability rates that are
inversely proportional to their concentration. Generally, all tested compounds demonstrated
extremely low cytotoxic effects at 10 uM and 50 uM as evident by the cell viability percentages
that are close to 100%. Even at 100 puM, some of these compounds still displayed reasonably
good cytotoxic profiles towards the human neuroblastoma cells. However, compound 7 and 24
demonstrated toxicities toward SH-SY5Y cells as they showed cell viability percentages of
51% and 59% respectively, at 100 uM. In light of these observations, the neuroprotection and
calcium inhibition studies were carried out at 10 puM. This concentration was deemed optimal

as it facilitates accurate cell viability measurements.

In the neuroprotection study, neuroprotective effects of the synthesised compounds 1-27, on
neuroblastoma cells, after exposure to neurotoxin (MPP™) were successfully demonstrated.
After 24 hours, cell viability testing was performed using the MTT assay. Compared to MPP*
only treated cells with a cell viability of 49.9%, all compounds (1-27) reasonably attenuated
MPP*-induced neurotoxicity as demonstrated by the significant enhancement of cell viability
that is between 22.8% to 53.3%. The highest and lowest neuroprotective effects were observed
for compound 8 (103.5%) and 18 (73.9%), respectively. Notably, less rigid compounds (2 &
12 compared to 1 & 11, respectively) and more lipophilic structures (1 compared to 8)
demonstrated enhanced neuroprotective effects. The important role of lipophilicity was also
evident in the reduced neuroprotective effect demonstrated by the hydroxyl moiety of
compound 3 when compared to compound 2. It was also evident that primary (14, 16 & 17)
or secondary (24, 25 & 26) amines are important for neuroprotective effects. And generally,
the benzoquinone moieties displayed better neuroprotective effects than the furandione or

diepoxide derivatives.

In the calcium influx studies, two major calcium entry pathways; namely the NMDA receptor
and voltage gated calcium channels, were explored. Elevated intracellular calcium ions were
assessed by calculating the ratio of calcium-bound and calcium-unbound in a Fura-2 loaded

human neuroblastomas cell line.
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In the NMDA receptor mediated calcium influx study, the ability of the synthesised compounds
(1-27) to inhibit NMDA receptor channels after NMDA/glycine stimulation were successfully
demonstrated. Their activities were compared to known NMDA receptor antagonists or
blockers (NGP1-01 and MK-801). All compounds (1-27) demonstrated NMDA receptor
inhibitions in range of 23.5-73% at 10 uM with compound 27 and 7 showing the strongest and
weakest inhibitions, respectively. Surprisingly, many of these compounds (2, 3, 4, 5, 12, 15,
16, 17, 18, 19, 20, 21, 25, 26 and 27) displayed inhibitory effects that exceed that of MK-801.
Structure activity relationship suggested that the NMDA receptor inhibition of this group of
compounds is influenced by the structure’s rigidity and lipophilicity and the presence of a basic
nitrogen atom, hydroxyl moiety and aromatic moiety. Some of these compounds (5, 6, 9, 13,
14, 16, 17, 24, 25 & 26) exhibit similar characteristic functional groups such as basic amino
functionality, hydroxyl moiety or hydrophobic moiety as memantine or NGP1-01, which was
why they were able to effectively block or inhibit the NMDA receptor. The comparison of the
dione cyclic ring demonstrated that the NMDA receptor inhibition increases with ring size in
the following manner; 8-membered > 6-membered > 5-membered. Interestingly, compounds
2, 4 and 27 differ in these functional characteristics, but still significantly inhibit NMDA
receptor better than NGP1-01 and MK-801. This suggest allosteric interaction rather than
interaction at the Mg?* binding sites of the NMDA receptors. Altogether, the inhibitory effects
of these compounds on NMDA receptors are expected to protect the neuronal cells from

calcium overload mediated by glutamate-induced excitotoxicity.

In the voltage mediated calcium influx study, the inhibitory effects of synthesised compounds
(1-27) on voltage gated calcium channels, expressed in human neuroblastomas SH-SY5Y cell,
were successfully determined. In comparison to nimodipine and NGP1-01, which are known
voltage gated calcium channels blockers, compounds 1, 2, 3, 4, 6, 7, 8, 9, 10, 11, 12, 13, 14,
15, 16 & 17 displayed moderate to good VGCC inhibition at 10 uM. Those with good activity
demonstrated inhibition similar to or exceeding nimodipine or NGP1-01. Interestingly,
compounds 4 (50.3%), 8 (37.2%) and 16 (37.9%) demonstrated calcium inhibition that exceed
nimodipine (34.1%) and NGP1-01 (34.2%). The strongest inhibition was observed with
compound 4 (50.3%) while compounds 22, 23, 24 & 27 showed no VGCC inhibitory activity.
The structure activity relationship of these groups of compounds suggest the importance of
hydrophobicity and a carbonyl moiety that is necessary for interaction with the hydrophobic
pocket of VGCC to mediate the inhibition of the channel. In some instances, polar groups like

amines (14, 16, & 17) and amides (9) were well tolerated as demonstrated by their good
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inhibitory effects. Unlike the NMDA inhibitory activities, the influence of the dione ring size
were inversely proportional to the VGCC inhibitory activities. In general, the calcium
inhibitory effects demonstrated by these compounds could potentially protect neurons from the
adverse effects of calcium overload, a crucial event in apoptotic cell death.

