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ABSTRACT 

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by a loss of neurons producing 

the neurotransmitter dopamine. Notably, despite extensive studies that have revealed numerous 

dysregulated processes associated with PD, fundamental gaps still exist in our knowledge of the 

disease pathophysiology. Our understanding of the disease includes processes such as mitochondrial 

dysfunction causing increased oxidative stress and energy failure, as well as misfolded protein 

accumulation in large inclusions. However, the spatiotemporal sequence of events leading to PD and, 

importantly, the initial factors that trigger disease onset remain elusive. This challenges the 

development of effective therapeutic strategies to prevent and cure PD. Moreover, the various side 

effects associated with conventional pharmaceuticals currently used to treat this disease motivate the 

search for a natural treatment that can avoid augmenting the suffering associated with an already 

debilitating disease. It is evident that mitochondrial dysfunction and oxidative stress are likely to be 

involved in the disease pathogenesis, therefore studying these phenomena in PD may lead to the 

development of more effective therapeutic strategies.  

Curcumin is a plant-based polyphenol that has been observed to have antioxidant properties, increase 

cell viability, and enhance mitochondrial function. Consequently, the aim of the present study was to 

create a PD cellular model and evaluate the potential protective effects of curcumin. Therefore, we 

sought to establish an appropriate PD model by transfecting SH-SY5Y cells with wild-type (WT) or 

G309D mutant PINK1 cDNA, of which the latter has been shown to upregulate dopamine and lead to 

cytotoxicity. Additionally, since several neurotoxins have been shown to trigger PD, the toxic 

herbicide paraquat was administered to complement the model with cellular damage and 

mitochondrial dysfunction. To confirm the model, we performed RT-qPCR to measure gene 

expression levels of PINK1 and tyrosine hydroxylase (TH), an enzyme in the dopamine synthesis 

pathway. PINK1 was significantly upregulated in the mutant, however, no significant difference in TH 

gene expression was observed between groups. We then sought to measure the levels of dopamine in 

transfected cells using liquid chromatography-mass spectrometry (LC-MS). Although no dopamine 

was detected using LC-MS, higher levels of phenylalanine, a precursor of dopamine, were observed in 

the mutant. Using this model, we sought to test the protective effects of curcumin using assays that 

measure cellular and mitochondrial health. A toxic paraquat concentration of 1.7 mM was chosen to 

elicit a 50 % decrease in cell viability for the model, while a curcumin concentration of 2.5 µM was 

chosen as it exhibited no toxic effects. 

Following the establishment of the model, four treatment groups were established for all experiments 

thereon: untreated control, curcumin only treatment, paraquat only treatment, and pre-treatment 

(curcumin treatment followed by paraquat treatment). We found that curcumin was unable to 

significantly rescue the paraquat-induced reduction in cell viability and mitochondrial membrane 

Stellenbosch University https://scholar.sun.ac.za



ii 

potential. The latter was significantly reduced in PINK1 transfected groups, more so in the G309D 

mutant, indicating the toxic effects of the mutation. Thereafter, the effects of curcumin and 

polycaprolactone encapsulated nanocurcumin on cell viability were compared. Formulations of 

curcumin including nanocurcumin are postulated to improve the stability and efficacy of curcumin. 

Interestingly, curcumin had a greater protective effect, whereas nanocurcumin as well as the empty 

nanoparticles elicited toxicity. In fact, pre-treatment with the nanocurcumin prior to paraquat 

treatment caused a 30 % greater loss in cell viability compared to the paraquat treatment alone. 

Finally, a literature review was published, exploring the potential of consistent dietary consumption of 

curcumin as an alternative or supplement to existing therapies. We speculate that curcumin binds to α-

synuclein protein (found to accumulate in PD) and that this complex is subsequently excreted from 

the body via the large intestine. In this view, replacing some of the PD drugs in an individual’s 

treatment regime with a nutraceutical, or ‘functional food’, like curcumin may improve therapeutic 

benefits with fewer side effects. Considering these results and the published evidence for curcumin as 

a dietary ‘nutraceutical’, further studies are required to optimize curcumin treatment before 

advocation of its widespread use as a PD therapeutic agent. Study limitations include the use of an 

unverified WT plasmid and an undifferentiated cell line, which can be addressed in future work. The 

findings in this study are of importance as they may contribute to advancing the development of novel 

plant-based therapies to treat and potentially prevent this detrimental disease. 
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OPSOMMING 

Parkinson se siekte (PS) is 'n neurodegeneratiewe versteuring wat gekenmerk word deur 'n verlies aan 

neurone wat die neurotransmitter dopamien produseer. Merkwaardig, ten spyte van omrykende 

studies wat talle gedisreguleerde prosesse verwant aan PS geopenbaar het, bestaan fundamentele 

gapings steeds in ons kennis van die siektepatofisiologie. Ons begrip van die siekte sluit prosesse soos 

mitochondriale disfunksie in wat verhoogde oksidatiewe stres en energiemislukking veroorsaak, 

asook verkeerde proteïenophoping in groot insluitings. Die tydruimtelike volgorde van gebeure wat 

tot PS lei en, belangriker, die aanvanklike faktore wat siekte-aanvang veroorsaak, bly egter 

ontwykend. Dit daag die ontwikkeling van effektiewe terapeutiese strategieë uit om PS te voorkom en 

te genees. Bowendien, het die huidige konvensionele farmaseutiese behandelinge vir PS tale newe-

effekte. Dit dien as motivering vir soektogte na ‘n natuurlike behandeling wat die aanvullende leiding 

kan verminder van ‘n reeds afbrekende siekte. Dit is duidelik dat mitochondriale disfunksie en 

oksidatiewe stres betrokke is by die siekte se patologie, daarom kan die bestudering van hierdie 

verskynsels in PS lei tot die ontwikkeling van meer effektiewe terapeutiese strategieë.  

Kurkumien is 'n plantgebaseerde polifenol wat waargeneem is om antioksidant eienskappe te toon, 

verhoog sel lewenskragtigheid en verbeter mitochondriale funksie. Gevolglik was die doel van die 

huidige studie om 'n PS-sellulêre model te skep en die potensiële beskermende effekte van kurkumien 

te evalueer. Daarom het ons probeer om 'n toepaslike PS-model te vestig deur SH-SY5Y-selle met 

wilde-tipe (WT) of G309D muteerde PINK1 cDNA te transreguleer, waarvan laasgenoemde 

dopamien op gereguleer het wat gelei het tot sitotoksiteit. Daarbenewens, aangesien verskeie 

neurotoksiene getoon is om PS te aktiveer, is die giftige onkruiddoder, parakwat, toegedien om die 

model aan te vul met sellulêre skade en mitochondriale disfunksie. Om die model te bevestig, het ons 

RT-qPCR uitgevoer om geen-uitdrukkingsvlakke van PINK1 en tyrosine hydroxylase (TH), 'n ensiem 

betrokke by die chemiese samestelling van dopamien, kwantitatief te meet. PINK1 was aansienlik 

opgereguleer in die muteerde, maar geen beduidende verskil was opgemerk in TH-geenuitdrukking 

tussen groepe nie. Ons het toe probeer om die vlakke van dopamien in transfekte selle te meet met 

behulp van vloeibare chromatografie-massaspektrometrie (VC-MS). Alhoewel geen dopamien 

opgespoor was met behulp van VC-MS nie, was hoër vlakke van fenylalanien, 'n voorloper van 

dopamien, in die muteerde waargeneem. Met behulp van hierdie model het ons probeer om die 

beskermende effekte van kurkumien te toets met behulp van eksperimente wat sellulêre en 

mitochondriale gesondheid kan bepaal. 'n Giftige parakwat konsentrasie van 1.7 mM was gekies om 'n 

50% afname in sel lewensvatbaarheid in die model te ontlok, terwyl 'n kurkumien konsentrasie van 

2.5 μM gekies was, aangesien dit geen giftige effekte getoon het nie. 

Na die bevestiging van die model was vier behandelingsgroepe gestig vir alle eksperimente wat volg 

daarna, dit sluit in: onbehandelde kontrole, kurkumien alleenlik, parakwat alleenlik, en voor-

Stellenbosch University https://scholar.sun.ac.za



iv 
 

behandeling (kurkumien behandeling gevolg deur parakwat behandeling). Ons het gevind dat 

kurkumien nie merkwaardig die selle kon beskerm teen die verlaagde sel lewenskragtigheid en 

mitochondirale membraanpotentiaal wat geïnduseer was deur parakwat nie. Die mitochondriale 

membraanpotentiaal was aansienlik verminder in die PINK1-getransfekteerde groepe, meer so as in 

die G309D-muteerde, dit dui die giftige effekte van die mutasie aan. Daarna is die effek van 

kurkumien en policaprolactone ingeslote nanokurkumien op sel lewensvatbaarheid vergelyk. 

Formulerings van kurkumien, insluitend nanokurcumin, word gepostuleer om die stabiliteit en 

doeltreffendheid van kurkumien te verbeter. Interessant genoeg, kurkumien het 'n groter beskermende 

effek gehad, terwyl nanokurcumin sowel as die leë nanopartikels toksisiteit getoon het. In 

werklikheid, het die voorbehandeling met nanokurkumien (voor parakwat behandeling) ‘n 30% groter 

verlies in sel lewenskragtigheid veroorsaak as die selle met slegs parakwat behandeling. Ten slotte is 

'n literatuuroorsig gepubliseer, wat die potensiaal van konsekwente dieet verbruik van kurkumien 

ondersoek as 'n alternatief of aanvulling tot bestaande terapieë. Ons spekuleer dat kurkumien aan α-

sinukleien proteien bind (gevind om te versamel in PS) en dat hierdie kompleks daarna uit die 

liggaam uitgeskei word deur die dikderm. Deur dit in ag te neem, kan die vervanging van sommige 

van die huidige PS-behandelinge met nutraceutiese produkte, of ‘funksionele kos’, soos kurkumien, 

voordelig wees en minder newe-effekte hê. Samevattend met hierdie resultate en die gepubliseerde 

bewyse vir kurkumien as ‘n dieet ‘nutraceutical’, is verdere studies nodig om kurkumien behandeling 

te optimiseer voordat die wydverspreide gebruik daarvan as 'n PS terapeutiese middel kan gebeur. 

Studie beperkings sluit in die gebruik van 'n ongeverifieerde WT-plasmied en 'n ongedifferensieerde 

sellyn, wat in toekomstige werk aangespreek kan word. Die bevindings in hierdie studie is van belang, 

aangesien dit kan bydra tot die bevordering van die ontwikkeling van nuwe plantgebaseerde terapieë 

om hierdie nadelige siekte te behandel en moontlik te voorkom. 
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CHAPTER 1: Introduction 

1.1 Introduction to Parkinson’s disease  

Parkinson’s disease (PD) is a common age-related motor disorder of the central nervous system 

(CNS), resulting from the mass degeneration of dopamine-producing neurons in the substantia nigra 

pars compacta (SNc). A pathological hallmark of PD is the formation of Lewy bodies (LBs) mainly 

containing α-synuclein protein (Marsden, 1982; van Laar & Berman, 2009). Dopamine acts as a 

neurotransmitter in regions of the brain such as the striatum which is involved in motor function (Park 

& Ellis, 2020), and progressive loss of dopaminergic neurons in the brain results in the manifestation 

of the main features of PD i.e., the motor symptoms which include reduced movement, tremor at rest, 

and rigidity (Rodriguez-Oroz et al., 2009). Furthermore, such degeneration causes characteristic 

depigmentation in the substantia nigra due to the loss of neuromelanin. Neuromelanin is a dark, 

complex, polymeric pigment that accumulates in dopaminergic neurons due to controlled dopamine 

oxidative processes (Zucca et al., 2017). The process of dopaminergic neurodegeneration in PD 

patients is relatively slow and it takes years to manifest the motor symptoms.  

PD either presents as a familial or sporadic disease, each generally defined with an age at onset below 

and above 50 years of age, respectively (Wickremaratchi et al., 2011). Parkinsonism was first 

described by Dr. James Parkinson in 1817 who described a condition termed the “shaking palsy” 

(Parkinson, 2002). PD now affects approximately 1 % of the population over 60 years of age (Tysnes 

& Storstein, 2017). Despite decades of research, the exact mechanisms underlying the disease 

pathogenesis are yet to be elucidated (Hirsch & Hunot, 2009). This is complicated by a complex 

interplay of genetic and environmental factors that likely influence PD pathogenesis. As a result, 

effective disease-modifying treatments and preventative strategies have not yet been developed. This 

is especially alarming in Africa which is projected to experience a rise in neurodegenerative diseases 

due to an increasingly aging population (Dorsey et al., 2018). Consequently, there is an urgent need to 

develop and improve access to affordable, effective therapies to potentially help curb the increasing 

PD prevalence in Africa and around the globe (Hamid et al., 2021).  

Therefore, in the present study, we aim to test the effects of a potential therapeutic drug, curcumin, for 

its antioxidant and neuroprotective effects. These effects will be evaluated using a PD cellular model 

using undifferentiated human neuroblastoma SH-SY5Y cells. In this study, the cellular model will be 

composed of three features: (1) overexpression of the phosphatase and tensin homolog (PTEN)-

induced kinase 1 (PINK1) gene to represent familial PD; (2) toxicity which will be achieved by 

dopamine upregulation; and (3) an environmental stressor representing sporadic PD which will be 

caused by administration of the herbicide paraquat which has been shown to disrupt mitochondria and 

increase PD risk. PINK1 mutations have been shown to cause familial PD and to be a model of 
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dopamine toxicity (Zhou et al., 2014). Paraquat is widely used to establish PD models due to its 

deleterious effects on mitochondrial function (Wang, Souders, et al., 2018). Notably and importantly, 

the societal movement away from artificially synthesized chemicals and toward more natural 

substances to treat medical conditions further enhances the attractiveness of plant-derived compounds, 

like curcumin, as a potential therapeutic strategy to treat PD. 

1.1.1 Dopamine deficiency in PD 

As seen in Figure 1.1, the cortex of the brain is responsible for voluntary body movement, and is 

connected to the globus pallidus pars interna (GPi) and substantia nigra pars reticulata (SNr) regions 

via the direct, hyperdirect, and indirect neural pathways (Rodriguez-Oroz et al., 2009).  

 

Figure 1.1 The classical physiological model of healthy neurons and the effect of PD. A – Frontal 

section of human brain. B – Activation of regions in the basal ganglia network. Neurons in the 

cerebral cortex extend to the putamen which sends projections to the GPi and SNr by the direct circuit 

(putamen-GPi) or indirect circuit (putamen-STN-GPi, SNr). Dopamine from the SNc facilitates 

neurons in the direct pathway and inhibits those in the indirect pathway. Activation of the direct 

pathway reduces firing in the GPi/SNr and aids movement. Conversely, activation of the indirect 

pathway suppresses movement. The STN can also be activated by the hyperdirect circuit (cortex-

STN), reducing movement. In PD, the dopamine deficit increases activity in the indirect circuit, 

hyperactivates the STN, and reduces activity in the direct circuit. This results in increased inhibition 

of the thalamic VL and reduces activation of the cortex and motor regions in the brainstem. 

Abbreviations: GPe, globus pallidus pars externa; STN, subthalamic nucleus; GPi globus pallidus pars 

interna; SNc, substantia nigra pars compacta; SNr, substantia nigra pars reticulata; VL, ventrolateral 

nucleus (Rodriguez-Oroz et al., 2009). 
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Under normal conditions, dopamine in the SNc facilitates the direct circuit, thereby increasing 

neuronal firing in the GPi and SNr which in turn, raises activity in the cortex, and facilitates 

movement. In PD, loss of dopaminergic neurons in the SNc results in dopamine deficiency in the 

putamen and causes the manifestation of PD motor symptoms (Jankovic, 2008). Such a shortage of 

dopamine inactivates the direct circuit and activates the indirect circuit; thus, the ventral lateral (VL) 

nucleus is preferentially inhibited by GPi and SNr neurons. As a result, the cortex is activated to a 

lesser degree, and movement is suppressed. Levodopa (L-DOPA, l-3,4-dihydroxyphenylalanine), 

which is currently the gold-standard PD drug used for dopamine replacement therapy, cannot halt 

neuronal loss and results in involuntary muscle movement (dyskinesia), among other side effects. 

Therefore, a more effective PD treatment with fewer side effects is required for this already 

debilitating disease (Olanow, 2015).  

1.1.2 Accumulation of alpha-synuclein 

Along with dopaminergic neuronal loss, a distinct pathological hallmark of PD is the propagation of 

misfolded alpha-synuclein (α-synuclein) in the form of LBs and Lewy neurites along neural networks 

(Alafuzoff & Hartikainen, 2018). LB formation (Figure 1.2) involves the aggregation of misfolded α-

synuclein and other proteins and cellular components into cytoplasmic inclusions (Luk et al., 2009).  

In the cell, misfolded proteins can be degraded through the ubiquitin-proteasome system and 

autophagy (Ebrahimi-Fakhari et al., 2011). However, it has been hypothesized that when protein 

aggregate formation exceeds their degradation by autophagy, aggregates are transported to the 

microtubule-organizing center where they congregate to form large aggresomes (Kopito, 2000). These 

aggresomes are likely to be what is referred to as LBs (Tanaka et al., 2004). While properly folded α-

synuclein plays a role in protection against neuronal damage and vesicle regulation, the toxic forms of 

α-synuclein produced during LB formation instigate cellular dysfunction culminating in cell death 

(Uversky & Eliezer, 2009; Gustot et al., 2015). Braak and colleagues proposed that LB propagation 

occurs in a staged manner, first affecting vulnerable brain regions such as the dorsal motor nucleus of 

the vagus nerve (DMNV) and olfactory bulb and thereafter, ascends rostrally to the cortex and 

prefrontal regions (Braak, del Tredici, et al., 2003). Braak and colleagues later hypothesized that LB 

formation begins in the enteric nervous system and thereafter, spreads to the brain (Braak, Rüb, et al., 

2003). Although extensive progress has been made to elucidate the way Lewy pathology initiates and 

spreads, cell intrinsic factors may also play an important role in the formation of pathologic α-

synuclein. These include mechanisms that increase endogenous α-synuclein levels, mutations and 

dysfunctional proteins associated with α-synuclein metabolism, and oxidative stress (Hijaz & 

Volpicelli-Daley, 2020). 
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Figure 1.2 Possible mechanism of Lewy body formation. A - Organelles such as mitochondria, 

vesicles, and lysosomes in the cell, and the presence of pathological α-synuclein may lead to 

disruption of organelle membranes and further aggregation of cellular components. Large clumps of 

aggregated membranes and proteins compact over time and give rise to Lewy pathology 

(Shahmoradian et al., 2019). B – Light microscope image of a Lewy body found in a human midbrain 

(Dunn & Lewis, 2008). This figure was taken from an Open Access article distributed under the terms 

of the Creative Commons Attribution 4.0 International License. No changes were made.  

 

1.1.3 Mitochondrial dysfunction and PD 

Although the influence of numerous genetic factors and environmental exposures on PD pathogenesis 

have been suggested, a widely accepted theory of neuronal degeneration is free radical-induced 

oxidative stress. Mitochondrial dysfunction is directly linked to oxidative stress and is seen in both 

sporadic and familial PD (Larsen, Hanss & Krüger, 2018). Mitochondria are the main source of 

reactive oxygen species (ROS) which are produced as by-products of cellular metabolism (Islam, 

2017). While low to moderate levels of ROS are essential for the maintenance of homeostasis, 

excessive ROS results in lipid, protein, and DNA damage, and may contribute to oxidative stress-

induced cell death in PD (Murphy, 2009). Additionally, mitochondrial DNA (mtDNA) in neurons and 

glia of the SNc has a higher mutation rate than in any other brain region in PD patients (Soong et al., 

1992). The role of mitochondria in PD pathology is further supported by the observation that 
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mitochondrial toxins such as paraquat, rotenone, and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP) can induce parkinsonism in humans and animals by increasing levels of ROS produced by 

the electron transport chain (Bové et al., 2005; Testa, Sherer & Greenamyre, 2005). In particular, 

paraquat undergoes redox cycling whereby it is reduced by nicotinamide adenine dinucleotide 

phosphate (NADPH) and is then oxidized to form highly reactive and damaging superoxide molecules 

(Dias, Junn & Mouradian, 2013). Such mitochondrial damage in the midbrain region has been linked 

to sporadic PD (Schapira, 2008). Finally, genes known to play important roles in mitochondrial 

function, such as PRKN, LRRK2, DJ-1, and PINK1, have been shown to cause PD (Cookson, 2012). 

Pathogenic mutations in such genes as well as the mitochondrial dysfunction and oxidative stress that 

they initiate may seem indirectly related to LB propagation. However, extensive evidence supports an 

inextricable link to this hallmark of PD through various connected pathogenic events in the body 

(Figure 1.3), that ultimately result in dopaminergic cell death. Compromised cellular function (such 

as microtubule organization, cellular trafficking, and degradation pathways) may culminate in 

progressive accumulation of aberrant protein aggregates in PD (Esteves et al., 2011). Accordingly, 

neuronal dysfunction has been reported prior to α-synuclein aggregation in both PD patients and 

animal models (Paumier et al., 2013).  

 

Figure 1.3. The molecular mechanisms that are dysregulated in PD (Xicoy, Wieringa & Martens, 

2017). Several interconnected cellular events culminate in dopaminergic cell death in PD, including 

dysfunction of mitochondria, proteasome system, autophagy as well as oxidative stress. This figure 

was taken from an Open Access article distributed under the terms of the Creative Commons 

Attribution 4.0 International License. No changes were made.  
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Therefore, mutations in key PD-related genes may initiate events such as mitochondrial dysfunction 

that later culminate in α-synuclein aggregation. Accordingly, the therapeutic potential of candidate 

drugs should be assessed in both specific PD models such as PINK1 but also for its broader 

application against widely observed pathologies such as protein aggregation. Studying the various 

molecular mechanisms associated with PD pathogenesis and progression is paramount to the 

development of effective therapies for this complex disease. 

1.2 Cellular models to study PD  

The relevance of the wide variety of pathways implicated in PD has led to prominent modeling of the 

disease to study PD pathogenesis and discover novel therapies. Models are useful research tools to 

enhance our understanding of PD pathophysiology and test potential interventions in order to develop 

novel therapeutics (Falkenburger, Saridaki & Dinter, 2016). Given that the underlying cause(s) of PD 

remains unknown, PD can only be partially represented in these models. Nevertheless, models greatly 

aid research as the use of individuals with PD in studies can be challenging due to variable disease 

stages, slow disease progression, the complexity of physiological features of neuronal systems, and 

vulnerability of elderly PD patients which complicates sampling (Bahmad et al., 2017). There are 

many types of models used in PD research, ranging from cellular/animal-based, genetic, and 

neurotoxic models (Table 1.1). 

Table 1.1 Summary of advantages and limitations of animal/cell-based, neurotoxic, and genetic 
models in Parkinson’s disease research (Chia, Tan & Chao, 2020).  

Model Advantages Limitations 
Cell/animal models   
Rodents Exhibit PD-like phenotype 

Established behavioral test 

Availability of non-motor symptoms 
examination 

Ease of genetic manipulation process 

Relatively expensive 

Long life cycle 

Non-human 
primates (NHP) 

Close similarity in genetic and brain 
anatomy to human 

Availability of disease assessment 

Laborious 

Very expensive 

Long life cycle 

Complicated genetic 
manipulation process 

Ethical considerations 
Caenorhabditis (C.) 
elegans 

Ease of genetic manipulation Lack of α-synuclein 
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Short life cycle 

Low cost of maintenance 

Well-defined neuropathology and 
behavior 

expression 

Difficult to target 
dopaminergic neuron 

Neuronal connectivity 
differs from human 

Drosophila Availability of transgenic model 

Similar dopamine synthesis pathway 

Exhibit PD-like phenotype 

Lack of α-synuclein 
homolog 

Limited cell death effectors 

Zebrafish Well-characterized dopaminergic 
neuron 

Exhibit PD-like motor symptoms 

Close genetic similarity 

Genetic and genomic 
research in progress 

iPSC Ease of genetic manipulation 

Conduct study on patient’s cells 

Quickly and cost effective 

Suitable for large-scale screening 

Lack of complete 
physiological connection 
that mimic brain 

Suitable for molecular 
study 

Neurotoxic models   
6-OHDA Able to induce massive destruction 

of dopaminergic neuron in SN 

Able to induce major behavioral 
deficits seen in PD 

Lack of blood brain barrier 
penetration 

Acute effect 

Lacks LB formation 
MPTP Can penetrate blood brain barrier 

Similar topographic pattern of 
dopaminergic cell loss 

Decreased striatal dopamine levels 

Lacks LB formation 

Paraquat Induces age-dependent dopaminergic 
neuronal loss 

Induces LB formation 

Lack of striatal dopamine 
loss in some models 

Rotenone Behavioral impairment 

Dopaminergic neurodegeneration 

Low reproducibility 

Acute toxicity 
Genetic models   
α-Synuclein Useful to study α-synuclein-related 

degeneration and the association 
between genetic and environmental 
factors in PD 

No significant 
dopaminergic neuron loss 

Exhibits different 
topography pattern of cell 
loss 
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LRRK2 Therapeutic target and useful for 
LRRK2 targeted drug test 

Useful for LRRK2 functional study 

No significant 
dopaminergic neuron loss 

Lack of α-synuclein 
inclusions 

Parkin Useful for Parkin functional study Lack of important 
phenotype of PD 

DJ-1 Useful to combine with neurotoxin 
models 

Lack of nigral 
neurodegeneration 

Lack of inclusion bodies 
PINK1 Dopamine reduction and decreased 

locomotor activity in G309D-PINK1 
mice and Drosophila 

Useful to study the association of 
PINK1-Parkin pathway in PD 

Most PINK1 models do 
not show reduction of 
dopaminergic neuron and 
dopamine levels 

This table was taken from an Open Access article distributed under the terms of the Creative 

Commons Attribution 4.0 International License. No changes were made.  

Abbreviations: PD, Parkinson’s disease; LB, Lewy body; NHP, non-human primate; iPSC, induced 

pluripotent stem cell; 6-OHDA, 6-hydroxydopamine; MPTP, 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine. 

 

In comparison to animal models, cellular models are less costly, develop disease pathology quicker, 

and require less stringent ethical approval for use (Falkenburger, Saridaki & Dinter, 2016). Cellular 

models are important as they can represent PD through their cell type, electrical activity, behavior, 

and molecular basis (Falkenburger, Saridaki & Dinter, 2016). Depending on the aspect of PD 

pathobiology and the type of therapeutic agent to be studied, a suitable model must be chosen with 

regard to these factors (Ahmi, 2019). Manipulating DNA and testing pharmaceuticals are easier with 

cells than in animal models, allowing for rapid, large-scale experiments. Cells have been used in large 

high-throughput screening studies to identify drug candidates (Eglen & Reisine, 2011; He et al., 

2018). Another advantage is the disease pathology can easily be monitored and manipulated as well as 

being amenable to testing multiple approaches at one time. Researchers are able to study a single cell 

type which is useful in identifying its role in PD pathology. Studying a therapeutic drug may be useful 

in a cellular model that has potential drug targets. However, since multiple cell types interact and 

result in PD pathogenesis and pathophysiology, these interactions can only be studied in animals or 

humans. Therefore, findings derived from cell models are usually validated in animal models and later 

in humans. Furthermore, cells develop rapidly which is the opposite in vivo, as PD is known to be a 

slowly progressive disease. Although it is difficult to make inferences about whole-body effects and 

system pathology, these simple models are suited to use in initial studies aiming to examine the 

cellular machinery involved in disease progression which can then be followed up by in vivo and 
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clinical trial phase studies. Overall, while cellular models have significant limitations for studying a 

complex disorder such as PD, they are still a useful tool in PD exploratory studies.  

Cell types used in PD models include primary neurons and immortalized Lund human mesencephalic 

(LUHMES) SH-SY5Y, and Pheochromocytoma (PC12) cell lines (Falkenburger, Saridaki & Dinter, 

2016). Primary mesencephalic cultures generally contain midbrain dopaminergic neurons that readily 

differentiate and form visible neurites and synapses (Falkenburger & Schulz, 2006). Midbrain 

dopaminergic cell cultures have been used to evaluate the neuroprotective effect of nicotine (Toulorge 

et al., 2011), and the antiepileptic drug valproate (Chen et al., 2006).  

The characteristic dopaminergic deficit in PD patients has informed the use of catecholaminergic cells 

(dopaminergic and noradrenergic) such as LUHMES embryonic cells which are a widely used 

immortalized, dopaminergic precursor neuronal cell line (Lotharius et al., 2005). Differentiated 

LUHMES cells are similar to dopaminergic neurons in their neuronal markers, electrical properties 

and neuronal process morphology (Scholz et al., 2011). The SH-SY5Y neuroblastoma cell line and 

PC12 cell line produce and release catecholamines and can be differentiated to form neuron-like 

processes using retinoic acid and neuronal growth factor (Öz & Çelik, 2016; Yürekli, Gürler, 

Nazıroğlu, et al., 2013). Differentiated SH-SY5Y cells have tyrosine hydroxylase (TH) and DA-β-

hydroxylase activities (Xie, Hu & Li, 2010) and express several PD-causing genes (Krishna et al., 

2014). Cheung et al. (2009) reported that undifferentiated SH-SY5Y cells were more susceptible to 

neurotoxins than their differentiated counterparts, thus may be more suited to model development to 

study toxicity (Cheung, Lau, Yu, et al., 2009) and rescue effects with therapeutic intervention. SH-

SY5Y cells have been used to test the neuroprotective properties of various therapeutic candidates 

such as nicotine and cotinine (Pogocki et al., 2007; Riveles, Huang & Quik, 2008) and Danshensu, an 

active component of the traditional Chinese medicinal herb Danshen (Wang, Li, et al., 2020). This 

highlights the versatility of SH-SY5Y cells as a model to test a wide variety of biological pathways 

and disease mechanisms. 

Given the above, undifferentiated SH-SY5Y cells were selected for this study due to their 

catecholaminergic nature, suitability to study toxicity, ease of use, relatively low cost, and minimal 

maintenance requirements. Furthermore, this cell line has been widely used to test the neuroprotective 

effects of pharmaceutical candidates which suits this study’s aims.  

1.3 PINK1 

As evidenced in Table 1.1, there are many genetic models of PD based on the expression of proteins 

that are known to be implicated in the disease. These include α-synuclein, LRRK2, Parkin, DJ-1, and 

PINK1. Encoded by the PINK1 gene on chromosome 1, PINK1 is a serine-threonine kinase spanning 

68-kDa and is localized to the mitochondria in the cell (Valente et al., 2004). This ubiquitin kinase is 
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composed of 581 amino acids and was first identified in cancer cells as a substrate for the PTEN 

protein. The structure of the PINK1 protein is shown in Figure 1.4. 

 

Figure 1.4 The two-dimensional structure of human PINK1 (hPINK1) protein and PD-

associated mutations. The N-terminal contains several regions responsible for delivery of PINK1 to 

mitochondria, including the mitochondrial targeting sequence (MTS), membrane localization signal 

(OMS), and the transmembrane sequence (TMS). The kinase domain is divided into an N-lobe and C-

lobe and contains phosphorylation and PD-associated mutation sites. The N-lobe contains three 

insertion sequences (i1, i2, and i3) while the C-lobe contains the activation loop responsible for 

changing the PINK1 protein conformation to the active state. PD-associated mutations can be 

categorized according to the region that they affect: ATP binding pocket (burgundy), kinase core 

(dark blue), catalytic mutations (purple), insert 2 (yellow), insert 3 (pink), activation loop (light blue) 

and C-terminal region (red) (Gonçalves & Morais, 2021). This figure was taken from an Open Access 

article distributed under the terms of the Creative Commons Attribution 4.0 International License. No 

changes were made.  

