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Abstract 

 

Parkinsonôs disease (PD) is a highly debilitating age-related neurodegenerative disorder 

arising from the prominent loss of dopaminergic nigro-striatal tracts. It affects 

approximately 2% of the population over 65 years of age. The majority of cases of PD 

arise from complex interactions between a myriad of risk-associated genes and 

environmental risk factors. Due to the intricate combination of multiple factors, efforts 

towards designing therapies for PD have demonstrated limited efficacy. Current drugs 

mainly relieve symptoms rather than retarding or modifying disease progression. 

Natural products (NPs) have served as an invaluable source of new drugs for over 25 

years. It stands to reason therefore that these bioactive small molecules may themselves 

become promising therapeutic agents for PD.   

 

Cytological profiling has emerged as a powerful tool to rapidly identify the effects of 

thousands of small molecules on the biological properties of the cells. This platform 

employs an automated microscopy system from which images of cells in multi well 

plate format are obtained. Subsequently the resulting images are segmented and a 

number of cytological features are quantified based on the amount and location of 

fluorescence within cells. Together with effective downstream data processing, image-

based screening technologies play crucial roles in drug lead discovery and optimization. 

Notably, among 75 first-in-class small molecule drugs approved by US Food and Drug 

Administration between 1999 and 2008, 28 were discovered by phenotypic screening.  

 

In this thesis, two different libraries were screened using cytological profiling against a 

patient-derived PD cellular model, namely human olfactory neuroepithelium derived 

(hONS) cells which display functional and genetic discrepancies in a disease-specific 
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manner. The first library was constructed based on different natural product scaffolds 

that have been previously explored, albeit the activity against PD patient cells has not 

been previously reported. The second library contains a series of novel compounds 

designed around naturally occurring 1-azaadamantane scaffold, which is the core 

structure of pharmacologically important synthetic compounds, especially for central 

nervous system diseases. Instead of focusing on a particular phenotype, our strategy 

employed multiple cellular markers targeting several cellular components implicated in 

PD including mitochondria, lysosomes, endosomes, and autophagosomes. The current 

cytological profiling approach effectively identified compounds with biological 

activities in PD cells. In the first library, one hit compound was associated with tubulin 

depolymerization and enhancement of lysosome activity. In the second screening, three 

hit compounds displayed significant effects on nuclear and cellular morphology as well 

as intensity of tubulin, mitochondria, LC3b and lysosome. Examination of bioclusters of 

screened compounds of both libraries revealed groups of structurally related 

compounds. This result along with analysis of structure activity relationships showed 

that chemical similarity led to similar biological activity. However, some compounds 

with similar structures surprisingly exhibited different biological effects on several 

cytological features. It indicated that minor differences of chemical structures can 

render dramatic changes in activity. Overall, the current work demonstrated the 

potential of cytological profiling as useful tool for early stage of drug discovery.  
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1. INTRODUCTION

1.1 Natural Products 

Natural products (NPs) are defined as any biological molecules derived from various 

natural sources such as plants, microbes and animals. Natural products can constitute an 

entire organism (e.g. a microorganism, plant or animal), or a part thereof, (e.g. flowers, 

leaves or isolated animal organ) or an organismal extract (e.g. alkaloid, coumarins, 

flavonoid, etc.). The vast majority of these molecules may not play any particular role in 

the growth and development of the organisms and but act as toxins, pheromones, 

attractants and repellents in ecological interactions with other organisms. Such small 

molecules (molecular weight < 500 Da) are traditionally referred to as secondary 

metabolites. Primary metabolites, which include proteins, nucleic acids, amino acids, 

polysaccharides, etc. on the other hand, participate directly in metabolism that is a  

fundamental process of life.  

Nature stands for an inexhaustible source of novel chemotypes and pharmacophores, 

and has served as an invaluable source of medicinal agents for millennia. Indeed, 

natural products have played a vital role in the empirical treatment of illness in many 

advanced civilizations. Many hand-written accounts of ancient civilizations, e.g. 

Chinese, Indians, North Africans, detail the use of natural products, especially plants, in 

disease treatments. The oldest known medical record was written in clay tablets from 

ancient Mesopotamia, circa 2600 BC. It describes 1000 plants and over 700 plant-based 

substances, such as oils of Cupressus sempervirens (Cypress) and the resin of 

Commiphora myrrha (myrrh), which remain in use today as cough, cold and 

inflammation remedies (Cragg and Newman, 2013). Natural product-based medicines 
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were not only used in Occidental countries but, also flourished in the Orient, as 

evidenced by the practice of Indian Ayurveda (contains 341 plant derived drugs) and the 

primitive Chinese book, ñPrescription for Fifty Two Diseasesò (lists 247 natural agents) 

(Dias et al., 2012).  

 

1.1.1 Plant-derived Natural Products 

 

Historically, plants have provided a source of inspiration for novel drug compounds, 

and plant-derived medicines have made large contributions to human health and well-

being. Initially dispensed in the form of crude drugs including tinctures, teas, powders, 

and other mixed herbal formulations, plant-based medical knowledge has been passed 

down from generation to generation in various parts of the world (Samuelsson, 2004, 

Balunas and Kinghorn, 2005, Mazumder et al., 2013). Despite the long-term use of 

these substances, their desired therapeutic effects remained unclear until the eighteenth 

and nineteenth centuries. Plant-derived NPs have substantially contributed to novel 

therapeutics. In 1805, with the aid of modern analytical and structural chemistry, 

morphine (1) (Figure 1.1),  was successfully isolated from Papaver somniferum L. 

(opium poppy) (Newman et al., 2000). Extracted from the bark of Cinchona succirubra 

Pav. ex Klotsch by the French pharmacists, Caventou and Pelletier in 1820, the anti-

malaria drug, quinine (2), has long been used for the cure of malaria, fever and cancer 

(Cragg and Newman, 2013). Known as a painkiller, preparations of the Willow tree 

have been used in traditional medicine. The successful isolation of salicin from the bark 

of the willow tree (Salix alba) as the active component followed by acetylation 

produced the semisynthetic product ñAspirinò commercialized by Bayer in 1899 for the 

treatment of arthritis and pain (B.Singh, 2012). Other significant drugs developed from 

traditional medicinal plants include: the antihypertensive agent, reserpine, isolated from 
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Rauwolfia serpentina which was used in Ayurvedic medicine for the treatment of 

snakebite and other ailments (Kapoor, 1990, Potterat and Hamburger, 2008); ephedrine, 

from Ephedra sinica (Ma Huang), a plant used in traditional Chinese medicine, and the 

basis for the synthesis of the anti-asthma agents (beta agonists), salbutamol and 

salmetrol; the muscle relaxant, tubocurarine, isolated from Chondrodendron and 

Curarea species used by indigenous groups in the Amazon as the basis for the arrow 

poison, curare (Buss, 1995); and promising results against HIV from the extracts of 

many plants including turmeric (Curcuma longa) and St. Johnôs wort (Hypericum 

perforatum) (Cowan, 1999).  

 

     

 

 

 

 

 

 

 

 

Figure 1.1 Chemical structures of selected plant derived natural products  
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Plants have a long history in the treatment of cancer (Hartwell, 1982). However cancer, 

as a specific disease entity, was not well-defined in term of traditional medicine, and 

therefore, the efficacy of such treatments needs to be rigorously investigated (Cragg et 

al., 1994). Of the plant-derived anticancer drugs in clinical use, the best known are the 

so-called vinca alkaloids, vinblastine (3) and vincristine (4). Isolated from the 

Madagascar periwinkle, Catharanthus roseus; etoposide and teniposide which are 

semisynthetic derivatives of the NP epipodophyllotoxin; paclitaxel (Taxol®) (5),which 

occurs along with several key precursors (the baccatins) (6) in the leaves of various 

Taxus species, and the semisynthetic analogue, docetaxel (Taxotere®) (Figure 1.1) 

(Cragg and Newman, 2013). 

 

Despite the recent interest in molecular modelling, combinatorial chemistry, and other 

synthetic chemistry techniques by pharmaceutical companies, natural products, and 

particularly medicinal plants, remain an important source of new drugs and drug leads 

(Butler, 2004).  Recently, one of the first plant-derived tubulin interactive compounds 

has shown promising early clinical results. Maytansine isolated in the early 1970s from 

the Ethiopian tree Maytenus serrata, was effectively granted a new lease of life as 

antibody-conjugated maytansine derivatives (7) (Figure 1.1). Ado-trastuzumab 

emtansine (T-DM1), for instance, the first antibody-directed chemotherapy accepted for 

solid malignancy, was granted US Food and Drug Administration (FDA) approval in 

2013 (Peddi and Hurvitz, 2014).  

 

1.1.2 Marine Natural Products 

 

In contrast to plant-based treatments, marine organisms do not have significant history 

of use in traditional medicine. Despite the fact that the worldôs oceans cover 70% of the 
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earth surface, representing enormous resource of bioactive agents, the collection of 

marine organisms was unattainable until the mid-1970s due to the lack of reliable diving 

techniques (Dias et al., 2012). The rapidly increasing pace of these investigations over 

recent decades has established that marine secondary metabolites display unusual 

structural features, potent biologic activity, many of which cannot be found in terrestrial 

natural products. Invertebrates, mainly sponges, tunicates, bryozoans or molluscs 

provide the majority of marine natural products involved in clinical or preclinical trials 

(D. Alonso, 2003). The first marine-derived product to gain approval as a drug (in 2004) 

was Ziconotide, a non-narcotic analgesic, that is currently marketed as Prialt® 

(Wallace, 2006). This compound serves as venom of the tropical cone snail genus 

Conus to stun its prey prior to capture (Bulaj et al., 2003). According to the US National 

Cancer Instituteôs preclinical cytotoxicity screening, approximately 1% of the tested 

marine samples showed anti-tumor potential versus 0.1% of terrestrial samples (Munro 

et al., 1999). The complex alkaloid ecteinascidin 743 is a noteworthy example. It was 

isolated from the tunicate Ecteinascidia turbinata and launched for the treatment of soft 

tissue sarcomas in Europe in late 2007 and for the treatment of relapsed ovarian cancer 

in Europe and the United States in 2009 under the name Yondelis® (8) (Figure 1.2). It 

is also in a phase III trial against ovarian cancer in conjunction with liposomal 

doxorubicin, and in phase II trials for breast, prostate, and pediatric sarcomas (Cragg 

and Newman, 2009, Cragg et al., 2009, Henriquez, 2005). Further examples of 

anticancer agents are halichondrin B (9) a complex polyether isolated in miniscule yield 

from several sponge sources along with successful large scale synthesis of its analogue 

