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Abstract 
 

Parkinson’s disease is an incurable, progressive disorder characterised by the loss of 

dopaminergic neurons in the brain's substantia nigra, primarily due to oxidative stress and 

mitochondrial dysfunction. Current treatments focus on symptomatic relief, by increasing 

endogenous dopamine levels, mimicking dopamine's function, and slowing oxidative 

metabolism, but do not prevent disease progression. Medicinal plants are widely used to treat 

neurological disorders. The aim of this study was to evaluate the effects of crude and fractionated 

extracts of Catha edulis and Datura stramonium, plants known for their psychoactive properties 

and traditional use in treating neurological disorders, on 6-hydroxydopamine (6-OHDA)-induced 

cytotoxicity in the SH-SY5Y human neuroblastoma cell line, a model for Parkinson's disease.  

 

Catha edulis (leaves) and Datura stramonium (leaf/root mixture) crude extracts were prepared 

using dichloromethane/methanol (50/50). Fractionation of the extract was conducted using semi-

automated C8 solid phase extraction. Ultra performance liquid chromatography mass 

spectrometry analysis was employed to determine the presence of chemotaxonomic markers of 

the plants. Inherent cytotoxicity, of the crude extract and fractions (1, 3.1, and 10 μg/mL per 

fraction) and the cytoprotective ability of the crude extract and fractions against SH-SY5Y cells 

after 6-OHDA-induced cytotoxicity (72.83 µM), was assessed using the sulforhodamine B (SRB) 

assay after 48 h exposure. The half maximal inhibitory concentration (IC50) values of 

commercially purchased pure compounds (atropine and scopolamine) and their cytoprotective 

effects against SH-SY5Y cells were assessed using the SRB assay after 48 h exposure. Cell 

morphology was visualised using phase contrast microscopy. Intracellular reactive oxygen 

species (ROS) levels were determined using the diacetyl dichlorofluorescein assay (H2DCFDA). 

Mechanistic assays were performed using a single concentration (3.1 μg/mL) due to the 

inconsistent dose-dependent responses and unclear results in the cytoprotection and 

intracellular ROS assays at lower and higher concentrations. Caspase 3/7 activity was 

determined by the Acetyl-Asp-Glu-Val-Asp-7-amido-4-methylcoumarin Ac-DEVD-AMC) 

cleavage assay and mitochondrial membrane integrity using the mitochondrial staining assay. In 

silico analysis was performed to assess the binding affinities and interactions of chemotaxonomic 

markers identified in the plant crude extracts with dopamine 1 and 2 (D1 and D2) receptors. 

 

Chemotaxonomic markers detected in C. edulis were cathine and norephedrine, while atropine, 

hyoscyamine, and noradrenaline, were identified in D. stramonium. After 48 h treatment, both 
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plant extracts and fractions exhibited minimal cytotoxicity. The crude extract and all fractions of 

C. edulis provided cytoprotection of between 5.8 and 10.07%, with fraction 1 displaying the 

highest cytoprotection. All fractions and the crude extract of D. stramonium provided 

cytoprotection ranging from 22.56 to 34.28%, with fraction 4 exhibiting the highest cytoprotection.  

The IC50 of the pure compounds, atropine and scopolamine, was determined as 49.48 µM and 

48.26 µM, respectively. Atropine increased cell density by 30.69%, and  scopolamine by 27.83%, 

indicating cytoprotective activity for both compounds. Microscopic analysis confirmed these 

results. 6-Hydroxydopamine reduced the cell density by approximately 18.62%, increased 

intracellular ROS generation by 2.82-fold, increased caspase 3/7 activation by 4.17-fold, and 

increased the ratio of healthy mitochondria to cell density by 0.5 relative to the negative control. 

All fractions of C. edulis and D. stramonium reduced intracellular ROS levels between 1.21 to 

2.66-fold and 1.12 to 1.82-fold, respectively. Additionally, all fractions significantly (p < 0.0001) 

reduced caspase 3/7 activation, with C. edulis  and D. stramonium reducing this parameter by 

approximately 1.35-fold and 3.24-fold, respectively, compared to 6-OHDA. All fractions 

significantly (p < 0.05) decreased the mitochondrial membrane integrity of healthy mitochondria 

to cell density by 0.59 and 0.88 for C. edulis and D. stramonium, respectively, compared to the 

6-OHDA. In silico analysis revealed that norephedrine and noradrenaline exhibited high binding 

affinities for both D1 and D2 receptors, with the binding free energy of -4.34 and -6.73 kJ/mol for 

D1, and -5.91 and -7.43 kJ/mol for D2, respectively. 

 

Both plant extracts and their fractions maintained cell viability, provided cytoprotection, reduced 

ROS and caspase 3/7 activity, and preserved mitochondrial integrity. These findings suggest 

that C. edulis and D. stramonium extracts could provide protection against cellular damage 

caused by Parkinson's disease, indicating potential for future research into their therapeutic 

applications. Further studies should explore the mechanisms and efficacy of these extracts in 

vivo.  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

  iv 

 
 

Acknowledgments 
 

I would like to express my heartfelt gratitude to those who have supported me throughout my 

dissertation journey:  

 

First, a huge thank you to my supervisor, Prof. Vanessa Steenkamp. Your wisdom, patience, 

and belief in my potential have meant the world to me. You’ve guided me through the ups and 

downs of this journey, and I couldn’t have asked for a better mentor. 

 

To my co-supervisor, Mr Daniel de Beer, thank you for your insight and for always challenging 

me to think deeper. Your feedback pushed me to refine my work and made this project so much 

stronger. 

 

To my parents, words can’t express how grateful I am for your endless love and support. Thank 

you for being my rock, cheering me on every step of the way, and for all the sacrifices you’ve 

made to help me reach my dreams. 

 

To my friends, thank you for lifting my spirits, reminding me to take breaks, and being there when 

I needed to vent or celebrate. You’ve made this journey so much lighter and filled with laughter. 

 

Lastly, thank you to the National Research Foundation for funding. Your financial support allowed 

me to dedicate myself to this research, and I’m so appreciative for the opportunity. 

 

Thank you all for being a part of this journey. 

 
 
 
 
 
 
 
 
 
 
 
 
  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

  v 

 
 

List of abbreviations 

 
Symbols and numerical indicators 

α-SN Alpha-synuclein 

˚C Degrees Celsius 

e+ Electron 

µg Microgram 

µL Microliter 

µM Micromolar 

% Percentage 

2D 2-Dimentional 

3-MT 3-Methoxytyramine 

6-OHDA 6-Hydroxydopamine 

v/v Volume per volume 

w/v Weight per volume 

Abbreviations/Acronyms 

Ac-DEVD-AMC N-Acetyl-Asp-Glu-Val-Asp-7-amido-4-Methylcoumarin, 
Caspase-3 Substrate (Fluorogenic) 

ACh Acetylcholine 

ACN Acetonitrile 

ADP Adenosine diphosphate 

ANOVA Analysis of variance 

Apaf-1 Apoptotic protease activating factor 1 

ATCC American Tissue Culture Collection 

ATP Adenosine triphosphate 

Bax Bcl-2 associated X protein 

BBB Blood brain barrier 

Bcl-2 B-cell lymphoma protein 2 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

  vi 

CAT Catalase 

C I Complex I 

C II Complex II 

C III Complex III 

C IV Complex IV 

Ca2+ Calcium 

CHAPS 3-[(3-cholamidopropyl) dimethylammonio]propane-1-
sulfonate 

CNS Central nervous system 

CO2 Carbon dioxide 

COMT Catechol-O-methyltransferase 

CoQ Coenzyme Q 

Cyt c Cytochrome c 

DA Dopamine 

DART-TOF-MS Direct analysis in real time- time of flight-mass 
spectrometry 

DAT Dopamine transporter 

DCM Dichloromethane 

dH2O Deionised water 

DLP-1 Dynamin-like protein 1 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

DMEM Dulbecco’s Modified Eagle’s Medium 

DOPA 3,4-Dihydroxyphenylalanine 

DOPAC 3,4-Dihydroxyphenylacetic acid 

DPPH 2,2-Diphenyl-1-picrylhydrazyl 

EDTA Ethylenediaminetetraacetic acid 

ETC Electron transport chain 

EtoAc Ethyl acetate 

ESI Electrospray ionisation 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

  vii 

FAD Oxidised flavin adenine dinucleotide 

FADH2 Reduced flavin adenine dinucleotide  

FCS Foetal calf serum 

FI Fluorescence intensity 

FITC Fluorescein isothiocyanate 

g Gram(s) 

g Relative centrifugal force 

GSH Glutathione 

GTPase Guanosine triphosphatase 

h Hour(s) 

H+ Hydrogen ion/ Proton 

H2DCF-DA Dihydrodichlorofluorescein diacetate 

H2O Water 

H2O2 Hydrogen peroxide 

HBSS Hank’s Balanced Salt Solution 

HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethane sulfonic acid 

HVA Homovanillic acid  

IC50 
Half maximal inhibitory concentration 

IL-1β                                    
Interleukin-1β 

IL-8 
Interleukin-8 

kDa 
Kilodaltons 

L 
Liter 

L-dopa 
Levodopa 

LBs 
Lewy bodies 

LC-MS 
Liquid chromatography–mass spectrometry 

LRRK-2 
Leucine-rich repeat kinase 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

  viii 

MAO (A or B) Monoamine oxidase (A or B) 

MAOI Monoamine oxidase inhibitor/s 

MDPV 3,4-Methylenedioxypyrovalerone 

MeOH Methanol 

mg Milligram 

min Minute(s) 

mL Milliliter 

mM Millimolar 

MLKL Mixed lineage kinase domain-like protein 

MMP Mitochondrial membrane potential 

MPP+ 
N-methyl-4-phenyl pyridine 

MPT Mitochondrial permeability transition 

MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

MTBE Methyl tert-butyl ether 

MtDNA Mitochondrial deoxyribonucleic acid 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide 

nM Nanomolar 

NAD+ Nicotinamide adenine dinucleotide 

NADH Reduced nicotinamide adenine dinucleotide 

O2
- Oxide anion 

O2 Dioxygen 

OS Oxidative stress 

PARP Poly (ADP-ribose) polymerase 

PBS 
Phosphate-buffered saline 

PC12 Rat pheochromocytoma 

PD Parkinson’s disease 

Pink-1 Phosphatase and tensin homolog induced kinase-1 

PMSF Phenylmethylsulphonyl fluoride 

RA Retinoic acid 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

  ix 

RFU Relative fluorescence unit 

RIPK Receptor-interacting protein kinases 

RNA Ribonucleic acid 

ROS Reactive oxygen species 

SANBI South African National Biodiversity Institute 

SEM Standard error of the mean 

SN Substantia nigra 

SNpc 
Substantia nigra pars compacta 

SOD 
Superoxide dismutase  

SPE 
Solid phase extraction 

SRB Sulforhodamine B 

TCA Trichloroacetic acid 

TH Tyrosine hydroxylase 

TNF- α Tumour necrosis factor alpha 

TRIS Trisaminomethane 

TrypLE Trypsin-like enzymes 

UPLC-Q-TOF-MS Ultra-performance liquid chromatography-quadrupole 
time-of-flight mass spectrometry  

VMAT-2 Vesicular monoamine transporter 2 

WHO World Health Organization 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

x  

 
 

List of Figures 

 
Figure 1: The cellular hallmarks of Parkinson’s disease……………………….………….….…... 6 

Figure 2: Processes that cause the formation of excessive reactive oxygen species, leading to 

oxidative stress in Parkinson's disease………………………….…..………………………..……... 7 

Figure 3: Depiction of the electron transport chain in the mitochondria, which is involved in 

oxidative phosphorylation……………………………………….….……………………..…….......... 9 

Figure 4: Depiction of the mechanisms which underlie mitochondrial dysfunction in Parkinson's 

disease; oxidative stress, defective mitophagy, impaired electron transport chain activity, calcium 

imbalance, and impaired biogenesis ………………………………….……....….......................... 10 

Figure 5: Diagram indicating the intrinsic and extrinsic apoptotic pathways of cell death........ 12 

Figure 6: Morphological patterns of cell death via necrosis and apoptosis…………..………... 13 

Figure 7: Current treatments of Parkinson's disease.….………………….……………….…….. 14 

Figure 8: Catha edulis plant…...……………………………………………..…………..…………  19 

Figure 9: Datura stramonium plant…..……….…………………………..……..……………….....  20 

Figure 10: Chemical structures of dopamine and 6-hydroxydopamine (6-OHDA), indicating their 

structural similarity….................................................................................................................  22 

Figure 11: Mechanism of action of 6-hydroxydopamine in nerve cells……………..……….....  22 

Figure 12: Chromatograms of Catha edulis crude extract and fractions 1 - 7 analysed in the 

positive electrospray ionisation mode…………………………………………………………..…… 38 

Figure 13: Chromatograms of Datura stramonium crude extract and fractions 1 - 7 analysed in 

the positive electrospray ionisation mode..………………...……….….....…………..……………. 40 

Figure 14: The cytotoxic effect of Catha edulis (A) and Datura stramonium (B) crude extract and 

fractions on SH-SY5Y cells……………………………………...................................................... 44 

Figure 15: SH-SY5Y cell viability after 6-hydroxydopamine treatment…….………..…..…….... 46 

Figure 16: Cytoprotective effect of Catha edulis (A) and Datura stramonium (B) crude extract 

and fractions against 6-hydroxydopamine-induced neurotoxicity in SH-SY5Y cells after 48 h of 

exposure ……………………………………………………………………………………………..... 48 

Figure 17: The effect of the negative control (media without foetal calf serum) and 6-

hydroxydopamine on SH-SY5Y cellular morphology.………………………………..…………..... 52 

Figure 18: Photomicrographs indicating the effect of Catha edulis and Datura stramonium 

extracts (1, 3.1, and 10 µg/mL) on SH-SY5Y cell morphology when pre-treated with 6-

hydroxydopamine and incubated for 48 h….…………………………………………………......... 53 

Figure 19: The effect of atropine (A) and scopolamine (B) on SH-SY5Y cell density....………. 55 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

xi  

Figure 20: The cytoprotective effect of pure compounds (atropine and scopolamine) on 6-

hydroxydopamine-induced cytotoxicity in SH-SY5Y cells…………………………………..…….. 56 

Figure 21: Photomicrographs indicating the effect of A) atropine (49.48 µM) and B) scopolamine (48.26 

µM) on SH-SY5Y cell morphology, after pre-treatment with 6-hydroxydopamine, followed by exposure of 

the cells to the compound for 48 h. ………………………………………………………….………….. 57 

Figure 22: The effect of Catha edulis (A) and Datura stramonium (B) crude extract and fractions 

on 6-hydroxydopamine-induced reactive oxygen species generation in SH-SY5Y 

cells………………………………………………………………………………….…………….….... 58 

Figure 23: The effect of Catha edulis (A) and Datura stramonium (B) crude extract and fractions 

(3.1 µg/mL) on 6-hydoxydopamine-induced caspase 3/7 activity.……………………………..... 61 

Figure 24: The effect of Catha edulis (A) and Datura stramonium (B) crude extract and fractions 

(3.1 µg/mL) on mitochondrial membrane integrity……………………..………………..…………. 64 

 
 
  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

xii  

 
 

List of Tables 
 

Table 1:  The proportion of solvent used per volume during fractionation…………….......……. 26 

Table 2: The in-house gradient solvent system used for ultra-performance liquid chromatography 

quadrupole time-of-flight mass spectrometry analysis…………………………………………..... 28 

Table 3: Chemotaxonomic markers of Catha edulis and Datura stramonium utilised in targeted 

liquid chromatography-mass spectrometry analysis..............……………….……….………....... 37 

Table 4: Compounds detected in the crude extract and fractions of Catha edulis using ultra- 

performance liquid chromatography-mass spectrometry………………………….…………....... 39 

Table 5: Compounds detected in the crude extract and fractions of Datura stramonium using 

ultra-performance liquid chromatography-mass spectrometry.…………………………..…..….. 42 

Table 6: The effect of the crude extract and fractions of Catha edulis  and  Datura stramonium 

on cell density on 6-hydroxydopamine-naïve (cytotoxicity) and 6-hydroxydopamine-exposed 

(cytoprotection) cells after 48 h of treatment…………………………….………………………….. 51  

Table 7: Binding affinity of compounds identified in Catha edulis for dopamine receptors (D1 and 

D2)..…………………………………………………………………………………………..….....….. 67 

Table 8: Binding affinity of compounds identified in Datura stramonium for dopamine receptors 

(D1 and D2) ………………………………………………………………..…………..…………..…. 69 

 

 
 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

xiii  

 
 
Table of Contents 
 
Declaration………………………………………………………………………………………………………. i 

Abstract………………………………………………………………………………………………………….. ii 

Acknowledgments………………………………………………………………………………..………….... iv 

List of abbreviations……………………………………………………………………………………..……. v 

List of Figures……………………………………………………………………………..…………………… x 

List of Tables…………………………………………………………………………………………………… xii 

Chapter 1: Introduction……………………………………………………………………………………….. 1 

1.1 Parkinson’s disease…………………………………………………………………………………… 2 

1.1.1 Prevalence of Parkinson’s disease…………………………………………………………………… 2 

1.1.2 Types of Parkinson’s disease………………………………………………………………………… 3 

1.1.2.1 Sporadic Parkinson’s disease………………………………………………………………… 3 

1.1.2.2 Familial Parkinson’s disease………………………………………………………………….. 3 

1.1.3 Biochemical markers of Parkinson’s disease……………………………………………………….. 4 

1.1.3.1 α-Synuclein……………………………………………………………………………………… 4 

1.1.3.2 Leucine-rich repeat kinase 2………………………………………………………………….. 4 

1.1.3.3 Parkin……………………………………………………………………………………………. 4 

1.1.3.4 Phosphatase and tensin homolog induced kinase-1……………………………………….. 5 

1.1.3.5 DJ-1……………………………………………………………………………………………… 5 

1.1.4 Neuropathological hallmarks of Parkinson's disease…………………………………………….. 5 

1.1.4.1 Oxidative stress……………………………………………………………………………….. 6 

1.1.4.2 Mitochondrial dysfunction…………………………………………………………………….. 8 

1.1.4.3 Cell death………………………………………………………………………………………. 11 

1.1.5 Current treatments for Parkinson’s disease………………………………………………………... 14 

1.1.5.1 Conventional therapy………………………………………………………………………….. 15 

1.1.5.2 Challenges with current pharmacological treatments……………………………………… 17 

1.1.6 Medicinal plant therapy………………………………………………………………………………. 17 

1.1.6.1 Catha edulis……………………………………………………………………………………. 18 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

xiv  

1.1.6.2 Datura stramonium……………………………………………………………………………. 19 

1.2 In vitro experimental models of Parkinson’s disease…………………………………………… 20 

1.2.1 Human neuroblastoma cells…………………………………………………………………………. 21 

1.3 In silico docking……………………………………………………………………………………….. 23 

1.4 Aim and objectives……………………………………………………………………………………. 23 

 