 

Under normal physiological or homeostatic conditions, PINK1 is produced and degraded via a 

proteasome-dependent mechanism (Pickrell & Youle, 2015). Under stress-induced conditions when 

the mitochondria are damaged, PINK1 remains active and aids mitophagy, the process whereby 

dysfunctional mitochondria are degraded as illustrated in Figure 1.5. This is achieved by PINK1 

recruiting autophagy receptors which then allows cytosolic Parkin, encoded by PRKN, to move to and 

tag damaged mitochondria with ubiquitin (Ub), and consequently triggering selective mitophagy 

(Lazarou et al., 2015). 
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Figure 1.5 PINK1 regulation of Parkin-mediated mitochondrial clearance through mitophagy. 

PINK1 protein (1) gets degraded when mitochondria are healthy (2a). However, when mitochondria 

become damaged, PINK1 remains active (2b) and a series of phosphorylation events occur (3) 

involving PINK1, Parkin, and Ub. (4) Active Parkin binds and creates Ub chains on damaged 

mitochondria. Autophagy receptors attach to the OMM and, together with active Parkin, lead to (5) 

the clearance of damaged mitochondria by mitophagy.  

Abbreviations: ATP, adenosine triphosphate; IMM, inner mitochondrial membrane; OMM, outer 

mitochondrial membrane; Ub, ubiquitin; UBL, ubiquitin-like domain. 

 

 

PINK1 binds ATP and phosphorylates Ub at its Ser65 domain and Parkin at its Ser65 equivalent 

residue, as illustrated in Figure 1.5 (Kane et al., 2014; Kazlauskaite et al., 2014; Lazarou et al., 2015). 
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Parkin forms part of the E3 ubiquitin ligase multiprotein complex which is responsible for tagging 

proteins for breakdown by the ubiquitin-proteasome system (Wood-Kaczmar et al., 2008; Chan et al., 

2011). Phosphorylation of both Parkin and Ub by PINK1 is necessary to maximize the E3 ligase 

activity of Parkin (Kane et al., 2014; Kazlauskaite et al., 2014; Lazarou et al., 2015). Once activated, 

Parkin ubiquitylates substrates in the outer mitochondrial membrane, thereby elongating pre-existing 

ubiquitin chains or creating new chains, either of which is also phosphorylated by PINK1. This 

process culminates in the recruitment of mitophagy adaptors that are required to complete 

mitochondrial degradation (Heo et al., 2015; Lazarou et al., 2015; Ordureau et al., 2015).  

1.3.1 PINK1 in PD 

At least 40 different PD-linked PINK1 mutations have been identified, of which the majority 

constitute missense substitutions (Zhou et al., 2014). The serine-threonine kinase domain of the 

protein mainly has missense mutations and may be critical for PINK1 function (Mills et al., 2008). 

While studying consanguineous families in 2004, Valente and colleagues discovered the first 

homozygous PINK1 mutations, W437X and G309D, relating to autosomal recessive, early-onset PD 

(Valente et al., 2004). Thereafter, many PINK1 mutations have likewise been found to cause this form 

of the disease (Bonifati et al., 2005).  

Additionally, a major hallmark of PD is α-synuclein aggregates which have been implicated in PD 

pathogenesis on both a genetic and biochemical basis. Such involvement of α-synuclein in the disease 

development characterizes PD as a synucleinopathy. The fibrillization of this protein has been 

identified as a potential therapeutic target for PD (Goldberg & Lansbury Jr, 2000; Creed & Goldberg, 

2018). However, despite decades of research, the role of α-synuclein aggregation in PD onset and 

progression remains elusive.  

α-Synuclein has been shown to localize to the mitochondria (Devi et al., 2008), and mitochondrial 

function and morphology are affected by the loss of PINK1 and Parkin function (Dagda et al., 2009; 

Lutz et al., 2009). PINK1 was shown to bind to excess α-synuclein in the cytoplasm, preventing 

apoptosis by promoting autophagic removal of excess α-synuclein (Liu et al., 2017). Kamp and 

colleagues showed that mitochondrial fragmentation, due to increased expression of α-synuclein that 

binds to mitochondria, may be rescued by co-expression of the recessive PD-associated PINK1, 

Parkin, and DJ-1 genes (Kamp et al., 2010). These proteins may exert their protective effects, not by 

direct interaction between them but rather by the convergence of their pathways at the level of 

mitochondrial integrity. Their protection against mitochondrial stress could counteract the pathogenic 

effects of α-synuclein accumulation that render neurons susceptible in PD. Mutations in genes such as 

PINK1 impair these protective functions. Through various pathways involving mitochondrial 

dysfunction, such mutations and many other causes of PD lead to toxic α-synuclein accumulation and 
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aggregation which is a frequent endpoint in PD pathophysiology and a major hallmark of PD (Figure 

1.3).  

PINK1 is involved in the maintenance of healthy mitochondria, which is the main source of 

endogenous ROS (Chen, Guo & Kong, 2012). ROS, such as free radicals (superoxide (O2-), hydroxyl 

radical (•OH)) or reactive non-radicals (hydrogen peroxide, H2O2), are produced during oxygen 

metabolism in aerobic organisms (Halliwell, 1994). Although ROS are required for proper cellular 

function such as cell signaling and homeostasis, high levels of these reactive molecules can become 

deleterious to cell health (Chen, Guo & Kong, 2012). Oxidative stress results when pro-oxidant ROS 

and their reactive intermediates outbalance antioxidant species, resulting in cell demise and 

contribution to disease progression. PINK1 was reported to protect against oxidative stress by 

phosphorylating the mitochondrial chaperone tumor necrosis factor receptor-associated protein 1 

(TRAP1) and suppressing mitochondrial cytochrome c release (Pridgeon et al., 2007). Zhou and 

colleagues demonstrated that stable overexpression of the PINK1 mutants, E231G, A339T, and 

G309D, upregulated levels of TH and dopamine in SH-SY5Y cells (Zhou et al., 2014). This renders 

these cells vulnerable due to reduced cell viability when exposed to stress. One possible explanation 

for this is the development of oxidative stress in the cell due to dysregulated ROS and reactive 

dopamine species which leads to cell death (Larsen et al., 2002; Andersen, 2004; Lotharius et al., 

2005). 

In mutant PINK1 SH-SY5Y cells, antioxidants sodium pyruvate (SP) and N-acetylcysteine (NAC) 

were shown to rescue apoptosis induced by H2O2 (McBurney et al., 2012). NAC is a scavenger of 

ROS which is important as iron species can lead to dopamine oxidation, ROS, and dopamine quinone 

(DAQ) formation, and even cell death (Zhou et al., 2010). Iron ions are a cofactor of the enzyme TH 

and thus are essential for TH-catalyzed dopamine production in dopaminergic neurons. However, 

ageing may result in toxic accumulation of this metal in the brain (Zecca et al., 2004). Significantly 

higher iron content has been found in the midbrains of individuals with early-onset PINK1 mutation-

positive PD and autosomal recessive juvenile parkinsonism compared to both healthy controls and 

patients with sporadic PD (Takanashi et al., 2001). Thus, it is hypothesized that PINK1 mutations lead 

to iron accumulation in the substantia nigra which, in turn, results in dopamine oxidation and 

dopaminergic neurodegeneration. Therefore, studies investigating the protective effect of iron-

chelating agents and DAQ-chelating antioxidants are important to determine if they can alleviate the 

neurodegeneration characteristic of PD-causing PINK1 mutations (Zhou et al., 2014). Given the role 

of PINK1 in mitophagy and protection against ROS and dopamine-induced oxidative stress, mutations 

in PINK1 may lead to mitochondrial dysfunction, subsequent ROS imbalance, and oxidative stress, 

culminating in neuronal death in PD. 
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1.4 Dopamine  

Dopamine was first discovered as a neurotransmitter by Nobel Prize winner Arvid Carlsson, 

following initial recognition as only a precursor in epinephrine and norepinephrine metabolism 

(Carlsson et al., 1958). Dopamine was linked to PD in 1960 (Ehringer & Hornykiewicz, 1960) and 

thereafter, the critical role of dopaminergic neurons in reward, cognition, and motor functions was 

described (Hornykiewicz, 2002). Dopaminergic neurons form nigrostriatal, mesolimbic, and 

mesocortical projections which branch out from the midbrain to the striatum, limbic system, and 

cortex, respectively (Jankovic, 2008). Locus coeruleus neurodegeneration in PD may precede the loss 

of dopaminergic neurons that causes the motor symptoms characteristic of the disease (Zarow et al., 

2003; Pogocki et al., 2007). Neurons in the locus coeruleus interact with norepinephrine 

neurotransmitters and may also be responsible for the manifestation of motor and non-motor 

symptoms in PD (Jellinger, 1991). The extensive literature on the involvement of dopamine in PD 

pathophysiology emphasizes the importance of researching this aspect of the disease (Masato et al., 

2019). 

1.4.1 Dopamine synthesis and metabolism 

Dopamine metabolism is one of the cellular events that has been proposed to be closely associated 

with PD pathobiology. The main pathway of dopamine synthesis in the CNS begins with L-tyrosine 

which is converted to L-DOPA through hydroxylation of its phenol ring by the TH enzyme, a process 

dependent on iron presence (Figure 1.6) (Daubner, Le & Wang, 2011). L-DOPA, as stated above, is 

currently the main drug treatment for PD. L-dopa is converted to dopamine and subsequently to 

norepinephrine by aromatic acid decarboxylase (AADC) and dopamine β-hydroxylase (DβH), 

respectively (Montioli et al., 2013). Two other minor pathways are also involved in dopamine 

synthesis, one of which is P450 cytochrome-dependent (Bromek et al., 2011), involving the 

decarboxylation of tyrosine to tyrosamine and then hydroxylation to dopamine. The other minor 

pathway involves the oxidation of phenylalanine to tyrosine by phenylalanine hydroxylase, an enzyme 

in the same family as TH (Daubner, Le & Wang, 2011). Dopamine is metabolized by MAO to 

produce ammonia, hydrogen peroxide, and 3,4-dihydroxyphenylacetaldehyde (DOPAL). The 

lattermost of which is converted to the corresponding 3,4-dihydroxyphenylacetic acid (DOPAC) by 

aldehyde dehydrogenase and thereafter, to non-reactive homovanillic acid (HVA) by catechol-O-

methyltransferase (COMT) (Kingsbury et al., 2010; Nissinen, 2010). COMT is also involved in a 

minor dopamine degradation pathway, where dopamine is first converted to 3-methoxytyramine 

(MTY) and subsequently to 3-methoxy-4-hydroxyphenyl acetaldehyde (MOPAL), by monoamine 

oxidase B (MAO-B), and to HVA, by aldehyde dehydrogenase (Kingsbury et al., 2010; Meiser, 

Weindl & Hiller, 2013).  
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It must be noted that the pathways described above do not occur in the same cellular compartment 

(Monzani et al., 2019). In dopaminergic neurons, TH and AADC, enzymes responsible for dopamine 

biosynthesis, physically associate and interact with the vesicular monoamine transporter 2 (VMAT2) 

(Nissinen, 2010). The dopamine produced is largely stored in synaptic vesicles by VMAT2. This 

neurotransmitter is only released into the synaptic cleft when the presynaptic neuron is signaled to do 

so, to avoid unnecessarily stimulating the post-synaptic neuron. 

 

Figure 1.6. Summary of dopamine synthesis and metabolism pathways.  

Abbreviations: L-Tyr, l-tyrosine; L-DOPA, l-3,4-dihydroxyphenylalanine; DA, dopamine; TH, 

tyrosine hydroxylase; AADC, aromatic acid decarboxylase; DOPAL, 3,4-

dihydroxyphenylacetaldehyde; DOPAC, 3,4-dihydroxyphenylacetic acid; HVA, homovanillic acid; 

MAO, monoamine oxidase B; ADH, aldehyde dehydrogenase; COMT, catechol-O-methyltransferase; 

NE, norepinephrine; DβH, dopamine β-hydroxylase; DOPET, 3,4-dihydroxyphenylethanol; ALDH, 

alcohol dehydrogenase; MTY, methoxytyramine; MOPAL, 3-methoxy-4-hydroxyphenyl 

acetaldehyde (Monzani et al., 2019). 

 

1.4.2 Dopamine toxicity in PD 

Post-mortem PD brains have been shown to contain toxic dopamine species produced during 

dopamine oxidation (Spencer et al., 2002) which is one of several sources of ROS that may lead to 

disrupted redox homeostasis and neuronal death in PD (Jenner & Olanow, 2006). Excess dopamine 

that is not catabolized or packaged into vesicles can lead to neurotoxicity (Cobley, Fiorello & Bailey, 

2018; Monzani et al., 2019). Such oxidative and nitrosative damage to dopaminergic axon terminals 

and their vesicles is triggered by the production of reactive molecules such as DAQ or dopamine 

semiquinones (DASQ). Redox-active metal ions, particularly copper and iron, promote dopamine 
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oxidation. Furthermore, dopamine spontaneously undergoes slow auto-oxidation which is enhanced 

with raised pH (Herlinger, Jameson & Linert, 1995), a phenomenon that occurs in brain regions 

affected by chronic disease (Monoranu et al., 2009; Genoud et al., 2017).  

Neurodegeneration usually results from dyshomeostasis of redox-active metal ions and nitric oxide 

(NO)-derived species (such as peroxynitrite and nitrite) which enhance dopamine toxicity (Barnham 

& Bush, 2014; Ferrer-Sueta et al., 2018). A small number of DA-derived compounds account for 

post-transcriptional protein modification in PD and are involved in the following pathway: DAQ is 

cyclized to unstable leukodopaminochrome (LDAC) which is readily converted to stable 

dopaminochrome (DAC) (Segura‐Aguilar et al., 2014). DAC accumulates and is converted to 5,6-

dihydroxyindole (DHI) and further oxidizes to form a quinone (DHIQ) (Bisaglia et al., 2010). The 

reactivity of these species accounts for what is termed dopamine toxicity associated with PD 

(Monzani et al., 2019). The molecular basis and structural consequences of protein modification due 

to dopamine toxicity are not fully understood due to the lack of effective methods of investigating 

specific modification sites and types.  

It is evident that excess dopamine, through overproduction and dysfunctional catabolism or reuptake, 

leads to the formation of radicals and reactive dopamine species, thereby resulting in dopaminergic 

neuron damage (Larsen et al., 2002; Andersen, 2004; Lotharius et al., 2005). The following section 

will provide an overview of current and potential PD drug treatments to prevent or combat neuronal 

damage, including curcumin. 

1.5 Drug treatments for PD 

Several drug therapies are currently used to relieve the symptoms of PD including L-DOPA, 

dopamine agonists, and inhibitors of MAO-B and COMT, which are administered based on age, the 

severity of motor symptoms, and various other clinical characteristics of the patient (summarized in  

Table 1.2) (Jost, 2020). However, existing PD drugs do not halt disease progression and are generally 

associated with long-term side effects, as well as a loss in efficacy over time (Teo & Ho, 2013). 

Therefore, there is an urgent need to develop effective therapies that stop neuronal degeneration and 

elicit fewer side effects, for which plant-based compounds are now being investigated.  

1.5.1 Synthetic therapeutic compounds  

In the late 1960s, L-DOPA or levodopa was recognized as a drug to treat PD soon after the discovery 

of dopamine deficit pathology in PD. L-DOPA is still largely used today due to its efficacy in treating 

PD symptoms (Oertel & Schulz, 2016). L-DOPA may reduce motor symptoms by attempting to 

increase dopamine levels and normalize basal ganglia function, but it cannot stop disease progression. 
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This is due to the continued loss of striatal neuronal axons that release dopamine (Mosharov, 

Borgkvist & Sulzer, 2015; Olanow, 2015). Therefore, L-DOPA exerts its beneficial effects for only a 

limited time (Lane et al., 2008). Furthermore, several side effects of long-term L-DOPA use include 

the development of bradykinesia (or slowness of movement), dystonia, and on-off fluctuations of 

motor symptoms (Xu et al., 2016). L-DOPA treatment can be preceded by dopamine receptor agonist 

therapy as these molecules have longer plasma elimination half-lives than L-DOPA. They stimulate 

both pre- and post-synaptic dopamine receptors and thus, can improve drug delivery over longer 

periods (Stocchi, Vacca & Radicati, 2015). Treatment with L-DOPA and a peripheral dopa 

decarboxylase inhibitor appears to currently be the most effective strategy (Mizuno, 2020).  

Since its discovery, the toxicity of L-DOPA has had researchers in debate. In pure neuronal-like 

cultures, this compound produces toxicity but triggers trophic effects when applied to glial cells 

(Falkenburger & Schulz, 2006). There is evidence of L-DOPA causing protein misfolding as it is a 

close analog of L-tyrosine (Rodgers & Dean, 2000). Due to this structural similarity (Figure 1.6), L-

DOPA can be inserted into cellular proteins in place of L-tyrosine, leading to protein misfolding and 

dysfunction (Ozawa et al., 2005). With prolonged L-DOPA treatment, defective protein accumulation 

may contribute to increased neuronal dysfunction and PD progression (Giannopoulos et al., 2019). 

Giannopoulos et al. (2019) showed that SH-SY5Y cells treated with L-DOPA exhibited Ub 

accumulation, upregulation of the endosomal-lysosome degradation system, as well as dysfunctional 

and dysmorphic mitochondria. However, treatment with L-tyrosine protected against these side 

effects. If ongoing clinical trials reiterate these findings, L-tyrosine may be used in combination with 

L-DOPA to avoid these side effects in PD treatment, but this is yet to be reported. 

As mentioned in section 1.4.1, MAO-B is involved in dopamine metabolism. MAO-B metabolizes 

dopamine into DOPAC and HVA. This compound also deaminates β-phenylethylamine, a compound 

that stimulates the release of dopamine and inhibits the uptake of neuronal dopamine (Fernandez & 

Chen, 2007). MAO-B inhibitors, which block this action of dopamine degradation, are used in 

combination with L-DOPA to treat PD. The drug selegiline is one such inhibitor that stabilizes 

dopamine levels in the synaptic cleft (Stocchi, Vacca & Radicati, 2015). However, as a derivative of 

methamphetamine, selegiline is metabolized to L-amphetamine products which may induce side 

effects such as insomnia (Kamada et al., 2002). MAO-B inhibitors, with few or well-tolerated adverse 

effects, may only be useful in selected PD patients such as younger individuals with mild symptoms, 

or to supplement with L-DOPA treatment (Teo & Ho, 2013). 

COMT inhibitors block the action of the COMT enzyme which catalyzes the methylation of 

dopamine in the presence of Mg2+ ions during dopamine degradation (Guldberg & Marsden, 1975). 

However, COMT inhibitors like tolcapone, opicapone, and entacapone have several disadvantages 

including severe liver toxicity and augmented risk of dyskinesia (McBurney et al., 2012; Longo et al., 
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2016; Fabbri et al., 2018). Therefore, it is yet to be elucidated whether safe and effective use of 

COMT inhibitors is possible for PD treatment (Wang, Wang, et al., 2021). 

 

Table 1.2 Summary of commonly used PD drugs, their mechanisms of action, adverse effects, 
and recommended use. 

Drug Mechanism 
of action 

Adverse effects Recommended use  References  

L-DOPA Dopamine 
replacement 

Bradykinesia 

Fluctuating motor 
symptoms 

Precede by 
dopamine receptor 
agonist 

Supplement with a 
dopa decarboxylase 
inhibitor 

Supplement with 
tyrosine 

(Mizuno, 2020) 

Selegiline MAO-B 
inhibitor 

Insomnia Supplement with L-
DOPA 

(Stocchi, Vacca & 
Radicati, 2015) 

Rasagiline MAO-B 
inhibitor 

Few/Well-
tolerated 

Early treatment 
only 

(Stocchi, Vacca & 
Radicati, 2015) 

Safinamide MAO-B 
inhibitor 

Few/ Well-
tolerated 

Early treatment 
only 

Supplement with L-
DOPA 

(Parambi, 2020) 

Tolcapone COMT 
inhibitor 

Severe liver 
toxicity 

Increased risk of 
dyskinesia 

Supplement with L-
DOPA 

(McBurney et al., 
2012) 

Opicapone COMT 
inhibitor 

Increased risk of 
dyskinesia 

Supplement with L-
DOPA 

(Fabbri et al., 2018) 

Entacapone COMT 
inhibitor 

Increased risk of 
dyskinesia 

Supplement with L-
DOPA 

(Longo et al., 2016) 

Abbreviations: COMT, catechol-O-methyltransferase; MAO-B, monoamine oxidase B; L-DOPA, l-

3,4-dihydroxyphenylalanine. 
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1.5.2 Natural therapeutic compounds 

The absence of effective treatment strategies for PD that address disease progression and elicit fewer 

side effects has informed research into natural, plant-based compounds. In general, the wide 

biological activity, low cost, and high safety margins of natural compounds advocate for their use as 

treatment and/or prevention strategies in neurological diseases like PD (Sharma et al., 2013). Given 

the highly supported role of oxidative stress in disease pathogenesis, researchers have turned to 

natural antioxidants to investigate their therapeutic potential which has been reviewed previously 

(Table 1.3) (Park & Ellis, 2020). In theory, the antioxidant properties of such compounds are 

proposed to act in place of their endogenous counterparts, which are reduced in PD, and to 

counterbalance the excessive ROS which causes oxidative stress and cell death (Magalingam, 

Radhakrishnan & Haleagraha, 2013). Some of the more popular compounds are discussed briefly 

below.  

 

Table 1.3 Summary of dietary plant-based compounds that may exert protective effects against 

PD pathophysiology. 

Compound Plant derived from Protective effects References 
Rutin/sophorin, 
rutoside/quercetin-3-
rutinoside 

Ruta graveolens 
Oranges 
Lemons 
Cherries 
Peaches 

Increases antioxidant 
enzymes 
Suppresses lipid 
peroxidation 
Anti-inflammatory 

(Magalingam, 
Radhakrishnan & 
Haleagrahara, 2016) 
(Arowoogun et al., 
2021) 

Isoquercetin Ruta graveolens  Increases antioxidant 
enzymes 
Suppresses lipid 
peroxidation 

(Arowoogun et al., 
2021) 

Resveratrol Grapes 
Raspberries 
Peanuts  

Antioxidant 
Anti-inflammatory 

(Arbo et al., 2020) 

Vitamin E Sunflower oil 
Leafy greens 

Reduces synuclein 
oligomerization 
Protects against 
oxidative stress 

(Jinsmaa et al., 2014) 
(Numakawa et al., 
2006) 

Vitamin C Oranges 
Capsicum 

Reduces synuclein 
oligomerization 

(Jinsmaa et al., 2014) 

Oleuropein Olive oil Stabilizes synuclein 
monomers and 
prevents toxic 
aggregation 

(Palazzi et al., 2018) 

Curcumin Turmeric Antioxidant 
Anti-inflammatory 
Promotes cancer cell 
death 

(Jayaprakasha et al., 
2002)  
(Anuchapreeda et al., 
2008) 
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 Rutin (3,3,4,5,7-pentahydroxyflavone-3-rhamnoglucoside) is a glycoside derived from quercitin and 

is also known as sophorin, rutoside, and quercetin-3-rutinoside (Harborne, 1986). This polyphenolic 

bioflavin is found in the Ruta graveolens plant after which it was named, as well as commonly 

consumed fruit such as oranges, lemons, cherries, and peaches (Ganeshpurkar & Saluja, 2017). Rutin 

has been shown to elicit antioxidant effects in several models. In a 6-hydroxydopamine (6-OHDA) 

model of PC12 cells, rutin and another quercetin derivative called isoquercetin were shown to 

significantly increase antioxidant enzymes such as superoxide dismutase and glutathione levels, as 

well as suppress lipid peroxidation, thereby preventing cell damage (Magalingam, Radhakrishnan & 

Haleagrahara, 2016). In addition, rutin was found to ameliorate copper sulfate-induced brain damage 

in rats through antioxidative and anti-inflammatory action (Arowoogun et al., 2021).  

Resveratrol (3,4′,5-trihydroxy-trans-stilbene) is a stilbene, a subclass of phenolic compounds, 

commonly found in plants such as grapes, raspberries, and peanuts. The antioxidant and anti-

inflammatory effects of resveratrol have been reported in several studies investigating its potential for 

neuroprotection in PD as well as other neurological diseases such as Alzheimer’s disease (Arbo et al., 

2020). This compound has been shown to protect against damage inflicted by 6-OHDA, MPTP, and 

rotenone both in vitro (Zhang et al., 2015; Zeng et al., 2017; Wang, Dong, et al., 2018) and in rodent 

models of PD (Guo et al., 2016; Palle & Neerati, 2018; Huang et al., 2019). However, the low 

bioavailability and rapid metabolism of resveratrol limit its clinical applications, informing research 

into alternative formulations to overcome these obstacles (Intagliata et al., 2019). 

Several antioxidant vitamins found in fruits and vegetables have also been investigated for their 

neuroprotective effects in PD models, including vitamins C and E (Park & Ellis, 2020). Jinsmaa and 

colleagues showed that vitamin C treatment of PC12 cells reduced DOPAL-induced synuclein 

oligomerization caused by divalent metal ions (Jinsmaa et al., 2014). Vitamin E was reported to 

protect against oxidative stress-induced cell death in cortical neuron cultures (Numakawa et al., 

2006). A study of 43, 865 individuals from the Swedish National March Cohort investigated the 

potential link between baseline vitamin intake and risk of PD. After a follow-up time of 17.5 years, 

only 465 cases of PD were reported, leading to the conclusion that dietary intake of vitamin C and E 

may be inversely associated with the risk of PD (Hantikainen et al., 2021). Conversely, the results of a 

study of 1036 PD patients in two cohorts, the Nurses' Health Study and the Health Professionals 

Follow-up Study, did not support the hypothesis of reduced PD risk with antioxidant intake (Hughes 

et al., 2016). Although promising, such conflicting studies necessitate further research into antioxidant 

vitamins as PD treatment or prevention strategies.  

1.5.2.1 Curcumin, a plant-based therapeutic 
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For centuries, the turmeric plant (Curcuma longa) (Figure 1.7) has been used for its healing 

properties in Asia (Moselhy et al., 2018). In ancient Indian, or Ayurvedic, medicine, turmeric is used 

as an appetite-promoting, detoxifying, antacid, tonic, and stimulant (Bhowmik et al., 2009). Ancient 

Chinese medicine promotes turmeric as a medicinal agent that aids menstrual blood flow and pain 

relief (Chinese Pharmacopoeia Commission, 2005). Scientific research has corroborated many of 

these claims and the constituents of turmeric, particularly curcumin, have been found to be powerful 

antioxidant, anti-inflammatory, and chemo-preventative agents (Yue et al., 2010).  

 

 

 

 

 

 

Figure 1.7. Turmeric (Curcuma longa) root and dried powder. Turmeric is an Asian food spice 

containing curcumin, a powerful antioxidant and anti-inflammatory compound. Photo taken by 

Devina Chetty. 

Turmeric is composed of several yellow curcuminoids, of which curcumin is the most prominent 

(Tayyem et al., 2006). Curcumin (chemically known as (1,7-bis{4-hydroxy-3-methoxyphenyl}-1,6-

heptadiene-3,5-dione) is a polyphenol extracted from the rhizome of the turmeric plant and is largely 

responsible for the characteristic yellow color of turmeric (Figure 1.8). This active compound has 

been used to color and preserve food for thousands of years, in addition to its application as an herbal 

medicine (Aggarwal, Sundaram, Malani, et al., 2007; Singh, 2007). 

 

 

 

 

Figure 1.8. Two-dimensional chemical structure of curcumin, a polyphenol derived from the 

turmeric (Curcuma longa) plant. 
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Scientific studies have shown that curcumin is able to suppress tumor growth through the inhibition of 

signal transduction pathways (Mori et al., 2001). Other studies have reported that curcumin 

downregulates cell proliferation and increases the expression of anti-apoptotic genes by suppressing 

IκBα kinase (Aggarwal et al., 2006). In addition, curcumin has been shown to inhibit proliferation and 

promote cell death in human leukemic cell lines (Anuchapreeda et al., 2008), as well as several types 

of other cancer cells including human breast (Ramachandran et al., 2005), pancreatic (Kunnumakkara 

et al., 2007) and colon cells (Cheng et al., 2007). Furthermore, this compound has been found to 

control immune cell proliferation and cellular response (Bhaumik, Jyothi & Khar, 2000). In light of 

the severe acute respiratory syndrome coronavirus 2 (SARS-COV2) pandemic, turmeric extracts 

containing curcumin were recently shown in vitro to inhibit the chymotrypsin-like protease activity of 

this virus (Guijarro-Real et al., 2021). Additionally, curcumin has been shown to display antiplatelet 

(Lee, 2006) and antioxidant (Jayaprakasha et al., 2002) properties. Its antioxidant activity has been 

shown to include the scavenging of free radicals such as superoxide anions and hydroxyl radicals 

(Gibellini et al., 2015). Additionally, curcumin may relieve oxidative stress by upregulating the 

expression of cytoprotective proteins such as heme oxygenase and catalase, and by stabilizing 

antioxidant enzymes like glutathione peroxidase (Trujillo et al., 2014; Nawab et al., 2019). 

1.5.2.2 Curcumin in PD treatment 

With regards to PD, several studies have attested to the neuroprotective effects of curcumin in a wide 

range of models. This is well summarized in Figure 1.9, which illustrates the vast protection 

conferred by curcumin against the molecular events that are proposed to lead to neurodegeneration in 

PD (Mythri & Srinivas Bharath, 2012). This turmeric derivative has been shown to attenuate α-

synuclein-induced toxicity, reduce ROS levels and protect against apoptosis in SH-SY5Y cells (Wang 

et al., 2010). In a mouse model of MPTP-induced toxicity, curcumin and its metabolite, 

tetrahydrocurcumin, were shown to reverse the accompanying dopamine and DOPAC depletion 

possibly due to MAO-B inhibition (Rajeswari & Sabesan, 2008). Curcumin was shown to 

successfully protect dopaminergic neurons in a 6-OHDA rat model of PD through iron chelation (Du 

et al., 2012). More recently, curcumin was reported to inhibit mitochondrial hexokinase release 

induced by fibrillation products of α-synuclein which trigger ROS formation (Dehghani et al., 2020). 

There is also evidence of the neuroprotection conferred by curcumin through the modulation of 

autophagy, a process known to be involved in several PD genes’ functions and the removal of 

defective α-synuclein, as discussed in section 1.2 (Forouzanfar et al., 2020). However, a limitation of 

using curcumin as a therapeutic agent remains its restricted bioavailability. Low plasma and tissue 

levels of this compound may be attributed to rapid metabolism and systemic expulsion, and poor 

absorption (Anand et al., 2007). These limitations of native curcumin have led to the development of 

nanoparticle formulations such as nanocurcumin which exhibit increased bioavailability and solubility 

Stellenbosch University https://scholar.sun.ac.za



23 
 

(Maiti & Manna, 2014; Sookhaklari et al., 2019; Gao et al., 2020; Salehi et al., 2020). Studying the 

effectiveness of this compound, and its derivatives or bioavailable formulations, as a treatment for PD 

in cellular models is important and may lead to more effective treatments for PD in humans (Darvesh 

et al., 2012). 

 

Figure 1.9. Schematic diagram showing the neuroprotective effects of curcumin against the 

causal molecular events responsible for neurodegeneration in Parkinson’s disease. Reproduced 

with permission from (Mythri & Srinivas Bharath, 2012).  

Abbreviations: GSH, glutathione. 

 

Mounting evidence points to a protective effect of curcumin against damage caused by PINK1 

mutations. Curcumin was reported to rescue a PINK1 knockdown SH-SY5Y model of PD from 

mitochondrial dysfunction and cell death (van der Merwe et al., 2017). In porcine intestinal epithelial 

(IPEC-J2) cells, curcumin was found to ameliorate H2O2 -induced oxidative stress, intestinal epithelial 

barrier injury, and mitochondrial damage in a manner dependent on PINK1-Parkin mediated 

mitophagy (Cao et al., 2020). The authors further confirmed these in vitro results in a pig model of the 

toxic herbicide diquat. They reported that dietary curcumin could protect against intestinal barrier 

function, enhance intestinal redox status, alleviate mitochondrial damage, initiate mitophagy, and 
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influence the adenosine 5‘-monophosphate (AMP)-activated protein kinase (AMPK) transcription 

factor EB (TFEB) metabolic signaling pathway.  