E7389 (Eribulin mesylate, Halaven
TM

)  (10) which subsequently gained FDA approval 

in 2010; and bryostatin 1 (11), another complex macrolide, originally isolated by Pettit 

and his collaborators from the bryozoan, Bugula neritina (Cragg et al., 2009, Cragg and 

Newman, 2009, Yu, 2005, Newman, 2005, Newman, 2012, Kollar et al., 2014).  
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Figure 1.2 Drugs derived from marine natural products for treatment of cancer 

 

1.2 Roles of Microorganisms in Drug Discovery 

 

Microorganisms are able to produce natural products with a broad range of 

pharmacological activities. The greatest attention in the past has been paid to the 

discovery of penicillin, by Flemming in 1929, from the filamentous fungus, Penicillium 

notatum, which opened the ñGolden Ageò of antibiotics (1940-1962). Penicillin G (12) 

(Figure 1.3) was the first penicillin in clinical use (Singh and Barrett, 2006, Walsh, 

2003). Shortly after that, in 1943, the aminoglycoside antibiotic streptomycin (13) was 

isolated from Streptomyces griseus and, in addition to being active against 

Mycobacterium tuberculosis, was active against a wide range of other pathogenic 
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organisms. The macrolide antibiotic, exemplified by erythromycin (14), is still 

prescribed today, particularly for pediatric patients. Many antibiotics currently remain in 

use, such as aminoglycosides, tetracyclines (15) (Buss, 1995), amoxicillin (16), 

cephalexin (17) (B.Singh, 2012) and other polyketides of many structural types (from 

the Actinomycetales). Vancomycin (18), a glycopeptide produced by Streptomyces 

orientalis discovered in 1954, is a key Gram-positive antibiotic (Walsh, 2003) (Figure 

1.3). However, bacteria have rapidly evolved resistance to various classes of antibiotics, 

which means new generations of antibiotics need to be constantly discovered. A report 

from the US Centers for Disease Control and Prevention (September 2013) showed that 

2 million Americans a year contract bacterial infections that are resistant to existing 

antibiotics and 23,000 die from these infection (Williams, 2014). In spite of 

technological breakthroughs progress is slow with only two new antibiotics approved by 

FDA from 2008 to 2012 (Spellberg, 2013).  
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Figure 1.3 Representative examples of natural products based antimicrobial drugs 
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Microorganisms, particularly fungi are capable of producing antitumor antibiotics, 

which have played a much bigger role, perhaps second only to antibacterial agents, 

either as drugs or lead to drugs. Regarding their antitumor perspective, anthracyline 

(Arcamone, 2005, Arcamone, 2012), one of the most important chemical classes of 

compound derived from Actinomycetales, along with daunorubicin and its derivative 

doxorubicin (adriamycin) are still a major component of breast cancer treatment 

(Swanson et al., 1991, Ackermann et al., 2004). Another important molecule, also from 

Actinomycetales, family of glycopeptide antibiotics, is bleomycin (Hecht, 2005, Hecht, 

2012). Bleomycin is currently applied for the treatment of squamous cell carcinomas, 

germ cell tumors, and select lymphomas. The enediynes are a structurally unique class 

of antitumor antibiotics, comprising microbial compounds, calicheamicin ɔI1 (19) 

(Figure 1.3) (Giddings and Newman, 2013, Hamann P.R. et al., 2005, Hamann P.R. et 

al., 2012). Activation of calicheamicin leads to structural rearrangement of DNA 

resulting in cleaved double-strand DNA and eventually cell death. In 2000, 

gemtuzumab ozogamicin, an anti-CD33 humanized antibody linked to a semi-synthetic 

calicheamicin derivative was approved by the FDA for use against chronic myeloid 

leukemia and remains the most potent approved antitumor drug to date (Giddings and 

Newman, 2013). In 1986, the indolocarbazole alkaloid staurosporines (20) was 

discovered as potent inhibitor of protein kinase C (Tamaoki et al., 1986, Prudhomme, 

2005). A significant number of staurosporine-like agents were introduced in clinical 

trials. Reported in 2010, PKC-412 or midostaurin was in phase III clinical trials under 

Novartis for acute leukemia (AML); and lestaurtinib, also known as CEP-701, was in 

phase II/III clinical trials for treatment of relapsed AML (Prudhomme, 2005). 
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1.3 The importance of scaffolds embedded into Natural Products 

 

Natural products represent attractive sources of diverse structures, which play pivotal 

roles in drug discovery. As secondary metabolites, these substances at least have been 

synthesized with purposes for the organisms that produced them. Alkaloid has been 

used by many plants as protectant from animals, especially mammals. Such cases have 

enabled alkaloids to target mammalian proteins and eventually poison the 

corresponding organisms. Based on ñDictionary of Alkaloidsò and other sources, a total 

of 53 alkaloids have been used as medicines within the last 50 years including 

morphine, atropine, colchicine, quinine, strychnine and vinblastine (Amirkia and 

Heinrich, 2014).  Another example needing to be exemplified is the toxin of snakes, 

scorpions and spiders which commonly interfere with voltage-gated ion channels in 

mammalian nerve cell membranes leading to muscle and/or respiratory paralysis and 

ultimately death (Kularatne and Senanayake, 2014). Furthermore, yeast synthesizes a 

protein that is homologous to a human protein functioning as immunosuppressant. 

Therefore, it stands to reason that these substances are able to bind human proteins 

(Breinbauer et al., 2002b). Whereas, there are also several limitations of natural 

products such as (i) difficulty in access and supply, (ii) complexities of natural products 

because of their large size and complicated structures which require structural 

optimization to improve binding affinity and selectivity and, (iii) long development 

times owing to their presence as mixtures in extracts, which require highly labour 

intensive and substantially time consuming isolation and structure elucidation compared 

to synthetic chemicals (Harvey, 2008). Despite the perceived disadvantages, natural 

products have remained the progenitors of many approved drugs today (Cragg and 

Newman, 2013).  

 



` 

12 

 

Combinatorial chemistry, on the other hand, has made significant contributions, since 

the early 1990s, to the generation of thousands of novel compounds in an effort to more 

effectively discover new chemical entities (Grabowski et al., 2008). Surprisingly, over 

the period from 1980 to 2005 only one de novo antitumor compound (Sorafenib, 

Nexavar® from Bayer) was approved by FDA (Newman and Cragg, 2007). This 

implies that combinatorial chemistry failed to create new chemical skeletons with 

structural diversity, thus insufficient to complement the wide variety of biomedical 

targets. This also reflects the fact that we lack the knowledge of essential factors 

contributing to the physicochemical and biochemical activity of compounds (Grabowski 

et al., 2008, Wess et al., 2001, Welsch et al., 2010). This demonstrates the need to 

develop new approaches in natural product research.  

 

To address these limitations, minor alterations of functional groups of natural products 

were initially applied. For instance, some natural products were converted to esters or 

ethers, while others were alkylated, hydrolysed, oxidised or reduced. In the late 

nineteenth century, structural elucidation of alkaloids commenced a new era of analogue 

synthesis in which core scaffolds, or core structures, of the molecules were retained 

(Sneader, 2005). There are several ways to characterize the scaffold of a molecule. 

Bemis and Murcko proposed molecular frameworks which is the union of ring systems 

and linkers in a molecule or, the exocyclic double bonds and the atom at the exocyclic 

end (Bemis and Murcko, 1996). Alternatively, using the example of the dopamine D3 

receptor antagonist BP-890, a molecular scaffold can be defined as maximum common 

substructures (MCS) which is the largest fragment or rings (Mcgregor and Willett, 

1981); Bemis and Murckoôs molecular framework; molecular fragments obtained by 

Retrosynthetic Combinatorial Analysis Procedure (RECAP) that allows electronical 
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molecule fragmentation around bonds which are formed by common chemical 

reactions, followed by identification of common motifs/fragments using databases of 

biologically active molecules (Lewell et al., 1998, Krier et al., 2006). 

 

Indeed, natural products offer better coverage of chemical space relative to large 

synthetic compounds (Grabowski et al., 2008). In contrast to synthetic organic 

chemistry, by which numbers of compounds are achieved by repeating a reliable 

sequence of chemical reactions time after time with different inputs, Nature rationally 

partitions its limited building blocks into various pathways to make biologically active 

molecules with a high degree of diversity. Results of a study in 2009 have shown that 

83% (12,977) of core ring scaffolds present in natural products were absent from 

commercial collections through investigation of the systematic absence in chemical 

biology as well as screening libraries (Hert et al., 2009). This raises the possibility that 

libraries comprising compounds containing scaffolds existing in natural products will 

provide better opportunities to find both screening hits and chemical biology probes. 

Given the molecular frameworks known for binding to certain protein domains, 

synthetic chemists can vary appended functional groups to obtain structural diversity 

conferring selectivity for related targets. As suggested by a study in 2004 -if a natural 

product is selected for binding to a particular protein domain, then the underlying 

structural framework can be employed as a biologically validated starting point for 

focused libraries which provide selectivity to other targets sharing similar protein folds, 

albeit not necessarily catalysing the same chemical reactions (Breinbauer et al., 2002a). 

As discussed previously, compared to synthetic molecules, natural products are more 

similar to endogenous ligands or metabolites, thereby more easily accepted as a 

substrate by transporters. Therefore, it would be more profitable to utilize the structural 
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diversity of natural products to facilitate the development of bioactive compounds with 

novel scaffolds (Ganesan, 2008). 

 

Another concept of scaffolds that has been applied to the planning of natural product-

like libraries and associated with computational methods and pharmacophore methods 

is privileged scaffolds or privileged structures (Guo and Hobbs, 2003). This term was 

first proposed by Evans and colleagues to describe a single molecular framework that 

can serve as an affinity ligand for various types of protein receptors (Evans et al., 1988). 

These privileged structures refer to three dimensionally well-defined rigid 

polyheterocyclic skeletons rather than flexible linear compounds, including 

benzamidines, biphenyltetrazoles, spiropiperridines, indoles and benzylpiperidines 

(Mason et al., 1999). These substructures have been found in number of bioactive 

natural products and pharmaceutically designed agents and have been considered as 

essential elements for good drug-likeness (Mason et al., 1999, Newman, 2008). The 

concept of ñprivileged structureò is highlighted with the example of Linum album 

(Linaceae family), an herbaceous and medicinal plant, which biosynthesizes some 

important lignans such as podophyllotoxin, Ŭ and ɓ ï peltatin, possessing various 

biological activities such as antitumor, anti-inflammatory and cytotoxicity (Weiss et al., 

1975). Similarly, genistein, a component of soy products, known as a protein tyrosine 

kinase inhibitor also inhibits topoisomerase II and 1-phosphatidylinositol 4-kinase and 

binds to the estrogen receptor beta with high affinity (Markovits et al., 1994, Wang et 

al., 1996). It is also extremely useful in early stages of screening when information 

about targets structure and function is inadequate. Here, on the basis of biological 

targets, which can contain structurally common small molecule binding sites, all 

existing ligands that are active on sequentially/structurally related proteins could be 

screened (Breinbauer et al., 2002b, Leeson et al., 2004). In lead development, 
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modification of substitution pattern of the backbone attached to privileged structures 

renders them specific for one or a range of distinct biological targets. These designed 

privileged structures can be optimized for their binding affinity and selectivity. With aid 

of privileged structures as chemical ñnavigatorsò of biologically relevant chemical 

space, combinatorial chemistry can prepare diverse libraries of drug-like small 

molecules which allows faster recognition of novel agonists, antagonists or inhibitors 

for receptors or enzyme site of known structure; and ultimately shorten and accelerate 

significantly lead discovery process (Martin et al., 1995, Kim et al., 2014). This concept 

has been applied for construction of focused libraries in numerous studies (Guo and 

Hobbs, 2003, Collins and Jones, 2014, Welsch et al., 2010).  