Chapter 2: Materials and methods………………………………………………………………………….. 25 

2.1 Plant material…………………………………………………………………………………………… 25 

2.2 Preparation of plant extracts………………………………………………………………………… 25 

2.2.1 Ultra-performance liquid chromatography-mass spectrometry…………………………………. 27 

2.2.1.1 Sample preparation………………………………………………………...…………………. 27 

2.3 Cell culture and maintenance……………………………………………………………………….. 28 

2.3.1 Cell viability…………………………………………………………………………………………… 29 

2.4 The effect of 6-hydroxydopamine, the crude extract and fractions on cell density……...... 29 

2.5 The cytoprotective ability of the crude extracts and fractions……………..…………………. 30 

2.6 The effect of pure compounds on SH-SY5Y cell density…………………………..…………… 30 

2.7 The cytoprotective ability of pure compounds………………………….……………………….. 31 

2.8 Cellular morphology…………………………………………………………………………………... 31 

2.9 Intracellular reactive oxygen species generation……………………………………................. 31 

2.8 Apoptosis……………………………………………………………………………………..…………. 32 

2.9 Mitochondrial integrity………………………………………………………………………………… 32 

2.10 In silico docking……………………………………………………………………………………… 33 

2.10.1 Protein preparation…………………………………………………………………………………. 33 

2.10.2 Ligand preparation………………………………………………………………………………….. 33 

2.10.3 Active site determination…………………………………………………………………………… 34 

2.10.4 Molecular docking………………………………………………………………………………….. 34 

2.10.5 Targets for docking……………………………………………………………………………........ 35 

2.11 Data analysis and statistics………………………………………………………………………… 35 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

xv  

 

Chapter 3: Results and discussion………………………………………………………………………… 36 

3.1 Phytochemistry………………………………………………..……………………………………….. 36 

3.2 Cytotoxicity of the crude extract and fractions………………………………………...………… 42 

3.3 Cytotoxicity of 6-hydroxydopamine…………………………………………..……………………. 45 

3.4 Cytoprotective effect of the crude extract  and fractions.…………………………………….... 46 

3.5 Cytotoxicity and cytoprotective effects of the biomarkers…………………………………...... 54 

3.6 Intracellular reactive oxygen species generation……………………………………………..…. 57 

3.7 Apoptosis……………………………………………………………………………………………..… 60 

3.8 Mitochondrial membrane integrity…………………………………………………………………. 63 

3.9 In silico docking.……………………………………………………………………………………..… 66 

 

Chapter 4: Conclusion……………………………………………..…………………………………………. 72 

4.1 Limitations and recommendations………………………………………...……………………….. 73 

References………………………………………………………………………………………………………. 74 

Appendix I: Faculty of Health Sciences Research Ethics committee approval letter………………..….. 74 

Appendix II: Reagents and their preparation……………………………………………………………… 97 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

1  

 
 

Chapter 1: Introduction 

 

Neurodegenerative diseases are neurological conditions that lead to targeted impairment and 

sustained degradation of connections between neurons in the central nervous system (CNS).1 

These diseases can impact various aspects, including motor function, cognitive abilities, speech, 

and respiratory capacity.1 Examples of neurodegenerative diseases include Alzheimer's disease, 

Parkinson's disease (PD), spinocerebellar ataxia, and frontotemporal dementia.2 In 2019, more 

than 50 million individuals were diagnosed with a neurological disorder globally, a figure that is 

projected to rise to 152 million by 2060.2 Globally, these neurological diseases exhibit an 

incidence of 0.15% in individuals aged between 40 to 59 years, 1.52% in those aged 60 to 79 

years, and 1.90% in individuals over 80 years.3 The prevalence of neurological disorders in 

Europe is 1.6% for males and 1% for women aged 65 to 69, increasing to ~12.6% for those aged 

85 to 89.4 

 

Age is the primary risk factor for the development of neurodegenerative diseases, which include 

PD.5 Genetic and environmental factors also play a significant role in facilitating the onset of 

these disorders. Hereditary gene mutations, where faulty genes are passed from parents to 

offspring, are implicated in various neurological conditions.6 Additionally, prolonged exposure to 

specific chemicals and toxins, such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 

rotenone, have been associated with the development of PD.6 

 

Neurodegenerative disorders are primarily classified by their characteristic signs and symptoms, 

including memory loss, tremors and muscle rigidity.6 Diagnosing these disorders is challenging 

and often requires pathological examination for confirmation, with disease variability only 

verifiable at autopsy. Efforts are underway to develop reliable molecular markers for monitoring 

disease progression in clinical trials.7 

 

The World Health Organization (WHO) has warned that unless urgent measures are taken 

worldwide, the neurological burden will become a critical and unsustainable public health risk.8 

Although efficient treatments are sorely needed, such will only become attainable when the 

fundamental causes and processes of these neurological diseases are completely understood.   
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1.1 Parkinson’s disease 

 

1.1.1 Prevalence of Parkinson’s disease 
 

Parkinson's disease is the second most common neurological disorder globally, affecting 

approximately 1% of people over 60 and over 4% by age 85.9 Physical impairment and morbidity 

due to PD progress more rapidly than those caused by other neurodegenerative disorders. Over 

the past 25 years, the global prevalence of PD has doubled, with estimates from 2019 indicating 

that more than 8.5 million people were affected by the condition.9 Although incidence rates have 

risen significantly over the past 20 years, the underlying causes remain largely unknown.10  

Parkinson's disease was initially believed to be solely caused by environmental factors. However, 

recent studies indicate that a complex interaction between genetics and environmental factors 

contributes to disease progression. As a result, PD is recognised as a complex 

neurodegenerative condition resulting in a  range of clinical manifestations.11  

The symptoms of PD include tremors, difficulties with balance, bradykinesia (slowness of 

movement), and stiffness.12,13 The emergence of these motor symptoms is generally connected 

to the gradual degeneration of dopaminergic neurons, specifically in the substantia nigra pars 

compacta (SNpc). This neuronal degeneration leads to dopamine (DA) deficiency in the striatum, 

a deep brain region involved in promoting voluntary movement.14 As a result, the basal ganglia, 

a collection of subcortical nuclei crucial for movement regulation, becomes impaired. This 

dysfunction of the basal ganglia is the primary cause of movement disorders and impaired 

speech.14,15 In addition to motor symptoms, PD is coupled with various non-motor symptoms, 

some of which can manifest many years before motor impairment.11 These include constipation, 

sensory impairment, insomnia, and different neuropsychiatric symptoms. Despite this, motor 

symptoms remain the primary clinical diagnostic criterion for PD.16  
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1.1.2 Types of Parkinson’s disease 
 

 1.1.2.1 Sporadic Parkinson’s disease 
 

Sporadic PD is the most common form of PD, occurring randomly in the population without a 

clear hereditary or genetic cause. It is believed to result from a complex interaction of 

environmental factors, aging, and genetic susceptibility rather than a single identifiable gene 

mutation.17 Environmental pollutants, including pesticides like paraquat and toxins such as 

rotenone and MPTP, have been linked to sporadic PD. 1-Methyl-4-phenyl-1,2,3,6-

tetrahydropyridine, in particular, targets and degrades the nigrostriatal pathway, closely 

mimicking the clinical features of idiopathic parkinsonism.17-19 In addition to exposure to these 

neurotoxic substances, other factors such as living in rural areas, consuming groundwater, and 

working in professions like mining and farming, where exposure to toxic chemicals is more 

common, have been associated with a higher incidence of PD in individuals without a familial 

history of the disease.20,21  Age is also a major risk factor for the development of sporadic PD, 

with the condition often linked to mitochondrial dysfunction, neuroinflammation, and oxidative 

stress (OS).22 Most cases of PD are idiopathic, affecting individuals primarily between the ages 

of 55 and 65, with rare occurrences before 50.23,24  

 

 1.1.2.2 Familial Parkinson’s disease 
 

Familial Parkinson's disease is an inherited form of PD caused by defective genes passed from 

parents to their offspring.22 Only 10–15% of cases are familial and attributed to Mendelian 

inheritance. Mutations in five genes are associated with familial PD: α-synuclein (α-SN), DJ-1, 

leucine-rich repeat kinase 2 (LRRK2), phosphatase and tensin homolog-induced kinase-1 

(PINK1), and parkin.22 The pathological hallmark common to both idiopathic and dominantly 

inherited PD is the formation of Lewy bodies (LBs), eosinophilic intracellular protein clusters 

composed of fibrillar filaments.25 In familial PD, gene mutations lead to an early onset of 

symptoms and α-SN accumulation, which disrupts mitochondrial function. This mitochondrial 

dysfunction contributes to neurodegeneration in PD, hence research efforts focused on targeting 

mitochondrial function as a therapeutic approach.26 
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1.1.3 Biochemical markers of Parkinson’s disease 
 

1.1.3.1 α-Synuclein 

Alpha-synuclein is a protein found throughout the body, with particularly high concentrations in 

the brain, and is thought to play a critical role in the development of PD.17 This highly conserved 

protein plays an important role in regulating DA levels and facilitating vesicular 

neurotransmission.27 A key characteristic of α-SN is its tendency to aggregate and interact with 

DA, forming oligomers that eventually transition into amyloid fibrils, which are deposited in LBs.28 

These aggregates are linked to various toxic processes, including mitochondrial dysfunction, 

impaired autophagy, and membrane damage. Faulty protein aggregation is thought to contribute 

to cell damage and the eventual death of neurons.27 

 

1.1.3.2 Leucine-rich repeat kinase 2 
 
Leucine-rich repeat kinase 2 (LRRK2) is a large multidomain protein with two key enzymatic 

functions: guanosine triphosphatase (GTPase) and kinase activity.17 It plays an important role in 

regulating cytoskeletal vesicular transport, autophagy, and protein interactions.27 The LRRK2's 

kinase-dependent interaction with dynamin-like protein 1 (DLP1), a known mitochondrial fission 

factor, promotes DLP1 translocation to the mitochondria, leading to mitochondrial fission, which 

is essential for the generation of new mitochondria.27 Mitochondrial fission also plays a role in 

cellular quality control by aiding the elimination of impaired mitochondria.29 Overexpression of 

LRRK2 enhances DLP1 recruitment to mitochondria, causing mitochondrial fragmentation, 

increased phosphorylation, and higher ROS production.30 These abnormalities could potentially 

be addressed by inhibiting DLP1, suggesting that the LRRK2/DLP1 pathway regulates 

mitochondrial fission and clearance.30 

 

1.1.3.3 Parkin 
 
Parkin, an E3 ubiquitin ligase, plays a crucial role in PD pathogenesis by promoting mitochondrial 

biosynthesis, mitochondrial deoxyribonucleic acid (mtDNA) replication, and gene transcription, 

all of which are essential for sustaining mitochondrial respiration and function.17 Through the 

ubiquitin-proteasome system, parkin tags damaged or dysfunctional proteins with ubiquitin, 

marking them for degradation.17 It also maintains mitochondrial integrity by clearing defective 

mitochondria that can no longer function properly.27 Mutations in parkin hinder its ability to 

remove faulty mitochondria, resulting in the accumulation of ROS. Additionally, reduced parkin 
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function may promote the formation of cytotoxic protein aggregates, further advancing PD 

progression.17 

 

1.1.3.4 Phosphatase and tensin homolog induced kinase-1 
 

Phosphatase and tensin homolog-induced kinase 1 (PINK1) is a kinase that activates parkin 

during the autophagic removal of damaged mitochondria, helping to protect neurons from 

excessive ROS production.29 The PINK1 also supports mitochondrial stability by producing a 

mitochondrial protein involved in proteasome-induced apoptosis.31,32 However, mutations in 

PINK1 impair mitophagy, the process responsible for selectively clearing defective mitochondria. 

This leads to the accumulation of damaged mitochondria, making neurons more vulnerable to 

cellular stress and oxidative damage, which may increase the risk of developing PD.33,34 

 

1.1.3.5 DJ-1 
 
DJ-1 is a very small, dense protein found on the outer membrane of mitochondria in neuronal 

cells.29 It plays a crucial role in mitigating OS toxicity, regulating protein synthesis at the 

transcriptional level, and functioning as a molecular chaperone.29 DJ-1 helps neutralise free 

radicals through self-oxidation, enhances mitochondrial function, and promotes the synthesis of 

glutathione (GSH). It also regulates neurotransmitter signalling, which increases DA production, 

transport, and receptor activity.35 As a chaperone, DJ-1 assists in proper protein folding, refolds 

misfolded proteins, transports specific proteins to proteasomes, and contributes to ribonucleic 

acid (RNA) formation and regulation.35 Mutations in the DJ-1 gene reduces its ability to protect 

cells from OS-induced damage and impair its chaperone function, resulting in the toxic buildup 

of misfolded proteins, and ultimately cell death.36 When DJ-1’s protective functions are 

compromised, oxidative damage can destroy neuronal cells, contributing to 

neurodegeneration.37,38  

 

1.1.4 Neuropathological hallmarks of Parkinson's disease 
 

Several cellular pathways contribute to the pathophysiology of PD, with α-SN accumulation 

playing a central role in disease advancement. Key processes involved include faulty folding of 

proteins and accumulation, disruptions in neuronal transmission, inflammation of neurons, and 

mitochondrial dysfunction (Figure 1).39 These mechanisms ultimately result in the degeneration 

of nigrostriatal dopaminergic neurons and the accumulation of protein clusters in the cytoplasm, 

known as LBs. The degeneration of neurons that produce DA, depletes DA levels in the striatum, 
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disrupting the equilibrium between facilitatory and inhibitory signals in the basal ganglia, which 

triggers motor symptoms such as bradykinesia.40  

 

Figure 1. The cellular hallmarks of Parkinson's disease. (Reproduced with permission41) ROS: reactive 

oxygen species. 

 

1.1.4.1 Oxidative stress 
 

Oxidative stress is a harmful cellular state caused by excessive ROS production or accumulation, 

coupled with a weakened antioxidant defence system.42 Key ROS molecules, such as hydrogen 

peroxide (H2O2) and superoxide (O₂ ⁻ ), are central to this process. Microglia are the main source 

of ROS in the CNS, which are generated through cytoplasmic peroxides and mitochondrial 

oxidation reactions.43 Complexes I and III of the mitochondrial electron transport chain are the 

primary sources of O₂ ⁻ , which can be converted to H2O2  and subsequently broken down by 

GSH peroxidases and catalase (CAT).42  

The human body naturally generates ROS in amounts sufficient for key physiological functions, 

including immune system development, growth factor activation, and response to 

inflammation.44,45 Reactive oxygen species also contribute to apoptosis and cell formation 

regulation.44 However, an imbalance between ROS production and removal can be harmful, 

leading to neuronal damage and cell death, which contributes to the onset of neurodegenerative 

diseases.46 Excessive ROS production can impair protein function, disrupt intracellular signalling, 

and induce cell death. Additionally, ROS can activate pro-inflammatory pathways, creating a 

hostile environment for neurons already at risk.42  
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Oxidative stress plays a crucial role in the pathophysiology of PD and can be induced by multiple 

factors, such as genetic mutations, mitochondrial dysfunction, DA autoxidation, iron 

accumulation, and neuroinflammation. These factors collectively lead to excessive ROS 

production, as depicted in Figure 2.47 This overproduction of ROS significantly impacts cellular 

components like proteins, lipids, and deoxyribonucleic acid (DNA), making cells vulnerable to 

damage and initiating programmed cell death pathways.48 This process is especially problematic 

when antioxidant defence is insufficient, a condition that worsens with age.48  

 

 

Figure 2. Processes that cause the formation of excessive reactive oxygen species, leading to oxidative 

stress in Parkinson's disease. (Reproduced with permission49) ROS: reactive oxygen species; PINK-1: 

phosphatase and tensin homolog-induced kinase 1; SNCA: alpha synuclein; UCH-L1: ubiquitin carboxyl-

terminal hydrolase L1; NOS: nitric oxide synthase.  

 

Dopamine, a key neurotransmitter required for coordinating movement by regulating synaptic 

transmission between neurons, is produced by dopaminergic neurons. In PD, patients 

experience movement disorders primarily due to DA deficiency.50 Neuronal degeneration in PD 

results from both neuroinflammation and OS.29 The SN, with high oxygen demand, but limited 

antioxidant enzymes like CAT and superoxide dismutase (SOD), renders dopaminergic neurons 
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particularly vulnerable to OS.42 In the cytoplasm, DA can undergo autoxidation, forming quinones 

that further degrade into ROS.51 Additionally, monoamine oxidases (MAO) generate ROS, 

particularly H₂ O₂ , as a byproduct of DA metabolism. Any factor that raises cytoplasmic DA 

levels can increase DA autoxidation and ROS production, contributing to PD development.29  

 

1.1.4.2 Mitochondrial dysfunction 
 

Mitochondria play a crucial role in various biological functions, including energy production 

through adenosine triphosphate (ATP) synthesis, maintaining cellular calcium ion homeostasis, 

lipid synthesis, iron-sulphur cluster formation, fatty acid degradation, and regulation of the 

apoptotic process.52 The most important function of mitochondria is to convert nutrients and 

oxygen into ATP; in fact, mitochondria provide more than 90% of the ATP required by cells. 

Neurons exhibit extensive metabolic rates; therefore, they rely greatly on mitochondria to 

generate ATP, which results in the production of O2
- and H2O2 free radicals.53  

The mitochondrial membrane potential (MMP), generated by proton pumps in the electron 

transport chain (ETC), serves as a vital indicator of mitochondrial function, reflecting the electron 

transport and oxidative phosphorylation processes essential for ATP synthesis.54,55 The MMP 

and ATP levels in the cell are relatively constant during normal physiological activity. As 

mentioned earlier, the MMP plays an important role in maintaining mitochondrial stability by 

selectively eliminating defective mitochondria and ensuring the transfer of ions and proteins 

necessary for proper mitochondrial activity.54 Prolonged decreases or increases in MMP levels 

can result in a loss of cell viability, which contributes to the manifestation of a variety of 

diseases.56 

The mitochondrial ETC is located in the inner cell membrane of the mitochondria (Figure 3) and 

consists of six components, namely complex I (C I), complex II (C II), coenzyme Q (CoQ) 

complex III (C III), cytochrome c (Cyt c) and complex IV (C IV).52 These complexes stimulate the 

transformation of the reduction analogues from high-energy compounds that arise from the Krebs 

cycle reactions to oxygen and ultimately create an electrochemical gradient that crosses through 

the inner membranes of the mitochondria and drives the synthesis of ATP via ATP synthase.56 

Electrons produced by the reduction of nicotinamide adenine dinucleotide (NADH) to NAD+ or 

flavin adenine dinucleotide (FADH2) to FAD via C I and C II are transported via CoQ, C III, Cyt 

c, and C IV, which employs an electron to convert O2 to H2O (Figure 3). Complexes I, II, and IV 

pump protons into the inter-membrane space as electrons are transferred from the mitochondrial 
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matrix. This generates a concentration gradient of H+ ions, which ATP-synthase uses to convert 

ADP into ATP.53  

  

 

Figure 3. Depiction of the electron transport chain in the mitochondria, which is involved in oxidative 

phosphorylation. (Figure obtained from Research Commons) ADP: adenosine diphosphate, ATP: 

adenosine triphosphate, C I: Complex I, C II: Complex II, C III: Complex III, C IV: Complex IV; CoQ: 

coenzyme Q; Cyt c: cytochrome c; e-: electrons; FAD: oxidised flavin adenine dinucleotide; FADH2: 

reduced flavin adenine dinucleotide; H+: protons; H2O: water; NADH: reduced nicotinamide adenine 

dinucleotide; NAD+: oxidised nicotinamide adenine dinucleotide; O2: dioxygen. 

 

Several gene mutations, including α-SN, LRRK2, parkin and PINK1, have been linked to 

mitochondrial dysfunction and are the primary cause of familial PD (Figure 4).57 In mitochondrial 

dysfunction, C I activity in SN neurons is inhibited by α-SN accumulation or exposure to toxins 

(such as rotenone). Inhibition of C I disrupt the ETC function, thereby disrupting calcium 

homeostasis and ATP production, as well as inducing OS.54 Changes in these genes can also 

lead to faulty mitophagy (the elimination of defective mitochondria via autophagy), resulting in 

the accumulation of defective mitochondria in neurons.58 The interaction between these impaired 

functions leads to mitochondrial dysfunction, which ultimately results in  neurodegeneration.59  
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Figure 4. Depiction of the mechanisms which underlie mitochondrial dysfunction in Parkinson's disease; 

oxidative stress, defective mitophagy, impaired electron transport chain activity, calcium imbalance, and 

impaired biogenesis. (Figure redrawn with permission59) Ca2+: calcium; PINK 1: PTEN-induced kinase 1; 

LRRK2: leucine-rich repeat kinase. 