Curcumin has also been reported to have a positive therapeutic effect in PD through its interaction 

with α-synuclein. In transgenic Drosophila expressing human α-synuclein, curcumin was reported to 

increase lifespan and locomotor abilities as well as reduce oxidative stress and dopaminergic neuronal 

apoptosis (Siddique, Naz & Jyoti, 2014). Studies have shown that curcumin and its derivatives can not 

only prevent α-synuclein oligomer and fibril formation (Kamelabad et al., 2021), but further 

disintegrate these toxic protein forms thereby preventing aggregation and delaying PD onset (Pandey 

et al., 2008; Shrikanth Gadad et al., 2012). The value of curcumin for targeting α-synuclein as a PD 

treatment and prevention strategy is further discussed in the review article (Chapter 4). 

Curcumin’s protection against inflammation, oxidative stress, protein aggregation, and mitochondrial 

dysfunction may make this plant compound a candidate for reducing potential causative factors and 

symptoms of PD. This evidence warrants continued curcumin research to further elucidate its 

potential as a PD therapy. 

1.6 The present study 

The current global increase in population aging is resulting in an increased prevalence of age-related 

neurodegenerative diseases, including PD (Mythri & Srinivas Bharath, 2012). The United Nations 

estimated an increase in individuals over age 65 from 962 million in 2017 to 2.1 billion in 2050 

(Bennett et al., 2017). This necessitates the search for a cure or preventative strategies for PD before 

the burden of this incurable disease becomes overwhelming to global health systems. From the 

research elucidated in the preceding sections, it is evident that oxidative stress may be an important 

contributing factor to the pathogenesis of PD. Dopaminergic neurons are particularly affected by 

oxidative stress due to dopamine biosynthetic pathways occurring within them, as well as their low 

mitochondrial reserve compared to other neuronal populations (Feng & Maguire-Zeiss, 2010). 

Furthermore, ‘dopaminergic-like’ cells such as the SH-SY5Y cell line are typically used as PD 

models as dopamine production is the hallmark of these neurons which characteristically degenerate 

in PD (Haque et al., 2008).  

In the cellular model used in the present study, sources of oxidative stress include mitochondrial 

dysfunction (caused by PINK1 mutation and paraquat exposure) and dopamine metabolism which 

produces ROS. Overexpression of mutant PINK1 in the model represents the genetic causes of PD. 

This will upregulate dopamine production, causing increased dopamine auto-oxidation, enhancing 

oxidative stress, and thereby resulting in toxicity. Paraquat causes mitochondrial dysfunction and 

represents the environmental causes of sporadic PD. In this study, paraquat will be used as a 

mitochondrial stressor against which to assess the protective effects of curcumin. Paraquat is a toxic 
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herbicide having a similar chemical structure to MPP+, a compound that has been shown to induce the 

biochemical, neuropathological, and clinical characteristics of parkinsonism in human and non-human 

primates (Langston et al., 1983). Paraquat contributes to oxidative stress through the reaction of 

paraquat cations with O2, inducing the formation of superoxide and increasing mitochondrial 

membrane permeability as seen in PD (Cochemé & Murphy, 2008; Huang et al., 2016). The 

numerous medicinal attributes of curcumin, particularly its antioxidant quality, makes this compound 

a potential therapeutic candidate for PD and a suitable compound to test in our model. 

Also, as PD is a multi-faceted disease with many predicted etiologies, therapeutic candidates should 

be assessed for their protective effects across multiple disease pathologies. Therefore, to address these 

various etiologies, in this project we sought to investigate the effect of treatment on a genetic (PINK1) 

model of PD. In addition, we also reviewed its potential effects on toxic α-synuclein aggregation 

which is a pathological hallmark of the more common sporadic form of the disease and is triggered by 

an interplay of a wide variety of etiological factors – including genetic, environmental, and metabolic 

components. 

The hypothesis for the present study is as follows: 

1.6.1 Hypothesis 

It is hypothesized that overexpression of mutant PINK1 will produce a cellular model of dopamine 

accumulation, leading to mitochondrial dysfunction, which will be significantly rescued by curcumin. 

1.6.2 Aim 

Therefore, the aim of this study is to create a PINK1- and paraquat-induced model of cultured SH-

SY5Y cells, which will be used to investigate the effects of curcumin on various cellular features such 

as cell viability and mitochondrial function. 

1.6.3 Objectives 

The aim will be achieved by executing the following objectives over the course of the study: 

1. To acquire appropriate wild-type (WT) and mutant PINK1 constructs for the cellular model to 

be used in this study 

2. To culture SH-SY5Y cells and successfully transfect these cells with the constructs selected 

(viral plasmid pLenti6-DEST PINK1-V5 expressing either WT or mutant G309D PINK1) to 

produce excess dopamine, thereby creating a toxicity model of neuronal vulnerability. 

3. To perform real-time quantitative RT-qPCR to quantify PINK1 and TH gene expression in 

these cells.  
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4. To measure levels of dopamine using liquid chromatography-mass spectrometry (LC-MS) in 

these cells.  

5. To produce dosage curves to determine optimum concentrations of curcumin, and the 

herbicide paraquat (as a mitochondrial stressor) for use in the study. 

6. To determine the possible rescue effect of curcumin treatment on the metabolic activity of 

cells by performing the cell viability assay, 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay. 

7. To determine the possible rescue effect of curcumin treatment on mitochondrial membrane 

potential of the cells by performing a 1,1',3,3'-Tetraethyl-5,5',6,6'-

tetrachloroimidacarbocyanine iodide (JC-1) assay.  

8. To compare the rescue effects of curcumin and a modified, nanoparticle-encapsulated form of 

curcumin (nanocurcumin) on cell viability using the MTT assay 

9. Finally, to write a review on the hypothesis that curcumin can also prevent misfolded α-

synuclein accumulation and spread, a key pathological hallmark of PD. 

 

 

 

 

 

 

 

 

 

 

Stellenbosch University https://scholar.sun.ac.za



27 
 

CHAPTER 2:Materials and methods 

2.1 Summary of methodology 

This chapter provides a detailed description of the materials and methods used to evaluate the effect 

of curcumin on cell viability and mitochondrial function, as summarized in Figure 2.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.1 Summary of the study methodology.  A-C refers to the main aspects of the project 

(establishing the model, testing the model and compiling a literature review).  

Abbreviations: WT, wild-type; RT-qPCR, real time quantitative reverse transcription polymerase 

chain reaction; TH, tyrosine hydroxylase; PINK1, phosphatase and tensin homolog induced kinase 1; 

LC-MS, liquid chromatography-mass spectrometry; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide; tetraethylbenzimidazolylcarbocyanine iodide; JC-1, tetrachloro-

1,1’,3,3’tetraethylbenzimidazolylcarbocyanine iodide; PD, Parkinson’s disease. 
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SH-SY5Y cells transfected with PINK1 plasmids were used to create the cellular PD model in an 

attempt to recapitulate the findings of Zhou et al. (2014) (Sections 2.2-2.4). PINK1 mutations, such as 

G309D PINK1, have been observed in connection with early-onset, recessive familial PD (Valente et 

al., 2004). The model was examined using RT-qPCR and LC-MS to assess levels of PINK1, as well 

as dopamine-related compounds to recapitulate the finding of dopamine toxicity observed by Zhou et 

al. (2014) (Sections 2.5 and 2.6). The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) and CyQUANT assays were performed to determine appropriate treatment concentrations of 

curcumin and paraquat, a toxic herbicide used to create mitochondrial stress in the model (Section 

2.7). After establishing the model, curcumin was investigated as a potential neuroprotective 

compound. The effect of curcumin treatment on cell viability and mitochondrial function in the model 

was investigated. This was achieved by measuring cell viability with the MTT assay (Section 2.8) and 

assessing mitochondrial membrane potential using the JC-1 assay (Section 2.9) in transfected and 

curcumin-treated cells. Finally, we compared the protective effects of nanocurcumin and curcumin on 

cell viability using the MTT assay (Section 2.10).  

2.2 Plasmid acquisition 

Zhou et al. (2014) published a study investigating neuronal vulnerability in a PINK1 overexpression 

model. Overexpression is commonly used in in vitro studies of PD to model the pathogenesis of the 

disease. The authors reported that overexpression of mutant PINK1 upregulated dopamine and TH, 

leading to neuronal vulnerability. We attempted to recapitulate this model using WT and mutant 

G309D PINK1, and then test the effects on curcumin exposure to determine the extent to which it 

could rescue the cell from paraquat toxicity by performing cell viability and mitochondrial membrane 

potential assays. 

Lentiviral plasmids pLenti6-DEST PINK1-V5 containing subcloned WT PINK1 (Addgene; plasmid 

13320) and the PINK1 mutant G309D (Addgene; plasmid 13318), both deposited by Professor Mark 

Cookson (Beilina et al., 2005)), were purchased.  

The plasmids were received as bacterial stabs of the Escherichia coli (E. coli) DH5α strain in order to 

propagate these constructs. A sterile inoculating loop was used to gather bacteria from the stab and 

streak onto an LB agar plate containing ampicillin for single colonies. Plates were incubated for 16 h 

at 37 °C. Bacterial glycerol stocks were made for long-term storage by adding 500 µl of overnight 

bacterial culture and 500 µl of 50 % glycerol to a cryovial and storing at -80 °C. Thereafter, to make 

new plates, an inoculating loop was used to select individual colonies from existing plates and 

inoculate 10 ml LB media containing 10 µl ampicillin (100 mg/ml) which were grown overnight at 37 

°C (Appendix I). Approximately 150 µl of overnight bacterial culture were added to LB agar plates 
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containing selection antibiotic ampicillin to select transformed bacterial colonies. The plates were 

labeled, inverted, and incubated for 16 h at 37 °C.  

The details of plasmid DNA extraction, sequencing, PCR, agarose gel electrophoresis, and restriction 

digest that were performed to verify the WT and mutant plasmid sequences are outlined below.  

2.2.1 Plasmid DNA extraction  

The techniques for plasmid DNA extraction are summarized in Figure 2.2. Single colonies were 

selected with an inoculating loop and used to inoculate centrifuge tubes containing 3 ml LB media 

and 3 µl ampicillin, which were grown overnight at 37 °C for use with the Zyppy™ Plasmid MiniPrep 

kit (Catalog ID D4036, Zymo Research, United States). A starter culture of single colonies in 5 ml LB 

media and 5 µl ampicillin was incubated for 8 h at 37 °C for use with the ZymoPURE™ II Plasmid 

Midiprep Kit (Zymo Research, United States). A volume of 100 µl starter culture was added to 100 

ml LB media with ampicillin and incubated overnight. Thereafter, centrifuge tubes with bacterial 

culture were centrifuged for 10 min at maximum speed. The supernatant was discarded, and the pellet 

was resuspended in the remnants of supernatant. Plasmid DNA was extracted according to optimized 

manufacturers’ instructions for each kit with plasmid DNA concentration and purity quantified using 

the Multiskan Sky microplate spectrophotometer (Thermo Fisher Scientific, United States).  

 

Figure 2.2 Methods used for plasmid DNA extraction in the present study. 
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2.2.2 Sequencing primer design  

In addition to the known universal sequencing primers (CMV-F and pBABE3) available from 

Addgene https://www.addgene.org/mol-bio-reference/sequencing-primers/, primers across the 

plasmid construct were designed using sequence data obtained from the Online Mendelian Inheritance 

in Man (OMIM) database (https://www.omim.org/) and Ensembl Genome Browser database 

(http://www.ensembl.org). Primer3 software version 4.0.0 (http://primer3.ut.ee) (Koressaar and 

Remm, 2007), Primer-Basic Local Alignment Search Tool (BLAST) 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/), and Ensembl BLAST were used to determine 

primer length, GC content, melting temperature (Tm), and 3’self-complementarity and self-

complementarity. The primers used to verify plasmid sequences and identify colonies containing the 

correct constructs by sequencing and PCR are shown in Figure 2.3 and recorded in Appendix II, 

Supplementary Table 2 and Supplementary Table 3. 

 

Figure 2.3 Schematic of PINK1 primers designed for Sanger sequencing and PCR of WT 
PINK1 and G309D PINK1. Matching colors indicate primer pairs composed of one forward and 

reverse primer. Universal primers included CMV and pBABE3. 

 

Briefly, optimal primer design should yield primer pairs with several key properties (Dieffenbach, 

Lowe & Dveksler, 1993). A length of 18-24 bases is ideal as the longer the primers are, the less 

efficiently they will bind to the DNA target. A GC content of 40-60 % is required as the strong 

hydrogen binding between guanine and cytosine bases stabilizes the primer. However, excessive GC 

content above this range may cause primer-dimer formation which inhibits amplification. A Tm of 50-

60 °C for each primer in a pair that differ by no more than 5 °C is required to separate the double-

stranded DNA to allow primer annealing and is dependent on primer length. Lastly avoiding 

complementary regions within and between primers is essential to prevent secondary structures and 
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primer dimers. These properties ensure that the primers are suitable to achieve successful DNA 

amplification. A total of six primer pairs were designed to span the PINK1 insert. An additional 

primer was designed around the mutation site in order to verify the presence of the G309D PINK1 

mutation in the mutant and its absence in the WT plasmid. The G309D PINK1 mutant is characterised 

by a nonsynonymous substitution from guanine to adenine, resulting in an amino acid change from 

glycine (GGC) to aspartic acid (GAC). Primers were synthesized by Inqaba Biotechnical Industries 

(Pty) Ltd, Pretoria, SA.  

2.2.3 Sanger sequencing of plasmids 

Sanger sequencing was invented by Fredrick Sanger in 1977 as a method of determining the specific 

nucleotide sequence of DNA (Valencia et al., 2013). This technique involves the denaturation of 

double-stranded DNA and uses chain termination PCR to produce complementary single-stranded 

DNA using fluorescently labeled nucleotides (dNTPs) called dideoxyribonucleotides (ddNTPs). 

These ddNTPs lack the 3'-OH group required for phosphodiester bond formation between adjacent 

dNTPs. Therefore, when a ddNTP is incorporated at random, extension of the DNA strand ceases. 

The resulting chain-terminated oligonucleotides are separated by size via gel electrophoresis in which 

the DNA fragments are arranged from largest (top of gel), to smallest (bottom of gel). Since DNA 

polymerase only synthesizes DNA in the 5’ to 3’ direction beginning at a primer, each terminal 

ddNTP corresponds to a specific nucleotide in the original DNA sequence. The fluorescent signal 

emitted by each ddNTP is read by a computer which arranges the DNA sequence accordingly.  

Plasmid DNA aliquots of 5 µl at a concentration of 100 ng/µl were sent to the DNA Sequencing Unit 

at the Central Analytical Facilities (CAF) at Stellenbosch University for sequencing. A total of eight 

primer pairs were designed, spanning the construct including the mutation site (Figure 2.3), and sent 

to CAF along with the plasmid DNA samples. Capillary electrophoresis was performed on a 3130 x1 

Genetic Analyser (Applied Biosystems, CA, United States) using The BigDye Terminator Sequence 

Ready Reaction kit version 3.1 (Applied Biosystems, CA, United States). BioEdit v7.2.5 software 

(Hall, 1999) was used to analyze and align sequencing data to reference sequences obtained from the 

Ensembl Genome Browser database (http://www.ensembl.org). 

2.2.4 Polymerase chain reaction (PCR) 

For PCR, three primer pairs were chosen from the beginning, middle, and end of the plasmid (Figure 

2.3). These primers were CMV-F and pBABE3, PP8F and -R, as well as PP1F and -R. The PCR 

product of CMV-F/pBABE3 was too large (1743 bp) to amplify consistently in PCR. Therefore, the 

primer pair PP2F661/PP2R1525 was used later instead as it yielded a smaller PCR product of 865 bp. 

Fragments of interest were amplified from plasmid DNA in a 40 μl PCR reaction containing 200 ng of 
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template genomic DNA, 20 µmol of each forward and reverse primer, 5 mM dNTPs (Promega, 

Madison, Wisconsin, United States), 1.5 mM MgCl2, 1X Green GoTaq® Reaction Buffer (Promega, 

Madison, Wisconsin, United States), and 5 units of GoTaq® G2 Flexi DNA Polymerase (Promega, 

Madison, Wisconsin, United States). All PCR reactions that were performed included a non-template 

negative control to identify PCR contamination. Amplification was performed in an ABI 2720 

Thermal Cycler (Applied Biosystems Inc., United States). PCR conditions comprised of an initial 

denaturation step at 92 °C, followed by 35 cycles of denaturation at 94 °C, primer annealing at the 

optimum temperature (Appendix II, Supplementary Table 2 and Supplementary Table 3), and 

extension at 72 °C. A final extension step of 72 °C was performed for five minutes before a cooling 

step at 4 °C. 

2.2.5 Restriction enzyme digest 

To further confirm the presence of WT and mutant plasmid constructs, a restriction enzyme digest 

was also performed using EcoRV and BamHI enzymes (Thermo Fisher Scientific, United States; 

ER0301 EcoRV and ER0051 BamHI). The manufacturer’s protocol was followed, and a digest was 

performed by combining the following reagents in a 1.5 ml centrifuge tube: 3 µl of restriction enzyme 

10X buffer, 10 units of restriction enzyme, and 500 ng plasmid DNA, which was made up to a volume 

of 30 µl with dH2O. The tubes were incubated for 2 h at 37 °C, and products were run on a 1 % 

agarose gel and visualized. Expected band sizes for EcoRV, which cuts the circular plasmid twice, 

were 6974 bp and 1873 bp. The expected band size for BamHI, which cuts the plasmid once, was 

8811 bp (Appendix II, Supplementary Figure 2).  

2.2.6 Agarose gel electrophoresis  

Agarose gel electrophoresis was used to visualize plasmid DNA, PCR products, and restriction digest 

products. A 1 % agarose gel was made with agarose powder (SeaKem® LE, Lonza Bioscience, 

United States) dissolved in 1X sodium borate (SB) buffer by microwave heating (Appendix I). A 

volume of 6 µl GelStar dye (Lonza Bioscience, United States) was added and mixed into the warm 

agarose which was poured into a gel casting tray containing a 20-well gel comb. After solidifying, the 

gel was transferred to a gel tank containing 1X SB buffer for gel electrophoresis. Samples were 

prepared and loaded into the gel as follows: 6 µl diluted plasmid DNA, 6 µl restriction digest product, 

5 µl PCR product, 1 µl of 1 kb DNA Ladder Ready to Load, or 1 µl of 100 bp DNA Ladder Ready to 

Load (Solis Biodyne, Estonia) (Appendix I, Supplementary Figure 1), mixed with 2 µl of 6X DNA 

gel loading dye (Thermo Fisher Scientific, United States). 
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2.3 Cell culture 

2.3.1 SH-SY5Y cell line 

The human neuroblastoma SH-SY5Y cell line (Cellonex, South Africa) was chosen as an in vitro 

model for this study as these cells are commonly used in PD research due to their ‘dopaminergic-like’ 

nature (Xie, Hu & Li, 2010). Cells were grown and cultured in Dulbecco’s modified Eagle’s medium 

(DMEM; Lonza Bioscience, Switzerland) supplemented with 10 % fetal bovine serum (FBS) 

(HyClone, Logan, Utah, United States) and 1 % penicillin (1000 U/ml) and streptomycin (1000 U/ml) 

solution at 37 °C in a 5 % CO2 incubator. This will hereafter be referred to as the media. The SH-

SY5Y cells were cultured for all experiments in 75 cm2 culture flasks and handled in an Esco 

Airstream® Class II Biohazard Safety laminar flow cabinet (Esco Technologies Inc., United States) 

(Appendix V). Cells of passages 16-20 were used for the following experiments as loss of 

dopaminergic characteristics have been observed in cells at higher passages (Biedler et al., 1978). 

2.3.2 Cryopreservation and thawing of cells 

Cells were stored in stocks for later use in experiments using cryopreservation. The freezing medium 

consisted of 90 % FBS and 10 % dimethyl sulfoxide (DMSO) (Sigma-Aldrich, United States). Cells 

were trypsinized and centrifuged at 1006 x g in an Eppendorf Centrifuge 5810R (eppendorf, 

Germany). Following the discarding of the supernatant, the cell pellet was resuspended in 1 ml 

freezing media. The mixture was transferred into a 1.5 ml cryovial and placed into a Mr. Frosty 

Freezing Container (Thermo Fisher Scientific, United States) and stored in a -80 ℃ freezer. This 

preserves sample integrity by cooling the sample at a rate of -1 ℃/minute. 

To use cell stocks, frozen cryovials were quickly thawed at 37 °C with the addition of 1 ml warmed 

media. The mixture was transferred to a 15 ml polypropylene tube and centrifuged at 1006 x g for 5 

min in an Eppendorf Centrifuge 5810R (eppendorf, Germany). The supernatant was discarded, and 

the pellet was resuspended in 2 ml warmed media. The resuspended mixture was pipetted into a 75 

cm2 culture flask containing 8 ml media and incubated at 37 °C, 5 % CO2 in a Farma thermosteri-

cycle humidified incubator (Thermo Fisher Scientific, United States).  

2.3.3 Passaging and seeding of cells 

Cells were grown to a confluency of 70-90 % after which one 75 cm2 culture flask was subcultured 

into two new 75 cm2 culture flasks. The media was removed from the flask, and the monolayer of 

cells was gently washed with phosphate-buffered saline (PBS, Whitehead Scientific, South Africa). A 

volume of 3 ml 1X trypsin-EDTA solution (Sigma-Aldrich, United States) was added to the flask and 

incubated for 5 min at 37 °C in a 5 % CO2 incubator, to lift adherent cells off the flask surface. To 
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deactivate the trypsin, 4 ml media was added to the flask and the mixture was transferred to a 15 ml 

tube for centrifugation at 1006 x g. The supernatant was discarded, and the pellet was resuspended in 

2 ml media. A volume of 1 ml of cell suspension was added to each of two 75 cm2 culture flasks 

containing 9 ml pre-warmed media.  

For experiments, cells were counted using trypan blue analysis to quantify live cells in suspension and 

were seeded into various cell culture plates. This is a dye exclusion test based on the principle that 

live cells are enclosed by intact cell membranes that prevent the entrance of certain dyes, such as 

trypan blue, but dead cells are not. This allows for the counting of viable and dead cells either 

manually or with a specialized, automated machine. Cells were harvested by adding trypsin and 

incubating for 5 min. Following deactivation of trypsin with media, centrifugation, and resuspension 

of the pellet, a volume of 1 μl of the cell suspension was combined with 9 μl trypan blue solution (0.4 

% w/v) (Sigma-Aldrich, United States). This mixture was added to a cell counter chamber slide and 

placed in a Countess™ automated cell counter (Thermo Fisher Scientific, United States) and counted. 

At least 3 replicates were used for each sample. 

Based on cell count, cells were seeded at optimum densities depending on the size of the tissue culture 

plate. Following seeding at an optimized density, flasks were incubated for 24 h to allow cells to grow 

to 80-90 % confluency for further experiments.  

2.4 Transient PINK1-expressing SH-SY5Y cell lines  

2.4.1 Transient transfection of cells 

Successful transfection, or the introduction of genetic material into eukaryotic cells, is a reproducible 

procedure with many variations, although all are based on a few simple principles (Chu et al., 1987). 

A net negatively charged DNA molecule must come into contact with the cell membrane of a cell to 

be transfected which also has a net negative charge. The protocol that was used in this study employs 

a transfection reagent called Lipofectamine 3000 which was used to aid in the uptake of DNA 

molecules into the cell by overcoming electrostatic repulsion (Dalby et al., 2004).  

SH-SY5Y cells were seeded at the optimized density of 125 000 cells/well in 24-well cell culture 

plates. Optimized volumes of 0.75 µl Lipofectamine 3000 and 1 µl P3000 reagent (Thermo Fisher 

Scientific, United States) with 5 ng plasmid DNA per well were separately incubated in 25 µl serum-

free media (SFM), for 5 min at room temperature. The two volumes (SFM-Lipofectamine 3000 

mixture and SFM-plasmid DNA mixture) were combined dropwise and gently mixed to form the 

transfection mixture. The transfection mixture was incubated for 20 min at room temperature. All 

media was removed by aspiration from each well of cells. Each well was rinsed with 100 µl DMEM 

containing 10 % FBS. A volume of 250 µl DMEM containing 10 % FBS was added to each well and 
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plates were returned to the incubator for 5-10 min. Following incubation, the transfection mixture was 

added dropwise to each well, ensuring that the mixture covered the well surface. The plates were 

incubated at 37 °C, 5 % CO2 for 24 h. Following incubation to complete transfection, media was 

removed by aspiration and replaced with 1 ml pre-warmed complete media per well, ready for 

downstream experiments. Any unused plasmid DNA was stored in microcentrifuge tubes at -80 °C for 

later transfection of eukaryotic cells.  

2.4.2 Immunofluorescence for transfection efficiency  

To confirm successful transfection and to determine percentage efficiency, immunofluorescence was 

performed. Cells were seeded in 6-well plates containing a coverslip in each well at a density of 

500 000 cells/well. Following a wash with PBS for 5 min, cells on the coverslip were fixed using 2 ml 

formaldehyde (3 %) in PBS for 20 min, at room temperature while shaking. The cells were then 

washed with shaking three times for 5 min each with 2 ml of PBS to remove loose cells. The fixed 

cells were permeabilized in 2 ml Triton X-100 (0.25 %) in PBS for 20 min at room temperature while 

shaking, and then washed three times for 5 min each with 2 ml of PBS. Blocking was performed with 

2 ml BSA (0.5 %) in PBS for 30 min at room temperature while shaking, followed by a 5 min wash 

with 2 ml 1X PBS. Cells were incubated at 4 °C with shaking overnight in 500 µl diluted primary 

anti-V5 tag antibody (1:200; ab206566; Abcam, United Kingdom) per well, with the plates wrapped 

in wet paper towel to reduce evaporation. The anti-V5 antibody was used to target PINK1-V5 protein 

expressed by the plasmids (Appendix II, Supplementary Figure 2). Following overnight incubation, 

the cells were washed three times for 5 min each with 2 ml PBS to remove excess primary antibody. 

A volume of 500 µl Alexa Fluor 488 goat anti-rabbit IgG (1:500, Thermo Fisher Scientific, United 

States) antibody was added to each well and incubated for 1 h at room temperature in moist paper 

towel, wrapped in foil, and kept in the dark. Thereafter, the cells were washed with shaking three 

times for 5 min each with 2 ml 1X PBS to remove excess secondary antibody. In order to stain the 

cells, 1 ml PBS followed by 10 µl DAPI (10 µg/ml) were added to each coverslip and incubated for 5 

min in the dark at room temperature. The cells were then washed with shaking four times for 5 min 

each with 2 ml PBS. Excess PBS was blotted off the coverslips and the cell-free side of each coverslip 

was dried. Each coverslip was mounted cell-side down on a clean microscope slide with 1 drop 

DAKO mounting medium containing 0.015 mol/L sodium azide (Agilent Technologies, United 

States) and allowed to set for at least 1 h, in the dark and at room temperature. The slides were 

covered and stored at 4 °C until ready to view, or for storage.  

Slides were viewed under a Euromex Oxion inverso fluorescence microscope (Euromex, 

Netherlands). Brightfield (transmitted light) images were used to determine total cell count in 

untransfected, WT and G309D PINK1 images. Fluorescence images were used to determine 

fluorescent cell count in each group. The ratio of fluorescent cells to total cells was calculated for 
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each group. Autofluorescence, determined from the untransfected group, was subtracted from the WT 

and G309D PINK1 groups. The final ratios represented transfection efficiency of WT and G309D 

PINK1 DNA, and were reported as percentages.  

2.5 Real time, quantitative, reverse transcription PCR (RT-qPCR) 

Real-time, quantitative, reverse transcription polymerase chain reaction (RT-qPCR) is used for the 

sensitive, specific, and reproducible quantitation of genetic material. RNA is reverse transcribed into 

single-stranded cDNA. A DNA template, in the form of cDNA, is copied exponentially, resulting in a 

quantitative relationship between the amount of starting target DNA and accumulated product at any 

given cycle (Arya et al., 2005). This technique was used to analyze PINK1 and TH expression levels 

in the SH-SY5Y cells to establish the cellular model for the study.  

2.5.1 RNA extraction 

The RNeasy Mini kit (Qiagen, Germany) was used for the isolation and purification of total 

intracellular RNA from the SH-SY5Y cells. Following the 24 h transfection period (Section 2.4), cells 

were scraped from plate wells using Qiagen RLT lysis buffer supplemented with 10 µl/ml β-

mercaptoethanol (Sigma-Aldrich, United States). The RNA was purified according to the 

manufacturer’s instructions with several modifications to optimize yield and purity. Optimizations 

included performing all centrifugation steps for 1 min, and at 4 °C. Thereafter, a two-step RT-qPCR 

was performed. Any unused RNA was aliquoted and stored at -80 °C in RNase-free microcentrifuge 

tubes. 

2.5.2 Reverse transcription 

A Superscript IV VILO mastermix (Thermo Fisher Scientific, United States) was used to carry out 

reverse transcription, using 1 μg RNA for each 20 μl reaction. This kit provides a convenient 

procedure for effective first strand cDNA synthesis as well as effective genomic DNA (gDNA) 

elimination. The ezDNase enzyme contained in the master mix is a double-strand specific DNase that 

removes gDNA contamination from template RNA prior to reverse transcription. cDNA was 

aliquoted and stored at -80 °C until qPCR reactions were performed.  

2.5.3 cDNA optimization for RT-qPCR 

Since qPCR is a sensitive technique, cDNA usually requires dilution in preparation for amplification 

so as not to increase the background signal. An amount of cDNA should be chosen that yields a cycle 

threshold (Ct) value of between 15 and 25 cycles and has triplicates that are within 0.5 cycles of each 

other and do not diverge. To identify a suitable amount of cDNA for RT-qPCR, a 10X dilution series 
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of cDNA was created including neat, 1:10, 1:1000, and 1:10 000, using cDNA from untransfected 

cells. The β-actin and TH gene expression levels for all the samples were measured, and a cDNA 

dilution was chosen, according to the aforementioned criteria, for use in all subsequent RT-qPCR 

experiments. During this optimization experiment, gene expression was measured as both single and 

multiplex reactions to determine whether multiplex performance did not differ from singleplex 

reactions.  

An assumption of the 2-ΔΔCt method is that efficiencies of the targets and reference must be 

approximately equal (Livak & Schmittgen, 2001). The efficiency of qPCR refers to the rate at which 

the polymerase converts the DNA template and reaction reagents into amplicons (Taylor et al., 2010). 

The maximum increase in amplicon per cycle is 2-fold, indicating 100 % efficiency. Low reaction 

efficiencies (< 90%) may be caused by poor primer design, Taq inhibitors, suboptimal annealing 

temperatures and inactive Taq. Conversely, high efficiencies (> 110 %) usually result from primer 

dimers or nonspecific amplicons. Poor pipetting is a common cause for both low and high qPCR 

efficiencies. The qPCR efficiency for each gene was determined by performing qPCR on 10-fold 

dilutions on the cDNA and plotting the logarithm of the starting DNA copy number or dilution factor 

against Ct values obtained. The slope of the regression line is an indicator of qPCR efficiency. A 

slope of -3.32 is equivalent to 100 % efficiency which indicates doubling of DNA template with each 

cycle. In addition, the Pearson’s correlation coefficient (r) or the coefficient of determination (r2) 

value indicates how well the data fit the regression line and is a measure of replicate variability. A 

value of r >0.990 or r2 value >0.980 is desirable for RT-qPCR.  