 

1.4 Parkinsonôs disease 

 

Parkinsonôs disease (PD) is the second most common neurodegenerative movement 

disorder, following Alzheimerôs disease, and was first described in a monograph, 

namely An Essay on the Shaking Palsy 1817, by James Parkinson (Goetz, 2011, 

Massano and Bhatia, 2012). Initially recognized by its clinical symptoms both motor 

and non-motor features, eventually PD was diagnosed in 1912 by the presence of Lewy 

bodies (LB) and Lewy neuritis (LN) along with the loss of dopaminergic neurons in the 

substantia nigra pars compacta (Figure 1.4) (Waxman & Giasson, 2009). Despite 

advances in genetic research over the subsequent years, the pathogenetic mechanism 

underlying selective dopaminergic cell loss in PD remains unclear. Current thinking is 

that mitochondrial dysfunction, oxidative stress, and, proteasomal impairment play 

central roles in PD. Idiopathic PD is considered a complex interaction between non-

genetic factors, such as environmental risk factors, and susceptibility genes in patients 

(Cook et al., 2011). At present, the most effective medication for the disease is the 
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replacement of dopamine, using either the biosynthetic precursor of dopamine L-

dihydroxyphenylalanine (L-DOPA, levodopa) or direct agonists of dopamine receptors. 

However, long term use of this therapeutic leads to various motor complications 

including end-of-dose wearing off, dyskinesias and dystonia (Vlaar et al., 2011). To 

date there is no true cure for PD resulting in an increasing burden on healthcare.  

 

 

Figure 1.4 Pathology of Parkinsonôs disease. Panel depicts human cut section of 

midbrain to reveal portion of the substantia nigra. It demonstrates normal pigmentation 

of the substantia nigra pars compacta (SNpc) produced by neuromelanin within the 

dopaminergic neurons. However, there is significant depletion of dopaminergic neurons 

in Parkinsonôs disease in which nigrostriatal pathway degenerates (Campellone, 2014).  

 

 

 

 



` 

17 

 

1.4.1 Epidemiology of Parkinsonôs disease 

 

PD affects people all around the world in all ethnic groups (Zhang and Roman, 1993). It 

was reported that prevalence of PD rises exponentially among people between 65 and 

90 years which accounts for 0.3 percent of general population and 3 percent of people 

65 years or older have PD (Moghal et al., 1994). Having collected data from 12 US and 

European studies, a review estimated PD prevalence of over 65 years old population at 

950 per 100,000; approximately 349,000 individuals with PD were found in the USA 

(Wirdefeldt et al., 2011). Another study showed an significant increase in the number of 

middle age population (over 50 years) affected by PD ranging between 4.1 and 4.6 

million in 2005 to between 8.7 to 9.3 million by year 2030 (Dorsey et al., 2007). Gender 

difference as a risk factor for developing PD has been discussed in many studies. Most 

report higher PD incidence rates in males, particularly in the oldest age group. However 

several studies found no gender difference. The neuroprotective effects of female 

hormones, such as oestrogens, have been proposed to confer the higher risk of PD in 

men than in women. However, their role is still controversial (Baumann, 2012, de Lau 

and Breteler, 2006a).  

 

1.4.2 Clinical signs and symptoms  

 

1.4.2.1 Motor symptoms 

 

Parkinsonôs disease is clinically characterized by four cardinal features: tremor at rest, 

rigidity, bradykinesia (or slowing of movement), and postural instability (balance 

impairment) (Schneider and Obeso, 2014) (Figure 1.5).  
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1.4.2.1.1 Tremor 

 

With a prevalence of 70% in PD patients, tremor at rest is the most common symptom 

of the disease. Rest tremor typically disappears with action and during sleep. It also 

involves tremor of the lips, chin, jaw and legs. The frequency of rest tremor is normally 

in the range of 3-6 Hz. In addition, many patients with PD also experience postural 

tremor (re-emergent tremor) that occurs immediately on stretching out the arms. While 

occurring at disease onset, postural tremor can be seen in action in later stage disease 

with a short pause in the transition from rest to posture. Unlike rest tremor, postural 

tremor is faster with range of 6-8 Hz (Jankovic et al., 1999b, Jankovic, 2008, Massano 

and Bhatia, 2012).  

 

1.4.2.1.2 Rigidity 

 

Rigidity refers to resistance rising from passive movement that remains unchanged 

throughout motion of a limb or the neck (flexion, extension or rotation about a joint). In 

the early stages of disease progression, flexor muscles of the limbs are more affected 

than extensors. It is noteworthy that although the resistance is escalated by velocity, 

minimum or no rigidity is observed with higher mobilization speed. In clinical practice, 

activation of voluntary movement is employed to detect mild rigidity (Rodriguez-Oroz 

et al., 2009, Jankovic, 2008, Massano and Bhatia, 2012).  

 

1.4.2.1.3 Bradykinesia  

 

Bradykinesia is the most disabling symptom of early Parkinsonôs disease and is a 

hallmark of basal ganglia dysfunction in PD (Jankovic et al., 1999a). This symptom 
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involves a slowness of movement with difficulties in performing sequential and 

simultaneous tasks. Initially recognized by loss of speed in carrying out normal daily 

activities and tasks requiring fine motor control, such as doing up buttons and 

handwriting, bradykinesia progressively leads to a loss of spontaneous movements and 

gesturing, loss of facial expression (hypomimia), swallowing impairment, and reduced 

arm swing while walking (loss of automatic movements). Bradykinesia, similar to other 

parkisonian symptoms, is dependent on the emotional state of the patient. With sudden 

excitement a patient may catch a ball or even make other fast movements. This special 

phenomenon reveals that motor programs of PD patients are intact, albeit the help of an 

external trigger is necessary to utilize or access the programs. In order to evaluate 

bradykinesia, several tests are implemented: finger tapping, forearm pronation and 

supination, foot tapping, and fist closing and opening (Massano and Bhatia, 2012, 

Jankovic, 2008). 

 

1.4.2.1.4 Postural instability 

 

Postural instability defined as loss of balance associated with propulsion and 

retropulsion, generally occurs in more advance stage of PD, after other clinical features 

present. Postural instability in PD patients has been found related to reduced or absent 

vestibular responses (Pollak et al., 2009).  Impairment of balance control can be 

worsened by the fear of falling in PD patients (Adkin et al., 2003). Unsurprisingly, PD 

patients often suffer from severe fall related injuries due to loss of protective reactions. 

Significant risk of hip fractures due to false results in postural instability is the most 

potentially dangerous motor sign. In association with rigidity and bradykinesia, loss of 

postural reflexes causes patients to collapse into the chair when attempting to sit down. 

Postural instability can be easily assessed by pulling patients backward or forward to 
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check for balance recovery. An abnormal postural response is best observed when 

patients take more than two steps backwards or the absence of any postural response 

(Massano and Bhatia, 2012, Jankovic, 2008).  

 

Figure 1.5 Motor symptoms of Parkinsonôs disease (Bosley) 
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1.4.2.1 Non-motor symptoms  

 

When one thinks about Parkinsonôs disease, motor disorders are its well-known 

characteristics. Non-motor symptoms, however, are often underappreciated, create 

bigger demand on clinical resources and are major determinants of disease outcome, 

worsening disability, and a substantially poorer quality of life (Chaudhuri and Schapira, 

2009). Having these features diagnosed at an early stage of the disease may allow for 

intervention with neuroprotective strategies when they may have the most impact 

(Poewe, 2008, Chaudhuri and Schapira, 2009, Lim et al., 2009, Gallagher et al., 2010). 

Non-motor symptoms comprise cognitive abnormalities, sensory dysfunction, sleep 

disorders, and autonomic disturbances (Massano and Bhatia, 2012). 

 

1.4.2.1.1 Cognitive abnormalities 

 

Cognitive impairment can be present in early disease stages. According to result of a 

community-based survey, 36% of patients exhibited cognitive impairment at diagnosis 

and 10% of patients developed dementia in the follow-up of 3.5 years (Foltynie et al., 

2004, Williams-Gray et al., 2007). Another community-based prospective study showed 

that PD patients had a sixfold increased risk for dementia (Aarsland et al., 2001). PD 

related dementia is frequently associated with other neuropsychiatric comorbidities such 

as apathy, hallucinations, bradyphrenia, poor problem solving and fluctuation in 

attention (Aarsland et al., 2007). Additionally, many patients also demonstrate 

neurobehavioral abnormalities including craving, binge eating, compulsive foraging, 

and pathological gambling. These symptoms have been partially dopaminergic drug 

responsive; however, the mechanism of these aberrant behaviours is unclear (Palmiter, 

2007, Miyasaki et al., 2007, Weintraub et al., 2006).  
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1.4.2.1.2 Sensory dysfunction 

 

Patients with PD also experience sensory symptoms such as visual change, decreased 

olfactory function (hyposmia or anosmia) and, pain. Visual acuity, contrast sensitivity, 

color discrimination and motion perception are reported with PD patients (Diederich et 

al., 2002, Uc et al., 2005). Loss of the sense of smell is identified in the earliest stage of 

PD and is not relieved by drug treatment (Katzenschlager et al., 2004). Pain is a 

common complaint of PD patients ranging from oral pain, shoulder pain to genital pain. 

Again, these symptoms are difficult to treat. It appears that each PD patient will have 

different pain thresholds and may require adjusted doses of levodopa (Schestatsky et al., 

2007).  