Natural antioxidants have been suggested as potential therapies to prevent age-related 

neurological disorders.60 The human body produces antioxidants to defend against OS.61 Both 

synthetic and natural antioxidants work to neutralise free radicals, repair ROS-induced damage, 

enhance immune function, and reduce the risk of degenerative diseases.61  Thus, maintaining 

an optimal balance between ROS and antioxidants in mitochondria is essential for the proper 

functioning of cells, tissues, and organs.62  

As PD is a complicated condition where mitochondrial damage and OS play a significant role in 

nigrostriatal dopaminergic neurodegeneration, antioxidants that inhibit both mechanisms are 

potential agents for the treatment of PD.62 Phenols and flavonoids are among the most prevalent 

antioxidants and have indicated promising neuroprotective effects towards DA oxidation damage 

in various PD models.63,64 Phenolic compounds help prevent the metabolism of hydroperoxides 

into free radicals and removes reactive lipid species, while flavonoids act as free radical 

scavengers, have anti-inflammatory properties, and immunomodulating activities.63  
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To support the rationale for using natural antioxidants in PD, clinical trials and in vitro studies 

have explored their role in reducing OS and neurodegeneration. For example, a clinical trial on 

CoQ10, a potent antioxidant, was reported to slow down the progression of PD symptoms, 

demonstrating its therapeutic potential.65 In vitro studies on Ginkgo biloba have revealed its 

antioxidant properties, and in animal models, extracts were found to protect dopaminergic 

neurons by reducing OS and preserving mitochondrial function.66  

 

1.1.4.3 Cell death 
 

Neuronal death occurs during the regular proliferation of neuronal cells and as a result of various 

pathological conditions such as acute injury, haemorrhage, pathogens, or genetic abnormalities. 

Neuronal death occurs primarily through two fundamental processes: apoptosis and necrosis.67 

In many neurodegenerative diseases, including PD, apoptosis is the primary pathway to neuronal 

death, making these pathways attractive potential treatment targets.68  

 

1.1.4.3.1 Apoptosis 
 

Apoptosis is a highly conserved biochemical process that has remained largely unchanged 

throughout evolution.69 It consists of a sequence of energy-dependent events and is 

characterised by anatomical and physiological changes such as cell shrinkage, membrane-

forming protrusions, segregation, chromatin condensation, and fragmentation of DNA.67 Unlike 

necrosis, apoptosis preserves membrane integrity, preventing the expulsion of cell elements into 

the extracellular environment. Instead, dying cells form apoptotic bodies, which are recognised 

by neighbouring cells and phagocytosed without triggering a response to inflammation.70 

Apoptosis is biochemically defined by higher rates of protein breakdown and enhanced activity 

of caspase.71 

Apoptosis is regulated by various initiator and executioner caspases and occurs via two primary 

pathways: the intrinsic and extrinsic pathways, subject to where the cell death signal originates 

(Figure 5).72 In the extrinsic pathway, apoptosis is induced by the stimulation of trimeric receptors 

on the cell surface known as 'death receptors' (e.g., Fas receptor).72 When ligands (e.g., Fas 

ligand) bind to the receptors, they form a death-receptor complex that activates pro-caspase-8, 

cleaving it into caspase-8.62,73 Caspase-8, in turn, stimulates executioner caspases -3, -6, and -

7, which break down substrates like poly (ADP-ribose) polymerase (PARP), plasma membrane 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

12  

cytoskeletal proteins, and nuclear proteins, leading to  structural and biochemical modifications 

associated with apoptosis.62,73,74  

The intrinsic pathway is triggered by cellular stress, such as DNA damage, increased ROS 

production, or exposure to neurotoxins (Figure 5).75 Neurotoxin accumulation in the mitochondria 

of dopaminergic neurons inhibits C I, resulting in reduced ATP production and increased ROS 

production.76 This impairs MMP, causing a loss of MMP and the opening of the mitochondrial 

permeability transition (MPT) pore.62 When the MPT pore opens, Cyt c is expelled and integrates 

with apoptotic protease-activating factor-1 (Apaf-1) and caspase-9 to form an apoptosome.77 

This energy-dependent process then recruits executioner caspases, initiating the apoptotic 

cascade (Figure 5).62  

 

Figure 5. Diagram indicating the intrinsic and extrinsic apoptotic pathways of cell death. (Reproduced 

with permission67) BAX: Bcl-2 associated X protein; Apaf 1: apoptotic protease activating factor 1. 

1.1.4.3.2 Necrosis 

Necrosis is an irreversible type of cell death caused by severe cellular stress such as injury, 

infection, or oxidative damage.78,79 Necrosis, in contrast to apoptosis, does not follow a 

systematic mechanism for cellular disintegration; rather, it entails organelle expansion, plasma 

membrane rupture, and cellular lysis, resulting in the release of the intracellular contents into 

adjacent tissue and inciting an unwanted inflammatory response (Figure 6).80 The subsequent 
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inflammatory cascade not only causes harm to local cells, but it can also increase stress signals 

across the tissue, exacerbating the injury, contributing to disease progression.80 

 

.  

Figure 6. Morphological patterns of cell death via necrosis and apoptosis. (Reproduced with permission81) 

Necroptosis, also known as programmed necrosis, is a controlled type of cell death where 

apoptosis is suppressed, and necrotic pathways are stimulated by apoptotic signals such as 

Fas and TNF-α.82,83 Unlike traditional necrosis, necroptosis is a regulated process involving 

receptor-interacting protein kinases (RIPK1 and RIPK3) and mixed lineage kinase domain-like 

protein (MLKL).84 When death receptors such as TNF-α or Fas are activated, RIPK1 and RIPK3 

produce an aggregate, the necrosome, which triggers necroptosis.85 This necrosome formation 

causes RIPK3 to phosphorylate MLKL, which then assembles and integrates in the cell 

membrane, destroying its integrity and resulting in cellular rupture.86 This rupture causes cellular 

contents to "leak" into the surrounding environment, triggering a localised inflammatory 

response.87 Elevated inflammatory markers have been detected in the brains of individuals with 

neurodegenerative disorders, such as PD, suggesting that inflammatory cell death, potentially 

through mechanisms like necroptosis, may contribute to the neuronal damage linked to the 

disease.22,88 
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1.1.5 Current treatments for Parkinson’s disease 

At present, there is no cure for PD.89,90
 Current pharmaceutical treatments aim to alleviate 

symptoms by targeting motor coordination, autonomic functions, memory, and other neurological 

processes in the brain rather than providing a cure.91 Treatment plans for PD are highly 

individualised, tailored to each patient's specific needs and circumstances.92
  Medications such 

as DA agonists, MAO inhibitors (MAOIs), DA precursors (e.g., levodopa), and anticholinergics 

are commonly used to manage the motor symptoms of PD (Figure 7).93  

 

 

 

Figure 7. Current treatments of Parkinson's disease. (Figure obtained from Research Commons) 3-MT: 

3-methoxytyramine, 3-OMD: 3-O-methyldopa, COMT: catechol-O-methyltransferase, DOPAC: 3,4-

dihydroxyphenylacetic acid, L-dopa: levodopa, MAO: monoamine oxidase. 
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1.1.5.1 Conventional therapy 

 
As discussed in Section 1.1.1 (page 2), the primary cause of motor impairment in PD is the loss 

of dopaminergic neurons in the SNpc, leading to decreased DA activity in the striatum. Current 

approved treatments aim to increase DA levels in the striatum to alleviate motor symptoms.94 

However, these therapies provide only temporary relief, as their effectiveness decreases with 

the progression of dopaminergic neurodegeneration.94 The conventional therapies outlined 

below emphasise the biological processes that regulate DA levels to help manage PD 

symptoms.94  

 

1.1.5.1.1 Levodopa 
 

More than sixty years after its discovery, levodopa (L-dopa) remains the primary medication for 

treating PD, largely due to its higher compliance rate compared to other PD drugs.92 Levodopa, 

a DA precursor, is absorbed in the intestines, crosses the blood brain barrier (BBB) through 

amino acid transport, and is converted into DA within the CNS, thereby increasing DA levels in 

the SN (Figure 7).92,95  

 

The effectiveness of L-dopa diminishes as the disease progresses, because the bioavailability 

of L-dopa in the brain decreases due to the loss of dopaminergic neurons and receptors.90,96,97 

Therefore, it is frequently co-administered with peripheral DA decarboxylase inhibitors (such as 

benserazide or carbidopa), which prevent the metabolism of L-dopa to DA outside the brain, 

enhancing its CNS absorption and reducing peripheral side effects.90,98  

 

Levodopa therapy can lead to side effects, including motor fluctuations, hallucinations, 

orthostatic hypotension, dyskinesia, and "wearing-off" effects, where PD symptoms reappear as 

the drug's effects wane.92 These motor fluctuations are common due to L-dopa’s short half-life; 

consequently, it is often combined with other medications, such as DA agonists, to achieve an 

"L-dopa-sparing effect" and prolong its duration of action.99  

 

1.1.5.1.2 Dopamine receptor agonists 
 

In patients younger than 50 years, DA agonists are often used as the first-line treatment to delay 

the initiation of L-dopa therapy and reduce the risk of L-dopa-induced dyskinesia.94 These 

agonists are effective as monotherapy for mild to moderate PD.91 They provide temporary relief 
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from PD symptoms by increasing DA production, mimicking DA’s function, and reducing its 

oxidative breakdown (Figure 7).40,100  

 

Dopamine receptor agonists stimulate striatal DA receptors directly, without the need for 

chemical modification as required for L-dopa.101 Additionally, they have a longer duration of 

action than L-dopa and have do not compete with plasma amino acids for absorption or 

transportation to the brain.102 Potential side effects of DA agonists may include cognitive 

abnormalities, orthostatic hypotension, and motor dysfunction, such as dyskinesia.99   

 
1.1.5.1.3 Catechol-O-methyltransferase inhibitors 
 

Catechol-O-methyltransferase (COMT) is an enzyme that metabolises DA into 3-

methoxytyramine (3-MT),  which thereafter undergoes oxidation by MAO B to generate inactive 

metabolites (Figure 7).94 In the absence of COMT inhibitors, a much smaller amount of L-dopa 

reaches the CNS because it is metabolised into 3-O-methyldopa in the intestine through COMT 

activity.94 The accumulation of 3-O-methyldopa, a metabolite of L-dopa, can increase the toxic 

effects associated with long-term L-dopa treatment.102  

 

Catechol-O-methyltransferase inhibitors allow more L-dopa to enter the CNS, enhancing its 

bioavailability and extending its elimination half-life. Medications like entacapone and tolcapone 

are used to manage the "wearing-off" effects experienced by patients on L-dopa. However, these 

medications may cause side effects, including severe diarrhoea, dyskinesia, and, in the case of 

tolcapone, liver damage, requiring close patient monitoring.99  

 
1.1.5.1.4 Monoamine oxidase inhibitors  

 

Monoamine oxidase B is an enzyme that breaks down DA to produce 3,4-dihydroxyphenylacetic 

acid (DOPAC), which is then converted into HVA by COMT (Figure 7).103 These drugs are 

responsible for increasing the concentration of free DA in the synaptic cleft by preventing its 

degradation by MAO, thus extending the duration of action of L-dopa.92,104 Rasagiline and 

selegiline are examples of drugs in this class. Rasagiline is the more potent of the two drugs and 

has been shown to be effective in treating the "wearing off" effects caused by prolonged L-dopa 

therapy.92 However, MAO B inhibitors are not typically the first-line treatment for PD due to 

several dietary restrictions, potential side effects, and safety concerns, as well as their propensity 

to cause drug-to-drug and drug-food interactions.102,105  
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1.1.5.1.5 Other drugs 

 

Acetylcholine (ACh) is a neurotransmitter involved in both brain and body functions, including 

muscle contractions.106 In PD, DA deficiency impairs the inhibition of ACh release by muscarinic 

auto receptors, leading to an excessive release of ACh.106 This overproduction disrupts the 

transmission of signals from the motor control centres of the cerebral cortex by affecting the 

nerve endings of the striatal indirect pathway neurons.102 Excess ACh in the brain can cause 

CNS depression, speech disorders, seizures, impaired mobility, and respiratory difficulties.106 As 

a result, anticholinergic medications like benztropine and trihexyphenidyl are effective in reducing 

mobility issues in patients with early-stage PD or those resistant to conventional Parkinson's 

treatments.93 While these medications do not directly affect dopaminergic signalling, they modify 

ACh activity, which plays a role in movement regulation, helping to alleviate tremors and 

dystonia.94 However, anticholinergics must be used cautiously due to side effects such as urinary 

retention, dry mouth, memory loss, and vision problems.99  

 

1.1.5.2 Challenges with current pharmacological treatments 

 

To control motor symptoms, patients often require increased doses, additional therapies, or 

adjustments to their treatment plan.5 Choosing the right combination of drugs and personalised 

dosages is crucial for effective PD management. However, even with these adjustments, patients 

frequently experience ongoing motor and neurological issues. Due to the significant side effects 

associated with conventional PD medications, which primarily alleviate symptoms without 

targeting the underlying DA depletion in the SN, there is a pressing need for innovative 

therapeutic approaches with improved safety profiles.92  

 

Although PD remains incurable, current research is dedicated to discovering improved 

treatments with fewer side effects. Traditional medicinal herbs and their bioactive phytochemicals 

are emerging as a promising path for developing safer, more effective  therapies.102 Rather than 

targeting a single pathway, plant-based therapeutic compounds are gaining attention for their 

ability to address multiple pathogenic mechanisms, making them particularly relevant for tackling 

the complexities of neurodegenerative diseases.107  

 

1.1.6 Medicinal plant therapy 
 

Plants have long played a vital role in healing human injuries and illnesses.108 The increasing 

recognition of natural products has amplified the demand for medicinal plants in both developed 
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and developing nations.108 Herbal medicine remains integral to both traditional and modern 

medical practices.108 Plants produce a wide variety of secondary metabolites, which are essential 

sources for numerous pharmacological drugs.108 Many studies underscore the diverse 

therapeutic and pharmacological benefits of medicinal plants.109-111 

Therapeutics derived from plants originally took the form of basic pharmaceuticals such as 

powders, teas, vaporisers, and other natural remedies.112,113 Since the early 1900s, when 

morphine was first extracted from opium, the isolation and extraction of active compounds from 

plants for medicinal purposes became increasingly important.114 Along with morphine, other 

drugs like codeine, digoxin, and quinine were also derived from herbal remedies, many of which 

remain in widespread use today.115,116 In recent years, drug development strategies have 

focused on standardising herbal remedies, identifying analytical marker compounds, and 

expanding research across a variety of topics and methodologies.117 The two plants explored in 

this study for their in vitro effects on PD are discussed below. 

 

1.1.6.1 Catha edulis 
 
Catha edulis Forsk., commonly known as Khat (Figure 8), is a small, evergreen, flowering shrub 

belonging to the Celastraceae family.118 Native to Africa and Yemen, this psychostimulant plant 

thrives in regions such as Ethiopia and other neighbouring African countries, including South 

Africa.119  

 

Khat chewing has been associated with improved social interaction, enhanced individual 

performance, and increased work productivity.120 It is also traditionally used for self-medication, 

particularly for treating obesity and depression. Medicinally, Khat chewing has been used to treat 

asthma, reduce appetite, and combat fatigue. However, heavy use is linked to increased rates 

of psychosis and depression.120 Chronic consumption of C. edulis can lead to dependency, liver 

toxicity, sexual dysfunction, cardiovascular issues, and psychosis, among other side effects.120 

Despite these toxic effects, reports suggest that they also have therapeutic potential, such as 

antimicrobial effects, antidepressant-like effects, and possible applications in regeneration of 

neuronal tissues.119 Khat has gained global popularity.118,120 Regular users of the herb report 

feelings of comfort, euphoria, heightened mental alertness, and an overall sense of enjoyment.120 

 

The primary active compounds in C. edulis are cathine, norephedrine, and cathinone, which are 

responsible for its toxicological and medicinal effects.121 These compounds share structural 

similarities with amphetamine and noradrenaline, and the ß-keto analogue of amphetamine may 
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lead to dependence through its psychostimulatory effects on the nervous system.121 Fresh Khat 

leaves are estimated to contain 8 mg of norephedrine, 36 mg of cathinone, and 120 mg of cathine 

per 100 g of leaves.120  

   

 

Figure 8. Catha edulis pant: A) tree, B) flowers, and C) leaves.122 

 

 1.1.6.2 Datura stramonium 
 

Datura stramonium L., commonly known as Jimsonweed (Figure 9), is an annual plant belonging 

to the Solanaceae family.123 Datura stramonium  is commonly used in Africa to treat injuries, 

swelling, fever, and respiratory ailments.124 The plant’s dried leaves, roots, or flowers are 

commonly smoked to relieve asthma and cough. Infusions of the leaves are used to alleviate 

insomnia, relax bronchial muscles in asthma, and treat conditions like diarrhoea and peptic 

ulcers.108,125 The leaves are applied as an ointment for swelling, wounds, and burns.126  

 

This herbaceous shrub has been extensively studied for its production of tropane alkaloids, 

atropine and scopolamine, which contain a methylated nitrogen molecule (N-CH3) and serve as 

the source of anticholinergic compounds.108,123  While highly toxic, especially in its seeds and 

leaves, controlled doses of D. stramonium are used for therapeutic purposes.119,123,127   

 

Phytochemical analysis of D. stramonium has revealed the presence of carbohydrates, tannins, 

saponins, flavonoids, alkaloids, phenols, and glycosides.108 Atropine and scopolamine, the main 

pharmacologically active compounds, are CNS depressants that act as competitive antagonists 

of muscarinic cholinergic receptors. Scopolamine, which affects the CNS and digestive system, 

is also used to manage PD symptoms.70  

B A

 
 B 
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Figure 9. Datura stramonium plant: A) leaves and flower, and B) seedpods.128 

 
1.2 In vitro experimental models for Parkinson’s disease 

 

Over the years, several preclinical models have been developed ranging from cell lines to animal 

models to study the aetiology and pathogenesis of various diseases in humans.16 In vitro models, 

such as basic cell cultures, offer a controlled environment ideal for investigating specific 

pathogenic pathways and identifying the genes and proteins involved.16 Several in vitro models 

of PD use neurotoxins to mimic important disease characteristics.16,19 

 

A human neuroblastoma cell line (SH-SY5Y) and a rat pheochromocytoma cell line (PC12) are 

among the most frequently used due to their neuronal features.129  Upon development, these cell 

lines produce and release catecholamines while also developing neuron-like structures such as 

neurites. They are useful models for PD research because they are easier to maintain than 

primary neurons.130,131 SH-SY5Y cells, specifically, resemble immature catecholaminergic 

neurons, with neurite structures and neuronal marker expression In their undifferentiated state.132 

Even so, they are a good model for investigating PD-related characteristics like mitochondrial 

dysfunction, OS, and dopaminergic signalling.133  

 

Neurotoxins such as 6-OHDA, MPTP, rotenone, and paraquat are commonly used in 

cellular models to create PD-like pathology, with each mimicking distinct hallmarks of the 

disease's pathogenesis.132 For example, 6-OHDA produces OS and preferentially damages 

dopaminergic neurons, which closely resembles the neuronal loss seen in PD.134 MPTP, 

conversely, passes through the BBB and impairs mitochondrial activity, resulting in LB 

formation also observed in PD patients.135 Rotenone similarly disrupts mitochondrial function and 

induces α-SN aggregation, both of which are key contributors to neurodegeneration in PD.136 

A B A 
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Paraquat, a known inducer of OS, has variable effects on motor function.137 Together, these 

neurotoxins provide valuable insights into the mechanisms of PD and aid in evaluating potential 

therapeutic strategies. 