2.5.4 Real time quantitative PCR  

Fluorescently labeled probes for qPCR of cDNA were purchased as cataloged assays (Thermo Fisher 

Scientific, United States), and are listed below with their respective fluorescent dyes: 

1. PINK1 TaqMan assay (Hs00260868_m1), FAM dye (Catalogue number 4331182) 

2. TH TaqMan assay (Hs00165941_m1), FAM dye (Catalogue number 4331182) 

3. Beta-actin (β-actin) TaqMan assay (Hs01060665_g1), VIC dye (Catalogue number 4448489) 

TaqMan qPCR assays work similarly to SYBR green assays, however, TaqMan reagents allow for 

multiplexing as each gene can be specifically targeted with a unique probe sequence and dye 

combination. Therefore, multiplexing reactions requires less cDNA, mastermix, and time to prepare 

experimental plates. The TH assay (FAM) was multiplexed with β-actin (VIC), and the PINK1 assay 

(FAM) was performed as singleplex reactions on the same plate. To reduce pipetting error, one 

cocktail for each gene (singleplex) or gene combination (multiplex) was made by combining the 

appropriate multiple of a total volume of 18 µl per well, which included 10 µl TaqMan™ Fast 
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Advanced Master Mix (Applied Biosystems Inc., United States), 1 µl of each TaqMan assay, and 

nuclease-free H2O. After vortexing, 18 µl of the cocktail was pipetted into each well in a 96-well plate 

(Lasec, SA). Thereafter, 2 µl of either cDNA or sterile H2O was added to either experimental or 

control wells, in triplicate. The plate was centrifuged in an Eppendorf Centrifuge 5810R (eppendorf, 

Germany) at 112 x g for 15 s, and qPCR was performed.  

All qPCR reactions were performed in a QuantStudio™ 5 real-time PCR detection system (Thermo 

Fisher Scientific, United States). The following amplification conditions were used: A hold stage at 

50 °C for 2 min followed by an initial denaturation step at 95 °C for 2 min, and subsequently, 40 

cycles of both 95 °C for 1 s and 60 °C for 20 s. Finally, a hold step at 4 °C completed the reactions. 

The reactions were performed in triplicate for each experimental group. To normalize the 

amplification products for the amount of starting RNA, the PCR amplification data were normalized 

to the geometric mean of the housekeeping gene, β-actin. Since we sought to recapitulate the results 

of Zhou et al. (2014), which showed upregulation of PINK1 and TH in the mutant PINK1 group 

relative to the empty vector control, absolute quantification of transcript copy number was not 

necessary. Instead, the 2-ΔΔCT comparative method (Livak & Schmittgen, 2001) was used to determine 

the relative quantification of gene expression. For reporting, fold change in PINK1 and TH expression 

levels in control cells were set to 100 %. Expression levels in WT and G309D PINK1 groups were 

expressed relative to this.  

2.6 Liquid Chromatography-Mass Spectrometry (LC-MS) analysis of dopamine 

content in cells 

LC-MS involves the separation of compounds in a mixture via liquid chromatography (LC), followed 

by identification of the separated compounds using mass spectrometry (MS) (Pitt, 2009). LC-MS is 

often preferred over standard LC due to its ability to handle complex mixtures with a high degree of 

specificity. Mass spectrometers convert the molecules in the sample to a charged state and analyze the 

ions produced based on their mass to charge ratio. Each vertical bar on the mass spectrum represents 

an ion with a specific ion ratio (relative to the main, or base, peak) and the bar height represents the 

abundance of the ion.  

Approximately 3x105 cells were seeded in 12-well plates and transfected with either WT or G309D 

PINK1 in duplicate. As dopamine is a neurotransmitter that is active in the synapse between neurons, 

dopamine may be present in the media as well as within cells. Therefore, cells were scraped and 

collected with the overnight media in 5 ml centrifuge tubes. Four volumes of ice-cold 99.9 % acetone 

(HPLC-grade, Sigma-Aldrich, United States) were added to each tube, vortexed vigorously with glass 

beads, and allowed to stand at room temperature to precipitate proteins and cell debris. The tubes 

were incubated at 60 °C overnight to allow for evaporation of the methanol and water. Following 
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dehydration, the remaining residue was resuspended in HPLC-grade methanol (Sigma-Aldrich, 

United States) and centrifuged at 2796 x g to pellet particulates. The supernatant was filtered with a 

0.2 µm nylon filter and pipetted into LC-MS tubes with glass inserts for storage and analysis at CAF 

at Stellenbosch University. LC-MS analysis was performed according to Zonyane et al. (2020) using 

a Waters UPLC HSS T3 column (1.7μm particle size, 2.1 x 100mm, Waters Corporation, United 

States) (Zonyane et al., 2020). The mobile phase consisted of water as eluent A and acetonitrile as 

eluent B. 

The theoretical mass to charge ratio (m/z) of dopamine, was calculated using the Warwick mass error 

calculator 

(https://warwick.ac.uk/fac/sci/chemistry/research/barrow/barrowgroup/calculators/mass_errors/). The 

m/z of dopamine containing an additional hydrogen atom was determined, which is produced under 

positive electrospray ionization mode LC-MS. The mass to charge ratio, fragmentation data, retention 

time, and mass tolerance error were used to identify the dopamine peak on the resulting mass 

spectrum and relative dopamine levels were compared between untransfected and transfected groups. 

The retention time of dopamine of ~3.7 min was observed in previous literature (Chatterjee & Gerlai, 

2009; Helmschrodt et al., 2020). Peak area is measured as the sum of the intensities of datapoints that 

make up a peak. Peak area was used as a measure of abundance relative to the untransfected group.  

2.7 Cellular treatments of the PINK1 model 

2.7.1 Curcumin and paraquat treatment preparation 

Preparation of treatment stocks took place in low light to account for the light sensitivity of curcumin 

and safety precautions were taken when working with paraquat. Stocks were stored at -20 °C and 

protected from light. A curcumin stock of 20 mM was made and for the dosage curve, this 20 mM 

stock was diluted in DMSO (Sigma-Aldrich, United States) to make working stocks (0.125 mM to 2 

mM) for each treatment. A paraquat stock of 50 mM was made up by dissolving 50 mg paraquat 

dichloride x-hydrate (molecular weight: 257.16 g/mol) (Sigma-Aldrich, United States) in 3.9 ml 

dH2O. Dilutions using the 50 mg stock were made from 0.03 mM to 2.1 mM, with the addition of 1 % 

DMSO to each paraquat treatment to account for the effect of DMSO on curcumin. All treatments 

were made fresh, on the day of cell treatments, in 15 ml polypropylene tubes covered with foil. 

For the curcumin dosage curve, cells were treated with 1.25 µM, 2.5 µM, 5 µM, 10 µM, or 20 µM. 

For the paraquat dosage curve, cells were treated with 0.03 mM, 0.07 mM, 0.13 mM, 0.26 mM, 0.52 

mM, 1.05 mM, or 2.10 mM. For all experiments, cells were incubated with treatment solutions for 24 

h. This was based on a previous study in which the effect of a range of curcumin treatments from 0 

µg/ml to 12 µg/ml on SH-SY5Y cell viability was investigated (Yu et al., 2019). The authors reported 
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that cell viability is time-dependent, as cell viability did not significantly decrease after 24 h but was 

reduced after 48 h. Cell viability was also reported to be dose-dependent as an increased curcumin 

concentration of 16 µg/ml resulted in a significant decrease in cell viability.  

2.7.2 Curcumin and paraquat dosage curves 

The purpose of producing dosage curves is to determine optimum concentrations of both curcumin 

and paraquat so that curcumin is not cytotoxic, and paraquat is sufficiently toxic to challenge cells 

while avoiding excessive toxicity. Cells were seeded at a density of 30 000 cells/well in a 96-well 

plate and incubated overnight at 37 °C, 5 % CO2. A vehicle control containing dH2O and 1 % DMSO 

was included in each experiment. A 10 % DMSO positive control was used as this is a toxic 

concentration that induces cell death. Additionally, a blank control with media only without cells was 

included to remove the effect of the media’s color from absorbance measures. After a period of 24 h 

following cell seeding, all media was removed from the incubated cells. A volume of 100 μl per well 

of treatments and controls were pipetted in triplicate in 96-well plates for curcumin and paraquat. The 

plates were incubated for 24 h. Thereafter, MTT assays were performed using a method described in 

section 2.8 below. Absorbance versus treatment graphs were drawn, and the optimum concentrations 

of curcumin and paraquat were derived from the graphs and used for subsequent treatment 

experiments. The curcumin concentration that exhibited the highest significant cell viability compared 

to the vehicle control indicated non-toxicity and was thereby chosen as optimal for treatment. The 

paraquat concentration that exhibited a 50 % significant decrease in cell viability compared to the 

vehicle control was chosen as a toxic dosage to induce mitochondrial stress.  

In addition, a nanocurcumin treatment and unloaded nanoparticle control (without curcumin) were 

prepared at the same optimum concentration as curcumin determined by the curcumin dosage curve to 

allow for comparison. The 2.5 µM nanocurcumin was made by dissolving 25.7 µl nanocurcumin 

stock (1 mg/ml) (Appendix I) and 24 µl DMSO (Sigma-Aldrich, United States) in 2350.3 µl DMEM. 

Likewise, a 2.5 µM unloaded nanoparticle control was prepared by dissolving 17.9 µl nanoparticle 

stock (1 mg/ml) (Appendix I) and 18 µl DMSO in 1764.1 µl DMEM. 

Thereafter in the study, cells were treated with optimized concentrations of curcumin and paraquat in 

five treatment groups including a vehicle control, curcumin only, curcumin pre-treatment, paraquat 

only, and a 10 % DMSO positive control. Curcumin pre-treatment involved 24 h curcumin treatment, 

followed by 24 h paraquat treatment. For the nanocurcumin experiment, the following treatment 

groups were included to supplement the aforementioned treatments: unloaded nanoparticle only, 

curcumin loaded nanoparticle only, and nanocurcumin pre-treatment. Nanocurcumin pre-treatment 

involved 24 h nanocurcumin treatment, followed by 18 h paraquat treatment to test the protective 

effects of nanocurcumin. The cells were incubated in a humidified incubator at 37 °C, 5 % CO2.  
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2.8 MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay 

for cell viability 

The MTT colorimetric assay is used to evaluate cell viability by determination of mitochondrial 

function as this assay measures the activity of mitochondrial enzymes such as succinate 

dehydrogenase. Mitochondrial activity is constant for most viable cells thus changes in mitochondrial 

activity reflect changes in cell viability. This assay is based on the ability of mitochondrial NADPH-

dependent enzymes in metabolically active cells to reduce the yellow tetrazolium salt MTT into 

purple formazan crystals. These crystals are dissolved, and the concentration of the resulting solution 

is measured by the determination of its optical density at 570 nm which correlates with viable cell 

count (van Meerloo, Kaspers & Cloos, 2011). The MTT assay was used to determine the effects of 

PINK1 transfection as well as curcumin and nanocurcumin treatment on cell viability.  

A 5 mg/ml MTT (Sigma-Aldrich, United States) solution was prepared (Appendix I) and used 

immediately or temporarily stored at 4 °C, in a dark or foil-wrapped bottle. A volume of 10 μl of 

MTT solution was added to each well containing 100 μl of culture media. Alternatively, pre-warmed 

sterile PBS was used to prepare a 1:10 dilution of the MTT stock which was pipetted in 100 μl 

volumes to each well. The plate was covered in aluminum foil and placed in a Farma thermosteri-

cycle 5 % CO2 humidified incubator for 3-4 h. Thereafter, the plate was centrifuged to prevent 

disturbance and loss of crystals during aspiration of the solution. The solution was removed and a 

volume of 50-100 μl DMSO (Sigma-Aldrich, United States) was added to each well to dissolve the 

purple formazan aggregates in the wells. The plates were incubated with shaking for 10 min in a 

Hybaid Midi Dual 14 incubator. The coloration that results was measured at 570 nm in a Synergy HT 

luminometer using Gen5™ software version 3.0. The absorbance was normalized by subtracting the 

negative control wells (blank) from the experimental wells. 

2.8.1 CyQUANT correction 

To account for cell density differences between wells in treated plates, a CyQUANT correction was 

performed with each MTT assay. CyQUANT ® is a dye that emits fluorescence when bound to 

nucleic acids. Measurement of the fluorescent emission and excitation wavelengths of the dye-nucleic 

acid complex is linearly correlated to the cell count, thereby quantifying the cell population (Jones et 

al., 2001). A 96-well plate was treated identically to the MTT assay plate, and a CyQUANT® NF cell 

proliferation kit (Thermo Fisher Scientific, United States) was used to normalize cell proliferation 

between plates. Following 24 h treatment with curcumin and paraquat, a volume of 50 µl dye binding 

solution (1X) was added to each well. The plate was covered with foil and incubated for 1 h at 37 ℃, 

5 % CO2. Fluorescence was measured at an excitation wavelength of 480 nm and an emission 

wavelength of 530 nm with a Synergy HT luminometer and using Gen5™ software. 
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2.9 Mitochondrial membrane potential assay 

Mitochondrial function is directly linked to the mitochondrial polarization state (Walsh et al., 2017). 

Intact mitochondria are polarized which means they sustain a highly charged membrane potential with 

an inner negative charge. This causes the inward transport of cations and outward transport of anions 

(Zorova et al., 2018). Depolarization is the process by which the mitochondrial membrane potential 

changes from negative to less negative. Mitochondrial membrane potential generated by proton 

pumps is vital to oxidative phosphorylation, the process whereby adenosine triphosphate (ATP) is 

formed through electron transfer.  

The MitoProbe tetrachloro-1,1’,3,3’tetraethylbenzimidazolylcarbocyanine iodide (JC-1) assay 

(Thermo Fisher Scientific, United States) was used to assess mitochondrial membrane potential in 

PINK1-transfected SH-SY5Y cells treated with curcumin. Briefly, cationic JC-1 dye is characterized 

by the potential-dependent accumulation in mitochondria as a monomer with green fluorescence 

emission at 529 nm, as well as the concentration-dependent formation of red aggregates exhibiting 

fluorescence at 590 nm (Sivandzade, Bhalerao & Cucullo, 2019). Depolarized mitochondria with low 

membrane potential, exhibit low internal concentrations of green JC-1 monomers. Conversely, 

polarized mitochondria with high membrane potential accumulate high concentrations of green JC-1 

monomers, some of which transform into red aggregates. Therefore, mitochondrial depolarization is 

indicated by a decrease in the red/green fluorescence intensity ratio (Figure 2.4).  

Following transfection and curcumin treatment of 0.5-1x106 cells/ml per sample in 6-well plates, 

media was removed, and 1 ml warm PBS (37 °C) was added to each well. For the positive control, 1 

μl of 50 mM carbonyl cyanide 3-chlorophenylhydrazone (CCCP), which is a potent mitochondrial 

membrane potential disrupter, was added and the cells were incubated at 37 °C for 5 min. A volume 

of 10 μl JC-1 solution (200 μM) was added to each well, and the cells were incubated at 37 °C, 5 % 

CO2 for 15 to 30 min. The cells were washed once by adding 2 ml of warm PBS to each tube and 

thereafter pelleted by centrifugation for 5 min at 800 x g. The pellets were resuspended in 500 μl PBS 

by gently flicking the tubes. Cells were analyzed on a DxFLEX flow cytometer (Beckman Coulter, 

United States) with 488 nm excitation using emission filters appropriate for fluorescein isothiocyanate 

(FITC) and R-phycoerythrin (PE) at the CAF at Stellenbosch University.  

Briefly, the flow cytometer uses lasers that excite to fluorescence the green JC-1 monomers and red 

JC-1 aggregates, which will be detectable in the FITC channel and PE channel, respectively. In our 

experiments, mitochondrial membrane potential was assessed by two measures: (1) the ratio of 

PE:FITC (or, red:green) fluorescence intensity, and (2) the ratio of PE events to FITC events 

occurring as a proportion of the total single cell events (i.e., frequency).  
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Flow cytometry optimization included the gating strategy for data analysis (Appendix III, 

Supplementary Figure 6). The first step in the gating strategy was to select cells and discard signal 

from cell debris from the total events detected by the flow cytometer. The CCCP positive control, as 

well as an unstained control (without JC-1) were used for gating to select cells of interest. Cell debris 

and other contaminants were excluded if displaying very small or large forward scatter (indicating cell 

size) or side scatter (indicating granularity), appearing as outliers to the majority of the densely 

positioned cell events. The population of cells was refined to contain only single cells (‘singlets’), and 

the final refinement was to select singlet FITC and PE events.  

 

Figure 2.4 Action of JC-1 dye in healthy (green) versus depolarized (grey) mitochondria used to 
measure mitochondrial membrane potential (ΔΨm). JC-1 monomers (green) accumulate and 

aggregate into JC-1 aggregates (red) in healthy, polarized mitochondria, resulting in increased green 

fluorescence. 

Abbreviations: JC-1, tetrachloro-1,1’,3,3’tetraethylbenzimidazolylcarbocyanine iodide; ΔΨm, 

mitochondrial membrane potential. 

2.10 Comparing curcumin and nanocurcumin 

It is known that the protective capacity of curcumin is limited due to its poor solubility in water, low 

oral bioavailability, rapid metabolism, and sensitivity to heat and light (Flora, Gupta & Tiwari, 2013). 
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Therefore, alternative curcumin formulations have been developed to overcome these drawbacks. 

Nanocurcumin has been developed by encapsulating curcumin into various nanoformulations. The 

clinical trials on nanocurcumin have shown that this therapeutic modality improves clinical outcomes 

in cancer, multiple sclerosis, chronic kidney disease, and metabolic syndrome patients (Karthikeyan, 

Senthil & Min, 2020). However, more trials are required to determine its safety and efficacy in 

humans, and specifically in individuals living with PD.  

In the present study, curcumin-loaded polycaprolactone (PCL) nanoparticles were synthesized by and 

obtained from Dr. Sarah D’Souza (University of Western Cape, South Africa). An outline of the 

method followed by Dr. D’Souza and the resulting nanoparticles are shown in Figure 2.5 below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Synthesis of polycaprolactone nanoparticles. A – Schematic of the single emulsion-
solvent evaporation method used by Dr. Sarah D’Souza for synthesizing nanocurcumin. B – Scanning 
electron microscope (SEM) image of synthesized polycaprolactone nanoparticles taken by Dr. Sarah 
D’Souza. The nanoparticles appeared to be smooth and spherical, with a small size range which 
correlates with the previous size and PDI measurements. The nanoparticles appeared to clump 
together which may be due to the use of sucrose as a stabilizer for lyophilization, as well as the 
sample preparation required for the synthesis technique. Images courtesy of Dr. Sarah D’Souza, 
University of Western Cape.  
Abbreviations: Cur, curcumin; PCL, polycaprolactone; NPs, nanoparticles; PVA, polyvinyl alcohol; 
Mag, magnification; WD, working distance; EHT, electron high tension. 
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Briefly, a single emulsion-solvent evaporation technique was used to synthesize the nanoparticles. 

First, a PCL solution (1 % w/v) (Sigma-Aldrich, United States) containing curcumin (Sigma-Aldrich, 

United States) was made up in dichloromethane. Next, a polyvinyl alcohol (PVA) solution (0.5% w/v) 

was made by dissolving PVA (Sigma-Aldrich, United States) in de-ionized water obtained from a 

Barnstead EasyPure (II) UV-ultrapure water system (Thermo Fisher Scientific, United States). A 

volume of 2 ml of the PCL solution was added dropwise to 20 ml of the PVA solution under probe 

sonication for 7 min, 55 % power, 70 Watt (Bandelin Sonoplus UW2070 + HD 2070, Berlin, 

Germany). The PVA solvent was removed in vacuo at 35 °C and the mixture was centrifuged at 

10 000 x g for 15 min to collect the nanoparticles. The curcumin-loaded nanoparticles were washed 

with de-ionized water and subjected to lyophilization for 72 h in the presence of sucrose (1% w/v) as 

a cryoprotectant. As a control, unloaded nanoparticles were likewise synthesized, however, curcumin 

was excluded from the PCL solution. Following synthesis, a Malvern Zetasizer Nano S (Malvern 

Instruments Ltd, UK) was used to determine the size, polydispersity index (PDI), and zeta potential 

(ZP) of the nanoparticles. The measurements were conducted at 25 °C in triplicate. Finally, 

nanoparticle morphology was characterized using scanning electron microscopy (SEM). 

The therapeutic potential of nanocurcumin was assessed in comparison to curcumin by evaluating cell 

viability using the MTT and CyQUANT assays, as previously described in Section 2.8. The paraquat 

exposure time was reduced from 24 h to 18 h in order to evaluate the protective effects of 

nanocurcumin.  

2.11 Statistical analysis  

Depending on the number of groups, either a one-way or two-way analysis of variance (ANOVA) 

coupled with a post hoc test were performed using RStudio IDE Software version 4.0.3 (R Core 

Team, 2020) http://www.rstudio.com/. Post hoc tests included the Dunnett’s test for comparisons to 

the control, or a Bonferroni post hoc test to test selected contrasts. The normality assumption of 

ANOVA was tested using the Shapiro Wilk test, while homogeneity of variances was assessed with 

the Levene’s test. For non-parametric data, either the Kruskal Wallis test and Dunn’s post hoc test 

were performed, or a robust linear model with Tukey’s HSD post hoc test were implemented. All ‘p’ 

values less than or equal to 0.05 were considered statistically significant. An F-statistic was also 

reported as an indicator of variability within groups. The F statistic from the ANOVA with a small 

value close to 1 suggested that the null hypothesis of no difference was true. Conversely, a high F 

statistic indicated greater variation between group means than expected by chance. 

Significant main effect/s of PINK1 transfection or curcumin treatment, or a significant interaction 

effect between these variables determined by the ANOVA were followed by post hoc analysis. This 

was performed to determine differences between the untransfected, untreated control compared to all 
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groups to ascertain whether the toxicity model was achieved with PINK1 alone or with both PINK1 

expression and paraquat. Furthermore, we determined if curcumin could enhance cell health to or 

above baseline levels in the untreated control cells. Finally, differences between the paraquat and pre-

treatment groups were determined to evaluate if curcumin’s rescue ability could protect against the 

toxic effects of paraquat. The R script used in the present study can be found in Appendix VI. Box 

and whisker plots or scatterplots overlaying column graphs indicating mean and standard deviation 

were constructed with GraphPad Prism version 5.0.0 for Windows (GraphPad Software, San Diego, 

California, United States, www.graphpad.com). 
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CHAPTER 3: Results 

3.1 Plasmid acquisition and sequence verification 

Two commercially available plasmids containing WT PINK1 and G309D PINK1 DNA, respectively, 

were acquired from Addgene, United States of America. A series of problems were encountered with 

these plasmids and a range of experiments were undertaken to verify their sequences, as outlined in 

the sections that follow.  

Briefly, the first batch of transformed bacterial clones that were purchased (WT-A and Mutant-A) did 

not grow well on selection media due to shipping and storage issues. They had arrived during the hard 

lockdown of the SARS-COV 2 pandemic and upon arrival in South Africa, were stored in the 

courier’s warehouse at room temperature for several months before reaching our laboratory. 

Subsequently, Addgene sent a new batch of both WT and mutant transformed clones (WT-B and 

Mutant-B). Plasmid extraction, restriction enzyme digest, PCR, and sequencing were successful for 

Mutant-B, while these techniques produced unexpected results for WT-B.  

Based on these problems, Addgene sent a third WT transformed clone (hereon referred to as WT-C). 

However, WT-C failed to grow in both liquid and solid media. Finally, on the premise that the 

plasmid DNA in their stock culture had undergone rearrangements, Addgene provided their WT 

PINK1 plasmid DNA (WT-D) for us to perform the bacterial transformation in our laboratory. 

However, this plasmid DNA needed to be transformed into Stbl3 E. coli which we did not have access 

to and, if ordered, could only be delivered to our laboratory in late 2021. We then contacted the 

authors of the paper who had originally described this model, Drs Zhou and Wuan-Ting (Duke-NUS 

Medical School, Singapore (Zhou et al., 2014)), who thereafter sent us their extracted WT and G309D 

PINK1 plasmid DNA (hereafter referred to as WT-Z and Mutant-Z). This DNA was then transformed 

into DH5α E. coli, but this was unsuccessful possibly due to lentiviral recombination.  

The various WT and mutant PINK1 plasmids acquired for this project are summarized in Table 3.1, 

and further details on the troubleshooting are outlined in Appendix II Supplementary Table 4 and 

the sections below.  
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Table 3.1 Summary of troubleshooting of WT and G309D (Mutant) PINK1 plasmids. 

Plasmid Date 
received 

Source Problem Solution 

WT-A 
(Transformed 
E. coli clone) 
Mutant-A 
(Transformed 
E. coli clone) 

May 2020  Addgene, United 
States 

Bacteria struggled to grow 
on selection media 

Addgene agreed 
to send another 
batch of plasmids 

WT-B 
(Transformed 
E. coli clone) 
Mutant-B 
(Transformed 
E. coli clone) 

August 
2020 
 

Sequencing, PCR, and 
restriction digest failed 

Addgene agreed 
to send another 
WT. 

Verified by sequencing, 
PCR, and restriction digest 

These plasmids 
were chosen for 
use in all further 
experiments 

WT-C 
(Transformed 
E. coli clone) 

May 2021 Restriction digest failed and 
struggled to grow on 
selection media 

Addgene sent WT 
plasmid DNA for 
transformation 

WT-D  
(DNA) 

June 2021 Stbl3 E. coli required for 
transformation 

Wait for Stbl3 E. 
coli. Use WT-B 
in the interim 

WT-Z 
(DNA) 
 

June 2021 Dr. Zhi Dong 
Zhou, Dr. Saw 
Wuan-Ting 
(Duke-NUS 
Medical School, 
Singapore) 

Restriction digest failed 
following DH5α E. coli 
transformation  

Wait for Stbl3 E. 
coli. Use WT-B 
in the interim 

Mutant-Z 
(DNA) 

Not tested (functional 
mutant in use) 

Not applicable 

Abbreviations: WT, wild-type; PCR, polymerase chain reaction; E. coli, Escherichia coli. 

 

3.1.1 Plasmid DNA extraction  

A Zymo Research Zyppy MiniPrep kit yielding 30 µl of ~200 µg/ml of plasmid DNA as well as a 

Zymo Research ZympPURE MidiPrep kit yielding a greater volume (200 µl) of DNA were used for 

DNA extraction. Initial attempts at extracting WT PINK1 and G309D PINK1 DNA with the MiniPrep 

kit yielded less than 150 µg/ml of DNA each. It was proposed that incomplete cell lysis may explain 

the low DNA yield, therefore, lysis was performed for an extra 30s in addition to the standard 2 min 

for the MiniPrep kit. This resulted in highly concentrated and pure DNA (420 µg/ml).  

Restriction digest of this plasmid extracted with prolonged lysis revealed that the expected bands for 

EcoRV and BamHI (Appendix III, Supplementary Figure 3) were not present. Instead of two 

products of 6974 bp and 1837 bp for EcoRV and one product of 8811 bp, additional bands of the 

wrong sizes were observed (Figure 3.1, lanes 4 and 11). Therefore, the plasmid DNA was likely 

degraded by prolonged lysis and was unusable.  
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Figure 3.1 Optimized MidiPrep method yielded high concentration Mutant-B DNA. Lane 2: 1kb 
DNA ladder; Lanes 4-6: EcoRV (6974 bp and 1837 bp); Lanes 11-13: BamHI (8811 bp expected 
product); Lanes 16-19: Uncut G309D PINK1 DNA; Lanes 7 and 14: Negative control (Control (-)) 
Lanes 1, 3, 8, 10, 15, and 20: Blank. 

 

Subsequently, the following alternative adjustments to the extraction protocol were made. The lysis 

buffer was warmed at 37 °C for 30 min before use to aid in lysis, and an extra centrifugation step was 

performed following washes to remove any residual buffer. The starting volume of culture was also 

reduced to 3 ml for the MiniPrep kit and to 40 ml for the MidiPrep kit to avoid clogging of the 

column. Notably, these adjustments (1) resulted in greater DNA yields for both kits and (2) produced 

the expected EcoRV and BamHI digest product sizes (Figure 3.1, lanes 16-19, 4-6 and 11-13). The 

MidiPrep kit (>550 µg/mL) yielded higher concentration DNA than the MiniPrep kit (>300 µg/ml). 

Thereafter, from these results, the optimized MidiPrep kit was used for DNA extraction for all 

subsequent experiments. 

3.1.2 WT and G309D PINK1 plasmid verification 

Following successful plasmid extraction, we sought to verify the plasmid sequences by PCR, Sanger 

sequencing, and restriction enzyme digest. Upon Sanger sequencing, the mutant-B PINK1 DNA 

sequence was identical to the reference sequence (NCBI Reference Sequence NM_032409.3), except 

for the mutation site which contained a single adenine nucleotide in place of a guanine nucleotide 

(Figure 3.2).  

However, after multiple attempts, the WT-B plasmid sequence could not be verified by PCR, 

restriction enzyme digest, or sequencing. As seen in Figure 3.3A, both WT-A and WT-B uncut DNA 

appear to be smaller in size in comparison to Mutant-B. The mutant was ~9 kb in size which 
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approximated the actual size of the plasmid (8811 bp) (Figure 3.3A lane 10). Conversely, WT-A and 

WT-B were similar in size at < 3 kb (Figure 3.3A lanes 3, 5-8). Likewise, the expected products for 

BamHI and EcoRV restriction digests were observed for Mutant-B (as seen in Figure 3.3B, lanes 7 

and 13). However, restriction enzyme digest on WT-A (data not shown) and WT-B (Figure 3.3B, 

lanes 5 and 11), as well as PCR (Appendix III, Supplementary Figure 3) and uncut plasmid DNA 

(Figure 3.3A), yielded incorrectly sized products. This indicated that WT-A and WT-B plasmids 

were either not the correct plasmids or that the plasmids had undergone rearrangement of their 

components. 

 

Figure 3.2 Mutant G309D PINK1 sequence verification. The G309D PINK1 mutation was present 
at position 926 which corresponds to amino acid position 309, exhibited by a single nucleotide change 
from guanine to adenine.  

 

Figure 3.3 WT-A and WT-B are different to the Mutant-B PINK1 plasmid. A – Differences in 
uncut plasmid sizes observed for WT and G309D PINK1 DNA. Lane 1: 1 kb DNA ladder; WT-A 
PINK1 (128 µg/ml); Lane 5-8: WT-B (56.8, 301, 179, & 344 µg/ml); Mutant-B (169 µg/ml); Lane 12: 
positive control (NRXN2 plasmid DNA) (198 µg/ml); Lane 14-15: sequenced WT-B and Mutant-B; 
Lane 2, 4, 9, 11 & 13: Blank. The successfully sequenced Mutant-B ran high on the gel, closer to its 
expected 8811 bp size while all samples of the WT plasmids ran below 3 kb. WT NRXN2 was used 
as a positive control as its sequence and size were verified (>9 kb). B – Differences in restriction 
enzyme digestion products for WT and G309D PINK1. Lane 2: 1 kb DNA ladder; Lane 3: Uncut 
G309D-B DNA; Lane 5 and 7: BamHI (8811 bp expected product); Lane 11 and 13: EcoRV (6974 
and 1837 bp expected products); Lanes 9 and 15: Negative control (Control (-)); Lane 1, 4, 6, 8, 10, 
12, and 14: Blank 
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Upon receiving plasmid WT-C, we observed that the clones on the first streak plate directly from the 

agar stab grew well overnight at 37 °C. However, the bacteria struggled to grow on subsequent streak 

plates and in liquid media, both in the presence and absence of the bacterial selection agent ampicillin 

(Figure 3.4).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Comparison of plain LB medium, against Mutant-B and WT-C PINK1 overnight 

cultures. The Mutant-B PINK1 overnight culture was cloudy, indicating bacterial growth. However, 

the WT-C PINK1 culture was similar in opacity to plain LB medium, even after an extended 48 h 

incubation. 