 

1.4.2.1.3 Sleep disorders 

 

Sleep disorders can occur decades before motor PD symptoms appear. It is estimated 

that sleep disturbances, including excessive daytime sleepiness, sleep attacks, advanced 

sleep phase syndrome, early morning awakenings, and rapid eye movement sleep 

behavior disorder (RBD) (Park and Stacy, 2009) are suffered by approximately 60-98% 

of patients with PD (Stacy, 2002). As disease advances, sleep abnormalities have been 

found to co-occurr with circadian rhythm disruption. RBD, for example, is characterized 

by loss of normal atonia of rapid eye movement (REM) sleep. Nearly one third of PD 

patients are affected by RBD (Gagnon et al., 2002). On the other hand, 40 ï 65 % of 

patients with RBD will go on to develop PD (Iranzo et al., 2006, Postuma et al., 2009, 

Adler et al., 2011). Most of the sleep symptoms are untreatable and complicated by 

long-term use of PD medications. Insomnia and sudden sleep attacks are believed to be 
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a consequence of dopaminergic drugs, particularly dopamine agonists (Alves et al., 

2008).  

 

1.4.2.1.4 Autonomic disturbances 

 

Autonomic illnesses occur commonly in PD and often predate the appearance of other 

motor features. Failure in autonomic function is caused by dysfunction of the 

parasympathetic nervous system leading to a variety of symptoms: constipation, 

orthostatic hypotension, urinary dysfunction and, sweating abnormalities.  

 

Constipation is by far the most frequent sign cited by patients with a prevalence of 

approximately 59% (Alves et al., 2008, Cersosimo and Benarroch, 2008). In addition, 

up to 80% of patients complain of lengthening colon transit time (Park and Stacy, 

2009). It is suggested that slow colonic transit may be related to pathogenic Lewy 

bodies in the colonic myenteric plexus. Notably, dopaminergic treatments showed no 

improvement on gastrointestinal motility proposing a non-dopaminergic mechanism of 

pathogenesis (Ahlskog, 2005). Insight study has reported that use of intrajejunal 

infusion of duodopa, compared to oral therapy, is more beneficially effective on 

constipation and other bowel symptoms in addition to other non-motor symptoms in 

patients with advanced-stage PD (Honig et al., 2009, Fasano et al., 2012).  

 

Orthostatic hypotension (OH) and post-prandial hypotension refers to a drop of more 

than 20mmHg systolic pressure or 10mmHg diastolic pressure from lying flat to sitting 

or standing and can be observed in patients with idiopathic PD (IPD) and atypical 

parkinsonism (AP) (Freeman et al., 2011, Fereshtehnejad and Lokk, 2014). It is thought 

to be present in between 9.6% and 58% of patients (Papapetropoulos et al., 2001, Low, 
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2008, Fereshtehnejad and Lokk, 2014).  Some PD patients might have latent OH 

pathology, whereas others have no obvious features. Estimates of the frequency of 

asymptomatic OH vary between 20% and 50% (Jamnadas-Khoda et al., 2009).  As 

result of a decline in blood pressure, dizziness, visual disturbances, impaired cognition 

and fainting take place followed by dysfunction of cerebral perfusion (Ooi et al., 2000). 

As disease advances, OH can lead to significant disability including wheelchair 

confinement. Apparently, dopaminergic load complicates OH symptoms as this also 

affects blood pressure. It is advised that new approaches in lifestyle comprising more 

physical activities, less carbohydrate based meals, having adequate hydration before 

initiating pharmacological treatments be employed (Ha et al., 2011, Senard and Pathak, 

2010, Lyons and Pahwa, 2011, Perez-Lloret and Rascol, 2010).  

 

Urinary dysfunction is commonly diagnosed with idiopathic PD. With unpleasant 

symptoms including urinary frequency and urgency, incomplete bladder emptying, 

double micturition and urge incontinence, it significantly influences the quality of life 

for PD patients. The prevalence of urinary symptoms has fluctuated from 27% to 64% 

(Abrams et al., 2002, Winge et al., 2006, Araki and Kuno, 2000, Campos-Sousa et al., 

2003, Barone et al., 2009). This is likely due to loss of the normal D1- mediated 

inhibition of micturition. Currently, anticholinergic medication remains applicable for 

an overactive bladder, nevertheless, potential adverse effects of such medication make 

effective management challenging (Blackett et al., 2009, Yeo et al., 2012).  

Although sweating abnormalities are less severe than other symptoms from a medical 

perspective, it can have considerable impact on patientsô physical, psychological and 

social well-being.  In many reports, 30-50% of patients with PD experienced sweating 

disturbances (Hirayama, 2006b, Swinn et al., 2003, Riley and Chelimsky, 2003, 
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Zakrzewska-Pniewska and Jamrozik, 2003, Raudino, 2001). These symptoms vary from 

localised sweats (involvement of head, neck and trunk) to whole body or drenching 

sweats (Hirayama, 2006a). The mainstay treatment for sweating disorders is the 

administration of levodopa or dopamine agonist (Sage and Mark, 1995).  

 

1.4.3 Etiologic factors and molecular pathogenesis  

 

1.4.3.1 Role of aging  

 

The appearance of neurodegenerative diseases mainly in the middle-aged and elderly 

represents a contribution for the aging process in PD (Kempster et al., 2010). As 

expected, the gradual loss of dopamine (DA) in the substantia nigra pars compacta 

(SNpc) progressively worsens over time.   PD affects 0.3% of the entire population and 

1% of people above the age of 60 in industrialized countries and up to 4% in people 

over 80 years reflecting the aging effect (de Lau and Breteler, 2006b, Dexter and 

Jenner, 2013). However, it is worth noting that a different pattern of DA neuron loss 

occurs in PD from that of other disorders and the incidence of only 5% - 10% people of 

PD being younger than 45 years old (Lees et al., 2009) suggests an indirect effect of age 

towards the degenerative process.   

 

1.4.3.2 Genetic causes  

 

Although fewer than 10% of all PD cases result from monogenetic causes, the 

identification of specific genes obeying Mendellian inheritance patterns has opened up 

new insights into the pathogenesis of PD. Seven genes have been linked with familial 

PD. Of these, the five following genes are well characterized.  
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1.4.3.2.1 SCNA (PARK1/PARK4)  

 

Encoded by the SCNA gene, Ŭ-synuclein is a neuronal protein localized in presynaptic 

termini (Benmoyal-Segal and Soreq, 2006). Although the precise physiologic role of Ŭ- 

synuclein is unclear, it may be involved in neurotransmitter release, vesicle turnover, 

synaptic plasticity, and intracellular trafficking within the endoplasmic reticulum or 

Golgi apparatus. The pathologic role of Ŭ-synuclein needs to be defined but it is the 

predominant component of Lewy bodies that are abundantly found in familial and 

sporadic PD brain specimens consisting of proteinaceous inclusions along with 

ubiquitin and several molecular components (Eriksen et al., 2005). Disease causing 

mutations in Ŭ-synuclein (A53T, A30P and G46L) frequently result in autosomal 

dominant PD in rare kindreds (Gao and Hong, 2011).  

 

1.4.3.2.2 LRRK2 (PARK8)  

 

Under physiological conditions, leucine-rich repeat kinase 2 (LRRK2), also named as 

Dadarin, participates in substrate binding, protein phosphorylation, neuronal outgrowth 

and attenuates oxidative stress-induced cell death. Multiple mutations of LRRK2 have 

been identified (Arg1441Cys, Arg1441Gly, Tyr1699Cys, Gly2019Ser and Ile2020Thr) 

as disease causing alterations (Gao and Hong, 2011). Of these, the LRRK2 Gly2019Ser 

mutation is the most common known cause of familial autosomal dominant and 

sporadic PD (Di Fonzo et al., 2005). High mutation frequency in LRRK2 has been 

reported in 40% of North African Arabs and Ashkenazi Jewish populations (Healy et 

al., 2008).  
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1.4.3.2.3 Parkin (PARK2)  

 

Parkin encodes a 465 amino acid protein, which functions as an ubiquitin E3 ligase in 

the normal cellular protein degradation pathway. In addition, Parkin also takes part in 

mitochondrial maintenance and clearance of dysfunctional mitochondria by autophagy. 

Mutation of Parkin is the most common cause of autosomal recessive early-onset PD. 

The clinical patterns of PARK2-assocaited PD include a variety of symptoms such as 

hyperreflexia, prominent dystonia, sensory axonal neuropathy, increased susceptibility 

to levodopa induced dyskinesias and wearing-off phenomenon (Deng et al., 2006, 

Wickremaratchi et al., 2009).  The more than 100 different mutations identified also 

account for 20% of sporadic PD with onset less than 20 years and up to 50% of cases of 

familial PD (Gao and Hong, 2011). Only a few cases of Parkin mutations were 

associated with Ŭ-synuclein positive inclusion while Lewy bodies were not observed in 

others. This indicates that additional study is required to fully understand whether Ŭ-

synuclein and Parkin share the same pathogenic pathway.  

 

1.4.3.2.4 PINK1 (PARK6)  

 

PTEN-induced kinase 1 (PINK1) is encoded by gene PINK1 and is localized to 

mitochondria. PINK1 has been reported to participate in multiple mitochondrial 

functions, such as calcium dynamics, trafficking, respiration efficacy, free radical 

formation, and opening of the mitochondrial permeability transition pore (Gao and 

Hong, 2011). Mutations of PINK1 are thought to result in the loss of kinase activity 

causing autosomal recessive parkinsonism. Clinical symptoms occurring at early onset 

in most patients include psychiatric disturbances (anxiety, psychosis), hyperreflexia, 
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dystonia at onset and excellent levodopa sensitivity (Steinlechner et al., 2007, Kasten et 

al., 2009, Kasten et al., 2010).  

 

1.4.3.2.5 DJ-1 (PARK7)  

 

DJ-1 is redox-sensitive molecular chaperone, a member of ThiJ/PfpI family, which is 

encoded by the DJ-1 gene (Gao and Hong, 2011). DJ-1 is involved in the protein 

degradation pathway and apoptotic signalling, but also plays a role as an antioxidant 

and sensor of oxidative stress. Multiple mutations of DJ-1 have been found in 

autosomal recessive PD patients. Affected individuals demonstrate disease onset 

ranging from 20 to 40 years with classical parkinsonian features. PARK7 shares many 

common clinical features with PARK6 (Annesi et al., 2005, Dekker et al., 2003) 

 

1.4.4 Environment and PD  

 

Unlike familial events, sporadic and idiopathic cases of PD are more complex and have 

not been fully understood as yet. The emerging picture is that the combination of 

susceptible genes and environmental factors, such as rural residence, well-water 

drinking, exposure to agricultural chemicals and certain occupations (e.g., miners, oil 

well drillers) likely contribute to the prevalence of sporadic PD (Benmoyal-Segal and 

Soreq, 2006). Inevitably, recognition of these environmental factors may have far-

reaching implications including preventive strategies through the elimination or 

reduction of specific exposure risks.  
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1.4.4.1 MPTP  

 

In 1982 it was discovered that 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a 

by-product of illicit heroin, induces parkinsonian syndrome resembling many of the 

clinical and pathological features of sporadic PD (Langston et al., 1983). Since then it 

has been valuable for the study of PD and response to treatment in primates, cats, 

rodents and human (Jenner, 2003, Wichmann and DeLong, 2003, Hamre et al., 1999). 