 

SH-SY5Y cells and 6-OHDA were selected for their proven use in mimicking PD. SH-SY5Y cells 

have human-derived dopaminergic properties, are easy to differentiate, and are widely used in 

PD studies, which makes them more reliable than other cellular models such as PC12. 6-

Hydroxydopamine, with its ability to precisely target dopaminergic neurons and induce OS, 

provides a focused approach to studying PD pathology. Together, these models provide 

important insights into PD processes and treatment possibilities. 

 

1.2.1 Human neuroblastoma cells 

 

The SK-N-SH cell line, which resembles undeveloped responsive neuroblasts, is the source of 

SH-SY5Y cells. Since the loss of dopaminergic neurons is a hallmark of PD, the SH-SY5Y cells 

are best suited for in vitro PD research.112,138 They exhibit nerve cell-like processes and express 

key components of the DA uptake system, such as the DA transporter (DAT), a protein found 

exclusively in dopaminergic neurons of the CNS, which maintains DA balance through specific 

uptake, and vesicular monoamine transporter (VMAT), which facilitates DA storage.134,138 

Additionally, SH-SY5Y cells can produce DA due to the expression of DA-β-hydroxylase and 

tyrosine hydroxylase, enzymes involved in neurotransmitter synthesis.138  

 

A drawback is that the SH-SY5Y cells represent immature neurons and hence treatment with 

retinoic acid (RA), is required to differentiate these cells to obtain a more distinct dopaminergic 

neuronal phenotype.133 However, these differentiation-inducing agents may induce tolerance, 

making it difficult to assess cytotoxicity or cytoprotection in the differentiated cells.138 Therefore, 

undifferentiated SH-SY5Y cells are used in the experimental research on PD, as they represent 

a suitable model for studying cytotoxicity and cytoprotection. However, the cells require treatment 

with compounds such as 6-OHDA, MPTP, paraquat, and rotenone to stimulate neuronal 

damage, thereby mimicking the degeneration of dopaminergic neurons in patients with PD.   

 

The toxin of choice to induce neuronal damage in this study was 6-OHDA.139-141 It is well-

established that 6-OHDA contributes to the generation of H2O2 and other ROS, which can 

damage the cellular structure as well as the function of the SN.134 The harmful effects of 6-OHDA 

are also linked to DNA damage, lipid oxidation, depletion of naturally occurring GSH, and 
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neuronal degeneration.142,143 As shown in Figure 10, 6-OHDA is structurally similar to DA, but is 

hydroxylated, allowing it to specifically target and destroy dopaminergic/ catecholaminergic 

neurons due to its high affinity for the DA transporter.144,145  

  

 

Figure 10. Chemical structures of dopamine and 6-hydroxydopamine (6-OHDA), indicating the 

structural similarity. (Figure obtained from Research Commons) 

 

The mechanism of action of 6-OHDA to simulate neurodegeneration involves its selective toxicity 

toward dopaminergic neurons. This neurotoxin enters the cells via the DA transporter, where it 

accumulates and undergoes non-enzymatic auto-oxidation, thus increasing the formation of free 

radicals such as O2
- or OH  (Figure 11).146 Increased production of free radicals damages nucleic 

acids and proteins in neurons and disrupts mitochondrial functions by inhibiting the function of C 

I and IV which disrupts the downstream processes, resulting in decreased ATP production, which 

then induces apoptosis of the dysfunctional neurons.134 

 

Figure 11. Mechanism of action of 6-hydroxydopamine in nerve cells. (Reproduced with permission144) 

6-OHDA: 6-hydroxydopamine, ATP: adenosine triphosphate, C I: complex I, DAT: dopamine 

transporter, ROS: reactive oxygen species. 
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1.3  In silico docking 

 

In silico docking, also known as molecular docking, is a computerised technique for simulating 

the interaction of a ligand with a target protein, determining binding affinity and ideal orientations 

within the receptor binding site.147,148 This approach provides accurate understanding of 

interactions between molecules, allowing researchers to assess the efficacy and selectivity of 

compounds. In the context of PD, in silico docking is useful for identifying and improving drugs 

that target critical receptors, such as D1 and D2 receptors, which play an important role in the 

irregularities in motor function associated with PD.149  

 

In silico docking simulates the binding of ligands to these receptors, allowing researchers to 

estimate the affinity the proposed ligands have for the selected targets. This speeds up the drug 

development process by selecting potential candidates for in vitro and in vivo testing, minimising 

the requirement for extensive experimental screening.150 Furthermore, it lays the foundation for 

the development of accurate and efficient therapeutics by providing extensive knowledge into 

the molecular processes that regulate receptor modulation. This method is very useful in 

designing targeted treatments that can potentially enhance PD outcomes.151 

 

1.4 Aim and objectives 

 

The aim of the study was to determine the effect of the crude extract and fractions of Catha edulis 

and Datura stramonium, on 6-OHDA-induced cytotoxicity in the SH-SY5Y human neuroblastoma 

cell line, which serves as a model of PD. 

The objectives of the study were to:  

● Conduct phytochemical screening to confirm the presence of chemotaxonomic markers of C. 

edulis and D. stramonium, using ultra-performance liquid chromatography-mass 

spectrometry. 

● Assess inherent cytotoxicity of fractions and crude extract on SH-SY5Y neuroblastoma cell 

density using the SRB assay. 

● Assess the effect of 6-OHDA on SH-SY5Y neuroblastoma cell density using the 

sulforhodamine B (SRB) assay. 

● Determine the cytoprotective ability of crude extracts and fractions on 6-OHDA-induced 

cytotoxicity in SH-SY5Y cells using SRB assay. 
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● Determine the IC50 of pure compounds (atropine and scopolamine) and their cytoprotective 

ability on 6-OHDA-induced cytotoxicity in SH-SY5Y cells using the SRB assay. 

● Assess cellular morphology using phase contrast microscopy. 

● Assess the neuroprotective mechanism of action of C. edulis and D. stramonium extracts and 

fractions in the SH-SY5Y neuroblastoma PD model by determining the following parameters: 

o intracellular ROS generation using the 2',7'-dichlorodihydrofluorescein diacetate 

(H2DCFDA) assay.  

o anti-apoptotic properties using the Ac-DEVD-AMC cleavage assay. 

o mitochondrial membrane integrity using the mitochondrial staining assay. 

● Conduct in silico docking analysis of C. edulis and D. stramonium chemotaxonomic markers 

to assess binding affinities with D1 and D2 receptors. 
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Chapter 2: Materials and methods 

 

Approval to conduct this study was obtained from the Research Ethics Committee of the Faculty 

of Health Sciences, University of Pretoria (Appendix I). All reagents used, as well as the 

preparation thereof are listed in Appendix II. 

 
2.1 Plant material 

 

Catha edulis (PM0001, leaves) and Datura stramonium (P12600, Leaf/root mixture) was 

transferred from the Council for Scientific and Industrial Research (CSIR) to the Natural 

Compound Library at the Department of Chemistry, University of Pretoria. The dried plant 

material was stored in Ziploc bags at room temperature in the dark. 

 
2.2 Preparation of plant extracts 

 

Extraction was undertaken in sintered glass funnels fitted with stopcocks and labelled with the 

sample code. Pre-ground dried plant material (7.0 to 7.3 g) was added to a glass flask. 

Thereafter, 50 mL dichloromethane (DCM): methanol (MeOH), at a ratio of 1:1 was added to the 

funnels, which were partially submerged in an ultrasonic bath (containing water at room 

temperature) for 1 h. The water temperature was maintained below 25°C to ensure the DCM did 

not evaporate. After the first extraction, the solvent mixture was filtered using a Whatman 

qualitative filter paper (Grade 1, 150 mm; Sigma Aldrich, St Louis, USA) into round-bottom flasks 

and stored at room temperature in the dark. The marc was extracted a second time with 100% 

MeOH (50 mL) and the procedure repeated. 

 

The DCM:MeOH and MeOH extracts were combined in round bottom flasks and dried under 

reduced pressure using a rotational evaporator (Buchi Rotavapor R-300, with a Buchi B-300 

Heating Bath and a Buchi V-300 Vacuum Pump; Labotec, Midrand, South Africa). After drying, 

the extracts were reconstituted in MeOH, transferred into pre-weighed 10 mL glass polytops, and 

dried at 35°C for 6 h using a Genevac® EZ-2 Plus Mk III centrifugal evaporator (United Scientific, 

Ipswich, United Kingdom). 

 

After drying, a portion of the crude extract was transferred into pre-weighed 10 mL plastic tubes 

for fractionation. The crude extract was reconstituted in a 6:3:1 mixture of HPLC-grade (>98%) 

MeOH: ethyl acetate (EtOAc): methyl tert-butyl ether (MTBE), the amount which was determined 
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by the Hamilton® Microlab® STARLETTM M automated liquid handler (Hamilton Robotics, Inc; 

Nevada, United States of America) and vortex-mixed until solubilised. 

 

The solubilised crude extract was decanted onto dental cotton wool inserted into 10 mL glass 

polytops and dried via centrifugal reduced pressure. Once dried, the crude extract-saturated 

cotton wool was inserted into empty 6 cc polypropylene Strata® (Phenomenex®) solid-phase 

extraction (SPE) cartridges containing a single frit (Separations, Phenomenex; Torrance, 

California, USA) and stored at 4°C till use. 

 

Fractionation was carried out using a Gilson® GX-241 ASPEC® liquid handler (Gilson Scientific 

via LASEC SA (Pty) Ltd, Gilson Inc.; Middleton, Wisconsin, USA) and C8 HyperSep® 2 g/6 mL 

cartridge (Anatech Instruments (Pty) Ltd, ThermoFisher Scientific Inc.; Waltham, USA). The 

absorbent of the cartridge was activated with 100% MeOH (11 mL), thereafter with MeOH: H2O 

(5:95) using a Gilson® Verity® 4060 solvent pump (Gilson Scientific via LASEC (Pty) Ltd, Gilson 

Inc.; Middleton, Wisconsin, USA). The cotton wool-loaded cartridges were fitted onto C8 

HyperSep® cartridges and fractionated at a flow rate of 10 mL/min with a washout step for the 

injector between each solvent system. Fractions were labelled with the suffix F1 to F7 to indicate 

the gradient solvent system used. An aqueous solvent system was used for F1 to F6 with an 

increasing gradient of MeOH, after which F7 was created using MeOH: acetonitrile (ACN)  [1:1, 

v/v] (Table 1). After elution of the fraction using pressurised air, each fraction was stored in a 

barcoded plastic tube at -40°C until use. 

 

Table 1. The proportion of solvent used per volume during fractionation.  

 

Fraction 

Solvent (% by volume) 

MeOH H2O 
 

ACN 

F1 5 95 0 

F2 20 80 0 

F3 40 60 0 

F4 80 20 0 

F5 90 10 0 

F6 100 0 0 

F7 50 0 50 

ACN: acetonitrile, H2O: water, MeOH: methanol 
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Once fractionation was completed, the fractions were pipetted into a 96 deep-well plate 

(BioPointe Scientific Inc. via Separations (Pty.) Ltd., BioPointe Scientific Inc.; Claremont, 

California, USA), and mapped into a spreadsheet via the MicroLab® system. The deep-well 

plates were then dried under centrifugal reduced pressure for 14 h using the Genevac® HT-6 

Series 3i centrifugal evaporator (United Scientific, SP Scientific; Ipswich, UK). Once dry, the 

tubes were placed into polyurethane bags and stored at 4°C for future use. The dried samples 

in the deep-well plate were reconstituted in biological-grade dimethyl sulfoxide (DMSO) to 

achieve a final concentration of 5 mg/mL. The reconstituted samples were then transferred to 

FluidX® 1.0 mL EXT Co-Mold Jacket tubes arranged in a pre-packed 96-position rack (FluidX 

Ltd., Cheshire, UK), facilitated by the MicroLab® system. Aliquots (40 µL) were pipetted into a 

deep-well plate and heat-sealed with an aluminium heat sealer using the BIOBASE® PS-2 Semi-

automated plate sealer (BIOBASE Group; Shandong, China). Plates were stored at -80°C to 

ensure no phytochemical degradation occurred. The samples in the FluidX® tubes are stored in 

a Hamilton® Verso® Q20 -80°C freezer (Hamilton Company via Separations (Pty) Ltd, Hamilton 

Storage GmbH, Switzerland) in the Department of Chemistry. 

 

2.2.1 Ultra-performance liquid chromatography-mass spectrometry 

 

2.2.1.1 Sample preparation 

 

Dried stock extracts and primary fractions, used in the preparation of the bioassay library 

samples, were used to prepare the samples for analysis. The crude extract as well as each 

fraction was reconstituted in water: MeOH [1:1, v/v] (ROMIL® SpS-grade Methanol 215) solvent 

system. The samples were filtered through 0.22 μm nylon syringe filters (Agela® Technologies). 

Stock sample solutions were diluted to a concentration of 5 000 ppm. 

 

The samples were analysed using an ultra-performance liquid chromatography quadrupole time-

of-flight mass spectrometry (UPLC-Q-TOF-MS) in both the positive and negative ionisation 

modes. For elution of the samples, a generic methanol/water-based solvent system was used 

(Table 2). The mobile phase flow rate was set to 0.3 mL/min. Leucine enkephalin (m/z ESI+ = 

556.2771; m/z ESI- = 554.2615) was used as an internal accurate mass reference and 

introduced in-source every 20 s. 
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Table 2. The in-house gradient solvent system used for for ultra-performance liquid chromatography-

quadrupole time-of-flight mass spectrometry analysis.  

Time  

(min) 

Percent dH2O 

+ 0.1% Formic Acid 

(v/v) 

Percent MeOH 

+ 0.1% Formic Acid 

(v/v) 

0.00 97 3 

1.00 97 3 

14.00 0 100 

17.00 0 100 

17.50 97 3 

20.00 97 3 

      dH2O: deionised water, MeOH: methanol, min: minutes, v/v: volume/volume 

High resolution mass spectrometry data was acquired using a Waters Acquity UPLC system 

coupled to a Waters LCT Premier TOF MS and Phenomenex Kinetex C8 column (1.7 μm, 50 × 

2.1 mm). The samples were prepared as per Section 2.2 (page 25) and placed into glass vials. 

The run time was 20 min, and the photodiode array (PDA) detector linked to the system was 

used to extract the chromatogram at an absorbance of eLambda 800 nm.  

 

2.3 Cell culture and maintenance 

 

The SH-SY5Y neuroblastoma cell line (ATCC CRL-2266) was grown in-house at the Department 

of Pharmacology (University of Pretoria). The cells were cultured in T25 cm2 flasks in a 1:1 mixture 

of Ham’s F12 medium and Dulbecco’s modified Eagle’s medium (DMEM) (Sigma Aldrich, St 

Louis, USA). The medium was supplemented with 10% foetal calf serum (FCS) (Sigma-Aldrich, 

St Louis, USA), and 1% penicillin-streptomycin. The cells were incubated in an HF 212 UV 

incubator (Heal Force®, Shanghai, China) at 37°C in a 5% CO2 humidified atmosphere. The 

medium was changed twice a week, and cells were split when a ~80% confluency was reached. 

Confluent cells were washed with 1 mL medium free of FCS, and enzymatically detached by 

adding 3 mL trypsin-like enzymes (TrypLE) solution for 4 min. Cells were harvested using 

centrifugation (5 min, 200 g), and the pellet was re-suspended in 1 mL culture medium.    
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2.3.1 Cell viability 

 

Viability of SH-SY5Y cells was determined using the trypan blue assay.152 This assay is based 

on the principle that the dye (trypan blue) is excluded from live, intact cell membranes while 

incorporated into dead cell membranes. The cell counting solution was prepared by adding 20 

μL of the cell suspension to an Eppendorf tube (Sigma-Aldrich, St Louis, USA) containing 180 

μL of 0.1% (w/v) trypan blue (Sigma-Aldrich, St Louis, USA). An aliquot of 20 μL of cell counting 

solution was added to a haemocytometer and the number of viable cells were counted using a 

microscope (Reichert-Jung, MicroStar110 Illuminator Model 1130B, New York Microscope 

Company, USA). The number of viable cells in suspension were calculated using the formula: 

𝑉𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠 (
𝑐𝑒𝑙𝑙𝑠

𝑚𝐿
) =

𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑠𝑒𝑒𝑑𝑖𝑛𝑔 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑐𝑒𝑙𝑙𝑠
𝑚𝐿 )

𝑇𝑜𝑡𝑎𝑙 𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 ÷ 5
 × 105 

The cells in suspension were diluted with complete growth media, to attain the desired seeding 

density per well. The following formula was used to calculate the volume of the original cell 

suspension to be added to the complete growth media:  

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑒𝑙𝑙 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 =
𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑠𝑒𝑒𝑑𝑖𝑛𝑔 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (

𝑐𝑒𝑙𝑙𝑠
𝑚𝐿 )

𝑉𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠 (
𝑐𝑒𝑙𝑙𝑠
𝑚𝐿 )

× 𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿) 

 
 
 
2.4 The effect of 6-hydroxydopamine, crude extract, and  fractions on cell density 

 

Cells were seeded at a density of 10 000 cells per well (100 µL, 1 x 104 cells/mL) in a 96-well 

plate and incubated overnight for cellular attachment. Cells were exposed to either 100 µL 

medium (negative control), 0.5% DMSO (vehicle control), 1% saponin (positive control; Sigma 

Aldrich, St Louis, USA), 6-OHDA (5 – 150 µM, in-well concentrations), crude extracts (1, 3.1, and 

10 µg/mL, in-well concentrations), or fractionated plant extracts (F1 to F7; 1, 3.1, and 10 µg/mL, 

in-well concentrations) in FCS-free medium for 48 h. Blanks consisting of 5% FCS-supplemented 

medium were used as sterility and background noise control.  

 

The SRB assay was used to determine cytotoxicity as described by Vichai, et al.,153 with 

adjustment to the volumes. Following exposure, the cells were fixed by adding 50 µL of a 50% 

(v/v) trichloroacetic acid (TCA) solution (Sigma-Aldrich, St Louis, USA) to each well. The plates 

were incubated at 4°C overnight. After 24 h, each well was washed using low-pressure running 

water, followed by drying wells in an oven at 40°C for approximately 1 h. Thereafter, 100 μL of a 
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0.057% (w/v) SRB stain (Sigma-Aldrich, St Louis, USA) in 1% acetic acid was added to all wells, 

and the plate was incubated in the dark for 30 min at 25°C. Excess SRB stain was removed by 

washing the cells with 150 μL acetic acid, and this wash step was repeated until all unbound 

stain was removed. Thereafter, the plate was dried in the oven for approximately 30 min. The 

bound dye was solubilised by adding 200 μL of tris aminomethane (TRIS) buffer  (10 mM; pH 

10.5) to the wells, after which the plate was covered with foil and placed on an orbital plate shaker 

(Gemmy Industrial Corporation, Taipei, Taiwan) for 1 h. The plate was then placed in the Synergy 

2 HTX Multi-Mode plate reader (BioTek, Highland Park, USA), and the absorbance was read at 

510 nm with a reference wavelength of 630 nm. Cell density was calculated using the following 

equation: 

𝐶𝑒𝑙𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (%) =  
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒(𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠)

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 (𝑁𝐶)
 𝑥 100 

 
 
2.5 The cytoprotective ability of the crude extracts and fractions 

 
Cells were seeded as per Section 2.4 (page 29), after which they were treated with 50 µL 6-

OHDA (IC50 = 72.83 µM) for 2 h. Saponin (1%) was used as positive control. After exposure, 

cells were treated with 50 µL crude extracts or fractions (F1 to F7) at in-well concentrations of 1, 

3.1, and 10 µg/mL for 48 h. The SRB assay, as described in Section 2.4 (page 29), was used to 

assess cytoprotective ability, which was measured by the difference in cell density of the treated 

wells compared to the positive control (6-OHDA).  