 

Drs Zhou and Wuan-Ting (Zhou et al., 2014) were then contacted and they sent us their WT and 

G309D PINK1 extracted DNA (WT-Z and mutant-Z). The plasmid DNA was transformed into 

standard DH5α E. coli and then verified with a restriction digest to confirm that the plasmids were 

intact. The restriction digest showed an incorrect number of bands on the gel, indicating possible 

plasmid rearrangements (Figure 3.5). Therefore, after these multiple attempts, we could not acquire a 

verifiable WT PINK1 plasmid.  

Thus, in the absence of a more suitable option, we took the decision to proceed with the WT-B and 

the sequence-confirmed Mutant-B for all our subsequent experiments. WT-B was selected as it had 

arrived at the same time as Mutant-B and was the only WT plasmid that could be successfully and 
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repeatedly propagated in E. coli. Acknowledging this limitation, experiments with a verified WT were 

deferred for future work. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Restriction digest products of WT-Z PINK1 samples after DH5α E. coli 

transformation. Lane 2&17: 1kb DNA ladder; Lane 4-7: BamHI (8811 bp expected product); Lane 

8-11: EcoRV (6974 and 1837 bp expected products); Lane 13-15: Uncut WT-Z PINK1 DNA; Lanes 7 

and 11: Negative control (Control (-)); Lane 1, 3, 7, 12, 16, 18-20: Blank.  

 

3.2 Transfection of SH-SY5Y cells with PINK1 plasmids 

In objective 2 of the study, cells were transfected with the plasmids as detailed in Methods section 

2.4, and transfection efficiency was calculated. Transfection efficiency was calculated as 42.1 % for 

the WT PINK1 plasmid, and 45.1 % for the G309D PINK1 plasmid (Figure 3.6). Since the 

transfection efficiencies were similar, we were able to proceed with the rest of the experiments.  
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Figure 3.6 Immunofluorescence images of SH-SY5Y cells untransfected, or transfected with WT 

and G309D PINK1 plasmids. SH-SY5Y cells were seeded and (A) untransfected as a negative 

control, or transfected with either (B) WT PINK1 DNA or (C) G309D PINK1 DNA for 24 h. Cells 

were stained with anti-V5 tag antibody and Alexa Fluor 488 goat anti-rabbit IgG. Scale representing 

100 000 pixels is displayed in red. 
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3.3 PINK1 expression was upregulated in the mutant 

We then sought to measure expression levels of PINK1 and TH to confirm the PINK1 and dopamine 

toxicity model, as previously described in Zhou et al. (2014). Assessing PINK1 expression would 

allow us to verify the toxicity model characterized by PINK1 overexpression in the mutant. This 

causes dopamine toxicity by upregulating TH which is involved in dopamine metabolism (as shown in 

Figure 1.6 in Chapter 1).  

An increase in TH levels would indicate a possible increase in dopamine production. Optimization of 

the protocol for RT-qPCR was first performed and thereafter, gene expression levels were measured. 

3.3.1 RT-qPCR optimization 

Optimization of RT-qPCR was twofold. Firstly, to determine the optimal cDNA dilution for all RT-

qPCR experiments, we performed qPCR on a 10-fold serial dilution (neat to 1: 10 000 dilutions) of 

cDNA from untransfected SH-Y5Y cells. Secondly, we assessed whether multiplex qPCR was 

equally as successful as the standard singleplex qPCR. For β-actin, amplification across all dilutions 

yielded acceptable Ct values within the optimal range of 15-25 cycles (Figure 3.7A and B). 

However, only undiluted cDNA yielded a Ct value of less than 30 when amplifying TH. Therefore, 

undiluted cDNA was chosen for all RT-qPCR experiments. Replicates were closer together (within 

0.5 cycles) in multiplex reactions for both β-actin and TH than in singleplex reactions. Therefore, 

multiplex qPCR was performed for all subsequent qPCR experiments. Additionally, several indicators 

of qPCR optimization were determined, including the qPCR efficiency and coefficient of 

determination (r2). As seen in Table 3.2, the qPCR efficiency of TH was higher than expected but the 

other two qPCR efficiencies were within acceptable ranges, indicating that the RT-qPCR experiments 

could proceed.  

Table 3.2 The qPCR validation through determination of reaction efficiency and data linearity. 

Abbreviations: r2, coefficient of determination. 

Gene Slope of regression 

line 

qPCR efficiency r2 

β-actin -3.092 110.58% 0.9928 

TH -2.4679 154.22% 0.9559 

PINK1 -3.2112 104.84% 0.8695 

Stellenbosch University https://scholar.sun.ac.za



55 
 

 

Figure 3.7 Singleplex and multiplex RT-qPCR analysis of β-actin and TH expression. A-B – 
Singleplex and multiplex RT-qPCR analysis of β-actin expression in untransfected SH-SY5Y cells, 
respectively. The β-actin gene was amplified with Ct values from ~15 to ~25 in both singleplex (A) 
and multiplex (B) reactions, while replicates were closer together for all dilutions in the multiplex 
reactions. C-D - Singleplex and multiplex RT-qPCR analysis of TH expression, respectively. The TH 
gene was amplified with Ct values from ~25 to ~35 in both singleplex (C) and multiplex (D) 
reactions, with closer replicates in the multiplex reactions and no evidence of amplification of the 
1:10 000 dilution. 

 

3.3.2 PINK1 and TH gene expression with RT-qPCR 

As expected, RT-qPCR experiments revealed a 34-fold increase in PINK1 gene expression in G309D 

PINK1 cells compared to the untransfected control (p < 0.001; Figure 3.8A). However, WT PINK1 

cells exhibited no significant difference in PINK1 expression compared to the control group. For TH, 

gene expression appeared to be lower in the WT PINK1 and G309D PINK1 compared to the control, 

but this was not significantly different (overall p = 0.244; Figure 3.8B). Therefore, these results 

indicate that the transfections were successful with increased PINK1 expression observed for the 

mutant PINK1 compared to control. However, these RT-qPCR experiments could not verify 
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dopamine toxicity caused by increased TH expression in the mutant, as had been shown by Zhou and 

colleagues (Zhou et al., 2014). 

 

Figure 3.8 Reverse transcription quantitative real-time PCR (RT-qPCR) analysis of PINK1 and 
TH gene expression in transiently transfected SH-SY5Y cells. RNA extracted from SH-SY5Y cells 
transiently expressing WT or G309D PINK1 was reverse transcribed and amplified using qPCR to 
assess PINK1 and TH gene expression. A – A significant increase in PINK1 gene expression was 
observed for cells expressing G309D PINK1 compared to the control (p < 0.001). B – No significant 
differences in TH gene expression were observed between all groups. One-way ANOVA statistical 
tests were performed, followed by Bonferroni post hoc analysis, with significance set at p < 0.05.  
*p < 0.05, **p < 0.01, ***p < 0.001: relative to untreated control 
 

3.4 No increased dopamine levels detected by LC-MS 

No significant difference in TH gene expression was detected between our PINK1 transfected groups 

and the control. Therefore, we sought to assess dopamine toxicity by measuring levels of dopamine in 

the transfected cells using LC-MS. The theoretical m/z of dopamine was calculated as 154.086, which 

is consistent with previous literature (Kim et al., 2014). The retention time of dopamine was 

previously found to be ~3.7 min (Chatterjee & Gerlai, 2009; Helmschrodt et al., 2020). However, 

dopamine could not be detected in the sample as the smallest compound had a m/z of only 158.12. 

Therefore, dopamine levels could not be evaluated in the samples as the extraction method failed to 

isolate such small molecules. 

However, L-phenylalanine was identified with m/z ratio, retention time, and fragmentation data. The 

mass tolerance error was at an acceptable level of below 5 for all samples and the retention time was 

consistent (~2.3 min) for 88 % of samples (Table 3.3). The L- and D- enantiomers, or ‘mirror image’ 

structures, of this essential amino acid could not be differentiated by LC-MS. Levels of the amino 
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acid phenylalanine were found to be elevated in the mutant PINK1 group compared to both WT 

PINK1 and untransfected SH-SY5Y cells. These differences between groups remained after 

subtraction of the negative control, containing only DMEM media, in which phenylalanine was also 

detected. The presence of phenylalanine in the control is due to the fact that L-phenylalanine is used 

to manufacture DMEM culture medium (Appendix I, Supplementary Table 1). Notably, in the 

dopamine metabolism pathway phenylalanine is a precursor that is hydroxylated to tyrosine, which is 

converted to L-DOPA and is in turn, decarboxylated to dopamine (Daubner, Le & Wang, 2011). The 

relative abundance of phenylalanine was greater in the mutant (136.7 %) than in the WT PINK1 group 

(122.5 %) (Table 3.3; Appendix III, Supplementary Table 6). Furthermore, fragmentation ions with 

m/z ratios of 120.08 and 103.05 were observed in the samples (Appendix III, Supplementary Figure 

5), consistent with previous literature (Zhang et al., 2019). This increase in phenylalanine could 

possibly indicate that dopamine toxicity is occurring in the model, but the timing for when this is 

measured may require optimization.  

Table 3.3 The relative abundance of phenylalanine in media control, untransfected, WT, and 
G309D PINK1 groups.  

Group Observed 
m/z 
[M+H]+ 

Molecular 
formula 
[M+H]+ 

Theoretical 
m/z 

Mass 
tolerance 
error 
(PPM) 

Peak 
area  

Mean  
peak area 

Abundance 
relative to 
UT control 
(%) 

RT 
(min) 

Negative 

control 1 
166.0874 

C9H12NO2 166.0868 
3.59 11732.9 

11535.1 75.3 

2.71 

Negative 

control 2 
166.0869 0.58 11337.2 2.39 

UT  

1 
166.0862 -3.63 14301.4 

15315.7 100 

2.35 

UT  

2 
166.087 1.18 16330.1 2.35 

WT 

PINK1 1 
166.0871 1.78 17549.0 

18758.4 122.5 

2.34 

WT 

PINK1 2 
166.0876 4.79 19967.9 2.34 

G309D 

PINK1 1 
166.0876 4.79 20151.7 

20936.7 136.7 

2.33 

G309D 

PINK1 2 
166.0874 3.59 21721.7 2.33 

Abbreviations: UT, untransfected; WT, wild-type; m/z, mass to charge ratio; PPM, parts per million; 
RT, retention time. 
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3.5 Curcumin and paraquat dosage determination 

Next, we sought to establish an appropriate treatment protocol for the cellular model by testing a 

range of concentrations of curcumin and paraquat, over a 24 h exposure time. Optimum 

concentrations of these two compounds for the experiments were determined using the MTT assay.  

For this model, a concentration of curcumin was required to evaluate its neuroprotective effects 

without being toxic to the cell. An overall significant effect on cell viability was observed with 

curcumin treatment (F = 65.95, p < 0.0001). Figure 3.9A and B show cell viability without and with 

CyQUANT correction, respectively. The 10 µM dosage was not significantly different to the control 

(Figure 3.9B). Conversely, a higher 20 µM curcumin concentration induced cellular toxicity 

indicated by significantly decreased cell viability by 32.2 % (p < 0.01), compared to the untreated 

control. Concentrations of 1.25 µM, 2.5 µM, and 5 µM of curcumin exhibited significant increases in 

viability (p < 0.001), with the 2.5 µM dosage causing the greatest increase of 77 % compared to the 

control. Therefore, an optimum concentration of 2.5 µM curcumin was chosen for use in our cellular 

model. 

 

Figure 3.9 Assessment of the possible cytotoxic effect of curcumin using the MTT assay. SH-
SY5Y cells received treatment concentrations of curcumin ranging from 1.25 µM – 20 µM for 24 h. A 
– A significant increase in cell viability was observed for the 1.25 µM and the 2.5 µM curcumin 
treatments compared to the control (p < 0.001). B – A similar trend to (A) was observed following 
CyQUANT correction (p < 0.001), accompanied by a significant increase in viability for the 5 µM 
treatment (p < 0.001) and a significant decrease with the 20 µM dosage (p < 0.01). One-way ANOVA 
statistical tests were performed, followed by Dunnett’s test for post hoc analysis, with significance set 
at p < 0.05. The arrow indicates the chosen curcumin concentration for treatment. 
*p < 0.05, **p < 0.01, ***p < 0.001: relative to untreated control 
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On the other hand, a paraquat toxin concentration was determined that was sufficiently high to 

decrease cell viability by ~ 50 %, thereby causing adequate cellular stress yet not excessive cell death. 

An overall significant effect on cell viability was observed with paraquat treatment (F = 66.90, p < 

0.0001). Figure 3.10A and B show cell viability without and with CyQUANT correction, 

respectively. High paraquat concentrations of 1.05 mM and 2.1 mM reduced cell viability by 28.7 %, 

and 59.0 %, respectively, compared to the control (Figure 3.10B, p < 0.001).  

 

Figure 3.10 Assessment of the cytotoxic effect of paraquat using the MTT assay. SH-SY5Y cells 
received treatment concentrations of paraquat ranging from 0.03 mM – 2.10 mM for 24 h. A – A 
significant decrease in cell viability was observed for the 0.5 mM, 1.05 mM, and the 2.1 mM paraquat 
treatments compared to the untransfected control (p < 0.001). B – CyQUANT correction resulted in a 
significant decrease in viability for only the 1.05 mM and 2.10 mM treatments (p < 0.001). 
Significantly increased viability was observed for lower paraquat concentrations of 0.07 mM (p < 
0.001), 0.13 mM (p < 0.001) and 0.26 mM (p < 0.05) compared to the untransfected control. Non-
parametric Kruskal Wallis statistical tests, followed by Dunn’s post hoc analysis were performed for 
MTT data without CyQUANT correction which was not normally distributed. One-way ANOVA 
statistical tests followed by Dunnett’s post hoc analysis were performed after CyQUANT correction 
with significance set at p < 0.05.  
*p < 0.05, **p < 0.01, ***p < 0.001: relative to untreated control 
 

 

To determine a final paraquat concentration at which a 50 % decrease in cell viability was expected, a 

regression of the absorbance values of all samples relative to the control set to 100, was plotted 

against paraquat concentration (Figure 3.11). The paraquat concentration exhibiting a 50 % loss in 

viability relative to the control was extrapolated as 1.7 mM from the regression line equation for 

subsequent use in the model. 
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Figure 3.11 Regression of paraquat concentration and cell viability to determine the dosage that 

elicits a 50 % reduction in cell viability. According to the second-degree polynomial trendline 

equation (y = 13.675x2 – 73.375x + 134.32), the paraquat concentration that would lead to a 50 % loss 

in cell viability was 1.7 mM. 

 

 

3.6 Curcumin pre-treatment could not significantly rescue cell viability 

After establishing the PINK1 cellular model and optimum treatment conditions, we evaluated the 

potential protective effect of curcumin on cell viability by treating transfected cells in five groups as 

described in Methods Section 2.8. A significant main effect was found for both transfection status (F 

= 14.63, p < 0.0001) and treatment (F = 55.58, p < 0.0001; Figure 3.12). Figure 3.12A and B show 

cell viability without and with CyQUANT correction, respectively.  

To determine if curcumin could increase cell viability, the ‘curcumin only’-treated groups and 

curcumin pre-treatment groups were compared to the untransfected, untreated control. Notably, 

curcumin pre-treatment exhibited a significant decrease in cell viability in the untransfected and both 

PINK1 transfected groups (p < 0.001) compared to the control (Figure 3.12B). However, pre-

treatment groups were not significantly different to the paraquat groups, indicating an inability of 

curcumin to sufficiently rescue paraquat-induced toxicity. The paraquat treatment significantly 

decreased cell viability compared to the untransfected, untreated control group in all transfected and 

untransfected groups (p < 0.001). Therefore, the paraquat treatment concentration and exposure time 

were appropriate to cause cellular stress in the model.  
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Figure 3.12 Effect of curcumin on transiently transfected SH-SY5Y cells expressing wild-type 
and mutant G309D PINK1. SH-SY5Y cells were either transfected with WT PINK1 or G309D 
PINK1 DNA for 24 h, and received treatment for 24 h of either 2.5 µM curcumin, 1.7 mM paraquat, 
or pre-treatment with curcumin (24 h) followed by paraquat (24 h). A – A significant decrease in cell 
viability was observed for the paraquat and pre-treatment groups in G309D PINK1 cells compared to 
the untransfected control (p < 0.001, p < 0.01). B – A similar trend to (A) was observed following 
CyQUANT correction except for all paraquat and pre-treatment groups (p < 0.001, p < 0.01). Two-
way ANOVA statistical tests were performed, followed by the Bonferroni post hoc test, with 
significance set at p < 0.05.  
*p < 0.05, **p < 0.01, ***p < 0.001: relative to untransfected, untreated control.  
 

3.7 Curcumin pre-treatment could not significantly rescue mitochondrial 

membrane potential 

While the MTT assay provides a reliable technique for the assessment of cell viability (Mosmann, 

1983), the assay reflects only the mitochondrial metabolic activity of cells. We, therefore, sought to 

determine whether the protective effects of curcumin may be more evident in the assessment of other 

aspects of mitochondrial health such as mitochondrial membrane potential. 

In our experiments, mitochondrial membrane potential was assessed by two measures: (1) 

fluorescence intensity, and (2) the ratio of % positive PE events to FITC events (i.e., frequency) as 

explained in Methods Section 2.9. 

Regarding untreated groups, an overall significant effect on mitochondrial membrane potential was 

not observed with transfection status when assessing fluorescence intensity (F = 4.418, p = 0.066; 

Figure 3.13A) but was significant in the PE/FITC frequency data (F = 7.646, p = 0.022; Figure 

3.13B). Transfection status significantly reduced PE/FITC frequency in the WT group and mutant 
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group compared to the untransfected control (p < 0.05). Therefore, the PINK1 model was 

characterized by a reduced measure of mitochondrial membrane potential. 

 

 

Figure 3.13 Flow cytometry analysis of mitochondrial membrane potential in transfected SH-
SY5Y cells transiently expressing PINK1. Following 24 h PINK1 transfection and curcumin 
treatment, SH-SY5Y cells were stained with JC-1. The red/green fluorescence of PE/FITC 
fluorophores was measured using flow cytometry to assess mitochondrial membrane potential. A and 
C – No significant differences in PE/FITC fluorescence intensity were observed compared to the 
untransfected, untreated control. B – WT and G309D PINK1 transfected cells exhibited significantly 
lower fluorescence intensity than the untransfected control (p < 0.05). D – No significant differences 
in PE/FITC event frequency were observed between all groups compared to the untransfected, 
untreated control. One-way ANOVA (A-B), two-way ANOVA statistical tests (C), and a robust linear 
model (D) were performed, followed by Bonferroni or Tukey’s HSD post hoc analysis, with 
significance set at p < 0.05.  

*p < 0.05, **p < 0.01, ***p < 0.001: relative to untransfected, untreated control.  
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Regarding the treated groups, a significant main effect of treatment was observed on both PE/FITC 

intensity (F = 9.829, p = 0.0003; Figure 3.13C) and frequency (F = 32.461, p < 0.0001; Figure 

3.13D). Post hoc analyses revealed no significant differences in PE/FITC intensity between all treated 

groups compared to the control. However, paraquat and pre-treatment caused a non-significant trend 

of decreased PE/FITC frequency compared to the control.  

Although not significant, curcumin pre-treatment showed a similar trend of PE/FITC frequency to 

paraquat in all groups (Figure 3.13D). This indicated curcumin’s inability to sufficiently rescue 

paraquat’s toxic effects on mitochondrial health. The lack of significance in the effect of paraquat and 

pre-treatment may be due to the variability in the control group as shown by the large error bar. 

Consistent with the cell viability results, curcumin could not significantly increase mitochondrial 

membrane potential in all groups compared to the untreated control (Figure 3.13C-D). Nevertheless, 

curcumin did not cause a loss in mitochondrial membrane potential in the untransfected group. This 

further suggested that the curcumin concentration and exposure time were appropriate to avoid 

toxicity. As observed for cell viability (Figure 3.12B), curcumin was unable to increase 

mitochondrial membrane potential in the G309D PINK1 group compared to the untreated control, 

possibly due to the toxic effects of the mutation.  

3.8 Nanocurcumin exhibits less protection than curcumin 

Finally, since curcumin was not found to have a protective effect on cell viability in our cell model, 

we sought to evaluate if enhanced formulations of curcumin, which improve its oral bioavailability 

and solubility, could elicit a greater effect. We obtained a nanocurcumin preparation which had been 

synthesized and validated by Dr. Sarah D’Souza (University of Western Cape) (Appendix IV, 

Supplementary Table 7), and evaluated its effect on SH-SY5Y cell viability.  

The unloaded nanoparticle without curcumin was used as a control to determine if the nanoparticle 

itself had an effect on cell viability. Figure 3.14A and B show cell viability without and with 

CyQUANT correction, respectively. An overall significant effect on cell viability was observed with 

treatment (F = 290.6, p < 0.0001; Figure 3.14). Also, several findings were consistent with the 

preceding cell viability experiments in the current study (Results Sections 3.5 and 3.6). Curcumin 

treatment exhibited a significant increase in viability compared to the untreated control (p < 0.001). 

Paraquat treatment caused cellular toxicity indicated by a significant 45 % decrease in cell viability 

compared to the untreated control (p < 0.001). In addition, the curcumin pre-treatment group was not 

significantly different to the paraquat group. Interestingly, the unloaded nanoparticle and 

nanocurcumin groups were not significantly different to each other, but reduced cell viability by 20 % 

compared to the untreated control (p < 0.001), possibly indicating mild toxic effects of the 

nanoparticle. Unlike pre-treatment with curcumin, which was similar to the paraquat group, pre-
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treatment with nanocurcumin caused a significant 30 % reduction in cell viability compared to the 

paraquat group (p < 0.001).  

 

Figure 3.14 Comparing the effects of curcumin and nanocurcumin on SH-SY5Y cell viability. 
SH-SY5Y cells received treatment for 24 h of either 2.5 µM curcumin, 1.7 mM paraquat, or pre-
treatment with curcumin or nanocurcumin followed by paraquat (24 h + 18 h). A – A significant 
decrease in cell viability was observed in the paraquat and curcumin pre-treatment groups compared 
to the untreated control (***p < 0.001). Nanocurcumin pre-treatment significantly reduced cell 
viability compared to the paraquat group (^^^p < 0.001). No significant difference was observed 
between the nanoparticle and nanocurcumin groups, as well as between the paraquat and pre-
nanocurcumin groups. B – A similar trend to (A) was observed following CyQUANT correction for 
all groups. One-way ANOVA statistical tests were performed, followed by Bonferroni post hoc test, 
with significance set at p < 0.05.  
*p < 0.05, **p < 0.01, ***p < 0.001: relative to untreated control 
^p < 0.05, ^^p < 0.01, ^^^p < 0.001: relative to paraquat 
 

These findings indicate that curcumin on its own was not toxic to the cell (and in fact improved the 

viability of the cells). Paraquat caused a ~50 % reduction in cell viability as expected. Interestingly, 

both the unloaded nanoparticle and the nanocurcumin were toxic to the cells although not as toxic as 

the paraquat treatment. Both pre-treatment groups could not rescue paraquat-induced toxicity, while 

pre-treatment with nanocurcumin resulted in significantly greater toxicity than paraquat alone. 
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CHAPTER 4: Literature review on curcumin’s effect on α-

synuclein in PD 
Considering the wealth of evidence from individuals living with PD as well as from various cellular 

and animal models, it is clear that PINK1 mutations lead to cellular dysfunction and PD development. 

Therefore, in the present study, we used a PINK1 genetic model of PD to evaluate the therapeutic 

effect of curcumin. However, to address the need for effective, disease-modifying therapies for both 

genetic and environmental causes of the disease, we also assessed the possible broader therapeutic 

application of curcumin in other forms of PD. To this end, a literature review on this topic was 

compiled and subsequently published. Curcumin has been shown to bind toxic α-synuclein, which is a 

pathological hallmark of PD. In the review, we propose that by harnessing curcumin’s rapid excretion 

from the body, curcumin can potentially bind to and eliminate α-synuclein thereby preventing its toxic 

build-up. Consequently, dietary supplementation with curcumin over one's lifetime has potential as a 

novel, nutrient-based therapeutic approach to complement existing PD treatment or initiate novel 

prevention strategies. 

 

Published Review: Movement of prion-like α-synuclein along the gut-brain axis in Parkinson's 

disease: A potential target of curcumin treatment 
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Abstract
A pathological hallmark of the neurodegenerative disorder, Parkinson's disease (PD), 
is aggregation of toxic forms of the presynaptic protein, α- synuclein in structures 
known as Lewy bodies. α- Synuclein pathology is found in both the brain and gastro-
intestinal tracts of affected individuals, possibly due to the movement of this protein 
along the vagus nerve that connects the brain to the gut. In this review, we discuss 
current insights into the spread of α- synuclein pathology along the gut– brain axis, 
which could be targeted for therapeutic interventions. The prion- like propagation of 
α- synuclein, and the clinical manifestations of gastrointestinal dysfunction in indi-
viduals living with PD, are discussed. There is currently insufficient evidence that 
surgical alteration of the vagus nerve, or removal of gut- associated lymphoid tissues, 
such as the appendix and tonsils, are protective against PD. Furthermore, we propose 
curcumin as a potential candidate to prevent the spread of α- synuclein pathology in 
the body by curcumin binding to α- synuclein's non- amyloid β- component (NAC) 
domain. Curcumin is an active component of the food spice turmeric and is known 
for its antioxidant, anti- inflammatory, and potentially neuroprotective properties. We 
hypothesize that once α- synuclein is bound to curcumin, both molecules are subse-
quently excreted from the body. Therefore, dietary supplementation with curcumin 
over one's lifetime has potential as a novel approach to complement existing PD 
treatment and/or prevention strategies. Future studies are required to validate this 
hypothesis, but if successful, this could represent a significant step towards improved 
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1 |  INTRODUCTION

Parkinson's disease (PD) is an age- related neurological disor-
der characterized by loss of dopaminergic neurons, predomi-
nantly in the substantia nigra, leading to dopamine deficiency 
in the brain (Miyasaki et al., 2002). In 2016, 6.1 million indi-
viduals were living with PD, which is more than double the 
1990 statistic of 2.5 million individuals (Dorsey et al., 2018), 
and this trend is set to continue. PD may not be caused by only 
one mechanism but rather several interdependent molecular 
events that result in the manifestation of the disease (Brundin 
& Melki, 2017). Neuronal degeneration in PD has been as-
sociated with various processes including oxidative stress, 
mitochondrial dysfunction, protein aggregation, proteaso-
mal inhibition, and neuroinflammation (Mythri & Srinivas 
Bharath, 2012). A pathological hallmark of PD brains is the 
aggregation of misfolded α- synuclein protein in Lewy bodies 
(LBs). Notably, the presence of misfolded α- synuclein along 
the axis joining the gut and the brain suggests that the gut may 
play an important role in PD pathogenesis and progression.

In this review, we examine the evidence supporting the 
prion- like behavior of α- synuclein along the gut– brain axis, 
which may contribute to PD pathogenesis. Also described 
are the various clinical manifestations of gastrointestinal (GI) 
dysfunction experienced by individuals with PD. In addi-
tion, controversial evidence for the effect of various GI tract- 
associated surgeries and their effect on PD development are 
discussed. Furthermore, in this review, we explore the role 
of curcumin as a potential nutraceutical for the treatment 
of PD. Nutraceuticals are bioactive compounds in plant-  or 
animal- based food that have beneficial pharmaceutical prop-
erties beyond their nutritional value (Biesalski et al., 2009). 
This therapeutic approach addresses possible long- term treat-
ment options for PD based on the involvement of the gut and 
pathogenic α- synuclein in disease progression.

2 |  α-  SYNUCLEIN

Approximately, 5%– 10% of PD cases have been linked to 
mutations in different genes. Genes that have been linked 
to PD pathogenesis include SNCA and LRRK2, responsible 
for autosomal dominant forms of PD, as well as PINK1, 
PRKN, FBXO7, and DJ- 1, which cause autosomal recessive 
PD (Cherian & Divya,  2020). Juvenile onset parkinsonism 

has been linked to ATP13A2, SVE, DNAJC6, and SYNJ1 
(Minakaki et  al.,  2020). Notably, the SNCA gene, which 
encodes α- synuclein, has point mutations as well as dupli-
cations and triplications that increase the production of this 
protein, resulting in toxic α- synuclein accumulation in the 
body that correlates with disease severity (Chartier- Harlin 
et al., 2004; Ibanez et al., 2004).

Although α- synuclein's precise role in the body remains 
unknown, it is a presynaptic nerve terminal protein believed 
to be involved in the release of dopamine, vesicle recycling, 
and membrane remodeling (Bourdenx et al., 2017). Native, or 
properly folded, forms of α- synuclein are thought to regulate 
the presynaptic vesicular pool and protect neuron terminals 
against injury (Uversky & Eliezer,  2009). As illustrated in 
Figure 1, the α- synuclein protein comprises an amphipathic 
amino terminal domain (amino acids 1– 60) that contains PD- 
causing point mutations, a central non- amyloid β- component 
(NAC) domain (amino acids 61– 95), and an acidic carboxyl 
terminal domain (amino acids 96– 140) (Giasson et al., 2001).

Discovery of the causal link between α- synuclein assem-
bly and synucleinopathies has led to several comparative 
studies on amyloid fiber aggregation (Boyer et  al.,  2019; 

nutrient- based therapeutic interventions and preventative strategies for this debilitat-
ing and currently incurable disorder.

K E Y W O R D S

GI tract, neurodegeneration, nutraceuticals, Parkinson's disease, synucleinopathies, turmeric

F I G U R E  1  Protein domains of human α- synuclein. Schematic 
α- synuclein protein structure that is composed of the amphipathic 
amino terminal domain (orange), non- amyloid β- component (NAC) 
domain (yellow), and the acidic carboxyl terminal domain (green) 
(Flavin et al., 2017). The amphipathic amino terminal domain is 
lysine rich and is important for membrane interactions. The central 
NAC domain has hydrophobic and lipid sensing properties, modulates 
membrane binding affinity, and promotes protein aggregation (Giasson 
et al., 2001). The carboxyl terminal domain contains phosphorylation 
sites and plays a role in protein– protein interactions (Uversky & 
Eliezer, 2009). The numbers refer to amino acid positions, the solid 
lines refer to Parkinson's disease- causing point mutations, and the 
dashed lines refer to phosphorylation sites

Stellenbosch University https://scholar.sun.ac.za



   | 3CHETTY ET al.

Schweighauser et al., 2020). Structural analysis has revealed 
that variable fold forms of these fibers are possible and are 
affected by gene mutations, post- translational modifications, 
and non- proteinaceous molecules. Mutations may affect the 
hydrogen- bonding network within the filament rearrange-
ments, as well as the kinetics of α- synuclein aggregation. 
This has been found in the α- synuclein associated with multi-
ple system atrophy as well as the tauopathies of chronic trau-
matic encephalopathy and corticobasal degeneration (Falcon 
et al., 2019; Schweighauser et al., 2020; Zhang et al., 2020). 
Understanding the structural specificity of α- synuclein as-
sembly in PD will facilitate defining the respective roles of 
mutations, aberrant α- synuclein expression regulation, and 
lifestyle on PD progression.