Experimentally, MPTP is converted to 1-methyl-4-phenylpyridinium (MPP+) by 

monoamine oxidase B (Singer et al., 1986), the active toxic compound (Langston et al., 

1984). Once taken up into mitochondria and in the presence of counterion such as 

tetraphenylboron (Nicholls and Ferguson, 2014), it blocks electron transport chains, 

resulting in early energy crisis and oxidative stress due to increased production of 

reactive oxygen species, particularly superoxide radicals within the neuronal cytosol 

(Hantraye et al., 1996, Cleeter et al., 1992). These react with nitric oxide to form 

peroxynitrite (OONO
-
)- one of the most destructive oxidizing molecules (Ischiropoulos 

and Almehdi, 1995, Przedborski and Vila, 2003, Przedborski et al., 2000), which can 

damage lipids, proteins and DNA and ultimately produce cell death (Radi et al., 2002).  

 

1.4.4.2 Rotenone  

 

Derived from the roots of Derris species, rotenone is a widely used domestic garden 

pesticide. It is known as a specific inhibitor of the mitochondrial complex I (Sherer et 

al., 2007). A recent study reported that rotenone exposure was associated with a 2.5 

times higher risk of developing PD compared with non-exposure (Tanner et al., 2011). 

Due to its rapid decomposition by light and air within several days, rotenone is unlikely 

to be retained in the soil, which suggests that it has an indirect causal effect in PD. 
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Although it remains to be clarified, rotenone has been employed to model PD in 

animals. In rodent models, temporary exposure to rotenone can cause progressive 

functional and pathologic changes in the enteric nervous system of rodents (Greene et 

al., 2009, Pan-Montojo et al., 2010).  

 

1.4.4.3 Paraquat  

 

Paraquat is used as a herbicide to control weed growth. With remarkable similarity of 

chemical structure to MPTP, paraquat has been investigated for its potential link to PD. 

Though it is a relatively weak inhibitor of mitochondrial complex I activity compared to 

rotenone and MPTP (i.e.paraquat is less potent inhibitor of 
3
H-dihydrorotenone binding 

to brain mitochondrial complex I (with an IC50 of 8.1 mM) compared to MPTP and 

rotenone (IC50 values of 381 µM and 14 nM, respectively) (Richardson et al., 2005), 

paraquat has been proven to significantly augment Ŭ-synuclein fibril formation in vitro 

(Manning-Bog et al., 2002). In addition, paraquat also causes subcellular modification 

related to PD including increased production of reactive oxygen species, accumulation 

of alpha synuclein, and selective nigral injury (Kuter et al., 2010).  

 

1.4.5 Treatment  

 

1.4.5.1 Pharmacological treatment  

 

1.4.5.1.1 Dopamine Replacement Therapeutics 

 

First introduced in 1960s, the dopamine precursor levodopa (L-dopa) revolutionized the 

treatment of PD. It continues as the pharmacotherapy of choice for alleviating motor 
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symptoms, however, as disease progresses L-dopa has failed to tackle complications. In 

addition, there is debate over the use of L-dopa as it exhibits distinct side effects 

including motor fluctuations and dyskinesia after chronic administration. 

Approximately 50% of patients and nearly 100% of early onset PD patients developed 

motor complications after 5 year administration of L-dopa (Xie et al., 2014). Thus 

together with delaying L-dopa use, alternative medications, described in the following 

paragraph, have been employed by many clinicians to deal with advanced PD 

(Katzenschlager and Lees, 2002).  

 

In this direction, monoamine oxidase type B (MAO-B) inhibitors and dopamine 

agonists were launched as long-term symptomatic therapy for de novo patients before 

L-dopa is required. The MAO inhibitors selegiline and rasagiline were believed to 

prevent MPTP toxicity to nigral dopaminergic neurons. On the other hand, both drugs 

also showed broad-spectrum of actions such as antiapoptotic ability, antioxidant effects 

and, antiglutamatergic effects. Gaining access to clinical trials, these drugs have 

undergone examination on disease modification in humans. Clinical studies suggest that 

early administration of selegiline (oral, oral disintegrating) can retard disease progress 

in PD patients (Palhagen et al., 2006). In common with selegiline, rasagiline has been 

recommended for patients with the highest degree of motor disability (Olanow et al., 

2008). Furthermore, a number of currently available therapeutics have potential for 

disease modification including three active dopamine receptor agonists (pramipexole 

and ropinirole in oral form; and apomorphine in injectable form) and two peripheral 

catechol-O-methyltransferase (COMT) inhibitors (tolcapone and entacapone) (Gottwald 

and Aminoff, 2008, Bonifacio et al., 2007). Approved by the Federal Drugs 

Administration (FDA), MAO B inhibitors were applied for early and advanced PD 

treatments while apomorphine was accepted for  fluctuating PD symptoms (Factor, 
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2008). Although dopamine agonists provide more specific therapeutic benefits with 

lower risk of dyskinesias due to their longer half-life, unexpected side effects (sleep 

attacks, REM sleep disorder, depression, hallucinations, delusions, psychosis) remain 

unresolved issues for these dopamine related drugs (Wood, 2010). It was speculated that 

unstable levels of circulating dopaminergic drugs contribute to the development of 

complications such as dyskinesia (Antonini and Odin, 2009). This prompted research 

into new delivery technology that minimizes the variability of plasma dopaminergic 

concentration. There were several approaches to achieve this goal: continuous fusion of 

short duration responsive dopaminergic receptor agonist via either subcutaneous 

injection, direct duodenal infusion with surgical placement of a percutaneous 

enteroduodenal tube or duodenal infusions of drugs in a viscous gel (Duodopa
®
) (Odin 

et al., 2008). Of these, duodenal infusions of drugs in a viscous gel (Duodopa
®
) have 

entered phase III clinical trial in the United States (Westin et al., 2011).  

 

1.4.5.1.2 Non-dopaminergic therapies 

 

Outside of dopaminergic agonists, anticholinergic drugs are the oldest therapeutic 

agents applied for PD treatment used since the late 1800s. These acted effectively on 

alleviating rigidity and tremor symptoms (Koller, 1986) and subsequently were used for 

idiopathic dystonia (Chuang et al., 2002). Nevertheless, a range of adverse side effects 

such as memory loss, hallucinations, constipation, and blurred vision made them less 

favoured therapeutic choices. With the breakthrough of pharmacology, potentially new 

therapeutic drugs including Adenosine A2A receptor antagonists (Morelli et al., 2010), 

metabotropic glutamate receptor ligands: MGluR4 agonists (Niswender and Conn, 

2010, Engers et al., 2011), epinephrine precursor L-threo-DOPS (Devos et al., 2010), 

methylphenidate (Devos et al., 2007), serotonin and serotonin receptors (Di Matteo et 
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al., 2008, Bara-Jimenez et al., 2005) have recently entered clinical trials for early 

untreated, as well as advanced PD patients.  

 

1.4.5.2 Therapeutics for non-motor symptoms (NMS) of PD 

 

Being frequently unrecognized and untreated, there is renewed interest in treatments of 

non-motor symptoms in recent years. Clozapine has been assessed for psychosis 

treatment in PD, albeit due to generation of serious risk of agranulocytosis, prescription 

of this medication should be carefully considered. In common with Clozapine but with a 

safer profile, Quetiapine is utilized as a first line antipsychotic agent in PD (Smith et al., 

2012, Merims et al., 2006). Another example of therapeutic intervention for NMS is 

Donepezil that showed good efficacy and tolerability for PD patients with dementia 

without worsening of Unified PD Rating Scale (UPDRS) motor scores. Results from 

placebo-controlled randomized trial demonstrated that Donepezil significantly improved 

Mini Mental State Examination (MMSE) scores in patients with PD and mild to 

moderate dementia (Aarsland et al., 2002). In addition to donepezil, rivastigmine gained 

FDA approval as the only acetylcholinesterase inhibitor for dementia.  

 

Depression is often associated with approximately 40-70% PD patients (Wood et al., 

2010). Tricyclic antidepressants (TCAs) were identified as the second most common 

therapeutics for PD depression (Richard and Kurlan, 1997). Recently, Pramipexole has 

been found to be more effective than placebo in treating PD patients with depression in 

that 124 of 144 Pramipexole recipients, at a mean daily dose of 2.18 mg, exhibited more 

significant decline in depressive symptoms associated with PD, than 133 of 152 placebo 

treated patients with dose equivalent to 2.51 mg (Barone et al., 2010).  
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Clinical features of autonomic dysfunction have been identified including orthostatic 

hypotension (OH), urinary dysfunction, and constipation. Fludrocortisone and 

midodrine are the most commonly prescribed medication for OH in PD. Clinical trials 

have provided strong evidence for the ability of polyethylene glycol in constipation 

treatment (Zesiewicz et al., 2010) while laxatives are more commonly used agents 

however without therapeutic trial data.  

 

In PD, the use of levodopa/carbidopa for periodic limb movements in sleep (PLMS) has 

been confirmed. Clonazepam is considered first line treatment for REM sleep behaviour 

disorder (RBD). It is efficacious in alleviating aberrant motor activity. Following 

clonazepam, melatonin intake at night may also be effective for treating insomnia and 

daytime sleepiness (Chaudhuri and Schapira, 2009, Srinivasan et al., 2011).  

 

1.4.5.3 Surgical treatments  

 

When medication such as L-dopa ceases to be effective or adverse effects such as motor 

fluctuations and dyskinesia are intolerable, surgical interventions may be used to control 

symptoms of PD patients (Goetz, 2011). Radiofrequency (RF) lesioning and deep brain 

stimulation (DBS) of basal ganglia nuclei are the most common neurosurgical 

approaches for PD (Strauss et al., 2014). These procedures target nodes of the basal 

ganglia-thalamo-cortical motor circuit in disease states (Smith et al., 2012). Several 

randomized clinical trials have reported that unilateral pallidotomy, subthalamic nucleus 

(STN), and globus pallidus internus (GPi) are the best methods for the motor 

fluctuations and dyskinesias related with PD (Rodriguez-Oroz et al., 2012). Of these 

procedures, thalamotomy or thalamic stimulation is highly effective for tremors 

suppression (Fox et al., 2011). Effects of DBS, moreover, can be seen through 
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alleviation of parkinsonism motor signs, ñoffò period reduction and drug-induced 

dyskinesias and dystonia decline (Bronstein et al., 2011). Significant improvement of 

motor features coupled with substantial decrease of medication doses have been 

recorded in advanced PD patients with bilateral STN DBS (Kleiner-Fisman et al., 2006, 

Moro et al., 2010, Follett et al., 2010). In spite of good efficacy for long-term control of 

both dopaminergic features of the disease and motor complications of chronic 

administration of currently available medications, surgical procedures in general cannot 

completely eradicate PD (Krack et al., 2003, Castrioto et al., 2011). Hence, there is an 

urgent need to develop new therapies targeting both motor and non-motor symptoms 

and ultimately eliminating the disease.   