 
2.6 The effect of pure compounds on SH-SY5Y cell density 

 

The pure compounds (atropine and scopolamine) were purchased from Thermo Fisher Scientific 

(Waltham, USA). For atropine a stock solution (1 mM) was prepared by dissolving 5.6 mg in 8 

mL DMSO. For scopolamine a stock solution (1 mM) was prepared by dissolving 3.51 mg in 8 

mL DMSO. All stock standards were stored as 150 µL aliquots at -80°C. 

 

Cells were seeded as per Section 2.4 (page 29). After incubation cells were exposed to either 

100 µL medium (negative control), 0.5% DMSO (vehicle control), 1% saponin (positive control) 

(Sigma Aldrich, St Louis, USA), or pure compounds (5 - 200 µM in-well concentrations) in FCS-

free medium for 48 h. Blanks consisting of 5% FCS-supplemented medium were used as sterility 

and background controls. The SRB assay, as described in Section 2.4 (page 29), was used to 

assess the IC50 concentration of the pure compounds. 
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2.7 The cytoprotective ability of pure compounds 

 
Cells were seeded as per Section 2.4 (page 29), after which they were treated with 50 µL 6-

OHDA (IC50 was predetermined as 72.83 µM) for 2 h. Saponin (1%) was used as positive control. 

After exposure, cells were treated with 50 µL atropine or scopolamine (49.48 and 48.26 µM in-

well concentrations) for 48 h. The SRB assay, as described in Section 2.4 (page 29), was used 

to assess cytoprotective ability. The latter was measured as the difference in cell density 

compared to the positive control (6-OHDA).  

 
2.8 Cellular morphology 

 

Cell morphology was assessed using phase contrast microscopy. An optical mechanism serves 

as the basis for the method, which translates variations in light phase and amplitude changes 

that manifest as variations in image contrast.154 Cells were seeded into 94-well plates and 

incubated for 24 h for attachment. Cells were exposed to 6-OHDA (50 μL, 72.83 μM in-well 

concentration) for 2 h. After the incubation period cells were treated with 50 μL of either C. edulis 

(F 1) or D. stramonium (F 4) at concentrations of 1, 3.1, and 10 μg/mL. The treated cells were 

incubated for 48 h after which morphology was assessed microscopically (Zeiss Axiovert CFL40 

microscope, Carl Zeiss AG, Oberkochem, Germany). Photomicrographs were captured at 40x 

magnification, of three representative images per treated well.  

 

2.9 Intracellular reactive oxygen species generation 

 

The enzymatic cleavage of 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) to the highly 

fluorescent dichlorofluorescein diacetate was used to determine the intracellular ROS 

concentration.155-157 Cells were seeded and exposed as per Sections 2.4 and 2.5 (page 29 and 

30, respectively). Potassium persulfate (1 mM in-well concentration) was used as the positive 

control. After 48 h treatment, the medium was replaced with 100 µL H2DCFDA (10 μM in PBS) 

followed by 2 h incubation at 37⁰C. The fluorescence intensity was measured at an excitation 

wavelength of 480 nm and an emission wavelength of 590 nm (Synergy II, Biotek Instruments, 

Inc, Winooski, USA). Fluorescence intensity was blank-adjusted and normalised according to the 

SRB assay described by Vichai et al.153 The ROS concentration was determined using the 

formula: 

𝐼𝑛𝑡𝑟𝑎𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑟 𝑅𝑂𝑆 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ( %  𝑜𝑓 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙) =  
𝐹𝐼𝑠

𝐹𝐼𝑐
 ×  100 
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With FIs being the normalised fluorescence intensity of the blank-adjusted sample and FIc being 

the normalised average of the blank-adjusted negative control. 

The 3.1 µg/mL concentration was used in all subsequent mechanistic assays, as there was no 

consistent trend in identifying specific fractions that effectively reduced intracellular ROS 

generation and improved cytoprotection.  

 
2.8 Apoptosis 
 

The Ac-DEVD-AMC cleavage assay as described by Cordier et al.,158 was used to determine 

caspase-3/7 activity. The cleavage of Ac-DEVD-AMC results in a strong fluorescent product.159 

Cells were seeded and exposed as described in Sections 2.4 and 2.5 (page 29 and 30, 

respectively), for 48 h. Cisplatin (29.85 μM in-well concentration) served as the positive control. 

After the 48 h incubation period, the medium was replaced with 25 μL of cold lysis buffer (10 mM 

HEPES, 2 mM CHAPS, 5 mM EDTA, 0.5 mM PMSF, 4.3 mM β-mercaptoethanol) and incubated 

for 15 min on ice. Thereafter, 100 μL of substrate buffer (10 μM Ac-DEVD-AMC, 10 mM HEPES, 

5 mM EDTA, 0.5 mM PMSF, 4.3 mM β-mercaptoethanol) was added, and the plate incubated 

for 4 h at 37⁰C. The fluorescent intensity (FI) was measured at an excitation of 355 nm and 

emission of 460 nm using the Synergy II plate reader, which was adjusted by subtracting the 

blank value with normalisation relative to caspase 3/7 activity and cell density relative to the 

negative control as per the equation:  

𝐶𝑎𝑠𝑝𝑎𝑠𝑒 − 3/7 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝐹𝑜𝑙𝑑 − 𝑐ℎ𝑎𝑛𝑔𝑒 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙) =  
𝐹𝐼 𝑠𝑎𝑚𝑝𝑙𝑒

𝐹𝐼 𝑜𝑓 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 

 

2.9 Mitochondrial integrity 

 

Mitochondrial integrity was assessed using the cytopainter mitochondrial staining kit (ab112145, 

Abcam, UK). All procedures were performed according to the manufacturer's instructions to 

ensure reliable and accurate results. In this assay, a red tracking dye permeates live cells and 

produces fluorescence, allowing for the assessment of mitochondrial health.160 Cells were 

seeded and exposed as per Sections 2.4 and 2.5 (page 29 and 30, respectively). Potassium 

persulfate was used as positive control (1 mM in-well concentration). After exposure, the media 

was removed and replaced with 100 μL of a 0.3 times dilution of the cytopainter red (6 μL of 500x 

dye to a total of 10 mL FCS-free media) (Abcam via Biocom Africa, Pretoria, South Africa). The 

plate was then incubated for 30 min in a humidified incubator at 37⁰C. After incubation, the dye 

was replaced with 100 μL FCS-free media. Fluorescence was read using aFLUOstar optima 

plate reader (BMG Labtech, Offenurg, Germany) set at an excitation and emission wavelength 
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of 544 nm and 620 nm, respectively. The relative fluorescence unit (RFU) was compared to the 

negative control and normalised by the cell density. Results are expressed as a ratio of the 

mitochondria to cell density compared to the negative control, similar to the SRB assay.  

 

2.10 In silico docking 

 

2.10.1 Protein preparation 

 

Protein preparation was performed using the Protein Preparation Wizard in Maestro. During this 

process, water molecules were removed, bond orders were assigned, and hydrogen atoms were 

added to the chemical structures of the marker phytochemicals detected in C. edulis and D. 

stramonium. Additionally, bonds to metals were deleted, and formal charges on the metals and 

neighbouring atoms were adjusted within a specified range. Thereafter the protonation state for 

the residues in the chemical structures were adjusted to reflect physiological conditions and 

minimise potential errors in structures. The chemical structure was then refined with a restrained 

minimisation to reduce steric clashes and optimise geometry while maintaining the overall 

conformation. Lastly, potential binding sites were identified using a grid-based cavity prediction 

algorithm, with the OPLS-2005 force field applied for energy minimisation. 

 

2.10.2 Ligand preparation 

 

Ligand preparation was initiated by constructing the 2-dimensional (2D) structure of each 

compound detected in C. edulis and D. stramonium using SMILES conversion on Chem Draw 

Ultra 10.0. The 2D structures were then converted to a 3-dimensional (3D) structure using the 

same software. The software's SMILES conversion feature ensured the correct initial molecular 

structure, including proper chirality. The aim was to generate a low-energy 3D structure for each 

input, which accurately reflected the proposed molecular geometry.  

 

Further ligand refinement was conducted using the LigPrep module in Maestro. In this step, 

chirality was preserved from the 3D structure, and the original ionisation states of the ligands 

were maintained. Tautomers were generated during this process, replacing any existing 

conformers to ensure that different possible forms of the ligand were considered. The 

conformational space was explored using the Monte Carlo method, a robust algorithm for finding 

the global minimum by testing a wide range of possible conformations. The search involved 

exploring all rotatable single bonds to account for the flexibility of the ligand. This process 

identified the global energy minimum multiple times, confirming the most stable ligand 
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conformations.  

 

Finally, the OPLS_2005 force field was applied during the energy minimisation step, ensuring 

accurate structural refinement based on the least square minimisation approach. This 

methodology ensured that the ligand was prepared with the lowest energy, best conformer, and 

appropriate molecular properties for subsequent molecular docking or simulation studies.  

 

2.10.3 Active site determination 

 

Using the Glide docking model, grids were generated to evaluate the binding interactions 

between the ligand and the protein's active sites. These grids were created using the Receptor 

Grid Generation module in Glide, following standard procedures to define the receptor's active 

site. The generation of grids involves mapping the electrostatic and geometric properties of the 

receptor to provide an accurate docking environment. The grid defined the shape and 

electrostatics of the receptor, allowing for the precise placement of ligands within the protein's 

active site. Additionally, constraints were incorporated into the grid files, ensuring that certain 

critical interactions (such as hydrogen bonds with specific residues) were included during 

docking. Multiple fields were used to represent the receptor's properties, progressively 

enhancing the accuracy of ligand scoring. This included factors like steric and electrostatic 

complementarity, which are essential for determining the favourable binding poses of the ligand. 

This comprehensive approach allowed the Glide model to predict optimal ligand-receptor 

interactions, providing insights into binding strength and mode, and supporting drug discovery 

by identifying potential therapeutic targets. 

 

2.10.4 Molecular docking 

 

A ligand molecule was selected so that it could be excluded from the grid generation with the 

van der Waals radius scaling set to 1.00. The ligand was docked using the docking functionality 

in extra precision (XP) mode. The most feasible orientation of the ligands in the binding pocket 

was predicted, and the strength of the interaction in that orientation was quantified from a scoring 

function. 

  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

35  

 

2.10.5 Targets for docking 

 

Structure-based analysis is the process where the protein structure of a target (enzyme, receptor 

etc) is used to identify interactions with ligands.161 Whilst there are many targets encoded into 

the human genome, enzymes and g-coupled protein receptors are the most targeted, with 47% 

and 30% of known drugs acting on these targets respectively.162 Structure-based analysis is the 

technique that identifies interactions between ligands and a target's protein structure, such as a 

receptor.163 In this study molecular docking was used to investigate how chemotaxonomic 

markers detected in C. edulis and D. stramonium will interact with D1 and D2 receptors. This 

computational approach predicts binding affinity and receptor specificity, providing potential 

efficacy and mechanisms of chemotaxonomic markers compounds.  

 

Molecular docking is particularly valuable in PD research, as it facilitates the exploration of 

strategies to counteract dopaminergic neurodegeneration and DA deficiency, which underlie the 

motor impairments characteristic of PD.164 The D1 and D2 receptors were selected as targets 

because of their role in controlling motor function.149,163 

 

2.11 Data analysis and statistics 

 

Raw data was captured using Microsoft Excel (Microsoft Office Suite) and statistical analyses 

were performed using GraphPad Prism 8.0.2 (GraphPad Software, San Diego, California, USA). 

At least three biological and technical repeats were performed (n ≥ 9). All data was expressed 

as the mean ± standard error of the mean (SEM). Changes in protein content was calculated 

using the Kruskal-Wallis analysis of variance test with Dunn’s multiple comparison post-test. For 

cytotoxicity studies, the logarithm of the concentration of the crude extracts/fractions/isolated 

compounds was plotted against the response (reduction in cell density – compared to the positive 

control of 6-OHDA). Outliers were identified and removed using GraphPad Robust regression 

and the outlier removal (ROUT) method. The indicator of significance was p ≤ 0.05.  
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Chapter 3: Results and discussion 

 
3.1 Phytochemistry 

 

The phytochemical profiles of C. edulis and D. stramonium encompass a diverse array of 

secondary metabolites, including alkaloids, flavonoids, and phenolic compounds, which underpin 

their pharmacological and therapeutic properties.165,166 Catha edulis  is characterised by its 

phenylpropylamino alkaloids, including cathine and cathinone, which act as CNS stimulants.121  

Datura stramonium is distinguished by its tropane alkaloids, including atropine, hyoscyamine, 

and scopolamine, which exhibit potent anticholinergic activity and have been extensively studied 

for their neuropharmacological importance.108  

 

These compounds, also referred to as chemotaxonomic biomarkers are essential for targeted 

analytical identification (Table 3). Advanced techniques such as liquid chromatography-mass 

spectrometry (LC-MS) allow for accurate detection and quantification of these chemotaxonomic 

biomarkers, providing essential information about their biosynthetic processes and 

pharmacologic mechanisms.  

 

In the chromatogram of Catha edulis, distinct peaks were observed for cathine and cathinone, 

despite their high similarity and near indistinguishability (Figure 12). Peaks A and B likely 

correspond to closely eluting molecules, potentially identified as cathine and/or norephedrine 

(Table 4). Compound A was detected only in the crude extract and fraction 2, whereas compound 

B was present in the crude extract and all fractions, with protonated peaks at 151.10 Da. 

Similarly, Dhabbah et al., reported peaks for cathine in C. edulis leaves at 152.11 Da using direct 

analysis in real-time (DART) TOF MS. Field et al., further identified GC/MS peaks for cathine in 

methanolic extracts of C. edulis at 151 Da, corroborating these findings.167,168  

 

The absence of cathinone in the C. edulis extract is attributed to its instability, as it is highly prone 

to oxidation during drying or processing of the plant material.169 In the study by Pendl et al., 

where LC-MS was used to analyse cathine and cathinone in C. edulis plant, a reduction in 

cathinone content was noted and ascribed to oxidative decomposition.170,171 This decomposition 

leads to the formation of a “dimer” compound, 3,6-dimethyl-2,5-diphenylpyridine.169   
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Table 3. Chemotaxonomic markers of Catha edulis and Datura stramonium utilised in targeted liquid 

chromatography-mass spectrometry analysis. 

Compound Neutral monoisotopic 
mass (Da) 

Chemical 
formula 

Chemical structure 

Catha edulis 

Cathinone 149.0841 C9H11NO 

 

Cathine 151.0997 C9H13NO 

 

Norephedrine 151.0997 C9H13NO 

 

Datura stramonium 

Atropine 289.1678 C17H23NO3 

 

Scopolamine 303.1470 C17H21NO4 

 

Hyoscyamine 289.1679 C17H23NO3 

 

Da: Daltons  
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Figure 12. Chromatograms of Catha edulis crude extract and fractions 1 - 7 analysed in the positive electrospray ionisation mode. Peaks: A and B: 

cathine or norephedrine. 
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Table 4. Compounds detected in the crude extract and fractions of Catha edulis using ultra-performance 

liquid chromatography-mass spectrometry.  

Peak 

retention 

time (min) 

Identified 
compound 

m/z 

Ion 

Neutral 

mass 

(Da) 

Theoretical 

mass (Da) 

Mass 

difference 

(ppm)  

λmax 

(nm) 

A 

3.461 

 Cathine or 

Norephedrine 

152.10

84 

[M+H]+ 

151.1011 151.0997 9.27  295 

B 

3.791 

 Cathine or 

Norephedrine 

152.10

84 

[M+H]+ 

151.1011 151.0997 9.27  295 

min: minutes, Da: Daltons, ppm: parts per million, nm: nanometer.  

 

Only cathine and its isomer norephedrine were provisionally detected from among the 

compounds listed in Table 3 (Page 38). Both are metabolites of S-(-)-cathinone, and their relative 

abundances are influenced by environmental conditions at the time of harvest, including 

temperature, humidity, soil composition, and light exposure.169 Despite sharing the same 

chemical structure and accurate mass, cathine and norephedrine are stereoisomers, differing 

subtly in their 3D structures.172 These structural differences are reflected in their closely related 

retention times and accurate masses, as shown in Table 4. 

 

The chemotaxonomic markers: hyoscyamine (A), noradrenaline (B), and atropine (C) were 

identified in D. stramonium (Figure 13). However, the peak for atropine (C) was not easily 

distinguishable due to co-elution with hyoscyamine. The co-elution is likely a result of their nearly 

identical molecular weights and similar chemical structures as stereoisomers, making their 

chromatographic separation challenging.173  
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Figure 13. Chromatograms of Datura stramonium crude extract and fractions 1 - 7 analysed in the positive electrospray ionisation mode Peaks:  A: 

Hyoscyamine, B: Noradrenaline, C: Atropine.  
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In the crude extract, all three compounds appeared as overlapping and broad peaks, reflecting 

the presence of a complex mixture of secondary metabolites. This co-elution resulted in reduced 

resolution of individual compound peaks. Fractionation, however, improved separation, with the 

resulting fractions exhibiting distinct intensities and well-defined peak profiles (Figure 13). 

 

Hyoscyamine (A) and atropine (C) were more prominent in the crude extract, as well as in 

fractions 5 and 6. This finding is consistent with that of Yadav et al., who only detected atropine 

and hyoscyamine, of the known chemotaxonomic markers of D. stramonium, using GC-MS 

analysis.174 Noradrenaline (B) was most prominent in fraction 4, indicating successful polarity-

based separation. Notably, the compounds of interest were absent in fractions 1–3, most likely 

because they were not extracted or were present at concentrations below the detection 

threshold.  

 

Interestingly, scopolamine, one of the chemotaxonomic markers of D. stramonium, was not 

detected in the extract, likely due to its very low concentration. This finding is in agreement with 

Miraldi et al., who reported that atropine (0.134 μg/mg) was present at higher concentrations 

than scopolamine (0.044 μg/mg) in trichloromethane leaf extracts of D. stramonium when 

quantified using GC-MS.175 In contrast, Jakabova et al., found higher scopolamine (131.66 

μg/mg) content compared to atropine (4.25 μg/mg) in methanolic flower extracts of D. 

stramonium flowers using LC-MS.176 These contrasting results suggest that scopolamine levels 

may vary significantly depending on the part of plant analysed, with lower levels in leaves and 

higher levels in flowers. 

 

It is well established that phytochemical content can differ depending on the specific plant part, 

soil conditions, and the time of year the plant is collected.176 Additionally, alkaloid concentrations 

are known to vary across different plant tissues, further contributing to the observed differences 

in scopolamine levels.176  
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Table 5. Compounds detected in the crude extract and fractions of Datura stramonium using ultra-

performance liquid chromatography-mass spectrometry.  

 

Peak 
retention 
time (min) 

Identified 
compound 

m/z 
Ion 

Neutral 
mass (Da) 

Theoretical 
mass (Da) 

Mass 
difference 

(ppm)  

λmax 
(nm) 

A 
5.286 

Hyoscyamine 290.175 
[M+H] + 

289.168 289.1676 -0.735 295 

B 
5.491 

Noradrenaline 290.175 
[M+H] + 

169.074 169.0739 -0.215 295 

C 
5.437 

 

Atropine 290.175 
[M+H] + 

289.168 289.1677 -0.139 295 

min: minutes, Da: Daltons, ppm: parts per million, nm: nanometer.  