Interestingly, some of these compounds (2, 3, 4, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15 and 16)
demonstrated calcium inhibition at both NMDA receptor and voltage gated calcium channels.
Also, they displayed good cytotoxic profiles and attenuated MPP*-induced neurotoxicity.
These characteristics support the hypothesis of this study, that these compounds can potentially
act as multitarget-directed neuroprotective agents with good safety profiles.

5.4 Conclusion and recommendations

In this study, a total of 27 compounds that include novel opened cage- and rearranged cage-
like molecules were successfully synthesised, purified and characterised. The synthesis of
compounds in series 1 were limited to six due to the susceptibility of compound 2 to
degradation at high temperature, and the aliphatic amines were unreactive at room temperature.
In series 3, the aliphatic amine derivatives were insoluble in DMSO and were excluded from
the study. Some of the reactions afforded products and by products with low yields that were
attributed to suboptimal reaction conditions and separation techniques. All synthesised
compounds showed reasonable cytotoxic profiles in human neuroblastoma cells. Compounds
(1-27) exerted protection against MPP*-induced toxicity. This is significant as they potentially
exhibit neuroprotective effects against a major neurotoxin peculiar to Parkinson’s disease. The
compounds were able to display mono- or dual- inhibition at NMDA receptor and/or voltage
gated calcium channels. The inhibitions are expected to potentially protect neuronal cells from
calcium overload-mediated apoptosis. The compounds demonstrated more calcium flux
inhibition at the NMDA receptors than in voltage gated calcium channels. This is significant
as the NMDA receptors are known to play a crucial role in calcium overload during glutamate-
induced excitotoxicity that result in neuronal cell death. This observation was attributed to the
structure similarities that exist between the synthesised compounds (1-27) and NGP1-01 or
memantine. Despite limitations, the results in this study provide information on the synthesis
and biological evaluation of the proposed structures (opened- and rearranged-cage) and set the
foundation for the exploration of these group of compounds as possible neuroprotective agents

with good safety profiles.
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Nonetheless, the following recommendations and further studies are suggested to better

understand the neuroprotective effects of these norbornane derivatives:

Synthesis of structurally related derivatives with various functional moieties and
optimising the reaction conditions that would lead to the formation of aliphatic conjugates
of series 1. A microwave reaction in a monitored closed system, conducted at high
pressure, high power (watt) and low temperature could for example afford the desired
compounds. The additional derivatives could assist in understanding the structure activity
relationship of this group of compounds;

Optimisation of the reaction conditions of series 3. Investigation and determination of
optimum temperature and completion time could improve the yield of this series.

The determination of the 1Cso of all the synthesised compounds (1-27) in the cytotoxicity,
neuroprotective and calcium inhibition studies. This is necessary to accurately compare
the cytotoxicity and neuroprotective activities of the synthesised compound among
themselves and with known inhibitors or blockers;

The investigation of the mechanism of neuroprotection for synthesised compounds (1-27)
in the MPP*-induced neuratoxicity study would be beneficial for further drug design and
optimisation. In order to achieve these objectives, experiments such as dopamine active
transporter assay, microscopic assessment of morphological changes, evaluation of
caspase-3 activity, flow cytometry measurement of mitochondrial transmembrane
potential, flow cytometry detection of apoptotic and necrotic cells, oxygen consumption
assay, western blot assay, ROS measurement, and quantification of immunoblot by
densitometry analysis should be conducted,

The determination of the mode of NMDA receptor blockage or inhibition by the
synthesised compounds (1-27) needs to be clarified. Binding affinity studies such as
radioligand ([®*H]-(+)-MK-801) binding assay and docking studies are necessary to
establish if these compounds bind to the PCP binding or allosteric binding sites of the
NMDA receptors. It will also provide information on the type of binding, which could be
either by trapping like MK-801 or foot in the door like memantine. Additionally, it could

also provide information on potential side effects and clinical tolerability.

The compounds designed and synthesised in this study displayed neuroprotective effects by

attenuating MPP*-induced neurotoxicity and inhibited calcium influx through NMDA receptor

and voltage gated calcium channels while demonstrating good cytotoxicity profiles. It thus

provides a good basis for further exploration of these derivatives and could assist in the
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development of potential neuroprotective agents with good safety profiles that will not only
provide symptomatic relief, but also halt or slow down the neurodegenerative processes. It will
also assist us in understanding how these receptors and channels are involved in the
neurodegenerative process and could contribute to the successful design of neuroprotective
agents.
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MS spectrum of compound 3
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13C spectrum of compound 4
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IR spectrum of compound 4