New data regarding the precise process of misfolding and 
aggregation of this protein into toxic β- rich intermediates and 
LBs are continually being elucidated. As seen in Figure 2, 
α- synuclein monomers can progressively be misfolded into 
toxic species due to many triggers, including neurotoxin 
exposure (e.g., paraquat, 1- methyl- 4- phenyl- 1,2,3,6- tetrah
ydropyridine [MPTP], and rotenone), and mutations in the 
gene encoding α- synuclein, SNCA (Ingelsson,  2016). The 
NAC domain of α- synuclein is responsible for the conforma-
tional change of the protein from the random coil structure of 
monomers and dimers to the β- sheet conformation of oligo-
mers (Fusco et al., 2014). β- Sheet- rich oligomers grow into 

protofibrils and continue to polymerize to form LBs (Lashuel 
et al., 2013). LBs (proteinaceous structures with radiating fil-
aments) and Lewy neurites (less structured fibrillary inclu-
sions) are predominantly composed of insoluble α- synuclein, 
ubiquitin, tau protein, and phosphorylated neurofilaments 
(Alafuzoff & Hartikainen, 2018; del Tredici et al., 2002). The 
toxic species of α- synuclein produced during misfolding and 
polymerization lead to cellular dysfunction and, eventually, 
cell death (Gustot et al., 2015).

Neuronal loss and Lewy pathology in the brainstem and 
cerebral cortex are pathognomonic for PD (Ruffmann & 
Parkkinen, 2016). However, alternative, less invasive meth-
ods are being explored to identify LBs and α- synuclein out-
side the central nervous system (CNS). Extensive research 
has been undertaken to investigate the possibility that α- 
synuclein pathology in PD may even begin in the gut (Chandra 
et  al.,  2017; Holmqvist et  al.,  2014; Lionnet et  al.,  2018). 
Notably, dysfunction of the GI system gives rise to symptoms 
that may precede the motor features of the disease by decades 
(Houser & Tansey, 2017). The GI tract represents a more ac-
cessible region than the CNS, which would be valuable for 
early detection of PD (Mukherjee et  al.,  2016). Therefore, 
elucidation of the involvement and role of the GI tract in PD 
pathology could provide a major stepping stone towards the 
goal of developing more effective methods of detecting, treat-
ing, and even preventing the disease.

F I G U R E  2  Process of α- synuclein misfolding and aggregation into pathogenic intermediates and, finally, Lewy bodies that are characteristic 
of Parkinson's disease. Native α- synuclein exists in the cytosol as an unordered monomer, a folded monomer, an unordered aggregate (Swart 
et al., 2014), or as a degradation- resistant, helically folded tetramer (Bartels et al., 2011). A pre- formed fibril or fibril fragment, known as a seed, 
accelerates fibril formation by the dominant process of secondary nucleation. Secondary nucleation involves aggregate formation from surface 
monomers (Gaspar et al., 2017). The toxic species produced during polymerization may damage mitochondria and lysosomes (Hashimoto et al., 
2004; Hsu et al., 2000), disrupt microtubules (Alim et al., 2004), promote aggregate formation (Bousset et al., 2013; Brehme et al., 2014), cause 
organelle dysfunction (Flavin et al., 2017), and trigger inflammation and eventual cell death (Gustot et al., 2015). Ca2+, calcium; ER, endoplasmic 
reticulum; SNCA, α- synuclein
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3 |  α-  SYNUCLEIN FOUND IN THE 
GUT OF PD PATIENTS

Support for the gut's involvement in PD is derived, in part, 
from studies in which pathogenic α- synuclein has been 
found in the GI tracts of PD patients. Stockholm and col-
leagues studied this protein in a total of 57 PD patients and 
90 controls from the Danish National Pathology Registry 
(Stokholm et  al.,  2016). Pathogenic phosphorylated α- 
synuclein was found in 22 of 39 (56%) PD patients who had 
tissue removed during the prodromal phase (early stage of 
the disease prior to disease diagnosis) compared with only 
23 of 90 (26%) age-  and sex- matched controls. The tissue 
samples were taken from a variety of anatomical regions 
including the nose and mouth regions, salivary glands, es-
ophagus, stomach, small intestine, colon, and appendix. 
Importantly, this study identified Lewy pathology in the GI 
tract up to 20 years before patients were diagnosed with PD 
(Stokholm et al., 2016). This correlates with the reported pro-
dromal period for PD of over 20 years, in which early signs 
and symptoms are present but a classical diagnosis based on 
fully developed motor impairment is not yet possible (Berg 
et al., 2015; Schenck et al., 2013). Hilton and colleagues re-
ported α- synuclein accumulation in the bowel of PD patients 
and suggested this as an accessible biomarker for studying 
early stages of PD (Hilton et al., 2014). Further reports iden-
tified pathogenic phosphorylated α- synuclein deposits in the 
submandibular gland (Adler & Beach, 2016), as well as the 
myenteric plexus, submucosal layer, and mucosal nerve fib-
ers of the intestine in individuals living with early untreated 
PD (Shannon et al., 2012).

In a large study measuring the PD diagnostic sensitivity 
and predictive ability of α- synuclein in different tissue biop-
sies, the sensitivity of colon biopsies (24%) was lower than 
skin and submandibular gland biopsies, with a negative pre-
dictive value of 67% (Chahine et al., 2020). A meta- analysis 
reported that only nine of 16 studies showed a positive as-
sociation between the presence of gut α- synuclein and PD 
diagnosis (Bu et  al.,  2019). Specifically, colon α- synuclein 
had the highest degree of discrimination between PD and 
controls, with a specificity of 81.9% but a low sensitivity of 
only 56.8%. Biopsy site and histochemical technique can be 
confounders. Taken together, these findings show that the 
variable sensitivity and specificity reported for α- synuclein- 
positive colon biopsies raises questions for this technique as 
an early diagnostic or biomarker for PD (Chung et al., 2016; 
Lee et al., 2017; Visanji et al., 2015).

Moreover, although α- synuclein occurs at a statistically 
higher level in the enteric nervous system (ENS) of PD patients 
compared with control individuals (Aldecoa et al., 2015), the 
presence of α- synuclein aggregates throughout the body in 
healthy individuals raises further concerns about its use as a 
biomarker for PD. Even though α- synuclein's expression is 

highest in the brain, it is known to be expressed throughout 
the body in non- diseased individuals (https://www.prote inatl 
as.org/ENSG0 00001 45335 - SNCA/tissue). Consequently, 
improved methods for a detailed structural analysis to dis-
criminate between pathogenic and non- pathogenic forms of 
this protein on the cellular and biochemical levels are neces-
sary before interpreting the role of α- synuclein in PD diagno-
sis (Schaeffer et al., 2020).

3.1 | α- synuclein distribution in the 
brain and gut

The distribution of α- synuclein in the gut generally follows 
a rostrocaudal (top to bottom) gradient, with more misfolded 
protein found in the upper than the lower GI tract (Cersosimo, 
2015). Studies have reported that the greatest levels of patho-
genic α- synuclein are in the submandibular gland and lower 
esophagus of PD patients, followed by the stomach, small 
intestine, colon, and rectum (Beach et al., 2010).

In monogenic PD, neuropathological findings of synu-
clein deposition range from being characteristic of SNCA 
mutations (Duda et  al.,  2002) to relatively uncommon in 
cases with PRKN mutations (Seike et al., 2021) and are fre-
quently variable in LRRK2 mutations (Wszolek et al., 2004). 
LBs are not restricted to cases of PD, as Lewy- type pathol-
ogy is well described in Alzheimer's disease, both sporadic 
and genetic forms (Compta & Revesz,  2021). Many cases 
of sporadic PD likely arise in patients with an incidental 
“Lewy Body State” (de la Fuente- Fernandez et  al.,  1998). 
In sporadic PD, LBs are distributed throughout the brain-
stem (substantia nigra, raphe nuclei, mesopontine tegmen-
tum, locus coeruleus, and dorsal motor nucleus of the vagus 
nerve [DMNV]) and basal forebrain (N basalis Meynert) 
(Dickson,  2018); additional cortical LBs are found in the 
amygdala and neocortex. Lewy neurites, largely represent-
ing disrupted axonal processes, are an important source of 
synuclein pathology and are commonly identified in the an-
terior olfactory nucleus and other sites (Braak, del Tredici, 
et al., 2003). Synuclein pathology is largely found in neu-
rons and not glia, and the presence of cytoplasmic inclusions 
reflects displacement of synuclein from its location in the 
presynaptic terminals (Dickson, 2018).

In addition to the brain and the gut, α- synuclein pathol-
ogy is also distributed throughout the body, particularly in the 
spinal cord, the sympathetic ganglia, skin, the vagus nerve, 
and endocrine organs (Beach et al., 2010). Similar changes 
are also frequently found in the spinal cord and sympathetic 
ganglia in incidental LB disease (Beach et al., 2010). These 
pathological findings, together with clinical evidence of 
prodromal autonomic dysfunction and abnormal metaiodo-
benzylguanidine (MIBG) cardiac imaging showing postgan-
glionic sympathetic cardiac denervation (Yoshita,  1998), 
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point to early involvement of the autonomic nervous system 
(ANS) by α- synuclein pathology.

Lewy pathology is usually restricted to certain cell types; 
for example, within the DMNV, only the cholinergic and cat-
echolaminergic neurons are affected, whereas neurons pro-
ducing γ- aminobutyric acid are not (Kingsbury et al., 2010). 
The selective vulnerability of cells in individuals living with 
PD may be explained in part by the proposal made by Braak 
et al. that a relationship exists between axonal characteris-
tics of neurons and susceptibility to pathogenic α- synuclein 
(Braak et  al.,  2003). The vagus nerve contains long, thin, 
poorly myelinated fibers of the visceromotor system. These 
fibers appear to be more susceptible to LB pathology than 
the myelinated fibers that relay viscerosensory inputs or 
fibers derived from the nucleus ambiguus. It is speculated 
that this phenomenon may be related to the bioenergetic de-
mands of sustaining electrical excitability along these axons 
or the physiological traits of neurons, such as slow calcium 
oscillations, leading to mitochondrial oxidative stress (Breen 
et al., 2019). However, at this stage, it remains unclear why 
only certain cells are affected by α- synuclein pathology.

4 |  PRION- LIKE MOVEMENT OF 
α- SYNUCLEIN IN PD

In 1976, it was established that diseases such as Creutzfeldt– 
Jakob disease (CJD) could be transmitted through direct in-
tracerebral injection of brain tissue from affected patients 
(Gibbs et al., 1968; Masters et al., 1981). Stanley B. Prusiner 
discovered a transmissible agent unlike bacteria or viruses 
that consists of protein, which he named a “prion”— an 
amalgamation of the words “protein” and “infectious” 
(Prusiner, 1982). Prions are known to be proteinaceous infec-
tious agents that are responsible for several fatal neurological 
diseases in humans. Prions lack nucleic acids and are instead 
solely composed of misfolded, host- encoded prion protein, 
which is a glycoprotein expressed in all vertebrates (Wickner 
et al., 2011). Interestingly, a recent study reported a case of 
variant CJD that was diagnosed 7.5 years after accidental oc-
cupational exposure to bovine spongiform encephalopathy 
prions from infected mice brain tissue, which emphasizes the 
need to improve identification and prevention strategies for 
prion disease transmission to humans (Brandel et al., 2020). 
The understanding of prion diseases is still incomplete, and 
the existence of prion- like mechanisms in PD pathology re-
mains unknown (Collinge, 2016; Jucker & Walker, 2013).

4.1 | PD and the prion hypothesis

Several features are shared between PD and prion diseases, 
and these similarities have been reviewed previously (Brundin 

& Melki, 2017; Olanow & Brundin, 2013; Prusiner, 2001). 
Human prion disease and PD are neurodegenerative disor-
ders in which the affected neurons display selective vulner-
ability. Both pathologies are characterized by propagating 
protein deposits that can be taken up by neurons and trans-
ferred to unaffected cells nearby. Misfolded prions may mi-
grate along the peripheral nerves and up the spinal cord in 
prion diseases (Olanow & Brundin,  2013). At the cellular 
level, this migration and transmission of the prion protein 
can occur horizontally from one cell to its neighbors as well 
as vertically when a single cell divides into identical daughter 
cells, although the exact mechanisms underlying these pro-
cesses remain unclear. It is hypothesized that pathogenic α- 
synuclein spreads from the gut and olfactory bulb to the CNS 
in PD (Niu et al., 2018).

Animal studies have demonstrated cell- to- cell transmis-
sion and centripetal spread of α- synuclein in a prion- like 
fashion (Ayers et al., 2017; Breid et al., 2016). Human stud-
ies have also provided evidence for a possible prion- like 
spread of α- synuclein through observations of neural grafts 
in PD patients. Specifically, α- synuclein- positive LBs and 
Lewy neurites were identified in fetal neuronal grafts in three 
PD patients 11– 16  years after transplantation (Kordower 
et al., 2008; Li et al., 2008).

PD pathology and symptoms are known to worsen as 
the disease progresses. The healthy donor- grafted neurons 
may undergo a similar neurodegenerative process to that 
present in PD with synuclein pathology becoming evident 
following the graft. Although insufficient epidemiologi-
cal evidence currently exists on the infectious transmission 
of synucleinopathies between humans (Beekes et al., 2014; 
Irwin et  al.,  2013), the evidence from human neural grafts 
and animal models provides support that there is similarity in 
the mechanism of spread of α- synuclein pathology in PD and 
prion pathology in prion diseases. From the above, it appears 
that although there is much evidence for the prion hypothesis 
in PD (Brundin & Melki, 2017), the alternative argument that 
PD is not simply a prion disorder and could be due to regional 
or cell- autonomous factors such as specific vulnerability of 
neurons (Surmeier et al., 2017) should also be considered.

The similarities between prion disease and PD suggest 
that the prion- like movement of α- synuclein partly contrib-
utes to PD pathogenesis and spread of pathology. However, 
α- synuclein will as yet only be referred to as a “prion- like,” 
or “prionoid,” protein (Ma et al., 2019).

5 |  MOVEMENT OF α- SYNUCLEIN 
ALONG THE GUT– BRAIN AXIS

As noted previously, α- synuclein is found in the GI tracts of 
many PD patients, and it is believed that the physical con-
nection between the brain and the gut may shed light onto 
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the pathophysiological mechanisms that allow gut involve-
ment in this neurodegenerative disease. The gut– brain axis 
(Figure  3) refers to a complex, bidirectional line of com-
munication between the CNS, ANS, and GI tract (Carabotti 
et  al.,  2015). Gut– brain crosstalk regulates GI homeostasis 
by monitoring intestinal permeability, immune activation, 
entero- endocrine signaling, and enteric reflex. The vagus 
nerve is composed of 80% afferent and 20% efferent fibers 
and plays an important role in the regulation of parasym-
pathetic activity such as digestion and heart rate (Babic & 
Browning, 2014; Bonaz et al., 2018).

α- Synuclein inclusions are proposed to form ini-
tially in nerve terminals of the ENS and then spread via 
autonomic connections to the medulla and spinal cord 
(Borghammer, 2018). However, staging is made complex by 
the range of patterns of synuclein deposition, which may 
be limbic or neocortical predominant (Beach et al., 2009). 
A major distinction may lie between two subtypes in which 
dysfunction originates either in the peripheral ANS, and 
subsequently ascends via autonomic afferents to the brain, 
and one in which the pathology arises in the brain itself 
(Horsager et al., 2020). This may be illustrated by premotor 
rapid eye movement (REM) sleep behavior disorder, which 
is postulated to be a prominent premotor marker of onset 
in the peripheral ANS and gut, spreading to the brainstem 
(Horsager et al., 2020).

Perturbation of the gut– brain axis has been implicated in 
the pathophysiology of GI disorders such as inflammatory 
bowel disease (Bonaz et  al.,  2017) and several neurologi-
cal diseases, including PD (Cenit et  al.,  2017; Kobayashi 
et al., 2017; Quigley, 2017). Evidence of the involvement of 
the gut in PD pathophysiology is mounting, particularly plac-
ing the gut or ENS as the possible starting point of PD pathol-
ogy. This stems from the finding of misfolded α- synuclein 
in nerves of the enteric system before it appears in the brain 
(Chandra et  al.,  2017). The vagus nerve may act as a path 
whereby PD pathology can spread from the GI tract to the 
CNS (Mukherjee et  al.,  2016). However, a recent primate 
study investigated the injection of α- synuclein- containing 
LB extracts from patients with PD and found no α- synuclein 
pathological lesions in the primate vagus nerve (Arotcarena 
et al., 2020). Furthermore, there is some debate regarding the 
direction of α- synuclein movement along the gut– brain axis.

Inoculation of duodenal walls with α- synuclein fibrils has 
been shown to lead to increased progression of α- synuclein 
histopathology in the midbrains of aged mice, indicating cau-
dorostral, or gut to brain, movement of α- synuclein pathology 
(Challis et al., 2020). This is one of the many studies that sup-
port this direction of α- synuclein spread along the gut– brain 
axis (Chandra et  al.,  2017; Holmqvist et  al.,  2014; Ulusoy 
et al., 2013). Conversely, a small number of studies have 
demonstrated the movement of α- synuclein pathology from 

F I G U R E  3  Bidirectional movement 
of α- synuclein along the gut– brain 
axis via the vagus nerve, and potential 
intervention with curcumin. Following 
oral consumption, curcumin (orange dots) 
binds to α- synuclein (purple dots), thereby 
preventing aggregation and movement to the 
brain. Thereafter, it is hypothesized that the 
curcumin– α- synuclein complex is excreted 
from the body due to the rapid metabolism 
of curcumin in the body. Red arrows along 
the vagus nerve indicate the direction of 
α- synuclein movement: gut- to- brain or vice 
versa. Gut components that may be linked to 
Parkinson's disease risk following surgical 
alteration or removal are indicated (dashed 
line). ANS, autonomic nervous system; 
CNS, central nervous system; DMNV, 
dorsal motor nucleus of the vagus nerve; 
ENS, enteric nervous system; NTS, nucleus 
tractus solitarius
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the brain to the gut along the course of the vagus nerve. One 
such study used rat models to show that the DMNV may be a 
relay center for α- synuclein transmission from central to pe-
ripheral tissues (Ulusoy et al., 2017). Despite these conflict-
ing reports, it remains probable that the vagus nerve and LB 
movement along this track are implicated in PD pathology.

In 2003, Braak et al. published their hypothesis regarding 
the staged manner in which PD pathology may spread in the 
brain (Braak, del Tredici, et al., 2003). They noted the patho-
logical findings of α- synuclein- immunopositive LBs and 
Lewy neurites initially appearing in the DMNV, the glosso-
pharyngeal nerve, and the olfactory bulb. Thereafter, rostral 
regions of the brainstem and cortical and prefrontal regions 
sequentially became affected. However, it was unclear as to 
the origin of abnormal α- synuclein deposition in the caudal 
brainstem and olfactory bulb, and subsequently, Braak, Rüb, 
et al., (2003) proposed that LB formation might begin in the 
ENS and then spreads to the brain. They speculated that this 
could arise following the ingestion of an exogenous pathogen 
that triggered abnormal α- synuclein accumulation (Braak, 
Rüb, et al., 2003). Such a pathogen would potentially have 
prion- like properties and would consist of α- synuclein frag-
ments (Liautard,  1991). With some modifications, the pro-
posal was that α- synuclein might cross the mucosal barrier 
of the gut and then travel along enteric neurons and pregan-
glionic fibers of the vagus nerve to the CNS in a prion- like 
manner (Braak, Rüb, et al., 2003; Braak et al., 2006). This 
retrograde axonal and transneuronal movement resulted in the 
deposition of α- synuclein in the vulnerable subcortical nuclei 
of the brainstem, triggering disease onset and furthering dis-
ease progression. In vitro and in vivo clinical evidence has 
accumulated to support this hypothesis (Rietdijk et al., 2017).

However, some skepticism remains regarding the valid-
ity of the prion- like, gut- to- brain hypothesis of α- synuclein 
movement, and therefore, further experimental evidence 
is required for its wider acceptance. Another possibility 
is that the gut– brain axis may provide a pathway by which 
α- synuclein travels bidirectionally from either the brain or 
the gut to trigger PD (Arotcarena et  al.,  2020). In support 
of this view, Borghammer and van den Berge describe a 
theory wherein PD is separated into two subtypes based on 
the region in which α- synuclein initially appears in the pa-
tient: CNS- first and peripheral nervous system (PNS)- first 
(Borghammer & van den Berge,  2019). Additionally, there 
is the threshold theory, whereby both the CNS and PNS 
degenerate simultaneously, albeit with different thresholds 
for emergence of symptoms related to dopamine reserves 
(Engelender & Isacson,  2017). These thresholds are based 
on compensatory mechanisms that tolerate a certain level of 
neuronal damage before symptoms manifest. The PNS ap-
pears to have a lower threshold because less neuronal damage 
(20% reduction) is required to elicit prodromal non- motor 
symptoms. By contrast, the CNS has a higher threshold 

requiring over 50% loss in dopaminergic neurons to elicit the 
classical motor symptoms of PD. Furthermore, the role of the 
brain– gut– microbiota axis in PD (Mulak & Bonaz, 2015) has 
gained traction from a study that found changes in the micro-
biome following nigral injection of α- synuclein in rat brains 
(O'Donovan et al., 2020). Such a study suggests a potential 
role of the microbiome in PD, but factors such as dopaminer-
gic medication, GI motility, and the translatability of animal 
model findings to human diseases make interpretation diffi-
cult. Therefore, longitudinal studies in large cohorts (Wallen 
et al., 2020) including prodromal subjects are recommended 
to clarify the relationship between the microbiome and α- 
synuclein and ultimately its role in PD pathogenesis and pro-
gression (Keshavarzian et al., 2015).

6 |  CLINICAL MANIFESTATIONS 
OF GI AND MOTOR DYSFUNCTION 
IN PD

Cardinal motor symptoms such as tremor and bradykinesia 
are frequently observed at clinical diagnosis (Darweesh 
et al., 2016). However, many non- motor symptoms manifest 
in the prodromal phase before PD diagnosis. One such symp-
tom is GI dysfunction that affects 80% of PD patients over 
the course of the disease (Cersosimo et al., 2013). Defecatory 
dysfunction (Savica et al., 2009) and gastric dysfunction are 
common in both early and late stages of the disease (Heetun 
& Quigley, 2012; Marrinan et al., 2014; Tanaka et al., 2011). 
This leads to early satiety and dysphagia, which contribute 
to reduced appetite and malnutrition (Sheard et  al.,  2013). 
Malnutrition, as well as immobility and lack of sunlight, are 
also correlated with vitamin D deficiencies, which are com-
mon among PD patients (Lv et al., 2014).

Furthermore, delayed gastric emptying (Pasricha & 
Parkman,  2015) impairs levodopa absorption, contributing 
to symptom fluctuations (Doi et  al.,  2012). Constipation 
has been found to occur as early as 20 years prior to motor 
symptoms, making it one of the earliest non- motor symptoms 
in PD (Savica et al., 2009). It is evident that many compo-
nents of the GI system are affected in PD, from the salivary 
glands and stomach (dysphagia and gastroparesis) to the 
colon and rectum (constipation and defecatory dysfunction) 
(Pfeiffer, 2003). This suggests that the GI tract may play a 
role in the pathogenic mechanisms underlying PD (Schaeffer 
et al., 2020).

7 |  EFFECTS OF GI TRACT 
SURGERIES ON PD RISK

Several medical procedures including vagotomy, appendec-
tomy, and tonsillectomy have been investigated for their 
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effect on an individual's risk of subsequently developing PD 
(Breen et al., 2019). It should be noted that, due to inconsist-
ent findings, it remains controversial as to whether these sur-
geries are truly beneficial in delaying or preventing PD onset. 
Furthermore, epidemiological studies only infer associations, 
which makes it challenging to deduce causality from this type 
of study (Grimes & Schulz, 2012). Therefore, unless conclu-
sive evidence is produced through large, matched- cohort 
studies that accurately account for all potential confounders, 
these surgeries should not be promoted as prevention or treat-
ment strategies against this disease.

7.1 | Appendectomy

The appendix was identified as having particularly enriched 
α- synuclein staining with immunohistochemistry in its mu-
cosal plexus, suggesting that it might be involved in enteric 
α- synuclein aggregation (Gray et al., 2014).

Subsequently, it was reported that appendectomy might 
delay the onset of PD (Mendes et al., 2015). In a group of 
295 PD patients, appendectomy in those with PD onset after 
the age of 55 had a delayed onset of PD with a hazard ratio 
(HR) of 0.63 (95% confidence interval [CI] 0.41– 0.98). 
Appendectomy appeared to be associated specifically with 
delayed onset of motor symptoms in patients with late onset 
of PD. The authors recognized the possibility that α- synuclein 
spread may have occurred prior to the surgical procedure. In 
a subsequent population- based study from Ontario, no dif-
ferences were found in the risk of PD when comparing those 
who had undergone appendectomy with those who had un-
dergone cholecystectomy. The authors did find a higher risk 
of PD shortly after appendectomy but noted that it was proba-
ble that PD was already present at the time of surgery in those 
developing the disease within 5 years after appendectomy.

As with the Canadian study, when the issue was examined 
over a 30- year period reviewing data from the Danish National 
Patient Registry (DNPR), the results were in the opposing di-
rection to the initial findings of Mendes et al., (2015), in that 
appendectomy was associated with a slightly increased risk 
of PD (adjusted HR 1.14; 95% CI 1.03– 1.27). Nearly 266,000 
individuals underwent appendectomy, of whom 786 had a di-
agnosis of PD, resulting in a PD incidence rate of 0.16 per 
1,000 person years, versus a lower PD incidence of 0.15 for 
the general population (Svensson et al., 2016).

In a further report derived from participants in the Nurses' 
Health Study and the Health Professionals Follow- up Study 
(Palacios et  al.,  2018), appendectomy in women related to 
actual appendicitis was associated with a modestly elevated 
risk of PD (HR 1.23, 95% CI 1.00– 1.50). However, a sub-
sequent study (Killinger et  al.,  2018) reviewed data from 
the Swedish National Patient Registry (SNPR) and the 
Parkinson's Progression Markers Initiative (PPMI). From the 

SNPR cohort, the cumulative prevalence of PD was reduced 
by 16.9% compared with the general population, and age at 
PD diagnosis was 1.6  years later in those who had under-
gone surgery 20 years or more prior as compared with those 
without appendectomy. This finding of delayed onset of PD 
was replicated in the PPMI cohort, including confirmation of 
nigral cell loss by nuclear imaging. In a further study using 
data from 78,650 PD patients in the SNPR, there was a 16% 
lower risk of PD linked to previous appendectomy (odds ratio 
[OR] = 0.84, 95% CI 0.80– 0.88), and temporal analyses con-
firmed the finding at 5, 10, and 20 years following surgery 
(Liu et al., 2020).

7.2 | Vagotomy

The vagus nerve controls acid secretion and gastric motil-
ity. Truncal vagotomy refers to resection of the trunks of 
the anterior and posterior nerves and, therefore, removes all 
vagal and parasympathetic supply to the abdominal contents 
except for the gut distal to the transverse colon, which re-
ceives parasympathetic outflow from the sacral segments of 
the spinal cord. Selective vagotomy refers to resection of the 
fibers supplying only the stomach, and in highly selective or 
superselective vagotomy, only nerve branches to the esopha-
gus, fundus, and body are divided, sparing the antrum and 
pylorus (Seeras & Prakash, 2019).

The effect of these procedures on the risk of PD has been 
studied in large national registries available in Nordic coun-
tries that have allowed for the examination of the uncommon 
association of vagotomy with PD (Liu et al., 2017; Svensson 
et  al.,  2015). The initial analysis was performed using the 
DNPR and analyzed a cohort of patients who underwent vag-
otomy between 1977 and 1995. This analysis showed that if 
a diagnosis of PD was made 5 years or more after a vagal 
resection, those with a truncal vagotomy compared with su-
perselective vagotomy had a lower risk of being diagnosed 
with PD (HR 0.85, although this did not reach significance 
in both groups). At the 20- year follow- up after surgery, the 
cumulative incidence of PD in individuals who had the su-
perselective vagotomy (0.96 per 1,000 person years) was 
similar to that of the general population (0.87 per 1,000 per-
son years), versus an incidence of 0.65 per 1,000 person years 
for those with truncal vagotomy (Svensson et  al.,  2015). 
However, in a further analysis of the same Danish registry, 
but which assembled a cohort of patients over an extended 
period (1977– 2011), no significant finding was found in any 
group, including those with a 20- year follow- up after surgery 
(Tysnes et al., 2015).

When a similar analysis was carried out using the SNPR, 
almost 5,000 cases of PD were identified, of whom only 101 
also had a vagotomy (Liu et al., 2017). The crude incidences 
for PD were 80.4 (per 100,000 person years) for truncal 
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vagotomy, 55.1 for selective vagotomy, with an intermediate 
value (67.5) for matched cases from the general population 
without vagotomy. Cumulative incidences were similar to the 
Danish study for the different types of vagal surgery, with 
selective vagotomy again resembling the general population, 
and with a lower risk of PD >5 years after truncal vagotomy 
(HR 0.59, 95% CI 0.37– 0.93).

7.3 | Tonsillectomy

Like the appendix, tonsils are also part of the gut- associated 
lymphoid tissues but are not directly innervated by the vagus 
nerve (Breen et al., 2019). However, prion infection in vari-
ant CJD is identified in the tonsils and may spread rostrally 
to the brain through autonomic fibers and the spinal cord. 
Using the DNPR, approximately 195,000 patients who had 
undergone tonsillectomy (median age 17  years) were each 
compared with five age-  and sex- matched controls (Svensson 
et al., 2018). The risk of PD was similar in patients who had 
undergone tonsillectomy and controls. However, the study 
population was relatively young, and PD cases may have 
been missed as a result.

A further analysis was carried out in the SNPR, and al-
though there was a trend of prior tonsillectomy being asso-
ciated with a lower risk for PD, associations did not reach 
statistical significance (Liu et al., 2020).

8 |  CURCUMIN AS A 
NUTRACEUTICAL APPROACH TO 
PD TREATMENT AND PREVENTION

Levodopa and other commonly used PD drugs may be as-
sociated with significant side effects with long- term use. In 
addition, none of these drugs halt or slow down disease pro-
gression by protecting against the degeneration of remaining 
neurons (Bharath,  2008). Therefore, developing alternative 
treatment strategies is important to reduce morbidity and 
mortality associated with PD. Treatments that target the gut 
have become an area of interest for therapeutic interventions 
to prevent or slow the progression of the disease.

Nutraceuticals, dietary supplements, and “functional 
foods” have gained popularity over the past few decades 
due to the potential health benefits of these natural products, 
which are believed to be less toxic than synthetic derivatives 
(Santini et  al.,  2017). A popular nutraceutical with a wide 
variety of therapeutic properties is curcumin, a component 
of the spice turmeric, which is derived from the Curcuma 
longa Linn. rhizome (Kochhar, 2008). The well- known issue 
of curcumin's low bioavailability has largely been overcome 
with the development of several formulations of curcumin 
such as nanoparticles, adjuvants, complexes with other 

molecules, and microemulsions (Govindaraju et  al.,  2019; 
Panahi et al., 2014; Tapal & Tiku, 2012; Xiao et al., 2013). 
Curcumin is proposed here as a potentially effective ap-
proach to PD treatment and management. We speculate that 
curcumin may serve a protective role as it could act on α- 
synuclein in the gut and remove it from the body (illustrated 
in Figure 3).

The prevalence of neurological diseases in countries 
that consume more turmeric has been investigated (Ganguli 
et al., 2000; Ng et al., 2006). Turmeric and red chilies are the 
most commonly used spices in Indian households (Bhathal 
et al., 2020; Siruguri & Bhat, 2015), where the average in-
take can be as high as 2000– 2500 mg/day (Basnet & Skalko- 
Basnet,  2011). Comparisons of the elderly in Eastern and 
Western populations have shown that frequent consumption 
of dietary curcumin in India may be linked to a lower risk 
of Alzheimer's disease and a delay in age- related cognitive 
impairments than North American populations (Ganguli 
et  al., 2000; Ng et al., 2006). Although the prevalence and 
incidence of PD in India are reported to be low (Bharucha 
et  al.,  1988; Das et  al.,  2010; Razdan et  al.,  1994; Surathi 
et al., 2016), larger multi- center studies across India are re-
quired to produce more accurate epidemiological data on PD 
and to establish whether turmeric consumption is linked to 
lower PD prevalence and incidence rates.