 

Hyoscyamine and atropine, both tropane alkaloids, exhibited similar retention times (Table 5) 

due to their structural similarities, while noradrenaline, a hydrophilic phenylpropylamino alkaloid, 

eluted earlier, consistent with its polarity. These results demonstrate the efficiency of the 

fractionation process in isolating bioactive compounds while highlighting potential challenges in 

separating structurally similar alkaloids under the chromatographic conditions employed. 

 

3.2 Cytotoxicity of the crude extract and fractions 

 

The crude extract and fractions 1, 2, 4, 6 of C. edulis exhibited minimal albeit concentration-

dependent cytotoxicity in the SH-SY5Y cells, with higher concentrations producing slight 

reductions in cell viability (Figure 14A). At lower concentrations (1 μg/mL), these fractions 

increased cell density by ~10%, likely due to a hormetic effect (a biphasic response where low 

doses stimulate beneficial outcomes), whereas at higher concentrations cytotoxicity was evident. 

In contrast, fractions 3 and 5 did not induce concentration-dependent cytotoxicity, nor was there 

a significant reduction in cell viability noted for most of the tested concentrations. However, at 10 

μg/mL, the crude extract and fraction 6 significantly reduced cell density by 17.9% (p < 0.001) 

and 12.34% (p < 0.0001), respectively. Among the tested samples, the C. edulis crude extract 

demonstrated the highest cytotoxicity, significantly decreasing cell density by approximately 

17.9% (p < 0.0001) at 10 μg/mL. 
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The minimal cytotoxicity noted for C. edulis is consistent with previous findings.177 In a study, 

where SH-SY5Y cells were also used for cytotoxicity determination, a dose-dependent effect, 

with significant cytotoxicity was only noted at higher concentrations for synthetic cathinone.177 

Valente et al., also demonstrated a dose-dependent response, showing that synthetic 

cathinones, such as 3,4-methylenedioxypyrovalerone (MDPV), induced minimal cell death at 

lower concentrations (0.1 mM), while higher concentrations (10 mM) resulted in greater cell death 

in SH-SY5Y cells.178 From these results, it can be deduced that cathinones, including those 

naturally present in C. edulis, are less toxic at lower doses, further supporting the minimal 

cytotoxicity observed in the current study. 

 

Catha edulis also contains a complex mixture of compounds, including alkaloids, flavonoids, and 

other phytochemicals, which may contribute to its reduced cytotoxicity. It is possible that these 

compounds interact in a way that mitigates the potential cytotoxic effects.165  

 

Fractions 1, 4, and 5 of D. stramonium displayed concentration-dependent cytotoxicity in SH-

SY5Y cells (Figure 14B). Fraction 1 reduced cell density by 11.43%, 16.47%, and 22.41% (p < 

0.05) as concentrations increased from 1, 3.1, to 10 μg/mL, respectively, compared to the 

negative control. Fraction 4 reduced cell density by 11.37% at 10 μg/mL, while fraction 5 reduced 

cell density by 8.39% and 4.84% at lower concentrations (1 and 3.1 μg/mL). Interestingly, at the 

highest concentration (10 μg/mL), fraction 5 slightly increased cell density by 3.07%. 

 

The crude extract and fractions 2 and 3 did not exhibit concentration-dependent cytotoxic effects, 

with all concentrations showing minimal cytotoxicity. Fraction 2 reduced cell density by 6.38%, 

4.46%, and 8.81% at 1, 3.1, and 10 μg/mL, respectively. For fraction 6, the lowest concentration 

showed minimal cytotoxicity, reducing cell density by 4%, while higher concentrations reduced it 

by 11.4% and 9.63%, respectively. Fraction 7 showed minimal cytotoxicity at 1 and 10 μg/mL, 

while the 3.1 μg/mL concentration slightly increased cell density. 
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Figure 14. The cytotoxic effect of Catha edulis (A) and Datura stramonium (B) crude extract and fractions 

on the SH-SY5Y cells. Values are shown as means ± SEM of three biological and technical repeats (n=9). 

Significance was determined relative to the negative control; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p 

< 0.0001. NC: negative control (FCS-free media) and PC: positive control (1% saponin). 
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The minimal cytotoxicity observed for D. stramonium extract could be attributed to the  

concentrations that were tested being below the potential cytotoxic threshold. In a previous study 

it was reported the methanol extract's IC50 was 39.48 μg/mL, suggesting that concentrations 

below this value are unlikely to cause significant cytotoxicity.179 Supporting this, studies on other 

Solanaceae plants with similar alkaloid profiles, such as Datura inoxia and Hyoscyamus niger, 

have demonstrated comparable results. Datura inoxia methanol extract exhibited concentration-

dependent cytotoxicity, reducing cell viability to below 50% at concentrations above 25 μg/mL, 

with an IC50 of 66.53 μg/mL in PC12 cells. However, at lower concentrations (3.125–12.5 μg/mL), 

cell viability was ≥ 90%.180 

 

Similarly, Hyoscyamus niger demonstrated neuroprotective effects in rotenone-induced rat 

models by restoring antioxidant enzyme activity; SOD and CAT and increasing GSH levels.181 

These findings suggest that D. stramonium, like other Solanaceae plants, may exert minimal 

cytotoxicity at lower concentrations, possibly due to its alkaloid composition and associated 

antioxidant properties. 

 

3.3 Cytotoxicity of 6-hydroxydopamine  

 

6-Hydroxydopamine exerted a concentration-dependent effect on cell viability, with an IC50 of 

72.83 μM (Figure 15). No further cytotoxicity was observed at higher concentrations, as the cell 

density plateaued. This could be ascribed to a saturation effect, where a threshold concentration 

maximises cell death or the presence of cellular resistance mechanisms that prevent additional 

cytotoxicity. The results are corroborated by Luo et al., where the authors  reported that treatment 

with 6-OHDA (75 µM) significantly reduced the cell viability of SH-SY5Y cells to approximately 

60% after 24 h of treatment using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT) assay.182  

 

Wei et al. found that the IC50 of 6-OHDA in SH-SY5Y cells was 100 μM after 24 h of treatment 

(MTT assay).183 A dose-dependent effect of 6-OHDA with an IC50 of 150 μM after 24 h of 

incubation has also been reported (MTT assay).184 The higher IC50 values may be attributed to 

varying experimental parameters, including the assay used; MTT versus SRB, cell line variability, 

and incubation times.185  
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Figure 15. SH-SY5Y cell viability after 6-hydroxydopamine treatment. Values are shown as means ± SEM 

of three biological and technical repeats (n=9). IC50: half-maximal inhibitory concentration; R2: coefficient 

of determination. 

 

The state of cell differentiation is also of importance, as it leads to the up-regulation of enzymes 

and transporters such as tyrosine hydroxylase and DAT. Lopes et al. differentiated SH-SY5Y 

cells using RA and 1% FBS over ten days and observed increased vulnerability to 6-OHDA-

induced cytotoxicity.144,186 Despite these variations, the current results offer valuable insights into 

the cytotoxic effects of 6-OHDA on SH-SY5Y cells. It was therefore decided to determine the 

activity of the plant extracts relative to the IC50 concentration of 6-OHDA (72.83 μM). 

 
3.4 Cytoprotection of the crude extract and fractions 

 

In the PD model, 6-OHDA acts as an OS inducer, playing a crucial role in the pathogenesis of 

PD. It has been demonstrated that 6-OHDA-induced cytotoxicity in SH-SY5Y cells is dependent 

on both the concentration and exposure time. In a previous study, a reduction in cell viability of 

35% was noted after treatment with 100 µM 6-OHDA for 24 h.187 In the present study, treatment 

with 6-OHDA alone resulted in a significant (p < 0.0001) decrease in cell density by ~ 81.38% 

relative to the negative control (Figure 16). 

 

 

 

IC50 = 72.83 μM 
 

R2 = 0.6169  
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Dose-dependent cytoprotection was observed when cells were treated with C. edulis fractions 1, 

2, and 6 (Figure 16A).  For fraction 1, cell density increased significantly by 11.3% (p < 0.0001), 

9.91% (p < 0.001) and 9%, at respective concentrations compared to the 6-OHDA control. 

Fraction 2 increased cell density by 11.85% (p < 0.0001), 5.12% and 0.44% at concentrations of 

1, 3.1, and 10 μg/mL, respectively, compared to 6-OHDA. Fraction 6 significantly increased cell 

density at all three concentrations tested.  

 

Fraction 3 showed the same increase in cell density at both 1 and 10 μg/mL concentrations, with 

significant increases of 9.77% (p < 0.001) and 9.7% (p < 0.001), respectively, compared to 6-

OHDA. Fraction 5 exhibited a similar trend. Fraction 4 displayed the highest cytoprotection at 3.1 

µg/mL, with a significant increase in cell density of 13.37% (p < 0.0001). At all concentrations 

tested, the crude extract and fraction 7 demonstrated similar results, with increases in cell density 

of 5.89% (p < 0.05) and 6.87% (p < 0.01), respectively. Among all the fractions, fraction 1 

displayed the highest cytoprotection.  

 

Although C. edulis extract exhibited cytoprotection, the level was generally low, which may be 

ascribed to the presence of the alkaloid, cathine.188 Cathine, although primarily known for its 

stimulating properties, may have mild cytotoxic effects that could counteract the plant's protective 

action. Cathine has structural resemblance to other psychoactive drugs such as amphetamine, 

which has been reported to interfere with various cellular processes, including cell signalling.189 

The observed cytoprotection may therefore reflect a balance between the beneficial properties 

of C. edulis’ phenolics and flavonoids, which are potent antioxidants, and the potential toxicity of 

its alkaloid content.  
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Figure 16. Cytoprotective effect of Catha edulis (A) and Datura stramonium (B) crude extracts and 

fractions against 6-hydroxydopamine-induced neurotoxicity in SH-SY5Y cells after 48 h exposure.  Values 

are presented as means ± SEM of three biological and technical repeats (n=9). Significance relative to 6-

OHDA; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 6-OHDA: 6-hydroxydopamine (72.83 µM), 

NC: negative control, and PC: positive control (1% saponin). 
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Datura stramonium crude extract and fractions increased cell density across various 

concentrations when compared to the 6-OHDA control (Figure 16B). The crude extract and 

fractions 3, 4, and 6 demonstrated a dose-dependent response. In fraction 3, as the 

concentration increased the cell densities also increased significantly (p < 0.001).  

 

Fraction 4 increased cell density by 40.32% (p < 0.0001), 33.80% (p < 0.0001), and 28.71% (p 

< 0.001), at 1, 3.1, and 10 μg/mL, respectively compared to 6-OHDA. A similar trend was noted 

for the crude extract and fraction 6. The lower cytoprotection observed at higher concentrations 

could be due to the complex interactions between different compounds found in the plant 

extracts, potentially reducing the overall protective effect. 

 

Fractions 1, 2, and 5 showed consistent cytoprotection across all concentrations, increasing cell 

density by an average of 25.02% (p < 0.01), 33.70% (p < 0.0001), and 32.51% (p < 0.0001), 

respectively. Fraction 7 demonstrated the highest cytoprotection at 3.1 µg/mL, with a significant 

(p < 0.0001) increase in cell density by 42.12%. In contrast, fraction 6 exhibited the lowest 

cytoprotection at 10 µg/mL, increasing cell density by 10.62% compared to the 6-OHDA control. 

This reduced cytoprotection could be due to an additive cytotoxic effect between phytochemicals 

and 6-OHDA. Despite these variations, fraction 4 displayed the highest average cytoprotection 

overall, with an increase in cell density by 34.28%. 

 

Datura stramonium extracts demonstrated greater cytoprotection at lower concentrations, 

indicating that intrinsic cytotoxicity may limit their beneficial effects at higher doses. This aligns 

with the known CNS depressant effects of tropane alkaloids, such as atropine and hyoscyamine, 

which are neuroprotective at low doses but can cause adverse effects, including sedation and 

confusion, at higher doses due to their anticholinergic properties.190 Although there are no 

studies that have specifically evaluated the neuroprotective effects of D. stramonium extracts on 

6-OHDA-induced SH-SY5Y cells, findings from research on Datura inoxia offer relevant insights. 

In that study, lower concentrations of the extract enhanced cell survival in glutamate-induced 

toxicity, increasing cell density to 77%, compared to approximately 49% viability in the glutamate 

control group.180 These results suggest that Datura species, including D. stramonium, may 

exhibit similar neuroprotective effects at lower concentrations, supporting their potential for 

therapeutic applications in neurodegenerative conditions. 
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The cytotoxic activity and cytoprotection of C. edulis and D. stramonium crude extracts and 

fractions on cell density in 6-OHDA-naïve and 6-OHDA-exposed cells after 48 h of treatment is 

summarised in Table 6.  

 

To further support the cytoprotective results, a qualitative analysis was conducted to observe cell 

morphology. Under normal cell culture conditions (negative control), SH-SY5Y cells exhibited a 

healthy morphology with increased density, growing as monolayers characterised by flattened 

morphology and elongated neurites (Figure 17A). However, treatment with 6-OHDA resulted in 

morphological changes; causing the cells to become rounded, lose density, and exhibit impaired 

neurite formation (Figure 17B). These morphological changes are consistent with apoptosis, 

likely due to the increased caspase-3 activity and elevated Cyt c levels triggered by 6-OHDA-

mediated cell damage.191  

 

Mitochondria play a crucial role in apoptosis, and in response to various stressors, proteins such 

as Cyt c are released into the cytosol, triggering the apoptotic caspase cascade.192 Lazaro et al. 

demonstrated that in 6-OHDA-treated SH-SY5Y cells, Cyt c is released through the MPT pore, 

resulting in mitochondrial damage.193 Similarly, Latchoumycandane et al., observed that rat 

dopaminergic neurons exposed to 100 μM 6-OHDA for 3 and 6 h experienced an 80% to 200% 

increase in cytosolic Cyt c levels, indicating mitochondrial dysfunction linked to 6-OHDA-induced 

cell death.191 

 

Additionally, Moosavi et al., reported that 6-OHDA treatment in SH-SY5Y cells led to cell body 

shrinkage, a reduction in the number of living cells, and increased cell debris after 24 h.194 These 

findings suggest that 6-OHDA-mediated cell death involves a combination of necrosis and 

apoptosis.185 
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Table 6. The effect of the crude extract and fractions of Catha edulis and Datura stramonium on cell density in 6-hydroxydopamine-naïve (cytotoxicity) 

and 6-hydroxydopamine-exposed (cytoprotection) cells after 48 h treatment. Statistical significance was determined relative to the negative (for naïve 
cells) or 6-OHDA (for exposed cells) treated cells (controls). 

 
   Cell density (% relative to negative control) ± SEM 

Plant Concentration 
(µg/mL) 

Cytotoxcity/ 
cytoprotection 

F1 F2 F3 F4 F5 F6 F7 Crude 

C
a
th

a
 e

d
u
lis

 

1 
Cytotoxicity 103.03 ± 1.95 103.84 ± 1.46 95.1 ± 1.54 103.24 ± 1.73 98.37 ± 0.97 102.67 ± 1.58 99.81 ± 1.71 99.74 ± 3.77 

Cytoprotection 29.92 ± 2.13 30.47 ± 3.05 28.4 ± 1.94 28.24 ± 2.14 27.69 ± 1.74 27.21 ± 2.44 24.48 ± 2.46 25.09 ± 2.12 

3.1 
Cytotoxicity 99.52 ± 2.01 101.67 ± 2.46 94.43 ± 2.16 99.21 ± 1.30 98.29 ± 1.20 96.05 ± 1.30 101.57 ± 2.52 92.60 ± 2.71 

Cytoprotection 28.53 ± 1.80 23.74 ± 2.75 18.82 ± 1.71 31.99 ± 3.10 25.19 ± 1.74 27.22 ± 2.64 26.20 ± 2.13 23.91 ± 2.45 

10 
Cytotoxicity 92.31 ± 2.26 97.80 ± 1.74 99.25 ± 1.32 92.32 ± 2.24 91.37 ± 1.52 87.66 ± 1.84 101.87 ± 1.32 82.1 ± 2.66 

Cytoprotection 27.62 ± 2.52 19.06 ± 2.15 28.32 ± 1.96 21.45 ± 1.55 28.03 ± 2.21 24.98 ± 1.75 25.78 ± 2.09 24.53 ± 2.14 

D
a
tu

ra
 

s
tr

a
m

o
n
iu

m
 

1 
Cytotoxicity 88.57 ± 5.46 93.62 ± 5.38 82.07 ± 5.19 98.42 ± 4.04 91.61 ± 4.32 96.00 ± 3.64 99.01 ± 3.72 88.96 ± 4.73 

Cytoprotection 44.26 ± 4.86 53.76 ± 6.24 38.36 ± 2.87 58.94 ± 2.77 49.92 ± 4.51 49.05 ± 3.72 49.51 ± 4.97 51.06 ± 4.63 

3.1 
Cytotoxicity 83.53 ± 5.32 95.54 ± 7.15 82.38 ± 4.54 94.41 ± 4.06 95.16 ± 3.57 88.60 ± 3.45 101.29 ± 4.66 89.78 ± 4.17 

Cytoprotection 43.12 ± 4.31 52.42 ± 5.95 46.51 ± 3.57 52.42 ± 5.21 49.92 ± 4.72 45.25 ± 3.39 60.74 ± 3.70 44.97 ± 4.43  

10 
Cytotoxicity 77.59 ± 4.96 91.19 ± 6.17 85.31 ± 5.61 88.63 ± 8.63 103.06 ± 3.79 90.37 ± 5.03 96.22 ± 3.39 85.25 ± 4.62 

Cytoprotection 43.55 ± 3.85 50.79 ± 6.06 51.83 ± 5.23 47.33 ± 3.65 53.56 ± 3.30 29.24 ± 1.44 47.32 ± 3.27 40.41 ± 3.29 
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Figure 17. The effect of the negative control (media without foetal calf serum) and 6-hydroxydopamine 

on SH-SY5Y cellular morphology. Phase contrast microscopy at 40× magnification. The SH-SY5Y cells 

were treated with (A) media without foetal calf serum (negative control) and (B) the IC50 of 6-

hydroxydopamine (72.83 μM). White arrows indicate elongated neurites, while yellow arrows indicate 

rounded cells (B). IC50: half-maximal inhibitory concentration. 

 

Fractions 1 and 7 of C. edulis and D. stramonium were selected for morphological analysis as 

they displayed the best cytoprotection at all concentrations tested (Figure 18). Cells treated with 

either C. edulis or D. stramonium showed similar morphology, with most cells retaining intact, 

long protruding neurites, which correlates with the cytoprotection results. C. edulis exhibited the 

highest cytoprotective activity at 3.1 µg/mL. In contrast, the lowest concentration (1 µg/mL) of D. 

stramonium showed better cytoprotective activity than 3.1 and 10 µg/mL.  

  

A B 
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Concentration Catha edulis Datura stramonium 

 

 

 

1 μg/mL 

  

 

 

 

3.1 μg/mL 

  

 

 

 

10 μg/mL 

 

  

 

Figure 18. Photomicrographs indicating the effect of Catha edulis and Datura stramonium extracts (1, 

3.1, and 10 µg/mL) on SH-SY5Y cell morphology when pre-treated with 6-hydroxydopamine and 

incubated for 48 h. Phase contrast microscopy at 40× magnification. Yellow arrows indicate apoptotic 

bodies. 6-OHDA: 6-hydroxydopamine. 

 

The cell morphology observations support the cytoprotection results. However, cell 

morphology alone cannot distinguish between cell death by necrosis or apoptosis. Although the 

exact mechanism of cell death was unclear, both C. edulis and D. stramonium crude extracts 

and fractions, managed to increase cell viability, providing a foundation for future research. 