 

1.4.5.4 Other therapeutic approaches  

 

Besides conventional pharmacologic and surgical treatments, many beneficial 

therapeutic options are currently being explored for PD patients. One approach is the 

transplantation of fetal dopamine-rich mesencephalic tissue and other sources of 

dopamine (DA) neurons (e.g., generated from stem cells or by direct conversion of 

somatic cells). These have been suggested to induce substantial (at least 50-70%) 

amelioration of motor symptoms without significant side effects (Lindvall and 

Bjorklund, 2011). However, although receiving support, this approach also encounters 

opposition arising from its potential risks including tumour formation, inappropriate 

stem cell migration, immune rejection of transplanted stem cells, haemorrhage during 

neurosurgery and postoperative infection that seemingly outweigh potential benefits of 

relieving parkinsonian symptoms and decreasing doses of parkinsonian drugs (Master et 

al., 2007, Lindvall and Bjorklund, 2011). Thus, the development of stable, homogenous 

and reliable cell sources for transplantation, improvement of transplantation procedures 
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and standardization of their implementation in clinical trials would be a prerequisite for 

future therapies.  

Another avenue of investigation is the gene transfer approach that utilizes the 

stereotactic injection of viral vectors into deep brain nuclei. In the most recent trials, an 

adeno associated viral type-2 (AAV2) vector was used containing different genes of 

interest encoding either trophic factors such as Neurturin for neutralization of the 

neurodegenerative process, or glutamic acid decarboxylase (GAD), the rate limiting 

enzyme for GABA production, for modulation of basal ganglia activity. Results from 

randomized, double-blind clinical trials showed strong evidence of the benefit of gene 

therapy in PD (LeWitt et al., 2011, Marks et al., 2010).  

 

1.4.6 Models of PD  

 

Various species have been utilized as models to study the mechanisms of action of the 

multiple factors that play a role in PD. Transgenic overexpression of mutant autosomal-

dominant genes (SNCA and LRRK2) and knockout/knockdown of autosomal-recessive 

genes (Parkin, DJ-1, and PINK1) in different organisms, such as mice, Drosophila and 

C. elegans have been used to model PD. Animal models using MPTP, rotenone, 

paraquat have also been extensively exploited to study their proposed effects on 

mitochondrial complex I activity (Gao and Hong, 2011, Berry et al., 2010).  

 

Furthermore, preclinical studies of therapeutic approaches are frequently conducted in 

animals before they progress to clinical studies in humans. In primate models of PD, 

lentiviral-mediated delivery of glial cell line- derived neurotrophic factor (GNDF) was 

examined for its capability to prevent nigrostriatal degeneration (Kordower et al., 2000). 

Another approach is transplantation of stem cells, which obtained preliminary 
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encouraging results from animal models that consequently can be used to help 

determine improved future treatments (Master et al., 2007).  

 

1.4.7 Therapeutic Perspectives of Natural Products in Parkinsonôs disease 

 

At present, most pharmacological therapies in PD are aimed at replacing striatal 

dopamine and relieving symptoms while avoiding the development of other 

complications. Thus, ideal drugs should have no, or minimal, side effects even under 

chronic administration along with the ability to target multiple pathways implicated in 

PD. In this direction, natural products including natural antioxidants and 

phytochemicals with neuroprotective properties are being exploited for adjunctive 

therapy.  

 

1.4.7.1 Curcumin 

 

Curcumin, the yellow curry spice extracted from the rhizome of turmeric, is a 

polyphenolic compound with several beneficiary properties in human ailments and has 

been documented for centuries in Ayurveda (Joe et al., 2004). Many studies have 

reported that curcumin has been used as an antioxidant, antiseptic, anti-flammatory, 

anti-bacteria and anti-tumor agent in various diseases including arthritis, cardiovascular 

diseases, lung fibrosis, gall stone formation, diabetes, wound healing, Alzheimerôs 

disease and stroke (Sharma et al., 2006, Yang et al., 2005). In addition, curcumin also 

has special properties that make it a potentially interesting therapeutic molecule for PD. 

Curcumin possesses the ability to cross the blood brain barrier which is essential for 

therapeutic action in brain. High doses of curcumin showed minimal toxicity in human 

subjects (Lao et al., 2006, Bharath et al., 2002). The effectiveness of curcumin on 
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oxidative stress and apoptosis was shown in a transgenic Drosophila brain model. A 

significant decline in oxidative stress, apoptosis and life span expansion were reported 

when human alpha synuclein expressing flies were exposed to curcumin  (Ramana et 

al., 2014). Another study showed ROS detoxification, prevention of protein aggregation 

and neurogenesis of curcumin in vivo (Kim et al., 2008). It has also been established 

that curcumin treatment in the 6-OHDA rat model of PD can protect substantia nigra 

(SN) neurons, improve striatal dopamine levels and chelate Fe
2+

. Specifically, curcumin 

inhibits the aggregation of Ŭ-synuclein in vitro, and hence enhances solubility of Ŭ-

synuclein making it less toxic (Pandey et al., 2008, Wang et al., 2010). In spite of useful 

medicinal properties, poor bioavailability including insolubility in water, poor 

absorption, quick gut metabolism and elimination have restricted  curcuminôs 

therapeuitc  applications (Mythri and Bharath, 2012). In a recent study, diester 

derivatives of curcumin (di-piperoyl, di-valinoyl and di-glutamoyl), which are not 

degraded by processing in the gastrointestinal tract, were used with a resultant enhanced 

protection against GSH depletion mediated oxidative stress. Among curcumin 

derivatives, the di-glutamoyl derivative exhibited advanced protection owing to its de-

esterification following absorption thereby rendering glutamate as a precursor for GSH 

synthesis (Harish et al., 2010, Mythri et al., 2011). These pro-drugs claim to be suitable 

for cellular uptake processes that favour treatment of neurodegenerative diseases such 

as PD.  

 

1.4.7.2 Ginger (Zingiber Officinale Roscoe)  

 

The ginger plant, Zingiber officinale, belongs to the family Zingiberaceae, comprising 

of different spices such as turmeric, cardamom and galangal. Ginger is well known for 

its medicinal properties: as an analgesic, antipyretic, sedative, antibacterial activities 
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and anti-inflammatory in vivo (Park et al., 2008, Suekawa et al., 1984). Furthermore, 

administration of zingerone, an alkaloid extracted from the ginger root, was reported to 

inhibit 6-hydroxydopamine (6-OHDA) induced dopamine decline in the mouse striatum 

and increases superoxide scavenging activity in serum (Kabuto et al., 2005).  

 

1.4.7.3 Phytic acid 

 

Increased brain iron level has been implicated as a risk factor for PD pathogenesis 

through the interaction between iron and Ŭ-synuclein, tyrosine hydroxylase and 

dopamine that disrupts the function of dopaminergic neurons (Hashimoto et al., 1999, 

Mythri et al., 2012). Therefore, regulation of iron level has become an important 

strategy in anti-PD strategies. Abundantly present in plants, mainly in cereals, nuts, oil 

seed, legumes, pollen and spores (Midorikawa et al., 2001), phytic acid (myo-inositol 

hexaphosphoric acid or IP6) can inhibit iron catalysed hydroxyl radical formation by 

iron chelation and lipid peroxidation (Rimbach and Pallauf, 1998). The effect of this 

compound against 6-hydroxyldopamine- (6-OHDA-) induced DNA damage and 

apoptosis at high level of iron state in order to protect dopaminergic neurons has been 

speculated (Xu et al., 2008, Xu et al., 2011). In common with curcumin, phytic acid has 

the ability to cross the blood-brain barrier consistent with its neuroprotective effect in 

vivo (Grases et al., 2001). These results suggest the possible value of using phytic acid 

in PD management.  

 

1.4.7.4 Danshen 

 

Danshen, one of the most important traditional Chinese medicines, is the dry root and 

rhizome of Salvia miltiorrhiza Bunge. It has been widely used for thousands of years 
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and is prescribed as a common hemorheologic agent to promote blood circulation in the 

treatment of cardiovascular disorders and cerebrovascular disease (Hugel and Jackson, 

2014). In recent years, danshen has been one of the most prominent drugs in Chinese 

drug research (Cao et al., 2012). There are 18 bioactive composites extracted from 

danshen including non-polar (lipid-soluble) diterpenoidal compounds and water-soluble 

(hydrophilic) phenolic compounds. Of these, salvianolic acid B (SalB) is a major 

ingredient and possesses the strongest pharmacological activity of the total phenolic 

acids of danshen (Tang et al., 2002, Chen et al., 2014). The anticancer effect of danshen 

in human cancer cell lines, such as glioma U87 cells as well as head and neck squamous 

cell carcinoma, has been recently recognized (Chen et al., 2014, Zhao et al., 2011, 

Wang et al., 2013). Furthermore, it was also demonstrated that SalB functions as a 

protective agent against 1-methyl-4-phenyl-pyridinium (MPP
+
) or 6-hydroxyldopamine 

(6-OHDA) induced apoptosis in human SH-SY5Y neuroblastoma cells (Tian et al., 

2008, Zeng et al., 2010). Interestingly, using mesencephalic cell cultures and an in vivo 

PD model, SalB was shown to considerably rescue neuronal injury induced by MPP
+
 

and lipopolysaccharide (LPS) and reduced further deterioration of the remaining DA 

neurons in the SNpc (Zhou et al., 2014).  Importantly, salB possesses key properties 

including minimal toxicity in human subjects, and the ability to cross biological 

membranes as well as the blood-brain barrier, making it a promising candidate in the 

battle to beat PD (Chen et al., 2011).  
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1.5 The importance of High Throughput Screening and Statistical analysis 

in Drug Discovery 

 

1.5.1 High throughput screening (HTS) 

 

Bioassays play four main roles in small molecule screenings (Suffness & Pezzuto, 

1991). These are as prescreens, screens, monitors and secondary testings. In a pre-

screen, large numbers of samples are assayed for their bioactivity. Characteristics of 

such bioassays are their high capacity and low cost, in terms of both time and reagents. 

Unlike pre-screens and bioassays, monitoring employed to isolate the pure bioactive 

constituents from initially crude materials are often quick, preferably and of high 

capacity. The reason to carry out bioassays in a screening is to select pharmacologically 

active molecules that are subsequently assessed in the secondary testing using multiple 

models and test conditions to find drug-like small molecules for development towards 

clinical trial. Such bioassays are relatively expensive, slow, and of low efficiency 

(Suffness and Pezzuto, 1991).  