A global paradigm shift is occurring away from mono-
therapy, in which compounds target one particular cellular 
pathway, to multi- therapy based on several targets, thereby 
increasing the likelihood of success (Bang et  al.,  2019). 
Plant- based medicines such as curcumin align with this con-
cept and, thus, are being studied to develop better therapies 
for human diseases (Kumar, 2006; Sparreboom et al., 2004). 
Curcumin has been shown to target multiple pathways impli-
cated in PD pathobiology (Mythri & Srinivas Bharath, 2012) 
and may prove useful for long- term PD treatment due to its 
effect on both α- synuclein and the GI tract, which will be 
discussed below.

8.1 | Effect on α- synuclein

Curcumin and its derivatives have been shown in multiple 
studies to inhibit the aggregation of α- synuclein in vitro 
(Figure 3) (Ahmad & Lapidus, 2012; Jha et al., 2016; Pandey 
et  al.,  2008; Sharma & Nehru,  2018; Singh et  al.,  2013). 
In addition, curcumin has been reported to protect against 
mutant A53T α- synuclein- induced toxicity in cell models 
(Liu et al., 2011). Furthermore, it acts to protect against α- 
synuclein- induced toxicity by downregulating the mam-
malian target of the rapamycin/p70 ribosomal protein S6 
kinase (mTOR/p70S6k) signaling pathway and promoting 
the recovery of suppressed macroautophagy pathways (Jiang 
et al., 2013). Curcumin has been shown to bind strongly to the 
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NAC domain of α- synuclein thereby reducing α- synuclein 
aggregation (Figure 3) (Kamelabad et  al.,  2020). Although 
using curcumin as an aggregation inhibitor is promising, the 
precise structures of monomeric and oligomeric α- synuclein 
are still poorly defined, thus limiting their use in rational drug 
design to target early protein aggregation (Tuttle et al., 2016).

8.2 | Effect on GI health

Dysbiosis in the gut can lead to intestinal hyperpermeability, 
or “leaky gut,” a condition frequently found in PD patients 
(Maes, 2008; Thevaranjan et al., 2017). The mucosal barrier 
of the intestines is a single layer of epithelium that allows 
for nutrient absorption while preventing the entry of exterior 
antigens from the intestinal lumen into the host. However, 
when this barrier is compromised, the individual develops 
a “leaky gut” and foreign antigens enter host tissues and 
can initiate an immune response (Peterson & Artis,  2014). 
Curcumin has been found to relieve leaky gut in rats with 
intestinal ischemia- reperfusion injury, by reducing changes 
in intestinal tumor necrosis factor- α (TNF- α). This results in 
an improvement in the histological abnormalities present in 
intestinal mucosa and restores tight junction protein zonula 
occludens- 1 expression (Tian et  al.,  2016). Rats have also 
been shown to have a reduction in methotrexate- induced 
damage to the intestinal mucosa barrier following treat-
ment with curcumin (Song et  al.,  2010). Constipation may 
also be treated by curcumin as it has been shown to have a 
dose- dependent mild laxative effect (Bhowmik et al., 2009; 
Srinivasan, 1972). In addition, the lack of vitamin D found in 
many PD patients may be relieved by supplementation with 
curcumin, which is reportedly taken up by intestinal epithelia 
and binds to the vitamin D receptor, thereby enhancing vita-
min D signaling (Bartik et al., 2010).

In “diabetic” rats, in which GI complications were in-
duced, the antioxidant properties of curcumin were found to 
successfully restore body weight, gastric emptying, and in-
testinal transit, all of which could also benefit PD patients 
(Kochar et al., 2014). Therefore, curcumin has the potential 
to relieve GI complications in individuals living with PD, but 
further studies, particularly in humans, are needed to show its 
efficacy and its possible adverse effects.

9 |  CONCLUDING REMARKS

The gut is affected both early and extensively in PD and 
appears to play a role in disease pathogenesis and progres-
sion. There is ample evidence for the presence of pathogenic 
forms of α- synuclein, a hallmark of PD, in the gut, which 
may travel between the gut and the brain. There are, how-
ever, a number of theories to account for the development of 

PD, including the threshold theory (simultaneous degenera-
tion in the CNS and PNS) and the brain– gut– microbiota axis 
theory, and further studies are therefore required to elucidate 
whether it is the gut, the brain, or a region in between that acts 
as a starting point for α- synuclein movement. It is plausible 
that the initiation site and the pattern of α- synuclein progres-
sion may vary between patients, which may explain, in part, 
the clinical heterogeneity observed in the disease (Uversky 
& Eliezer, 2009). Notably, postmortem tissue gives a static 
view of this dynamic process, and therefore, improved meth-
ods for detection of α- synuclein throughout the body and 
the ability to distinguish between pathological and native 
forms of this protein are needed to shed light on this topic 
(Schaeffer et al., 2020).

Notably, gut dysfunction is known to contribute signifi-
cantly to the morbidity and complications experienced by 
persons living with PD. Despite numerous studies, the pos-
sible protective effect of gut- associated surgeries against PD 
remains controversial. In India, gut dysfunction is tradition-
ally treated with turmeric, which is used to promote diges-
tion, detoxify the liver and gallbladder, and improve intestinal 
flora (Bhowmik et  al.,  2009)— benefits that may be attrib-
utable to its polyphenolic curcuminoids including curcumin. 
Turmeric- derived curcumin is one of many nutraceuticals 
that have become compelling therapeutic candidates in the 
treatment of several disorders including PD. Curcumin's low 
bioavailability may not limit its potential as a nutraceutical 
to treat disorders such as PD if the gut is the preferred site 
of action. In the gut, curcumin is able to bind α- synuclein 
over longer periods of time through life- long dietary intake 
and attenuate the initiation and spread of Lewy pathology. 
However, larger studies in humans need to be performed to 
investigate the long- term safety and efficacy of curcumin as 
a nutraceutical in vivo. If curcumin's beneficial properties are 
validated, it is proposed that life- long dietary supplementa-
tion with curcumin is an attractive therapeutic modality for 
PD. It is hypothesized that curcumin may bind to α- synuclein 
in the gut and be excreted from the body, thereby reducing the 
risk of PD or at least delaying disease onset. Consequently, 
this compound has the potential to slow disease progression 
and improve quality of life through the relief of gut dysfunc-
tion, thereby bridging PD prevention and management.
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CHAPTER 5: Discussion 

5.1 Overview of main findings  

The present study aimed to evaluate the neuroprotective effects of curcumin in a PINK1 model of 

dopamine toxicity and paraquat-induced cellular damage. We hypothesized that curcumin would act 

as a neuroprotective agent by improving cell viability and mitochondrial function in the model. Using 

RT-qPCR we found that PINK1 was significantly upregulated in the mutant, however, no significant 

difference in TH gene expression was observed between groups. Although no dopamine was detected 

using LC-MS, higher levels of phenylalanine, a precursor of dopamine, were observed in the mutant 

compared to the WT and untransfected groups. We hypothesize that the presence of this precursor 

will subsequently lead to increased levels of dopamine. Paraquat significantly reduced cell viability in 

all transfected and untransfected groups, indicating cellular damage in the model. We observed that 

curcumin pre-treatment was unable to rescue the paraquat-induced decrease in cell viability and 

mitochondrial membrane potential in untransfected and transfected groups. Both WT PINK1 and 

mutant PINK1 significantly reduced mitochondrial membrane potential. Finally, comparing the effect 

of curcumin and nanocurcumin on cell viability, we found, interestingly, that nanocurcumin as well as 

the empty nanoparticle elicited toxicity. In fact, pre-treatment with nanocurcumin (prior to paraquat 

exposure) caused a 30 % greater loss in cell viability compared to the paraquat treatment alone. 

Conversely, the ‘curcumin only’ treatment significantly increased SH-SY5Y cell viability. 

5.2 PD cellular model 

In the present study, our attempts to produce a cellular PD model were partially successful. The 

genetic aspect of the model was verified as evidenced by increased PINK1 expression in the mutant. 

Paraquat was shown to significantly reduce cell viability. However, dopamine toxicity could not be 

clearly verified due to failure to measure this compound directly and indirectly.  

Genetic models typically involve the knockdown or knockout of PD-associated genes such as SNCA, 

LRRK2, DJ-1, PINK1, and PRKN (Chia, Tan & Chao, 2020), however, overexpression models are 

also useful in studying disease. Unlike knockouts and knockdowns, overexpression is not as excessive 

to result in catastrophic cell loss and thus can be considered a more ‘subtle’ genetic model. Gene 

overexpression leads to abundant target protein expression and can increase protein activity to cause a 

mutant phenotype. Since gene expression is tightly regulated, with small aberrations potentially 

causing pathological effects, forced overexpression of individual genes may prompt the cascade of 

disease-causing events to elucidate the connections between genes and their biological pathways 

(Prelich, 2012). Therefore, for the present study, a genetic in vitro model was chosen as an 

appropriate model of PD. This experimental model involved the transfection of human SH-SY5Y 
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neuroblastoma cells with PINK1. The SH-SY5Y cell line has been widely utilized in PD research and 

was derived in 1978 from the SK-N-SH cell line (Biedler et al., 1978). Although not strictly 

dopaminergic neurons, differentiated SH-SY5Y cells can become ‘neuron-like’ and may express the 

catecholamines dopamine and noradrenaline, as well as dopamine-related factors including TH, 

dopamine receptors, and transporters (Xie, Hu & Li, 2010). This makes SH-SY5Y cells a suitable 

candidate for studying neurodegenerative disorders such as PD, which is characterized by a loss of 

dopaminergic neurons. Currently, the basis of neuronal vulnerability to dopamine in PD is not well 

understood. Oxidation of excess dopamine that is not catabolized or packaged is known to contribute 

to oxidative stress and neurodegeneration in PD brains (Cobley, Fiorello & Bailey, 2018; Monzani et 

al., 2019). Finally, to represent the environmental triggers of PD, we included paraquat exposure in 

our model to induce mitochondrial dysfunction and reduce cell viability. Therefore, in the present 

study, we sought to create an SH-SY5Y cellular model of PD through paraquat exposure as well as 

overexpression of G309D PINK1 which has been shown previously to upregulate dopamine in 

catecholaminergic cells (Zhou et al., 2014).  

In the present study, the G309D PINK1 plasmid was successfully sequenced, while the WT plasmid 

could not be verified. The four different WT plasmids (WT-A, WT-B, WT-C, and WT-Z) revealed 

unexpected sequencing and banding patterns, and differed from the G309D mutant in more ways than 

the mutation site alone. Although the WT-Z DNA was successfully transformed into DH5α E. coli, its 

sequence could not be verified possibly due to recombination of the plasmid backbone without the 

insert, and thus could not be used in the study. In the absence of a verifiable WT plasmid, the only 

feasible option was to use the WT-B plasmid which was included in the same delivery as the verified 

mutant and could be easily propagated in E. coli. Therefore, we decided to continue the study with 

WT-B and Mutant-B, but keeping this as a consideration when interpreting results. Repetition of the 

experiments with a verified WT plasmid was deferred for future work.  

The mutant displayed a 34-fold increase in PINK1 gene expression relative to the untransfected group, 

consistent with a previous study by Bus et al. (2020). However, a non-significant 0.45-fold decrease 

in PINK1 expression was observed in the WT group, inconsistent with Bus et al. (2020) who reported 

an upregulation akin to the G309D mutant. This observation may be due to rearrangement of the WT 

PINK1 plasmid, which would prevent primer binding and amplification.  

Administration of the neurotoxin paraquat led to significant decreases in cell viability after 24 h, 

indicating cellular damage. The concentration at which 50 % loss in cell viability was expected was 

calculated to be 1.7 mM. According to the literature, a wide range of paraquat concentrations 

including 0.25 mM, 0.5 mM, and 1.2 mM have been shown to cause a similar decrease in SH-SY5Y 

cell viability (Fujimori et al., 2012; van der Merwe, 2015; Bekker, 2021). Such vast differences within 

a common cell line could be explained by laboratory-specific experimental variables that may be 
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difficult to ascertain. It could be speculated that significant increases in cell viability observed in this 

study with 0.07 mM, 0.13 mM, and 0.26 mM paraquat treatment could be indicative of hormesis, a 

phenomenon whereby low doses of an environmental agent can elicit a stimulating, beneficial effect 

while high doses cause an inhibitory, toxic effect (Mattson, 2008).  

The chosen curcumin concentration of 2.5 µM increased cell viability by 77 % and did not cause 

toxicity, unlike the higher 20 µM concentration treatment which decreased cell viability by 33 %. 

Similar observations were made by Jaroonwitchawan and colleagues who reported a 40 % decrease in 

SH-SY5Y cell viability with 20 µM curcumin treatment (Jaroonwitchawan et al., 2017). Therefore, 

the selected curcumin concentration was deemed to be appropriate. 

Regarding TH gene expression, Zhou et al. (2014) reported upregulation in G309D PINK1 transfected 

cells and downregulation in WT PINK1 cells compared to a vector control (Zhou et al., 2014). 

Conversely, TH gene expression in the present study was not significantly different for the WT and 

mutant PINK1 groups compared to the untransfected control. Various reasons could account for these 

discrepancies. Due to the complexity of transcriptional regulatory processes, it must be noted that 

measures of gene expression may not directly translate to protein levels. Therefore, gene expression 

alone does not provide a holistic view of expression. Several PINK1 studies have reported 

discrepancies between TH mRNA and protein levels, including those in human iPSCs (Bus et al., 

2020) and mouse models (Maynard et al., 2020). PINK1 may regulate TH gene expression and 

dopamine content through modulation of TH transcription factors including nuclear receptor-related 1 

(Lu et al., 2018). Furthermore, TH is the rate-limiting enzyme in catecholamine synthesis and 

therefore, is subject to additional regulatory mechanisms to control dopamine levels. Therefore, both 

gene expression and protein levels of this highly regulated enzyme should be investigated, with 

consideration of the timing at which this occurs. Additionally, although the 24 h transfection period 

sufficed to detect differences in PINK1 expression which is directly affected by transfection with 

PINK1, an extended transfection period may be required to elicit significant changes in TH 

expression. Thus, dopamine toxicity could be occurring in the mutant model, however, detection of 

this phenomenon requires optimization of the timing at which measurements are made. 

While the mechanism of dopamine toxicity resulting from PINK1 overexpression is unknown, loss of 

PINK1 disrupts dopamine metabolism by affecting its synthesis and uptake (Bus et al., 2020). The 

mechanism may involve the use of amino acids for energy production rather than neurotransmitter 

metabolism (Bus et al., 2020). Moreover, TH expression is regulated by several coregulators such as 

DJ-1 and Pitx3. PINK1 may regulate TH expression by interacting with and phosphorylating these 

proteins (Zhou et al., 2014). As the G309D PINK1 mutation causes loss of PINK1 function, 

overexpression of this mutant protein may render it unable to regulate TH, and therefore dopamine, 

expression. 
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Since TH gene expression was not significantly different between PINK1 groups and the control, we 

sought to measure dopamine levels using an alternative approach with LC-MS. Dopamine could not 

be detected as the extraction method isolated only compounds with masses greater than dopamine. 

However, we observed that the mutant PINK1 group exhibited higher levels of the dopamine 

precursor phenylalanine which was tentatively identified. This exploratory finding further alludes to 

the possibility that dopamine may still be accumulating in the model but can only be detected and 

measured at a specific time point/s in the pathway and requires more sensitive extraction and 

detection assays. Dopamine could be present at a lower level compared to other compounds such as 

phenylalanine as its production and transportation are highly regulated. Future studies should evaluate 

whether the addition of dopamine precursors to the cultured cells increases dopamine production and 

therefore, the sensitivity of the assays used to measure this molecule. LC-MS could not discern the 

difference between L-phenylalanine and its mirror image (D- form) which may be important as the 

former is incorporated into cellular proteins, while the latter can be used as a pain killer (Heller, 

1982). Therefore, the protocol for isolating dopamine from PINK1-expressing SH-SY5Y cell culture 

should be optimized to include smaller molecules. Notably, these experimental results to verify 

dopamine toxicity reflect a static view of the dynamic process of dopamine metabolism. Conflicting 

evidence for TH levels in previous studies and challenges of accurately measuring dopamine in a 

subtle overexpression model complicates the verification of dopamine toxicity.  

Although the dopamine toxicity in the model could not be shown in the present study, the G309D 

PINK1 mutant significantly increased PINK1 expression, and paraquat exposure successfully reduced 

cell viability. This confirms a model of PINK1 overexpression and cellular stress. The G309D 

mutation has been shown previously to increase dopamine content (Zhou et al., 2014), and therefore, 

the model sufficed to investigate the effect of curcumin treatment as detailed below.  

5.3 Determining the effect of curcumin on the model 

In our study, pre-treatment with curcumin was unable to significantly rescue the reduction in cell 

viability induced by paraquat in the untransfected group. However, curcumin pre-treatment has been 

shown previously to reduce the proportion of paraquat-induced SH-SY5Y cell death from 69 % to 22 

% (Jaroonwitchawan et al., 2017). These conflicting results could be due to the differences in 

curcumin and paraquat concentrations between the studies. Notably, our chosen concentration of 2.5 

µM curcumin was lower, and the 1.7 mM paraquat concentration was significantly higher than the 10 

µM curcumin and 0.5 mM paraquat used in the Jaroonwitchawan et al. study. Additionally, paraquat 

toxicity could not be significantly rescued by curcumin pre-treatment in both PINK1 groups. It is 

possible that the paraquat toxicity and effects of PINK1 overexpression resulted in mitochondrial and 

cellular damage that was too extensive to be rescued by curcumin. Higher curcumin concentrations of 

10 µM and 15 µM have been shown to significantly increase cell viability in SH-SY5Y cells that have 
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been challenged with a stressor (Wu et al., 2020). Therefore, higher concentrations of curcumin and 

longer exposure times may be necessary to rescue cells from the cytotoxicity posed by paraquat and 

PINK1 in the present study.  

Curcumin’s inability to increase cell viability in the mutant PINK1 group could be indicative of the 

toxic effect of the mutation. While ‘curcumin only’ treatment did not yield significant increases in 

viability, this may not detract from its therapeutic potential. The similarity of curcumin treatment to 

the untreated control indicates a positive effect to keep cells at baseline health, even for the mutant. A 

theory exists which postulates that curcumin may only exert increased protective effects when cells 

are exposed to stress. This phenomenon has been observed in cancer studies wherein curcumin 

induced apoptosis in tumor cell lines but had no effect on pathology-free, non-cancer cells (Syng-Ai, 

Kumari & Khar, 2004). Reasons for this effect are currently unknown but it suggests that curcumin 

could be a suitable therapeutic agent to specifically target pathological cells.  

The chosen paraquat treatment of 1.7 mM for 24 h elicited an approximate 50 % loss in cell viability 

in the untransfected and WT PINK1 groups. In the mutant group, paraquat treatment further reduced 

cell viability slightly, indicative of the mild toxic effects of the mutation. Consistent with previous 

findings (Zhou et al., 2014), the mutant did not significantly decrease cell viability. The loss of 

function mechanism of the G309D mutation differs from other PINK1 mutations as this protein has 

been shown to be expressed at relatively stable levels, unlike other recessive mutations which cause 

drastic reductions in protein levels (Beilina et al., 2005). Beilina and colleagues (2005) predicted that 

the G309 site where recessive point mutations have been found is unlikely to be within the active site 

but in an area involved in protein folding. A G309D substitution will likely not completely destabilize 

the fold but may interfere with ATP binding or hydrolysis. Additionally, the authors reported that the 

G309D mutation resulted in only a small decrease in kinase activity, a feature that is critical to PINK1 

function. Therefore, the G309D mutation may cause only mild PINK1 dysfunction, resulting in minor 

deleterious effects on cell function and viability as was observed in the present study.  

Notably, while the MTT assay is widely used to evaluate cell viability, the assay specifically assesses 

mitochondrial metabolic activity as it is mitochondrial enzymes that convert the MTT molecules into 

formazan causing the conversion of NADH to NAD+ (van Meerloo, Kaspers & Cloos, 2011). The cell 

viability results confirm an effect of paraquat on mitochondrial function, although the exact 

mechanism of this effect remains elusive. MPTP is another toxic herbicide linked to PD risk and is 

commonly used to elicit a PD-like phenotype in PD research (Bové et al., 2005). Despite the structural 

similarity between paraquat and MPTP, these toxic compounds are believed to cause oxidative stress 

through different mechanisms. Paraquat has been shown to target complex I of the mitochondrial 

electron transport chain (Cochemé & Murphy, 2008). This contrasts with another study suggesting 

that this herbicide can still exert its toxic effects after knockdown of complex I (Choi et al., 2008). 
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Paraquat may also be involved in redox cycling and NADPH depletion (Bonneh-Barkay et al., 2005), 

thereby weakening cellular antioxidant mechanisms. Therefore, mitochondrial dysfunction is central 

to paraquat’s mechanism of toxicity. Moreover, PINK1’s involvement in mitophagy (Figure 1.5 in 

Chapter 1) necessitates the assessment of mitochondrial activity in order to understand the effects of 

PINK1 mutations. The cell viability assay indirectly measures mitochondrial metabolic activity which 

was not affected by PINK1 or rescued by curcumin. Therefore, we further assessed mitochondrial 

function by measuring mitochondrial membrane potential.  

In the present study, differences in mitochondrial membrane potential were more apparent when we 

analyzed % positive fluorescence events (PE/FITC frequency) than when examining PE/FITC 

fluorescence intensity. As observed for cell viability, pre-treatment with curcumin was not able to 

rescue the cells from the paraquat-induced reduction in membrane potential in all transfection groups. 

This suggests that further optimization is required to improve the curcumin and/or paraquat treatments 

regarding concentration and exposure time. Alternatively, assuming these factors are sufficient, pre-

treatment with curcumin may not be an effective strategy to rescue paraquat-induced cytotoxicity. 

Paraquat caused a pattern of decreased mitochondrial membrane potential to ~50 % of the control. 

This effect was not significant due to the large variation of data points for the control group.  

The stark contrast between the effect of treatment on PE/FITC fluorescence intensity and frequency 

was an unexpected finding. While fluorescence intensity alone is usually reported for a JC-1 assay, 

this is only one of many measures, including frequency, that is recorded. In our opinion, analyzing 

percentage positive events in addition to fluorescence intensity provides a more holistic view of the 

results. In this study, paraquat and pre-treatment groups had the same intensity but lower frequency 

than the control. This may be indicative of a possible compensatory mechanism whereby paraquat-

induced cell death causes the remaining cells to compensate for the dying or dead cells due to 

paraquat exposure. A recent study reported a similar compensatory mechanism in Drosophila larvae 

where some neurons were able to detect and compensate for the death of their neighbors by expanding 

synapses and increasing neurotransmitter release (Wang et al., 2021). It is possible that cells may 

compensate by overproducing JC-1 aggregates thereby restoring impaired mitochondrial function. 

Although fewer viable cells are present in paraquat-exposed groups, the remaining cells may produce 

the same ratio of JC-1 aggregates to monomers as the control cells, causing no difference in 

fluorescence intensity. However, this effect may only be temporary, for when maximum 

compensatory capacity is reached, these cells will likely eventually succumb to the toxic effects of 

paraquat. In view of this, several zebrafish studies have demonstrated increased antioxidant responses 

to specifically compensate for paraquat-induced ROS formation (Nunes et al., 2017; Wang, Souders, 

et al., 2018). Therefore, further studies are needed to investigate this phenomenon in SH-SY5Y cells 

and other PD cell and animal models.  
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Mitochondrial membrane potential, as assessed by PE/FITC frequency, was significantly reduced in 

the WT and mutant PINK1 groups compared to the untransfected control, indicative of the toxic 

effects of PINK1 overexpression. Dopamine toxicity in PINK1 deficient cells may cause 

mitochondrial depolarisation due to the opening of the mitochondrial permeability transition pore. 

This process requires the production of ROS (Gandhi et al., 2012). Therefore, antioxidant compounds 

such as curcumin may protect against depolarization and cell death in susceptible neurons, as has been 

shown previously (van der Merwe et al., 2017). 

5.4 Curcumin versus nanocurcumin 

Curcumin shows promise as an antioxidant therapy, possibly through its effect of increasing the 

expression and efficacy of enzymes that scavenge free radicals (Trujillo et al., 2014; Gibellini et al., 

2015; Nawab et al., 2019). However, several characteristics limit its practical application in 

individuals living with PD. These include its poor solubility in water, rapid metabolism, and systemic 

expulsion, as well as its inability to cross the blood-brain barrier (Anand et al., 2007). Structural 

modifications, conjugates, liposomes, nanospheres, and nanoparticles are some of the developments 

that have been designed to overcome these obstacles (Karthikeyan, Senthil & Min, 2020). 

Encapsulation of curcumin into various nanocarriers increases its bioavailability and solubility, 

retention in the body, and reduces unintended toxicity to surrounding tissues while preserving 

curcumin’s properties (Karthikeyan, Senthil & Min, 2020).  

However, in the present study, nanocurcumin unexpectedly caused a significant reduction in SH-

SY5Y cell viability. It is possible that the DMSO solvent may have degraded the biodegradable PCL 

polymer, unlike PBS or DMEM which preserve the nanoparticle integrity and have been used 

previously as a solvent for PCL nanoparticles (Omarch et al., 2019). Also, the 2.5 µM nanocurcumin 

used may have been too highly concentrated and caused toxicity, and therefore needs to be further 

optimized to reap its protective benefits. In addition, since the release of the encapsulated compound 

occurs slowly, the exposure time of 24 h may not suffice for the complete delivery of nanocurcumin 

to the cell. Alternatively, the reduction in viability may be due to the specific unloaded PCL 

nanoparticle used to encapsulate curcumin which also produced the same effect as the nanocurcumin 

(Figure 3.14 in Chapter 3). Moreover, it is plausible that the sucrose used for structural integrity of 

the nanoparticle may have also contributed to this effect. Previous studies have reported no effect of 

unloaded PCL nanoparticles on cell viability in mouse macrophages (Łukasiewicz et al., 2021) and in 

colon cancer SW480 cells over a range of concentrations (Oritz et al., 2012). However, these studies 

used the nanoemulsion templating method and the interfacial polymer disposition method, 

respectively, for nanocurcumin synthesis as opposed to the single emulsion-solvent evaporation 

technique employed in the present study. Therefore, alternative methods to improve the synthesis of 

PCL nanoparticles should be investigated, with particular focus on their effects in SH-SY5Y cells. 
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Notably, ionic gelation and antisolvent precipitation have been touted as particularly efficacious 

techniques (Karthikeyan, Senthil & Min, 2020). Finally, it is also worth investigating if nanocurcumin 

can be used as a drug alone or in addition to existing PD therapies.  

5.5 Implications for PD  

Pre-treatment with curcumin is an experimental treatment representing a prophylactic, preventative 

approach against PD development. However, co-treatment and post-treatment are alternative 

strategies used in PD models to determine the therapeutic potential of curcumin both during disease 

development and after PD onset, respectively. While the choice of pre-, post-, and co-treatment is 

hotly debated, these approaches all aim to implement curcumin as a drug for PD management. 

Conversely, curcumin also has potential as a nutraceutical compound to supplement one’s diet rather 

than a medication regime. Small, consistent doses of curcumin throughout one’s lifetime may have 

more beneficial (and potentially less toxic) effects than current PD drugs. Low prevalence rates of 

neurological disease in regions such as India where individuals frequently consume curcumin alludes 

to the potential efficacy of this nutraceutical approach (Das et al., 2010; Surathi et al., 2016). This 

strategy may not only be effective in genetic forms of PD, such as PINK1-associated disease, but also 

in individuals with idiopathic PD presenting with α-synuclein pathology, a hallmark of PD. α-

Synuclein pathology is found in the brain and the gut, however, it is unclear which region develops 

this pathology first. Due to curcumin’s potential to break down, prevent aggregation, and eliminate 

toxic forms of α-synuclein (Shrikanth Gadad et al., 2012; Kamelabad et al., 2021), dietary 

supplementation with curcumin may present as an effective strategy for both the prevention and 

reduction of disease progression. Furthermore, curcumin’s action in the gut has been shown in animal 

models to relieve some of the GI symptoms associated with the disease such as leaky gut and delayed 

gastric emptying (Kochar et al., 2014; Tian et al., 2016). This could reduce the morbidity experienced 

by individuals living with PD. Given the potentially greater efficacy of dietary curcumin in the gut, 

further research is required to determine if life-long curcumin consumption can eliminate α-synuclein 

from the gut to prevent or delay PD progression (Chetty et al., 2021).  

Consequently, there is great potential for nutraceuticals in PD treatment. Several of these ‘functional 

foods’ have been investigated for their protective properties, including rutin, St. John’s wort, 

resveratrol, and various vitamins (summarized in Table 1.3, Chapter 1). Of these, curcumin 

represents a particularly suitable candidate due to its protective effects against both disease symptoms 

as well as progression, and animal models can be easily used to test these effects. However, in order 

to validate curcumin’s therapeutic application in humans, clinical trials and large epidemiological 

studies are required that follow up with participants consuming curcumin over a lifetime. Due to 

logistics and funding among other factors, this may be challenging and therefore, may require 

alternative strategies to advance the field of nutraceuticals.  
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5.6 Limitations 

The main limitation of the study was that the WT plasmid could not be verified. The plasmid insert 

could have degraded or undergone rearrangement, which could be avoided in future experiments by 

transforming the viral DNA into chemically competent cells. These include NEBStable (New England 

Biolabs, MA, United States) or Stbl3 E. coli which can increase transformation efficiency. 

Alternatively, CRISPr (clustered regularly interspaced short palindromic repeats) or site-directed 

mutagenesis could be used to revert the mutant to the WT with a single base change at the mutation 

site. Regarding the evaluation of dopamine toxicity in the model, this study was limited in that 

experimental results demonstrated a static view of the dynamic process of dopamine metabolism. 

Although several measurements to verify the model were incorporated into the experimental design of 

the present study, this limitation should be taken into consideration when assessing cellular processes 

that evolve over time. Finally, the unloaded PCL nanoparticle reduced SH-SY5Y cell viability in this 

study which limited the evaluation of the curcumin-loaded nanoparticle’s effects. The specific 

technique used for PCL nanoparticle synthesis, its concentration, and solvent may affect its toxicity 

which should be further investigated in SH-SY5Y cells.  

Another limitation of the present study was that technical replicates were not included in experiments 

due to the complexity of performing assays with a large number of treatment groups. Technical 

replicates account for human error and variability in assay measurements related to equipment and 

protocols. However, biological replicates were included in all experiments of the study to account for 

batch effects. Lastly, the use of undifferentiated SH-SY5Y cells may have limited the cellular model, 

as differentiation with retinoic acid has been shown to induce more mature, neuronal-like 

morphological and biochemical characteristics (Xie, Hu & Li, 2010). Although differentiation can be 

difficult, the use of undifferentiated cells may limit its interpretation as a true PD model. 

5.7 Future directions 

The main findings of this study and possible avenues for future research are summarized in Figure 

5.1. To improve the model used in the present study, SH-SY5Y cell differentiation should be 

performed. This will result in a homogenous cell population with neuronal morphology which may 

reduce cell cycle fluctuations observed in undifferentiated cells (Encinas et al., 2002). It must be 

noted that differentiation results in a distinct reduction in cell number amounting to a 30-40 % 

decrease in population size (Shipley, Mangold & Szpara, 2016). This must be taken into consideration 

when assessing the feasibility of performing experimental assays that also result in cell loss (e.g., with 

wash steps) yet require large cell numbers, such as the JC-1 mitochondrial membrane potential assay. 

Furthermore, the dopaminergic properties such as TH and DA-β-hydroxylase activities of 
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differentiated SH-SY5Y cells further enhance their suitability to study dopamine toxicity in PD within 

a neuronal environment (Xie, Hu & Li, 2010).  