Preserving the survival of dopaminergic neurons in PD could alleviate the efficiency of currently 

available treatments. 
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3.5 Cytotoxicity and cytoprotection of the phytochemical markers 

 

Atropine and scopolamine induced a concentration-dependent effect on cell viability (Figure 19A 

and B).  The IC50 was determined as 49.48 µM in the current study, which is contrary to the IC50 

of 1.74 µM obtained by Lochner et al.195 A similar discrepancy was noted for the IC50 of 

scopolamine, 48.26 µM versus 2.09 µM.195 The large difference in values is ascribed to 

differences in cell lines, as Lochner et al. utilised the human embryonic kidney (HEK293) cell 

line, which differs in sensitivity and response compared to SH-SY5Y cells used in this study. 

 

Further discrepancies are evident in the IC50 values for scopolamine reported by Suthprasertporn 

et al.,196 who reported an IC50 of 2 mM, compared to the IC50 of 48.26 µM determined in the 

current study. Differences across studies may be ascribed to the use of different cytotoxicity 

assays. For instance, the MTT assay measures metabolic activity, while the SRB assay assesses 

protein content, potentially leading to differing interpretations of cytotoxic effects.197  
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Figure 19. The effect of atropine (A) and scopolamine (B) on SH-SY5Y cell density. IC50: half-maximal 

inhibitory concentration; R2: coefficient of determination. 

  

IC50 = 49.48 µM 
R2 = 0.8068 

IC50 = 48.26 µM 
R2 = 0.8913 
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Treatment with 6-OHDA alone significantly (p < 0.0001) reduced cell density by 81.38% 

compared to the negative control (Figure 20). The observed cell loss is corroborated by the 

findings of a study where 6-OHDA treatment was shown to reduce cell density in neuronal cell 

lines as discussed in Sections 3.3 and 3.4 (page 46 and 47).198 
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Figure 20. The cytoprotective activity of pure compounds (atropine and scopolamine) on 6-

hydroxydopamine induced cytotoxicity in SH-SY5Y cells. Results are reported as mean ±SEM of three 

biological and technical repeats (n=9). Significance is expressed relative to 6-OHDA; **** p < 0.0001. 6-

OHDA: 6-hydroxydopamine (72.83 µM), NC: negative control, and PC: positive control (1% saponin). 

 

Atropine and scopolamine significantly (p < 0.0001) increased cell density by 30.69% and 

27.88% compared to 6-OHDA, respectively (Figure 20). It is proposed that both compounds 

counteract the cytotoxic effects induced by 6-OHDA, likely through their activity as muscarinic 

receptor antagonists. Alkaloids, in general, are known to exhibit neuroprotective effects by 

reducing oxidative stress, alleviating neuroinflammation, inhibiting cholinesterases, and 

preventing apoptosis while modulating autophagy.199 

 

In support of the cytoprotective results, cell morphology was visualised and captured (Figure 

21). Treatment with atropine and scopolamine resulted in a mixed cellular response, with some 

cells maintaining their elongated morphology and intact neurites, while others exhibited a 

rounded shape. These observations are consistent with the cytoprotective effects demonstrated 

in the viability assays, where both compounds significantly preserved cell survival compared to 
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6-OHDA-treated cells (Section 3.4; page 53). The presence of intact cells with neurites indicates 

that atropine and scopolamine effectively mitigated the neurotoxic effects of 6-OHDA in a subset 

of the cell population. However, the appearance of some rounded cells may reflect incomplete 

protection or variability in the extent of cytoprotection across the culture, emphasising the partial 

but notable protective role of these compounds. 

 

A B 
 

 

 

 
 
Figure 21. Photomicrographs indicating the effect of A) atropine (49.48 µM) and B) scopolamine (48.26 

µM) on SH-SY5Y cell morphology, after pre-treatment with 6-hydroxydopamine, followed by exposure of 

the cells to the compound for 48 h. Phase contrast microscopy at 40× magnification. Yellow arrows 

indicate apoptotic bodies. 6-OHDA: 6-hydroxydopamine. 

 

3.6 Intracellular reactive oxygen species generation 
 

Treatment with 6-OHDA alone increased intracellular ROS generation by 2.82 ± 0.25-fold 

compared to the negative control (Figure 22). These findings are in agreement with those 

obtained in other studies, where 6-OHDA-induced oxidative stress was identified as a key 

contributor to neuronal damage through excessive ROS production.182,200,201 Jaisin et al., 

observed a 1.55 ± 0.10-fold increase in ROS levels when SH-SY5Y cells were treated with 50 

µM 6-OHDA for 24 h.200 Similarly, Luo et al., found that treatment with 75 µM 6-OHDA led to a 

2.5-fold increase in ROS compared to the controls.182 Chen et al., reported a 2.3-fold increase in 

ROS formation after treating SH-SY5Y cells with 100 µM 6-OHDA for 1 h.202 Ikeda et al., found 

that ROS levels increased 3.7-fold when SH-SY5Y cells were treated with 6-OHDA.203 

 

The variation in ROS generation across studies can be attributed to different experimental 

conditions such as 6-OHDA concentration, exposure duration, and assay type.182 Also, in this 

study, the fluorescence results were normalised to protein content to compensate for changes in 
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cell density caused by cell death (using the SRB assay), a factor that was not considered in the 

studies conducted by the other authors. 

 
 

 

Figure 22. The effect of Catha edulis (A) and Datura stramonium (B) crude extract and fractions on 6-

hydroxydopamine induced reactive oxygen species generation in SH-SY5Y cells. Results are reported as 

mean ± SEM of three biological and technical repeats (n=9). Significance is expressed relative to 6-

OHDA; ** p < 0.01, *** p < 0.001, **** p < 0.0001. 6-OHDA: 6-hydroxydopamine (72.83 µM), ROS: reactive 

oxygen species, NC: negative control, and PC: positive control (500 µM potassium persulfate). 
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Catha edulis crude extract and fractions significantly (p < 0.0001) reduced 6-OHDA-induced ROS 

generation at all concentrations tested (Figure 22A). Fraction 7 showed a concentration-

dependent decrease, significantly (p < 0.0001) reducing ROS by 0.73 ± 0.12-fold, 1.05 ± 0.02-

fold, and 1.15 ± 0.01-fold at 1, 3.1, and 10 μg/mL, respectively 

 

Fractions 1 and 2 also demonstrated concentration-dependent reductions, with a smaller 

increase in ROS observed at higher concentrations. Fraction 1 significantly (p < 0.0001) reduced 

ROS by 2.5 ± 0.19-fold, 2.11 ± 0.16-fold, and 1.95 ± 0.1-fold at 1, 3.1, and 10 μg/mL, respectively. 

Fraction 6 consistently reduced ROS across all concentrations tested. 

  

The reduction in ROS levels noted in this study is most likely due to Catha edulis's antioxidant 

capabilities. C. edulis is reported to contain high concentrations of phenolics and flavonoids, 

which have strong free radical-scavenging properties.181,204-206 Abdelwahab et al., reported 

a  high phenolic and flavonoid content in C. edulis, whereas Vinokur et al., found that C. 

edulis leaves contained high concentrations of polyphenols and ascorbic acid, which will boost 

antioxidant potential.207,208 C. edulis oil extract was shown to possess antioxidant activity (23.5-

23.6 µg ascorbic acid equivalent (AAE/kg of dry matter) using the 2,2-diphenyl-1-picrylhydrazyl 

(DPPH) assay.209 

 

Further evidence supporting these findings comes from research on other phenolic-rich plants. 

Noui et al. investigated Ephedra alata, a plant with a biochemical profile similar to C. edulis, as 

both contain, ephedrine.210  Ephedra alata demonstrated antioxidant activity in the DPPH assay, 

with an IC50 value of 12.25 ± 1.09 μg/mL, and was also found to have a high total phenolic content 

of 358.06 ± 10.74 μg gallic acid equivalent (GAE)/mg. These findings emphasise the critical role 

of phenolic compounds in C. edulis in mitigating OS, a key contributor to cellular damage in PD. 

By lowering ROS levels, C. edulis demonstrates potential therapeutic benefits, as reflected in the 

cytoprotective effects discussed in Section 3.4 (page 49).200 This implies that the antioxidant 

properties of C. edulis could provide significant advantages in reducing OS linked to the 

disease.211 

 

Datura stramonium crude extract and fractions also significantly reduced 6-OHDA-induced ROS 

generation at all concentrations tested (Figure 22B). Fractions 2, 3, and 5 exhibited 

concentration-dependent reductions in ROS, with increasing concentrations leading to further 

decreases in ROS generation. The crude extract and fraction 6 also showed a concentration-
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dependent reduction in ROS, although higher concentrations, displayed a slight increase in ROS 

generation. These findings may be attributed to the phenolic and flavonoid content of D. 

stramonium. Al-Snafi et al. reported the presence of alkaloids, flavonoids, phenols, and 

glycosides in a methanol extract of D. stramonium.109  Similarly, Matcha et al., reported that the 

methanol extract of Datura metel effectively inhibited DPPH radicals at concentrations of 5 and 

10 μg/mL.212 Furthermore, Roy et al. observed that the methanol extract of Datura metel seeds 

had a high phenolic acid content (268.6 µg GAE/mg of dried sample), indicative of its antioxidant 

capabilities.213 

 

One of the compounds identified in D. stramonium, is noradrenaline, also known as 

norepinephrine. Norepinephrine is reported to protect neurons against OS induced in SH-SY5Y 

cells by increasing the supply of GSH from astrocytes via β3-adrenoceptor stimulation.201 

Glutathione is one of the most important antioxidants synthesised in cells and is known to 

neutralise free radicals, further supporting the ROS-reducing effects observed in D. stramonium 

extracts.214 

 

Following these assays, the 3.1 µg/mL concentration for both plants was selected for further 

mechanistic assays due to the inconsistent dose-dependent responses and unclear results in 

the cytoprotection and intracellular ROS assays at lower and higher concentrations. The 

selection of this concentration, provides a balanced approach for subsequent investigations, 

avoiding the confounding effects seen at higher concentrations and allowing for clearer insights 

into the underlying mechanisms.  

 

3.7 Apoptosis 

 

6-Hydroxydopamine is known to induce apoptosis primarily by activating caspase-3.200 The 

activation of caspase-3 in PD is strongly associated with neuronal death.215-217 The release of 

Cyt c from mitochondria facilitates this process, further linking mitochondrial dysfunction to 

neurodegeneration.191,218 

Cisplatin is known to induce apoptosis in neuronal cells,219 and this was noted by the  significant 

increase in caspase 3/7 activity (Figure 23). Similarly, treatment with 6-OHDA alone significantly 

(p < 0.0001) increased caspase 3/7 activity by 4.13 ± 0.07-fold compared to the negative control 

(Figure 23). This finding is supported by Jaisin et al., who reported a 2.0 ± 0.11-fold increase in 

caspase-3 activity in SH-SY5Y cells treated with 50 μM 6-OHDA.200 Luo et al., observed that 

treatment with 75 µM 6-OHDA resulted in a significant increase in cell death with cleaved 
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caspase-3 protein levels being ~25-fold higher than the control group.182 These results confirm 

that 6-OHDA induces caspase-3 activity. 
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Figure 23. The effect of Catha edulis (A) and Datura stramonium (B) crude extract and fractions (3.1 

µg/mL) on 6-hydroxydopamine induced caspase 3/7 activity. Results are reported as mean ± SEM of 

three biological and technical repeats (n=9). Significance is expressed relative to 6-OHDA; ****p < 0.0001. 

6-OHDA: 6-hydroxydopamine (72.83 µM), NC: negative control, and PC: positive control (29.85 µM 

cisplatin). 
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Catha edulis crude extract and fractions also significantly (p < 0.0001) reduced caspase 3/7 

activity (Figure 23A). Fractions 1 and 4 demonstrated the most pronounced effect. Fraction 4 

exhibited the highest reduction in caspase 3/7 activity, decreasing it by 2.16 ± 0.01-fold compared 

to 6-OHDA, possibly indicating a unique phytochemical profile that enhances its anti-apoptotic 

properties. The variability in caspase 3/7 reduction may be attributed to differences in the 

phytochemical composition of the fractions, as C. edulis is rich in phenolic compounds, 

flavonoids, and alkaloids, all known for their antioxidant and anti-apoptotic properties.207 The 

reduction in caspase 3/7 activity observed in this study is corroborated by other studies, where 

it is suggested that flavonoids inhibit caspase activation and protect against OS-related 

apoptosis.220 In PD models, OS, triggered by agents like 6-OHDA, leads to increased ROS 

generation and activation of the apoptotic pathway, including the caspase cascade.221 The 

reduction in ROS generation previously observed with C. edulis extracts likely contributes to the 

decreased caspase 3/7 activity, which is consistent with research demonstrating that alleviating 

OS can prevent apoptotic cell death.222 

 

The crude extract and fractions of D. stramonium significantly (p < 0.0001) reduced caspase 3/7 

activity (Figure 23B). The crude extract and fractions 1, 3, and 6 demonstrated virtually 

equivalent reductions in caspase 3/7 activity, indicating that the phytochemicals responsible for 

this inhibition are likely evenly distributed across the crude extract and these fractions. Notably, 

Fraction 7 showed the greatest reduction in caspase 3/7 activity, decreasing it by 3.66 ± 0.05-

fold, suggesting a higher concentration of active compounds in this fraction. 

 

The notable reduction in caspase 3/7 activity aligns with existing research highlighting the anti-

apoptotic properties of the phytochemical compounds, such as alkaloids, flavonoids, and 

phenolics in D. stramonium.166 Datura stramonium is known for its therapeutic and 

neuroprotective effects, which are attributed to its phenolic compounds and flavonoids.108 These 

compounds possess the ability to scavenge free radicals, preserve cellular integrity, and mitigate 

OS and apoptosis, thereby enhancing their therapeutic potential.223 

In a previous study it was demonstrated that D. stramonium leaf extract exhibited 

nephroprotective effects against methotrexate-induced nephrotoxicity by reducing OS-mediated 

inflammation and caspase 3 activity.224 These findings suggest that D. stramonium provides 
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protection in various models through apoptosis modulation via similar mechanisms, underscoring 

its medicinal value. 

The observed reduction in caspase 3/7 activity indicates that C. edulis and D. stramonium may 

hold therapeutic potential in safeguarding neuronal cells from OS-induced apoptosis, a key 

feature of PD. Both plant extracts appear to mitigate apoptosis by inhibiting caspase 3/7 activity, 

likely through their capacity to reduce OS and, consequently, the activation of apoptotic pathways 

associated with cellular damage. This underscores the promise of these plant extracts as 

neuroprotective agents. 

 

3.8 Mitochondrial membrane integrity 

 

Potassium persulfate, an oxidising agent, induces OS and generates ROS, disrupting MMP, 

impairing ATP production, and potentially opening the MPT pore. This mitochondrial damage is 

reflected by an increased ratio of damaged mitochondria to cell density (Figure 24). Similarly, 6-

OHDA treatment increased fluorescence intensity, indicating significant mitochondrial damage, 

and reduced cell density. After normalising fluorescence to cell density, the 6-OHDA-treated 

group increased the ratio of healthy mitochondria to cell density by 0.50 ± 0.3 compared to the 

control, indicating increased mitochondrial damage per cell. This suggests increased 

mitochondrial damage per cell, likely due to mitochondrial stress or dysfunction induced by 6-

OHDA. These findings align with existing literature. Silva et al. reported that treatment of SH-

SY5Y cells with 100 μM 6-OHDA caused significant MMP depolarisation, increasing the 

monomer-to-aggregate ratio to 150% of the control.187  Similarly, Shih et al. observed that 100 

μM 6-OHDA treatment induced approximately 70% MMP depolarisation in SH-SY5Y cells.225 

 

The self-oxidation of DA to 6-OHDA produces free radicals and unstable quinones, which trigger 

the oxidation of lipids and damage to the mitochondrial membrane. This damage ultimately leads 

to the disintegration of the MMP, which causes cell death.134,198,226 There is a demonstrated 

correlation between MMP depolarisation and ROS production, as well as MMP depolarisation 

and neuronal death.227-229 
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Figure 24.  The effect of Catha edulis (A) and Datura stramonium (B) crude extract and fractions (3.1 

µg/mL) on mitochondrial membrane integrity. Results were reported as mean ±SEM of three biological 

and technical repeats (n=9). Significance is expressed relative to 6-OHDA; * p < 0.05, ** p < 0.01, *** p < 

0.001, **** p < 0.0001. 6-OHDA: 6-hydroxydopamine (72.83 µM), NC: negative control, and PC: positive 

control (1 mM potassium persulfate). 
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The crude extract and fractions of C. edulis demonstrated the ability to preserve mitochondrial 

integrity, as indicated by the significant reduction in the ratio of healthy mitochondria to cell 

density (Figure 24A). The crude extract and fractions 1 to 5 showed a relatively consistent 

protective effect, while fraction 6 demonstrated the most significant reduction in the ratio, 

decreasing by 0.82 ± 0.26 (p < 0.001) compared to 6-OHDA, suggesting a stronger ability to 

maintain mitochondrial integrity. This effect may be attributed to a higher concentration of 

protective bioactive compounds or a unique combination of phytochemicals. 

 

Similarly, D. stramonium extracts and fractions also maintained mitochondrial integrity (Figure 

24B), reducing the ratio of healthy mitochondria to cell density. Fractions 1, 3, and 5 displayed 

comparable and significant (p < 0.001) reductions in the ratio of healthy mitochondria to cell 

density, while the crude extract showed the most significant reduction in the ratio of healthy 

mitochondria to cell density, decreasing by 1.08 ± 0.29 (p < 0.0001) compared to 6-OHDA. This 

highlights the potential of D. stramonium to protect against mitochondrial disruption, likely 

mediated by its antioxidant properties 

 

The mitochondrial integrity observed for D. stramonium in this study might be attributed to its 

antioxidant property, hence mitigating OS and preventing mitochondrial impairment. For 

instance, co-incubation of the methanol extract of Hyoscyamus niger with MPP+, which is known 

to induce mitochondrial dysfunction, significantly reduced the generation of hydroxyl radicals.181 

This reduction in ROS may have contributed to preserving mitochondrial function. Additionally, 

given that D. stramonium contains phenolic and flavonoid compounds with significant antioxidant 

potential, it is likely that its protective effects are mediated through similar mechanisms, 

emphasising its role in reducing OS and preserving mitochondrial integrity. 

 

The reduction in mitochondrial damage caused by C. edulis and D. stramonium fractions is of 

importance, as mitochondrial dysfunction is a key factor in cell death, particularly in PD.53 By 

protecting mitochondria, C. edulis and D. stramonium fractions may help mitigate OS and 

apoptosis, as supported by the results where a reduction in ROS and caspase activity was noted. 

The rich phytochemical content of both plants, including alkaloids, flavonoids, and phenolics, 

likely contributes to this effect by scavenging ROS and preventing mitochondrial membrane 

collapse, supporting their role in enhancing mitochondrial stability under oxidative conditions.230 

These results align with literature on plant-derived compounds, such as flavonoids and phenolic 
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compounds, which are known for stabilising mitochondrial membranes and preventing 

dysfunction under oxidative conditions.230 

 

The established link between mitochondrial dysfunction, OS, and apoptosis in PD suggests that 

C. edulis and D. stramonium crude extracts and fractions could be valuable for therapeutic 

interventions aimed at maintaining mitochondrial function and preventing cell death. Both C. 

edulis and D. stramonium extracts play a protective role in maintaining mitochondrial integrity, 

potentially mitigating the cellular damage induced by OS and apoptotic signalling pathways. This 

maintenance of mitochondrial health is essential, as it reduces the likelihood of cell death and 

helps maintain overall cellular function.  