 

In drug discovery, in order to exploit compound bioactivities, efforts should be made to 

carefully design as many screening programmes as possible. To achieve this goal, there 

is a need for efficient integration of chemical and biological knowledge about a 

compound. A generalised overview of workflows for drug discovery is shown in Figure 

1.6. Briefly, a library of small molecules selected based on chemical structure diversity 

and/or biological oriented synthesis. The next step is target identification that is 

performed by using a combination of direct biochemical assays, genetic or genomic 

methods or via computational inference methods. The outcome of this activity is the 

collection of potential drug candidates for follow-up intensive search of lead discovery 
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stage. Molecules that meet the requirement of secondary screenings, efficacy and low 

toxicity will advance to preclinical and if validated, clinical trials and eventually 

progress to the medicinal market (Schenone et al., 2013).  
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Figure 1.6 An overview of workflows for drug discovery  
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While profiling the chemical structures of compounds has become progressively 

sophisticated, biological profiling of compounds has encountered difficulties in 

integrating large data sets of phenotypic profiles, chemical similarity and predicted 

protein-binding activity of active compounds. During recent decades, with major 

breakthroughs in technology in the search for novel bioactive compounds, high 

throughput screening (HTS) and HTS amenable techniques have been developed. 

Conventionally, a HTS strategy involves measuring a single phenotypic readout induced 

by large number of compounds under one set of conditions. On the contrary, a more 

recent technique, namely ñcytological profilingò (CP) (Perlman et al., 2004, Mitchison, 

2005, Lorang and King, 2005) has been developed to deal with multiple readouts under 

similar conditions, and binding activities across many proteins (Wagner et al., 2008, 

Clemons et al., 2010) and even multiple phenotypic readouts against many cell lines. 

Practically, CP is an unbiased image-based screening in which cells are visualized using 

biologically relevant markers in multi-well plate format with automated fluorescence 

microscopy. The resulting images are quantified into various descriptors, including, 

average value per well (overall fluorescence intensity in one well), distribution of 

measurement on individual cells (eg. nuclear or cell size) and texture of specific 

organelle (e.g. morphology of lysosome).  

 

Several factors are crucial to the success of CP. Regardless of in-depth knowledge of 

underlying biology and chemistry, it begins with the selection of cell lines or tissues and 

their associated cellular features such as suspension or adherent culture, to fully 

interpret the phenotypic patterns elicited by small molecules. It is worth highlighting the 

importance of these confounding factors since they can be sources of variability in data 

analysis (Basu et al., 2013). This approach has been most evident in a genetic study, 

where Epstein-Barr virus (EBV) ïtransformed lymphoblastoid cell lines (LCLs) derived 
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from human B lymphocytes (International HapMap, 2005) against seven compounds 

with diverse mechanisms of toxicity resulted in insufficient statistical power due to non-

genetic confounders like cell growth rate or EBV concentration for cell transformation. 

Thus, it became clear that more attention should be focused on the cell source used 

(Johannessen et al., 2015).   Other important considerations of possible sources of noise 

and variability that can diminish assay performance are the position of individual 

samples within a plate, plate-to-plate variability, assay-to-assay variability and the edge 

effect. Artefacts can be generated from the position of individual samples within and 

across plates. To address this challenge, randomization of the sample placement within 

a plate in a systematic manner is ideal. Additionally, edge effects arise from quicker 

evaporation from outer wells allowing them to reach desired incubation temperature 

faster than the inner wells.  One approach to minimize edge effect is the allocation of an 

equal number of positive and negative controls on each available row and column (the 

peripheral wells on plate) (Bray and Carpenter, 2004). Plate-to-plate variability often 

imposes constraints on assay design. To obtain valid results, assay controls should be 

run on every plate and where possible, both inter- and intra-plate replicate wells should 

be applied, as replicates reduce the false negative rate without rising incidence of false 

positives. 

 

Over the past decades, a growing stream of studies focused on profiling has been 

published. Successful results from previous studies have supported the idea that 

phenotypic profiling is great tool to identify bioactive compounds against a number of 

cell lines. Other recent studies exploited profiling for mechanism of action (MOA) 

based on phenotypic fingerprint of the cells (Woehrmann et al., 2013, Schulze et al., 

2013). The majority of studies in the 2000s mainly attempted to discover cell / small 

molecule interactions, while recent efforts to integrate profiling and human genetics, 
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particularly in cancer researches, have infused the literature. With the advent of 

genomic sequencing and genotyping, profiling of NCI-60 collection at transcriptional 

level across a set of 7000 genes was conducted (Staunton et al., 2001). A more intensive 

work also examined somatic gene copy number alteration and oncogenic mutations 

along with annotation of genomes of non-small cell lung cancer cell lines (Sos et al., 

2009). Another application of CP has been the identification of resistance mechanisms 

in cancers. For example, explicit exploitation of malignant melanoma as a model system 

to study therapeutic resistance (Johannessen et al., 2013) and identification of several 

kinase mediators of resistance such as human epidermal growth factor 2 (HER2) 

inhibition (Moody et al., 2014) have demonstrated CP as a powerful tool for uncovering 

novel molecular drug targets for better cancer treatments. 

 

1.6 The importance of statistics in drug discovery 

 

Approaches to drug discovery fall into two broad, but not mutually exclusive, 

categories, high throughput screening (HTS) and high content screening (HCS). 

Although no precise definitions of either are agreed upon, in general HTS  was defined 

as a rapid examination of thousands of small molecules in a variety of in-vitro and cell-

based assays using simplistic readouts for complex biological processes. Limitations of 

HTS include that molecular pathways leading to particular cellular phenotypic 

modifications are unknown.  HCS, however, differs from HTS by including the 

examination multidimensional cytological features yielding more complex biological 

information, which in turn, provides greater detail of cellular responses to treatments 

(Varma H et al., 2011). 
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As technologies in the field of HTS mature, interests is now shifting to cytological 

profiling of large numbers of compounds in a timely and resource-efficient manner. 

Such profiling is considered a critical step in drug discovery and is expected to provide 

high quality data at the primary screening level. HTSs are mostly performed using 96 

and 384 well microplate formats. As assay miniaturization technologies for small 

molecule have advanced, many liquid handling instruments currently used for HTS are 

now capable of routine handling a 1536 well nanoplate format. Despite their popularity, 

large data sets from HTS are typically subjected to data variability. Many researchers 

are struggling with interpretation, integration and decision making based on such data. 

It is suggested that potential sources of noise and random variability originate from 

technical or procedure failures such as batch, plate, measurement errors, positional 

effects and edge effects, and biological aspects such as differential cell growth, uneven 

cell response across plates. These favor false positives and false negative rates and 

ultimately lower the accuracy of the entire screening (Macarron et al., 2011, Shun et al., 

2011). To address challenges of large, multidimensional datasets, a number of currently 

available statistical tools are employed. HTS data analysis often includes several steps: 

evaluation of assay quality, background correction, data normalization and hit detection. 

 

Before any intensive analysis, more caution must be taken to ensure the available data 

in the study meet quality standards for HTS.  In practice, the most widely used 

measurement to determine assay quality on a plate basis is the Z factor as it is simple 

and accounts for the variability of both compared groups, i.e. the distribution of sample 

and control signal at the same time, thus providing better representation of assay quality 

(Eq.1) (Zhang et al., 1999). The Z factor ranges from 0 to 1, which represents an ideal 

assay. Acceptable HCS assays for compound screening routinely have a Z factor 

ranging from 0 to 0.5 while for most HTS the Z factor must be greater than 0.5 (Bray 
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and Carpenter, 2004). Another accepted statistical coefficient that is utilized to evaluate 

the quality of HTS is the coefficient of variation (CV) which takes into account the 

number of wells per tested compound per concentration that are used in assay (Eq.2). 

The acceptance criteria is such that the CV of each signal must be less than or equal to 

20% (Bray and Carpenter, 2004). 
 

 

ὤ Ὢὥὧὸέὶ ρ
σ„    σ„

ȿʈ  ʈ ȿ
 ρ  

where „   and ʈ  are standard deviation and mean of sample; and „   and ʈ  are standard 

deviation and mean of controls. 

 

Coefficient of variation is calculated by as follow: 

 

ὅὠ  
„

‘
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where ů and Õ are standard deviation and mean of either sample or control. 

 

As cellular features are visualized using fluorescent dyes, the resulting images normally 

couple with foreground and background intensities. The overall intensity of the subject 

is defined as foreground, and background fluorescence is generally the ambient signals. 

The source of this noise primarily involves signals from non-specific hybridization of 

antibodies or dyes, excessive fluorescence from adjacent subjects, and technical failures 

such as deposits from incomplete washing steps, and the optical noise of the scanner. 

Attempts to exclude this non-specific signal are called background correction (BG). 

Prior to data normalization, unwanted signals is separated from total fluorescence by 

subtraction that is considered as traditional approach in data preprocessing 

methodologies (Kooperberg et al., 2002). Whereas, some have suggested that this 
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method amplifies the variance of expression ratios (Scharpf et al., 2007, Kooperberg et 

al., 2002), others have proposed different approaches to BG including a Bayesian 

strategy.  In this approach high intensity ratios remain unchanged while decreasing low 

signal ratios (Kooperberg et al., 2002), variance stabilizing models that integrate 

additive components to avoid negative intensities (Durbin and Rocke, 2004),  spatial 

smoothing methods by carrying out ordinary kriging (OK) or 2D LOWESS to smooth 

background values prior to applying a background correction algorithm 

(Schutzenmeister and Piepho, 2010). 

 

A further step in data processing is the normalization strategy. The purpose of 

normalization is to remove systematic errors from datasets and to enable combination 

and comparison of different measurements in a screening. Many methods for 

normalization have been established (Malo et al., 2006). The percent of control (POC) 

(Eq.3) is a common approach that aims to resolve plate-to-plate variation by using 

compound relative to on-plate controls ratio. This method requires a relatively large 

number of controls and is greatly influenced by control outliers.  

 

ὖὕὅ  
ὼ

ʈ
ρππ σ  

 

where xi
 
is the raw measurement of i

th 
compound and ʈ  is mean of all positive control 

measurements in an antagonist assay.      

 

Another control-based method is normalized percent inhibition (Eq.4), which is 

calculated by dividing the difference between compound and mean of all positive 

controls to the difference between the means of positive and negative controls. It is not 

necessary to obtain many replicates for controls using this strategy. 
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where xi
 
is the raw measurement of i

th 
compound and ʈ  and ʈ  are mean of all positive 

control measurements and all negative control measurements, accordingly, in an 

antagonist assay. 