 

Figure 5.1 Suggestions for future work based on the present study’s findings. Findings of the 

current study are denoted in orange while suggestions for future work are written in blue. 

Abbreviations: iPSCs, induced pluripotent stem cells; PD, Parkinson’s disease; ROS, reactive oxygen 

species; PCL, polycaprolactone; GI, gastrointestinal. 

 

While overexpression represents a useful mechanism to study the effects of PD-linked mutations 

(Table 1.1 in Chapter 1), such artificial models of PD may not fully reflect the pathogenesis present 

in individuals living with PD-linked mutations of interest. Therefore, iPSCs derived from individuals 

with PD-linked gene mutations may be useful to verify findings made in other models. Human 

somatic cells can be reprogrammed into iPSCs with a cocktail of four transcription factors, namely 
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OCT4, SOX2, KLF4, and c-Myc (Xiao et al., 2016). These iPSCs can be differentiated into various 

cell types, including dopaminergic neurons. One study showed the rescue effects of the drug 

rapamycin on mitochondrial dysfunction in iPSC-derived neural cells from familial PD patients 

carrying PINK1 mutations (Cooper et al., 2012). Future studies should utilize a similar iPSC model to 

establish the neuroprotective effects of curcumin on PINK1 mutation-induced pathology.  

In addition to iPSCs, the use of 3D culturing of brain organoids derived from human pluripotent stem 

cells is increasing in PD research (Paşca, 2018). Pluripotent stem cells may be differentiated into 

neural cells in 2D cultures or 3D brain organoids. In diseases such as PD where multiple brain regions 

are involved in pathogenesis, organoids can be patterned further to resemble particular neuronal 

regions, and then be combined to generate brain assembloids or ‘connected groups of organoids’. This 

allows researchers to model interactions between brain regions and provides a more holistic 

understanding of complex disease pathogenesis.  

The addition of dopamine precursors may increase the sensitivity of assays such as LC-MS and HPLC 

which may be used to detect this molecule. Alternatively, an ELISA kit for dopamine detection should 

be used in future work. Furthermore, curcumin treatment may have an effect on mitochondria beyond 

enhancing mitochondrial membrane potential. Therefore, alternative methods to examine 

mitochondrial function should be used to supplement mitochondrial membrane potential assays in 

future studies. Alternatives include live cell microscopy, assays for mitochondrial biogenesis, and 

confocal microscopy following mitochondrial staining. Moreover, the timing and formulation of 

curcumin treatment have a significant impact on laboratory experimental outcomes and therefore, 

must be optimized before conclusions can be made regarding the efficacy of curcumin.  

5.8 Concluding remarks 

Given the overwhelming evidence for mitochondrial dysfunction and oxidative stress in PD (Dias, 

Junn & Mouradian, 2013) compounded with ineffective long-term treatments, the search for a 

powerful antioxidant as a potential PD treatment is of considerable interest. The protective effects of 

many plant-based antioxidants show promise as PD therapies, including rutin, resveratrol, St. John’s 

wort, and curcumin. The results of the present study demonstrate that curcumin has potential as a 

therapeutic compound to increase cell viability and mitochondrial function in healthy cells (which is 

promising), however, still requires optimization to enhance its efficacy in unhealthy cells. 

Consequently, further research is warranted to determine the precise mechanisms underlying 

curcumin’s protective effects against mitochondrial dysfunction and dopamine toxicity in PINK1 and 

other genetic models of PD. This plant-based compound is an attractive potential therapeutic agent 

due to its relatively low toxicity, and numerous beneficial properties. Nonetheless, its low 

bioavailability and various other biochemical characteristics limit its efficacy in the body. Although 
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promising due to their potential to overcome these barriers, nanocurcumin formulations require 

refinement and evaluation of their safety in patient-derived PD cellular models before they can be 

advocated for widespread therapeutic use. Investigating if curcumin or its nanoformulations can be 

used as a drug alone or in combination with existing PD therapies is also of importance. Replacing a 

portion of PD drugs in an individual’s treatment regime with curcumin may improve therapeutic 

benefit with fewer side effects overall. 

Alternatively, producing drug formulations of curcumin (such as nanoparticle-encapsulated curcumin) 

may not be the only approach to reap the benefits of this plant compound. Life-long and regular 

consumption of curcumin as a nutraceutical in one’s diet may be a more effective and sustainable 

method to prevent or slow down PD development by removal of misfolded α-synuclein through 

excretion via the large intestine. This concept, illustrated in Figure 5.2, is explored in our review 

article (Chetty et al., 2021). Hence, investment in long-term epidemiological studies is warranted to 

investigate the potential of curcumin as a nutraceutical therapy to prevent or delay PD progression.  

 

Figure 5.2 Proposed therapeutic potential of curcumin as a nutraceutical intervention against 
PD. Purple dots represent misfolded α-synuclein aggregates. Orange dots represent consumed 
curcumin. 
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Appendix I. List of reagents 
 

Bacterial and DNA reagents: 

LB media 
5 g bactotryptone 
2.5 g yeast extract 
5 g NaCl 
 
100 mg/ml Ampicillin 
100 mg ampicillin 
1 ml dH2O 
 
Agarose gel  
1 g SeaKem® LE Agarose powder 
100 ml 1X sodium borate (SB) buffer 
Heat in a microwave until dissolved 
 

Cell culture reagents:  

Culturing medium 
Dulbecco's Modified Eagle Medium (DMEM) supplemented with:  
10 % Fetal bovine serum (FBS)  
1 % Penicillin-Streptomycin  
 
Freezing medium 
90 % FBS 
10 % DMSO  
 

Supplementary Table 1. Amino acid composition of high glucose Dulbeccos’s Modified Eagle’s 
Medium. Taken from https://www.thermofisher.com/za/en/home/technical-resources/media-

formulation.8.html  

Amino acid Molecular Weight Concentration 
(mg/L) 

Concentration 
(mM) 

Glycine 75.0 30.0 0.4 

L-Arginine hydrochloride 211.0 84.0 0.39810428 
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L-Cystine 2HCl 313.0 63.0 0.20127796 

L-Glutamine 146.0 584.0 4.0 

L-Histidine hydrochloride-
H2O 

210.0 42.0 0.2 

L-Isoleucine 131.0 105.0 0.8015267 

L-Leucine 131.0 105.0 0.8015267 

L-Lysine hydrochloride 183.0 146.0 0.7978142 

L-Methionine 149.0 30.0 0.20134228 

L-Phenylalanine 165.0 66.0 0.4 

L-Serine 105.0 42.0 0.4 

L-Threonine 119.0 95.0 0.79831934 

L-Tryptophan 204.0 16.0 0.078431375 

L-Tyrosine disodium salt 
dihydrate 

261.0 104.0 0.39846742 

L-Valine 117.0 94.0 0.8034188 

 

Immunofluorescence reagents: 

1X PBS 
1 PBS tablet 
200 ml dH2O 
 
0.5 % BSA 
500 mg BSA  
100 ml PBS 
 
0.25 % Triton X-100 
100 ul Triton X-100 
40 ml PBS 
 
4 % formaldehyde 
4 ml formaldehyde 
8 ml distilled water 
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10 µg/ml DAPI 
2 ul 5mg/ml DAPI 
998 µl PBS 
 

Cellular treatments:  

5 mg/ml MTT dye  
10 mg of Thiazolyl Blue Tetrazolium Bromide  
2 ml PBS 
 
20 µM Curcumin 
Dissolve 50 mg curcumin in 13.6 ml DMSO 
 
50 mM Paraquat 
Dissolve 12.5 mg paraquat in 1 ml dH2O  
 
1 mg/ml unloaded polycaprolactone nanoparticle 
Dissolve 1mg of nanoparticle in 1 ml DMSO 
 
1 mg/ml curcumin loaded polycaprolactone nanoparticle 
Dissolve 1mg of nanocurcumin in 1 ml DMSO 
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Supplementary Figure 1. DNA ladders used for sizing of DNA products in agarose gel 
electrophoresis. A – The 1 kb DNA ladder (Solis Biodyne) is composed of 13 DNA fragments 

ranging from 250 bp to 10 kb. The 1 kb and 3 kb reference bands serve for easy orientation. B – The 

100 bp DNA ladder (Solis Biodyne) is composed of 13 DNA fragments ranging from 100 bp to 3 kb. 

The 500 bp reference band serves for easy orientation.  
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Appendix II. PINK1 data 
 

Supplementary Table 2: List of sequencing primers 

Primer Sequence (5’-3’) Tm (°C) Ta (°C) 

PINK1 G309D FOR ATCCAAGAGAGGTCCCAAGC 59.08 54.08 

PINK1 G309D REV TTTGCATGGCTTTCTTCTCCG 59.46 54.46 

PP2F661 ATGTGGAACATCTCGGCAGG 60.11 55.11 

PP2R1525 GATGAAGCACATTTGCGGCT 59.83 54.83 

PP8F934 CGGACGCTGTTCCTCGTTAT 60.18 55.18 

PP8R1506 TACTCGGGCAGATGGTCTCT 59.74 54.74 

PP1F479 AGTCCATTGGTAAGGGCTGC 60.03 55.03 

PP1R683 GAACCTGCCGAGATGTTCCA 60.04 55.04 

PP2F322 CTGGGCCTCATCGAGGAAAA 59.75 54.75 

PP2R496 AGCCCTTACCAATGGACTGC 60.03 55.03 

PP1F1504 GTAGCCGCAAATGTGCTTCA 59.48 54.48 

PP1R1640 TTCTCTGTGAGCCTGTTGGC 60.25 55.25 

PP6F1576 AAGATGGTTGGCTGGCTCCT 61.50 56.50 

PP6R1694 TCACACTCCAGGTTAGCCAGA 60.48 55.48 

Tm, melting temperature; Ta, annealing temperature 

 

Supplementary Table 3. List of universal primers. 

Primer Sequence (5’-3’) Tm (°C) Ta (°C) 

CMV-F CGCAAATGGGCGGTAGGCGTG 60.21 55.21 

pBABE3 ACCCTAACTGACACACATTCC 52.40 47.40 

Tm, melting temperature; Ta, annealing temperature 
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Supplementary Figure 2. Plasmid map of pLenti6-DEST PINK1-V5 WT. 

 

Supplementary Table 4. Troubleshooting of WT and G309D PINK1 plasmids. 

Plasmid Date 
received 

Source Problem Solution 

WT-A 
(E. coli 
stab) 

May 2020  Addgene, United 
States 

These bacterial stabs could 
only be plated two months 
following arrival in South 
Africa due to closure of the 
lab during the nationwide 
lockdown. Due to delayed 
processing, these bacteria 
struggled to grow on both 
media with and without 
antibiotics. 

Addgene agreed 
to send another 
batch of plasmids 

Mutant-A 
(E. coli 
stab) 

May 2020 Addgene, United 
States 

WT-B 
(E. coli 
stab) 

August 
2020 

Addgene, United 
States 

Good growth on selection 
media but unable to verify by 
sequencing, PCR, or 
restriction digest 

Addgene agreed 
to send another 
WT 

Mutant-B 
(E. coli 

August 
2020 

Addgene, United 
States 

Verified by sequencing, 
PCR, and restriction digest 

Chosen for use in 
all experiments 
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stab) 
WT-C 
(E. coli 
stab) 

May 2021 Addgene, United 
States 

Unable to verify by 
restriction digest and failed 
to grow after first plating 
from bacterial stab. 

Addgene agreed 
to send an aliquot 
of WT plasmid 
DNA for 
transformation 

WT-D 
(DNA) 

June 2021 Addgene, United 
States 

WT-D DNA required 
transformation into 
chemically competent E. coli 
which was not available  

Wait for Stbl3 E. 
coli delivery for 
transformation but 
use WT-B for all 
experiments in the 
interim 

WT-Z  
(DNA) 

June 2021 Dr Zhi Dong 
Zhou, Dr Saw 
Wuan-Ting 
(Duke-NUS 
Medical School, 
Singapore) 

WT-Z could not be verified 
by restriction digest 
following transformation 
into DH5α E. coli 

Wait for Stbl3 E. 
coli delivery for 
transformation but 
use WT-B for all 
experiments in the 
interim. 

Mutant-Z 
(DNA) 

June 2021 Dr Zhi Dong 
Zhou, Dr Saw 
Wuan-Ting 
(Duke-NUS 
Medical School, 
Singapore) 

WT-Z could not be verified 
by restriction digest 
following transformation 
into DH5α E. coli 

Wait for Stbl3 E. 
coli delivery for 
transformation but 
use WT-B for all 
experiments in the 
interim. 

 

 

Supplementary Table 5. List of PD-linked hPINK1 mutations and their protein and nucleotide 
locations. Compiled from NCBI ClinVar search of the PINK1 gene 

https://www.ncbi.nlm.nih.gov/clinvar 

 PINK1 mutation Protein location Nucleotide and protein 
change 

Protein change 

A168P N-lobe 502G>C  Ala168Pro 
M318L N-lobe 952A>T  Met318Leu 
T257I Activation loop/N-lobe 770C>T  Thr257Ile 
L268V N-lobe 802C>G  Leu268Val 
H271Q N-lobe 813C>A  His271Gln 
A280T N-lobe 838G>A  Ala280Thr 
T313M N-lobe 938C>T  Thr313Met 
L268V N-lobe 802C>G  Leu268Val 
H271Q N-lobe 813C>A  His271Gln 
A280T N-lobe 838G>A  Ala280Thr 
P296L N-lobe 887C>T  Pro296Leu 
G309D N-lobe 926G>A  Gly309Asp 
A339T C-lobe 1015G>A  Ala339Thr 
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M341I C-lobe 1023G>A  Met341Ile 
L347P C-lobe 1040T>C  Leu347Pro 
F385L C-lobe 1153T>C  Phe385Leu 
C388R C-lobe 1162T>C  Cys388Arg 
P399L C-lobe 1196C>T  Pro399Leu 
R407Q C-lobe 1220G>A  Arg407Gln 
Y431H C-lobe 1291T>C  Tyr431His 
W437X C-lobe 1311G>A  Trp437Ter 
Q5X MTS 13C>T  Gln5Ter 
G23S MTS 67G>A  Gly23Ser 
G26R MTS 76G>C  Gly26Arg 
G30R MTS 88G>C  Gly30Arg 
R42C Between MTS and 

OMS 
124C>T  Arg42Cys 

A54E Between MTS and 
OMS 

161C>A  Ala54Glu 

S73L OMS 218C>T  Ser73Leu 
C92fs OMS 273del  Cys92fs 
L108fs TMS 322del  Leu108fs 
Q115L Between TMS and 

kinase domain 
344A>T  Gln115Leu 

T145M Between TMS and 
kinase domain 

434C>T  Thr145Met 

G150D Between TMS and 
kinase domain 

449G>A  Gly150Asp 

R152W Between TMS and 
kinase domain 

454C>T  Arg152Trp 

G163D N-lobe 488G>A  Gly163Asp 
K186N N-lobe 558G>C  Lys186Asn 
G189R N-lobe 565G>A  Gly189Arg 
P196L N-lobe 587C>T  Pro196Leu 
A200fs N-lobe 599del  Ala200fs 
R207Q N-lobe 620G>A  Arg207Gln 
R207fs N-lobe 620del  Arg207fs 
P209L N-lobe 626C>T  Pro209Leu 
P215L N-lobe 644C>T  Pro215Leu 
A217D N-lobe 650C>A  Ala217Asp 
W222X N-lobe 665G>A  Trp222Ter 
A232V N-lobe 695C>T  Ala232Val 
M237V N-lobe 709A>G  Met237Val 
R246X N-lobe 736C>T  Arg246Ter 
L249V N-lobe 745T>G  Leu249Val 
T257I N-lobe 770C>T  Thr257Ile 
Y258X N-lobe 774C>A  Tyr258Ter 
Q367X N-lobe 799C>T  Gln267Ter 
R276W N-lobe 826C>T  Arg276Trp 
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R276Q N-lobe 827G>A  Arg276Gln 
R279C N-lobe 835C>T  Arg279Cys 
R279H N-lobe 836G>A  Arg279His 
S284Y N-lobe 851C>A  Ser284Tyr 
P289T N-lobe 865C>A  Pro289Thr 
L308Q N-lobe 923T>A  Leu308Gln 
R312Q N-lobe 935G>A  Arg312Gln 
T313M N-lobe 938C>T  Thr313Met 
M318L N-lobe 952A>T  Met318Leu 
Y321C C-lobe 962A>G  Tyr321Cys 
S335G C-lobe 1003A>G  Ser335Gly 
A340T C-lobe 1018G>A  Ala340Thr 
A359T C-lobe 1075G>A  Ala359Thr 
D366N C-lobe 1096G>A  Asp366Asn 
A3838T C-lobe 1147G>A  Ala383Thr 
Y404X Activation loop 1212C>G  Tyr404Ter 
G411S Activation loop 1231G>A  Gly411Ser 
Q456X C-lobe 1366C>T  Gln456Ter 
E476K C-lobe 1426G>A  Glu476Lys 
R492X C-lobe 1474C>T  Arg492Ter 
R501Q C-lobe 1502G>A  Arg501Gln 
N521T C-terminal region 1562A>C  Asn521Thr 
D525fs C-terminal region 1570_1573dup  Asp525fs 
D525N C-terminal region 1573G>A  Asp525Asn 
K526N C-terminal region 1578G>C  Lys526Asn 
M527T C-terminal region 1580T>C  Met527Thr 
W577R C-terminal region 1729T>C  Trp577Arg 
 Abbreviations: hPINK1, human PINK1; MTS, mitochondrial targeting sequence; OMS, mitochondria 
membrane localization sequence; TMS, transmembrane sequence. 

 

 

 

 

 

 

 

 

 

  

Stellenbosch University https://scholar.sun.ac.za



127 
 

Appendix III.  Supplementary data 
 

1. PCR of WT plasmids 

 

 

 

 

Supplementary Figure 3. Polymerase Chain Reaction products of WT-A and WT-B PINK1. 

 Lane 1: 1 kb DNA ladder; Lane 3-5: PCR 1; Lane 7-9: PCR 2; Lane 11-13: PCR 3; Lane 15: 100 bp 
DNA ladder; Lane 2, 6, 10, and 14: Blank.  
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2. LC-MS mass spectra 

 

Supplementary Figure 4. Relative abundance of phenylalanine detected in cell culture medium 
control (A-B), untransfected (C-D), WT PINK1, (E-F) and G309D PINK1 (G-H) SH-SY5Y cells. 
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Supplementary Figure 5. Fragment ions of phenylalanine detected in cell culture medium 
control (A-B), untransfected (C-D), WT PINK1, (E-F) and G309D PINK1 (G-H) SH-SY5Y cells. 
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Supplementary Table 6. Compounds unique to the mutant PINK1, and both WT and mutant 
PINK1 compared to the untransfected control as determined through LC-MS. 

Observed m/z Sample Molecular 
Formula 
[M+H]+ 

Theoretical m/z Mass tolerance 
error (PPM) 

349.14090 G309D 1 C18H17N6O2 349.1413 -1.14   
C2H17N14O7 349.1405 1.25   
C3H13N18O3 349.1418 -2.58   
C4H19N11O8 349.1418 -2.6   
C17H21N2O6 349.14 2.69   
C16H15N9O 349.14 2.7   
C20H19N3O3 349.1426 -4.99   
H15N17O6 349.1391 5.09   
C5H15N15O4 349.1431 -6.43   
C6H21N8O9 349.1431 -6.44   
C15H19N5O5 349.1386 6.53   
C14H13N12 349.1386 6.55 

349.13930 G309D 2 H15N17O6 349.1391 0.51   
C16H15N9O 349.14 -1.88   
C17H21N2O6 349.14 -1.89   
C15H19N5O5 349.1386 1.95   
C14H13N12 349.1386 1.97   
C2H17N14O7 349.1405 -3.33   
C18H17N6O2 349.1413 -5.72   
C14H23NO9 349.1373 5.78   
C13H17N8O4 349.1373 5.8 

356.06670 G309D 1 C5H16N4O14 356.0663 1.12   
C4H10N11O9 356.0663 1.13   
C3H4N18O4 356.0663 1.15   
C20H10N3O4 356.0671 -1.21   
C18H8N6O3 356.0658 2.56   
C5H6N15O5 356.0676 -2.62   
C6H12N8O10 356.0676 -2.64   
C3H14N7O13 356.065 4.89   
C2H8N14O8 356.065 4.91   
C21H6N7 356.0685 -4.97   
C22H12O5 356.0685 -4.98   
C17H12N2O7 356.0645 6.32   
C16H6N9O2 356.0644 6.33   
C6H2N19O 356.069 -6.38   
C7H8N12O6 356.069 -6.39   
C8H14N5O11 356.069 -6.41 

356.06760 G309D 2 C5H6N15O5 356.0676 -0.09 
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C6H12N8O10 356.0676 -0.11   
C20H10N3O4 356.0671 1.32   
C21H6N7 356.0685 -2.44   
C5H16N4O14 356.0663 3.65   
C4H10N11O9 356.0663 3.66   
C3H4N18O4 356.0663 3.68   
C6H2N19O 356.069 -3.85   
C7H8N12O6 356.069 -3.86   
C8H14N5O11 356.069 -3.88   
C18H8N6O3 356.0658 5.09   
C23H8N4O 356.0698 -6.21 

361.32890 G309D 1 C17H41N6O2 361.3291 -0.55   
C15H39N9O 361.3278 3.16   
C19H43N3O3 361.3304 -4.27   
C13H37N12 361.3264 6.88 

361.32780 G309D 1 C15H39N9O 361.3278 0.12   
C17H41N6O2 361.3291 -3.6   
C13H37N12 361.3264 3.84 

525.37600 G309D 1 C25H43N13 525.3764 -0.83   
C26H49N6O5 525.3764 -0.84   
C25H53N2O9 525.3751 1.7   
C24H47N9O4 525.3751 1.71   
C27H45N10O 525.3778 -3.39   
C28H51N3O6 525.3778 -3.4   
C23H51N5O8 525.3738 4.26   
C22H45N12O3 525.3738 4.27   
C37H49O2 525.3733 5.22   
C29H47N7O2 525.3791 -5.95   
C30H53O7 525.3791 -5.96   
C21H49N8O7 525.3724 6.81   
C20H43N15O2 525.3724 6.82   
C14H43N19O3 525.3796 -6.9 

525.37570 G309D 2 C25H53N2O9 525.3751 1.13   
C24H47N9O4 525.3751 1.14   
C25H43N13 525.3764 -1.41   
C26H49N6O5 525.3764 -1.42   
C23H51N5O8 525.3738 3.69   
C22H45N12O3 525.3738 3.7   
C27H45N10O 525.3778 -3.96   
C28H51N3O6 525.3778 -3.97   
C37H49O2 525.3733 4.65   
C21H49N8O7 525.3724 6.24 
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C20H43N15O2 525.3724 6.25   
C29H47N7O2 525.3791 -6.52   
C30H53O7 525.3791 -6.53 

556.17580 G309D 1 C34H20N8O 556.176 -0.37   
C35H26NO6 556.176 -0.38   
C20H32N2O16 556.1752 1.11   
C19H26N9O11 556.1752 1.12   
C18H20N16O6 556.1752 1.13   
C19H16N20O2 556.1765 -1.28   
C20H22N13O7 556.1765 -1.29   
C21H28N6O12 556.1765 -1.3   
C33H24N4O5 556.1747 2.03   
C32H18N11 556.1747 2.04 

556.17580 G309D 2 Same as above 
  

610.18490 G309D 1 C6H28N17O17 610.1849 -0.01   
C35H20N11O 610.1852 -0.54   
C36H26N4O6 610.1852 -0.55   
C21H32N5O16 610.1844 0.81   
C20H26N12O11 610.1844 0.82   
C19H20N19O6 610.1844 0.83   
C21H22N16O7 610.1857 -1.37   
C22H28N9O12 610.1857 -1.38   
C23H34N2O17 610.1857 -1.39   
C35H30O10 610.1839 1.64   
C34H24N7O5 610.1839 1.65   
C33H18N14 610.1839 1.66   
C4H26N20O16 610.1836 2.19   
C8H30N14O18 610.1863 -2.21 

  
C37H22N8O2 610.1866 -2.74   
C38H28NO7 610.1866 -2.75 

610.18410 G309D 2 C35H30O10 610.1839 0.33   
C34H24N7O5 610.1839 0.34   
C33H18N14 610.1839 0.35   
C19H20N19O6 610.1844 -0.48   
C20H26N12O11 610.1844 -0.49   
C21H32N5O16 610.1844 -0.5   
C4H26N20O16 610.1836 0.88   
C6H28N17O17 610.1849 -1.32   
C20H36NO20 610.1831 1.69   
C19H30N8O15 610.1831 1.7   
C18H24N15O10 610.1831 1.71   
C35H20N11O 610.1852 -1.85 
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C36H26N4O6 610.1852 -1.86   
C33H28N3O9 610.1826 2.53 

Unique to WT and G309D compared 
to UT 

   

175.01710 WT 1 C11HN3 175.017 0.3   
C13H3O 175.0184 -7.37 

175.01650 WT 2 C11HN3 175.017 -3.13 
175.01710 G309D 1 C11HN3 175.017 0.3 
175.01670 G309D 2 C11HN3 175.017 -1.98 
280.14010 WT 1 C11H22NO7 280.1396 1.69   

C10H16N8O2 280.1396 1.71   
C12H18N5O3 280.141 -3.09   
C9H20N4O6 280.1383 6.48 

280.14060 WT 2 C12H18N5O3 280.141 -1.3   
C11H22NO7 280.1396 3.47   
C10H16N8O2 280.1396 3.49   
C14H20N2O4 280.1423 -6.09 

280.14060 G309D 1 C12H18N5O3 280.141 -1.3   
C11H22NO7 280.1396 3.47   
C10H16N8O2 280.1396 3.49   
C14H20N2O4 280.1423 -6.09 

280.13980 G309D 2 C11H22NO7 280.1396 0.62   
C10H16N8O2 280.1396 0.64   
C12H18N5O3 280.141 -4.16   
C9H20N4O6 280.1383 5.41   
C8H14N11O 280.1383 5.43 

374.30390 WT 1 C22H38N4O 374.3046 -1.77   
C21H42O5 374.3032 1.8   
C20H36N7 374.3032 1.82   
C24H40NO2 374.3059 -5.36   
C19H40N3O4 374.3019 5.39 

374.30420 WT 2 C22H38N4O 374.3046 -0.97   
C21H42O5 374.3032 2.61   
C20H36N7 374.3032 2.62   
C24H40NO2 374.3059 -4.55   
C19H40N3O4 374.3019 6.19 

374.30290 G309D 1 C20H36N7 374.3032 -0.85   
C21H42O5 374.3032 -0.87   
C19H40N3O4 374.3019 2.72   
C22H38N4O 374.3046 -4.44   
C17H38N6O3 374.3005 6.31 

374.30450 G309D 2 C22H38N4O 374.3046 -0.17   
C21H42O5 374.3032 3.41 
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C20H36N7 374.3032 3.42   
C24H40NO2 374.3059 -3.75   
C19H40N3O4 374.3019 6.99 

678.68890 WT 1 C45H90O3 678.689 -0.14   
C43H88N3O2 678.6877 1.84   
C41H86N6O 678.6863 3.81   
C48H88N 678.6917 -4.09   
C39H84N9 678.685 5.79 

678.68650 WT 2 C41H86N6O 678.6863 0.28   
C43H88N3O2 678.6877 -1.7   
C39H84N9 678.685 2.26   
C45H90O3 678.689 -3.68 

678.68700 G309D 1 C43H88N3O2 678.6877 -0.96   
C41H86N6O 678.6863 1.01   
C45H90O3 678.689 -2.94   
C39H84N9 678.685 2.99 

  
C48H88N 678.6917 -6.89 

678.68710 G309D 2 C43H88N3O2 678.6877 -0.82   
C41H86N6O 678.6863 1.16   
C45H90O3 678.689 -2.79   
C39H84N9 678.685 3.14   
C48H88N 678.6917 -6.74 

Abbreviations: WT, wild-type; UT, untransfected; m/z, mass to charge ratio. 
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3. Flow cytometry optimization 

 

Supplementary Figure 6. Gating strategy for flow cytometry. Refinement criteria included time, 

cells, singlets, and FITC and PE events. This gating strategy was used for flow cytometry analysis of 

all samples.  

Abbreviations: FITC, fluorescein; PE, phycoerythrin; UT, untransfected. 
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Appendix IV. Nanocurcumin synthesis 
 

Nanocurcumin was produced by and obtained from our collaborator Dr Sarah D’Souza at the 

University of Western Cape, South Africa.  

Supplementary Table 7. Properties of unloaded and loaded curcumin polycaprolactone 
nanoparticles. Upon incorporation of curcumin, the nanoparticle size, PDI and ZP were reduced, as 

previously observed (Umerska et al., 2018). Low PDI values (< 0.3) suggest more uniform, or 

monodisperse, particle sizes. ZP is directly related to the charges of the raw materials comprising the 

particles. Stable nanoparticles, as observed when loaded with curcumin, have ZP values between -20 

mV and 20 mV. 

 Nanoparticle Curcumin loaded 

nanoparticle 

Size (nm) 404 ± 110 292 ± 27 

Polydispersity index (PDI)  0.34 ± 0.17 0.13 ± 0.07 

Zeta potential (ZP) (mV) -22.2 ± 9.67 -14.4 ± 1.80 

Abbreviations: PDI, polydispersity index; ZP, zeta potential 
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Appendix V. Laboratory protocols 
1. Culturing human neuroblastoma SH-SY5Y cells 

The inner surfaces of the laminar flow hood were cleaned with 70 % ethanol to prevent contamination 

and sterile 25 cm2 CellBIND flasks (Corning, United States) were correctly labelled. Cell culture 

media was prepared by adding 10 % FBS and 1 % penicillin streptomycin to DMEM (Thermo Fisher 

Scientific, United States). A volume of 1 ml media was added to each cryovial of frozen cells to thaw 

cells quickly. A volume of 4 ml media was added to each flask, followed by 1 ml of cells which was 

pipetted directly into each flask. Flasks were incubated at 37 °C, 5 % CO2 until 80-90 % confluent, 

with media changes and washes with phosphate buffered saline (PBS) as needed.  

1.1. Trypsinizing the cells 

Once confluent, the media was pipetted out of the flask and the cells were washed with 5 ml PBS to 

remove excess media. Thereafter, 3 ml trypsin was added to the flask and incubated for 5 mins to lift 

bound cells off the flask surface. A volume of 4 ml media was added to the flask to neutralize the 

trypsin, and the cell/trypsin mixture was pipetted into a 15 ml centrifuge tube. The tube was 

centrifuged at 1006 x g for 3 min. The supernatant was discarded, and the pellet of cells was 

resuspended in media for transfer into a bigger flask or use in a culture plate for further experiments.  
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Appendix VI. R script 
 

onewayanova <- aov(variable ~ factor, data = data, projections = FALSE, qr = TRUE, 

             contrasts = NULL) 

Footnote: variable=Viability (dependent variable); factor=Concentration (categorical group variable) 

twowayanova<-aov(variable1~ as.factor(group1)*as.factor(group2),data=data) 

Footnote: variable1=Viability  (dependent variable); group1=Transfection (categorical group variable 

1) group2=Treatment (categorical group variable 2) 

 

shapiro.test(res) 

 

leveneTest(variable1 ~ group,data=data) 

Footnote: variable1=Viability (dependent variable); group=Treatment (categorical group variable) 

 

posthoc <- lsmeans(anova, 

                   pairwise ~ group,  

                   adjust="posthoc") 

Footnote: group=Treatment (dependent variable); posthoc=Bonferroni or Dunnett 

 

TukeyHSD(anova) 

 

robustlinearmodel <- MASS::rlm(formula = value ~ group1 + group2,data=dataset) 

Footnote: value= Cellular Viability (numeric of type num or integer); group1= Transfection status 

(categorical group variable) and group2= Treatment groups (categorical group variable) 
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