 
3.9 In silico docking  

 

The free energies calculated from the docking studies revealed higher binding affinities of 

norephedrine than cathine for both D1 and D2 receptors (Table 7). The binding free energy 

values of norephedrine for D1 and D2 were -4.34 KJ/mol and -5.91 KJ/mol, respectively, 

whereas the values for cathine were -3.9 KJ/mol and -5.31 KJ/mol, for D1 and D2, respectively. 

Norephedrine has a higher binding affinity, especially for the D2 receptor, as indicated by 

its lower (more negative) binding free energy values. This is important because one of the main 

therapeutic approaches for PD symptoms is DA receptor antagonism. 231,232 

 

The docking poses and 2D ligand-protein interaction diagrams for each compound at the D1 and 

D2 receptors is depicted in Table 7. The results indicate that apomorphine, a known D1 receptor 

agonist,233 primarily formed interactions via π-π stacking, hydrogen bonding, and a salt bridge. 

In contrast, cathine and norephedrine formed distinct binding interactions, with cathine forming 

a hydrogen bond and norephedrine forming a salt bridge to specific amino acid residues. Notably, 

both compounds shared only one common amino acid residue with apomorphine, suggesting a 

different binding orientation that may influence their functional efficacy at the D1 receptor.234 

 

Similarly, in the D2 receptor, risperidone, a well-known antagonist,235 predominantly formed 

interactions via π-π stacking, hydrogen bonding, and a salt bridge (Table 7). Norephedrine 

shared several amino acid residues with risperidone, suggesting similar binding modes and 

supporting its potential as a D2 receptor modulator. In contrast, cathine formed a hydrogen bond 

to a unique amino acid residue, indicating a slightly different binding configuration. This variation 

could impact cathine's binding efficiency and functional activity at the D2 receptor.236 
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Table 7.  Binding affinity of compounds identified in Catha edulis for dopamine receptors (D1 
and D2) 

Dopamine receptor Ligand Ligand-interaction Common residues 
Other 

residues 

Affinity 

(KJ/mol) 

D
1
 R

e
c

e
p

to
r 

Apomorphine 

 

ASN292, ASP103, 

PHE289, and 
SER198 

- - 

Cathine 

 

ASP103 - -3.9 

Norephedrine 

 

ASP103 - -4.34 

D
2
 r

e
c
e

p
to

r 

Risperidone 

 

ASP114, H2O, 
PHE390, and 

TRP386 

- - 

Cathine 

 

PHE390, and 

TRP386 
VAL115 -5.31 

Norephedrine 

 

ASP114, PHE390, 

and TRP386 
- -5.91 
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Cathine and norephedrine interacted with dopaminergic modulators at activator sites, including 

apomorphine at the D1 receptor and risperidone at the D2 receptor. These interactions suggest 

their potential to influence receptor activity through distinct binding mechanisms. Given the 

critical role of D2 receptors in motor control pathways disrupted by DA deficiency in PD, 

norephedrine’s strong binding to these receptors suggests it could mimic DA’s effects or 

modulate receptor activity.237 This potential to alleviate motor symptoms positions norephedrine 

as a compelling candidate for further research into treatments targeting dopaminergic 

pathways.238 Notably, D2 agonists play a key role in relieving motor symptoms in PD by 

modulating the disrupted indirect pathway of the basal ganglia.239 However, its promise as a 

treatment requires a cautious and thorough evaluation, particularly in understanding its 

specificity, efficacy, and safety in restoring dopaminergic signalling in PD patients. 

 

The molecular docking assessment of compounds present in D. stramonium (atropine, 

hyoscyamine, and noradrenaline) within the D1 and D2 receptors showed notable differences in 

binding affinities (Table 8). The highest binding affinity to both receptors was shown by 

noradrenaline, which displayed free energy values of -6.73 KJ/mol for D1 and -7.43 KJ/mol for 

D2. In contrast, both atropine and hyoscyamine displayed lower affinities: atropine binds with a 

binding free energy of -4.55 KJ/mol for D1 and -4.31 KJ/mol for D2, and hyoscyamine with energy 

values of -5.54 KJ/mol for D1 and -4.34 KJ/mol for D2. Of all the compounds, noradrenaline, is 

the potential candidate to interact with a receptor. 

 

The specific binding affinity of noradrenaline to D1 and D2 receptors may be crucial for PD 

treatment, as noradrenaline is essential for motor control and neuronal function.240 In PD, the 

deficiency of noradrenaline contributes to worsening symptoms and dyskinesia, which are 

commonly observed in PD patients during DA replacement therapy.157 Previous studies have 

extensively explored noradrenaline as a dopamine receptor agonist, with both in vitro and in silico 

investigations reporting its binding interactions and affinities with DA receptors.241,242,243 These 

studies have shown that noradrenaline can activate DA receptors, enhancing DA signalling 

pathways and compensating for DA deficiencies.  

 

By stimulating both D1 and D2 receptors, noradrenaline may boost DA cell activity and mitigate 

the effects of DA deficiencies. Additionally, the restoration of noradrenergic activity has been 

shown to reduce dyskinesia, a common side effect of PD treatment.240 Given these effects, 

noradrenaline's strong affinity for these receptors supports additional research into its therapeutic 
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potential in regulating motor activities and potentially alleviating some of the side effects 

associated with current treatments. 

 

Table 8.  Binding affinity of compounds identified in Datura stramonium for dopamine receptors 

(D1 and D2) 

Dopamine receptor Ligand Ligand-interaction 
Common 

residues 

Other 

residues 

Affinity 

(KJ/mol) 

D
1
 r

e
c
e

p
to

r 

Apomorphine 

 

ASN292, 

ASP103, 

PHE289, and 

SER198 

- - 

Atropine 

 

ASP103 LYS81 -4.55 

Hyoscyamine 

 

ASP103 
SER188 and 

TRP99 
-5.54 

Noradrenaline 

 

ASN292, 

PHE289, and 

SER198 

SER107 -6.73 

D
2
 r

e
c
e

p
to

r 

Risperidone 

 

ASP114, H2O, 

PHE390, and 

TRP386 

- - 
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Atropine 

 

- 
GLU95 and 

TRP413 
-4.31 

Hyoscyamine 

 

ASP114 
SER409 and 

TYR408 
-4.34 

Noradrenaline 

 

ASP114, 

PHE390, and 

TRP386 

SER197 -7.43 

 

All compounds formed interactions with the receptor binding site through π-π stacking, hydrogen 

bonding, and salt bridges (Table 8), which are critical for stabilising ligand-receptor complexes, 

as demonstrated by the reference compound, apomorphine.244 Atropine and hyoscyamine both 

formed salt bridge interactions, while noradrenaline demonstrated multiple interactions, including 

hydrogen bonding and π-π stacking, with several amino acid residues. This similarity in binding 

mechanisms highlights noradrenaline's strong affinity for the D1 receptor, suggesting its potential 

to achieve receptor activation comparable to that of the reference ligand. 

 

Atropine formed a distinct hydrogen bond to the receptor binding site, while hyoscyamine formed 

both a hydrogen bond and a π-cation interaction stabilised by specific amino acid residues. 

Similarly, noradrenaline exhibited a hydrogen bond with a specific amino acid residue, potentially 

enhancing its binding affinity. These interactions highlight the unique binding mechanisms of 

each compound, which could play an important role in determining their efficacy in modulating 

D1 receptor activity.245 

  

Similar to the D1 receptor, interactions with the D2 receptor were mediated by π-π stacking, 

hydrogen bonding, and salt bridges. Hyoscyamine formed a hydrogen bond interaction, while 

noradrenaline formed a π-π stacking interaction and a salt bridge, both stabilised by key amino 
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acid residues. These interactions suggest that these compounds may bind to the D2 receptor in 

a manner similar to risperidone. The close resemblance of noradrenaline’s binding mode to that 

of risperidone likely explains its higher binding affinity and supports its potential role as a D2 

receptor modulator. Noradrenaline has higher affinity for D1 and D2 receptors because of its 

structural similarity with DA.246 Both compounds are catecholamines and share a common core 

structure; a catechol group and an amine group.247 The main difference between the two is the 

additional hydroxyl group on the β-carbon of noradrenaline. This similarity in the structural 

framework allows noradrenaline to interact with DA receptors more effectively than other 

compounds. 

 

In contrast, atropine formed both hydrogen bond and salt bridge interactions, while hyoscyamine 

formed a hydrogen bond and a π-π stacking interaction, stabilized by unique amino acid 

residues. Noradrenaline, on the other hand, formed a hydrogen bond with a specific amino acid 

residue. These specific interactions suggest that, although hyoscyamine and noradrenaline 

share general binding features, their exact positioning and interaction with the receptor differ, 

potentially influencing their therapeutic outcomes and receptor modulation capabilities.245  

 

Norephedrine and noradrenaline were identified as the most promising compounds from C. 

edulis and D. stramonium, respectively, demonstrating the highest binding affinities for D1 and 

D2 receptors. This suggests their potential as dual-acting agonists of DA receptors. The distinct 

interactions observed for each compound indicate variations in their binding modes, which could 

influence their pharmacological response and therapeutic applications. These findings contribute 

to the growing body of research on noradrenaline's therapeutic potential in PD and highlight the 

need for further exploration of its efficacy in combination with other therapeutic strategies. 
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Chapter 4: Conclusion 
   

C. edulis and D. stramonium extracts may have considerable therapeutic potential for PD as 

indicated by the activity noted. The minimal cytotoxicity observed, together with the  

cytoprotective properties in both plant extracts, suggests that they may play a role in protecting 

against neuronal damage in PD. This is notable considering the significant role of OS in 

PD advancement, as both extracts have been proven to decrease ROS levels, thus, mitigating 

oxidative damage to cells. 

 

Furthermore, the observed reduction in caspase 3/7 activity suggests that the plant extracts may 

provide neuroprotection by inhibiting apoptosis, an important mechanism of neuronal death in 

PD. Their ability to maintain mitochondrial integrity further highlights their therapeutic potential, 

as mitochondrial dysfunction is a key characteristic of PD and contributes significantly to 

neurodegeneration. By maintaining mitochondrial function these extracts may help slow the 

progression of neurodegeneration. 

 

In addition, the strong affinity of norephedrine and noradrenaline for DA receptors indicates their 

potential to restore DA function, which is essential for alleviating motor symptoms in PD. While 

consistent with prior studies on noradrenaline as a dopamine receptor agonist, the current 

findings provide new insight into its dual-acting mechanism and binding modes, suggesting its 

potential to complement existing therapies by addressing non-motor symptoms and reducing 

dyskinesia. However, noradrenaline's poor BBB permeability remains a challenge. Future 

research should focus on strategies like prodrug development or nanocarrier formulations to 

enhance its CNS delivery, paving the way for novel PD treatments. 

 

In conclusion, C. edulis and D. stramonium extracts demonstrate potential as sources of 

bioactive compounds that could help mitigate key aspects of PD, including OS, apoptosis, and 

mitochondrial dysfunction. These results highlight the need for further investigation, particularly 

in vivo studies, to elucidate their underlying mechanisms and fully assess their therapeutic 

potential. 
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4.1 Limitations and recommendations 

 

One of the major limitations of this study is the lack of sufficient literature on the neuroprotective 

effects of C. edulis and D. stramonium extracts specifically in SH-SY5Y cells, making direct 

comparisons with existing studies challenging. Additionally, while SH-SY5Y cells are frequently 

used in primary screening assays due to their ability to proliferate, their bioenergetic properties 

and differences from native neuronal environments may affect the accuracy of the results. These 

cells may not fully represent the molecular and biological mechanisms associated with PD, 

highlighting the need for more representative models to study the disease more effectively. 

 

While the current findings suggest some neuroprotective potential, the fundamental molecular 

mechanisms remain largely unknown, and while in vitro models are useful, they might not 

accurately represent the complexity of living organisms. This limitation may have an impact on 

the findings' practical relevance, highlighting the necessity for more comprehensive studies. 

 

In future studies, it is recommended to use SH-SY5Y cells as a more physiologically relevant 

model due to their similarities to dopaminergic neurons affected in PD. Retinoic acid has been 

shown to stimulate neurite growth and branching, hallmark characteristics of differentiated 

neurons.112,113 It also plays a key role in the differentiation and proliferation of various cell types 

by activating RA nuclear receptors, which regulate critical aspects of gene expression.115,116 

Using differentiated cells increases the reproducibility of findings by more closely mimicking the 

cellular environment of PD, thereby allowing for a more accurate evaluation of potential 

therapeutic agents. 

 

Furthermore, given the degenerative nature of PD, evaluating the long-term safety of these 

extracts through chronic toxicity studies is important. Incorporating in vivo investigations and 

animal models will allow for a more thorough knowledge of their effects in complex biological 

systems. Further research into the role of important enzymes, such as cholinesterase and MAO 

A, could give unique perspectives into the therapeutic potential and usefulness of these extracts 

in PD. 
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Appendix II: Reagents and their preparation 
 

1. Solvents 

β-mercaptoethanol, acetic acid, acetonitrile, dichloromethane, dimethyl sulfoxide, ethyl acetate, 

formic acid, methanol, and methyl tert butyl ether was purchased from Sigma Aldrich (St Louis, 

USA) and were used without further purification. 

 

2. Cellular cytotoxicity and cytoprotection assays 

 

2.1 Cell culture 

 

2.1.1 Ham’s F12 medium and Dulbecco’s modified Eagle’s medium (DMEM) 

Dulbecco’s Modified Eagle’s Medium/Ham’s Nutrient Mixture F12 (1:1) was purchased from 

Sigma-Aldrich (St Louis, USA), and was supplemented with 1% penicillin/streptomycin, and 10% 

FCS prior to use. 

 

2.1.2 Foetal calf serum 

FCS was purchased from Sigma Aldrich (St Louis, USA). Solutions were inactivated through 

heating at 56°C for 45 min and stored at -20°C. 

 

2.1.3 Penicillin/streptomycin  

Penicillin/streptomycin was purchased from Sigma Aldrich (St Louis, USA) at 10 000 units 

penicillin and 10 000 µg streptomycin per 1 mL. 

 

2.1.4 Trypan blue 

Trypan blue was made up at (0.1% w/v) solution by dissolving 500 mg trypan blue powder in 50 

mL PBS and subsequently the solution was filtered through a 0.45 µm syringe filter to remove 

any insoluble particles. The solution was stored at room temperature in the dark. 

 

2.1.5 TrypLE 

TrypLE solution was purchased from Thermo Fisher Scientific (Waltham, USA) in liquid form and 

used undiluted. The solution was stored at room temperature.  
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2.2 Cytotoxicity and cytoprotection assays 

 

2.2.1 6-Hydroxydopamine (6-OHDA) 

6-Hydroxydopamine powder was obtained from Sigma-Aldrich (St Louis, USA), and stock 

solutions were made up to concentrations identified in 1% ascorbic acid. Aliquots will be stored 

at -80°C and working solutions will be freshly prepared before Use. 

 

2.2.2 Acetic acid solution 

A 1% acetic acid solution was prepared by diluting 1 mL of glacial acetic acid (Sigma Aldrich, St 

Louis) with distilled water to a final volume of 100 mL. The stock solution was stored at room 

temperature. 

 

2.2.3 Trichloroacetic acid (TCA) 

Trichloroacetic acid solution (50% w/v) was made up by dissolving 50 g in 100mL of distilled 

water. 

 

2.2.4 Tris-Base 

Tris-Base powder was purchased from Merck Chemicals (Darmstadt, Germany). The solution 

was prepared by dissolving 2.42 g in 1 L of distilled water, and was stored at 4°C. The pH was 

adjusted to 7.4 using sodium hydroxide and hydrochloric acid. 

 

2.2.5 Saponin 

Saponin powder was obtained from Sigma Aldrich (St. Louis, USA). A 1% solution was prepared 

by dissolving 1 g into 100 mL of distilled water and subsequently stored at 4 ̊C. 

 

2.2.6 Sulforhodamine B (SRB) dye 

The SRB dye was prepared by dissolving 57 mg of the SRB powder (Sigma Aldrich, St Louis) in 

100 mL of a 1% (v/v) acetic acid solution and stored at 4°C until use. 

 

3. Intracellular ROS assay 

 

3.1 Dihydro dichlorofluorescein diacetate (H2DCFDA) 

Dihydro dichlorofluorescein diacetate substrate solution was prepared by dissolving 3.90 mg 

H2DCFDA powder with DMSO to a final volume of 800 µL. 
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3.2 Phosphate-buffered saline (PBS) buffer 

Phosphate-buffered saline was made by dissolving 9.23 g of the FTA haemagglutinin powder 

(BD Bioscience, New Jersey, USA) in distilled water, to make a final volume of 1L. The solution 

will be sterilised by autoclaving, at 120°C/2 bar for 30 min. 

 

3.3 Potassium persulfate 

Potassium persulfate was purchased from Sigma Aldrich (St Louis, USA). A stock solution (10 

mM) was prepared by dissolving 27.03 mg powder with PBS buffer to a final volume of 10 mL. 

To make 1 mM solution, 200 µL of potassium persulfate solution was diluted with 800 µL of FCS-

negative media. 

 

4. Caspase 3/7 activity 

 

4.1 Acetyl-Asp-Glu-Val-Asp-7-amido-4-methylcoumarin (Ac-DEVD-AMC)  

Ac-DEVD-AMC was purchased from Sigma-Aldrich (St. Louis, USA). A 5 mM stock solution was 

prepared by dissolving 5.07 mg in 2 mL DMSO and stored at -80°C in 25 µL aliquots. 

 

4.2 Cold lysis buffer 

HEPES, 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), EDTA and 

PMSF were purchased from Sigma-Aldrich (St. Louis, USA), while β-mercaptoethanol (4.3 mM) 

was purchased from Merck Chemicals (South Africa). A solution of 10 mM HEPES, 2 mM 

CHAPS, 5 mM EDTA, 0.5 mM PMSF and 4.3 mM β-mercaptoethanol was prepared by dissolving 

70.06 mg EDTA, 61.49 mg CHAPS, and 119.15 mg HEPES in 2.984 mL distilled water. The 

incomplete buffer was stored at 4°C. Thirty minutes prior to experimentation 15 µL PMSF (0.5 

mM) and 1 µL β-mercaptoethanol (4.3 mM) was added to make up 3 mL cold assay buffer. 

 

4.3 Substrate buffer  

A solution of 10 mM HEPES, 5 mM EDTA, was prepared by dissolving 238.30 mg HEPES and 

146.12 mg EDTA in 100 mL distilled water. The incomplete buffer was stored at 4°C. Thirty 

minutes prior to experimentation 50 µL PMSF (0.5 mM), 3 µL β-mercaptoethanol (4.3 mM) and 

20 µL Ac-DEVD-AMC (10 µM) was added to make up 10 mL substrate buffer. 

 

4.4 Cisplatin 

Cisplatin was prepared by diluting 10 µL of stock solution (20 mM) with 6.99 mL FCS negative 

media to make up 29.85 µM. 
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5. Mitochondrial integrity 

 

5.1 Cytopainter red dye 

The dye was prepared by diluting 6 µL of dye in FCS negative media to make up 10 mL solution. 

 

6. Pure compounds 

 

6.1 Atropine 

Atropine powder was purchased from Thermo Fisher Scientific (Waltham, USA). A stock solution 

(1 mM) was prepared by dissolving 5.6 mg in 8 mL DMSO and stored at -80°C in 150 µL aliquots. 

 

6.2 Scopolamine 

Scopolamine powder was purchased from Thermo Fisher Scientific (Waltham, USA). A stock 

solution (1 mM) was prepared by dissolving 3.51 mg in 8 mL DMSO and stored at -80°C in 150 

µL aliquots. 
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