100.1

95
90
96 43,78
85
1 2&%3
101.81 972.34
80 F 66§.98
860.Y3
1139.81 1993.44 163
s 846.99 ‘L
751.18
915, 797
125168 786.39
70 1330.01
1031.09 807.15
65
%T 905.35
1303.49
60
1682.93 1243.03
55
1192.95
50
706.43
45
40
35
30.0
4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 650.0
cm-1
HSQC spectrum of compound 4
1 g Y W e g ~_!JL L 1 ppm
- 0
- 20
- 40
b .o
¢
- 60
- 80
100
120
L
140
T T T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 0 -1 ppm

185

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

Spectra



MS spectrum of compound 4
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13C spectrum of compound 5
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IR spectrum of compound 5
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'H spectrum of compound 6
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DEPT-135 spectrum of compound 6
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MS spectrum of compound 6
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13C spectrum of compound 7
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IR spectrum of compound 7
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13C spectrum of compound 8
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IR spectrum of compound 8
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'H spectrum of compound 9
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DEPT-135 spectrum of compound 9
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MS spectrum of compound 9
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13C spectrum of compound 10
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IR spectrum of compound 10
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'H spectrum of compound 11
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DEPT-135 spectrum of compound 11
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MS spectrum of compound 11
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13C spectrum of compound 12
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IR spectrum of compound 12

9.9

3266.86

)

85

80

75

70

65

%T

60

55

50

45

40

35

30.0

071.1

871.12

I

29p7.87

29904

2965.44

9115 6.17
‘ 1048.31

1762.74 789.90

1434.89 ‘

665.66

]

1336.67

120u11

1197.60 874.49

1137.94

1683.15 737.01

4000.0 3600 3200

MS spectrum of co

an
MS_Direct_190312_12 26 (0.171) Cm (26:30)

1004

%

140.0709

141.0747
1209665 1210753 437 000 /1 1930910 157 0374
T e

2800

mpound 12

164.9308

2400 2000 1800

cm-1

1600 1400 1200 1000 800

1: TOF MS ES+

206.1179 6.40e5

199.1445

2071213

200.1475

2081238
(

169.0886 479 o703 183.0624 199 137g 211268 2280004 2301623 2461105 2582172
‘ ;

miz

0
120 12‘5 130 135 140 145

205

150 155 160 165

170 175 180 185 190 195 200 205 210 215 220 225 230 235 240 245 250 255 260

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



'H spectrum of compound 13
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DEPT-135 spectrum of compound 13
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MS spectrum of compound 13
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13C spectrum of compound 14
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IR spectrum of compound 14
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'H spectrum of compound 15
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DEPT-135 spectrum of compound 15
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MS spectrum of compound 15

c16
MS_Direct_190312_14 25 (0.168) Crm (25:27-5:8) 1: TOF MS ES+
3531497 5635
100,
o
3751319
3541530
3704761
3761349
355.1556
2671023 3771872 3911059
2210567 235098 55 10q, 2771404 267 300.0836 - 331.2635343.2683 (356.1570 l g s 4382089 4511272 4581962 4861902 405 0oy 5042664
: e ‘ ‘

0
20 230 240 250 260 270 280 290 300

'H spectrum of compound 16

30 30 | 30 3

40 | 350 360

T T frrrpreer miz
510

370 380 30 400 410 420 430 | 440 450 460 470 480 430 500

éo
7N
(0] |
oo
2 il
T T T T
1.7 1.6 1.5 ppm
Y T T T
3.3 3.2 ppm
T T T
6.05 6.00 ppm |
|
‘ I
" f |
| L
jF 'L I
L _J “ '
T T T T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.0 25 2.0 1.5 1.0 0.5 0.0 ppm
it L L
%0 w0 S| S 3]0

213

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

Spectra



13C spectrum of compound 16
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IR spectrum of compound 16
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'H spectrum of compound 17

13C spectrum of compound 17
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DEPT-135 spectrum of compound 17
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MS spectrum of compound 17
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13C spectrum of compound 18
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IR spectrum of compound 18
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'H spectrum of compound 19
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DEPT-135 spectrum of compound 19
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'H spectrum of compound 20
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DEPT-135 spectrum of compound 20

IR spectrum of compound 20
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MS spectrum of compound 20
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13C spectrum of compound 21
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IR spectrum of compound 21

104.7

100

%T

1217.16

173863

25.0
4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 650.0
cm-1
c23
MS_Direct 19031221 25 (0.168) Cm (25:20-37) 1: TOF MS ES+
167 126e6
100,
<
273.1681
2561700
4,
2571734 24730
| 1500017 1720742 4y 191 1890885 57 4083 945 1965 238.1236 [ (,275'1790288'1592 332725 3312693 3532664 W weme sy
B 160170 180 180 20 20 220 250 | 240 250 | 260 270 280 | 280 ' 300 310 a0 330 340 30 360 370 30 390 400 410 420

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



'H spectrum of compound 22 & 23
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'H spectrum of compound 23
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13C spectrum of compound 22
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DEPT-135 spectrum of compound 22 & 23
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DEPT-135 spectrum of compound 23
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MS spectrum of compound 22 & 23
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13C spectrum of compound 24
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13C spectrum of compound 25
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13C spectrum of compound 26
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13C spectrum of compound 27
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