 

Z score (Eq.5), by contrast, does not take any control measurements into account and 

compound values are rescaled by subtracting the mean of the plate values and dividing 

the standard deviation of all measurements within plate. Nonetheless, Z score is 

sensitive to outliers that in view of HTS are potential hits. One way to improve 

precision is to replace mean and standard deviation in the Z score formula with median 

and median absolute deviation (Malo et al., 2006). 

 

ὤ  
ὼ ʈ

„
 υ  

 

where xi
 
is the raw measurement of i

th 
compound, ʈ and „  is mean and standard 

deviation of all measurements within a plate. 

 

The ultimate goal of any primary HTS is to identify better hits that are significantly 

different from negative controls. The output of this activity is the selection of active 

compounds for secondary screening. Despite a number of approaches having been 

developed, hit detection procedures seem to be influenced by the subjection of screeners 

rather than being based on formal models in decision of making process (Malo et al., 

2006). Perhaps, one sample and multiple sample t-tests are the most common methods 

for hit detection. Other approaches are also currently in use for RNAi screening 
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including mean + or ï k standard deviations, median + or ï kMAD, quartile based 

selection, SSMD, rank product and Bayesian models (Birmingham et al., 2009).  

 

Many confounding factors can influence the accuracy of HTS data. Various strategies 

have evolved to address this issue, including integration of replicates in primary 

screenings to facilitate the sensitivity and specificity of the screening processing and 

efforts on assay design to avoid plate related bias. However, in context of statistical 

methods, no single data processing method is effective for all HTS datasets. It is likely 

to be dependent on the purpose of the screening; a combination of different data 

analysis approaches may pave an avenue for providing high-quality data and yielding 

better primary hits.  

 

 1.7 Research Objective 

 

The objectives of this thesis are as follows: 

(1) Cytological profiling of the libraries of compounds that were synthesized based on 

natural products in order to determine if they have biological activities on multiple 

cellular components implicated in Parkinsonôs disease.   

(2) Determining if chemical similarity leads to similar biological activity. 

 

To achieve this goal, an unbiased cell-morphology based screen was implemented 

against a patient-derived cellular model of PD. Specifically, to use human olfactory 

neuroepithelium derived (hONS) cells that express some functional and genetic 

discrepancy in a disease specific manner, to profile compounds based on quantifiable 

phenotypic features. This assay format was used to evaluate libraries of both pure NP 

and NP scaffold inspired synthetic compounds. Cellular phenotypes induced by each 
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compound were quantified by multivariate statistical analysis of morphology and 

staining intensity of cells, nuclei, tubulin and autophagy. The screened compounds were 

then clustered based on their biological profiles. Analysis of structure activity 

relationship was performed to determine the relevance of biological profiles, if any, to 

their chemical space.  
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2. MATERIALS AND METHODS 

 

2.1 Experimental design ï Overview 

 

The general flow of cytological profiling (CP) of small molecules is shown in Figure 

2.1. Overall, cytological profiling of small molecules was implemented against a single 

PD patient derived cell line that was established at the Eskitis Institute, Griffith 

University (Wang et al., 2016). Typically, CP screening generates gigabytes of images 

from which measurements are performed and numbers are extracted describing cell 

morphology and cellular components on a cell-to-cell basis. It requires sufficient 

methods for downstream data processing and mining of biological meaning from the 

data. Thus, the next step was to optimize data analysis methods that subsequently allow 

biological interpretation including identification of bioactive molecules on the PD cell 

line and examination of structure activity relationships for all compounds in the 

screening, to determine if compounds having similar structures share a common cellular 

target or set of targets.  
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Figure 2.1 General flow of Cytological profiling of small molecules. 

 

2.2 Description of hONS cells and their Culture  

 

The olfactory epithelium is the epithelial layer typically located inside nasal cavity 

consisting of several cell types including olfactory receptor neurons, basal cells and 

supporting cells. The olfactory receptor neuron is considered as the most important cell 

type as it maintains the sense of smell. The olfactory receptor neuron is a bipolar cell, 

extending an unmyelinated neurite, whose apical surface undergoes knoblike protrusion 

to give rise into olfactory cilia, which extend into the mucus layer covering inner 

surface of the lumen of nasal cavity. The structures comprising the mucus layer 

produced by Bowmanôs glands, olfactory epithelium generated by basal cells and 

olfactory ensheathing cells supporting axon myelination and regeneration is called the 

olfactory mucosa (Purves et al., 2001, Mackay-Sim, 2010).  

 

Olfactory receptor neurons are generated, from stem cells throughout life to replace the 

loss of old or injured neurons (Graziadei, 1973). Moreover, these cells are easily 

Stage 1 

ÅCytological profiling (CP) of pure compounds on single PD patient 
derived cell line 

Stage 2 

ÅProcess and mine downstream biological data of CP 

ÅOptimize data analysis methods 

Stage 3 

 

ÅIdentify biological fingerprint of each compound on PD cell line 

ÅIdentify primary hits 

 

Stage 4 

 

 

ÅExamine structure activity relationships to determine if compounds have 
similar structures will share a common cellular target or set of targets on 
PD cell line 
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attained from biopsy of the human olfactory mucosa. These properties make olfactory 

epithelium an attractive source of biological materials for investigation of function in 

mature central nervous system as well as study of neurodegenerative diseases such as 

PD (Graziadei, 1973, Feron et al., 1999, Mackay-Sim and Silburn, 2008, Matigian et al., 

2010a).  

 

The PD patient derived olfactory neuroepithelium (ONS) cell line C1200080013 

(Figure 2.2) used in this experiment was established at the Eskitis Institute under a 

protocol described and characterised previously (Féron et al., 1998, Matigian et al., 

2010a). Initially, a frozen vial of adherent cells at passage two was thawed, grown in 

DMEM:F12 containing 10% FBS at 37
0
C and 5% CO2. At reaching 90% confluence, 

the cells were expanded sequentially from passage two to passage five. For each 

passage, the cells were banked down in aliquots after harvest and stored at -80
0
C in 

90% FBS and 10% DMSO (vol/vol) (Refer to Table 2.1 for information about cell 

culture reagents). Cells at passage six were used for all experiments in this study. 

 

Table 2.1 Reagents for cell culture 

Reagents Brand Name                            

DMEM:Ham F12 (1:1) (1X) Gibco, Life Technology 

FBS                                        SFBS, Bovogen 

TrypLE
TM

 Express  (no phenol red)                                                                         Gibco, Life Technology 

HBSS (1X)                                              Gibco, Life Technology 

DMSO Ajax Finechem  
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Figure 2.2 The PD patient derived olfactory neuroepithelium (ONS) cell line 

C1200080013 at approximately 70% confluence. 

 

2.3 Cytological profiling of natural products on PD patient derived cell line 

 

Cytological profiling of synthesized pure compounds based on several common natural 

products scaffolds was carried out under established protocol (Vial et al., 2016).  

 

2.3.1 Selection of cytological markers 

 

Parkinsonôs disease is a complex disorder that is associated with mitochondrial 

dysfunction, impairment of lysosomal function, and dysregulation of autophagy system. 

In order to determine compound induced effect on PD cells, we used cytological 

markers of these cellular organelles. DAPI and anti Ŭ-tubulin were also employed to 

provide information about nucleus and cytoskeleton, respectively.  

 

 

B 
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Figure 2.3 Cytological markers for cytological profiling. There are seven cytological 

markers utilized in this experiment consisting of the nucleus (DAPI), the mitochondria 

(Mitotracker), the microtubule (anti-Ŭtubulin antibody), the lysosome (Lysotracker), the 

early endosome (anti-EEA1 antibody), the autophagosome (anti-LC3b antibody), and 

the cytoplasm (CellMask).  

 

DAPI preferentially stains AT rich region of double stranded DNA, thus providing 

information of DNA content and nuclear morphology (Kubista et al., 1987). 

Mitotracker
®
 Orange CMTMRos is used to label active mitochondria in live cells. It 

accumulates in mitochondrial matrix upon passive diffusion across plasma membrane 

(Presley et al., 2003). Alpha-tubulin (Ŭ-tubulin) is one of the components of 

microtubular system which is responsible for intracellular transport, cell division, and 

cytoskeleton (Bulinski et al., 1988). Lysotracker
®

 Red DND-99 is used to label acidic 

organelles such as lysosome (Fogel et al., 2012). Early endosome antigen 1 is protein 

involved in endosome fusion (Lawe et al., 2002). Microtubule-associated protein light 

chain 3 (LC3) is important protein required for formation of autophagosome. It is used 

as marker to monitor autophagy and autophagy related processes (Schlafli et al., 2016). 

CellMask
Ê

 Deep Red is commonly used as plasma membrane stain (Fenyvesi et al., 

2014). 
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2.3.2 Preparation of stock solutions 

 

2.3.2.1 4% Paraformaldehyde (PFA) 

 

Fixation is crucial step in immunohistology in which the morphology of cells and 

cellular components are essential to provide information of interest. Fixation assists in 

preservation of cellular architecture and biochemical compositions in a life like state 

that is fundamental for following immunostaining steps. Paraformaldehyde (PFA) is the 

most widely used fixative (Wang et al., 2016). The molecular mechanism of cell 

fixation with PFA has not been well documented. It is determined that PFA is able to 

preserve structure and antigenic determinants of various cellular organelles. The key 

factor influencing fixation is pH, i.e. low pH solution will cause cell shrinkage while 

high pH will lead to cell swelling (Howat and Wilson, 2014, Thavarajah et al., 2012).  

 

To prepare a stock solution, 700-800 ml of deionised water was prepared in a chemical 

baker and heated in microwave to achieve temperature of 55-57
0
C. Inside the fume 

hood, 40 grams of PFA powder were added into previously prepared warm water 

followed by addition of NaOH, to increase pH to approximately 8 and, subsequently 

placed on the heatplate with magnetic stir bar to facilitate dissolution.  Until the solution 

was completely clear and cooled down at room temperature, 5 tablets of PBS (Sigma) 

were added. Deionised water was further added to make up 1 litre of 4% PFA solution. 

Solution pH was adjusted to 7.4. The stock was divided into aliquots and stored at -20
0
C 

for later use.  
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2.3.2.2 Mitotracker® Orange CMTMRos 

 

To label active mitochondria in live cells, Mitotracker® Orange CMTMRos was 

employed. This stain is derivative of tetramethylrosamine allowing it to be retained in 

mitochondria in subsequent processing such as fixation and permeabilization with 

detergent Triton X-100.  

 

To achieve 1mM of stock solution, 117 µl of DMSO was added to dissolve lyophilized 

Mitotracker® Orange CMTMRos. Aliquots were prepared by dividing stock solution 

into eppendorf tubes, frozen at -20
0
C and protected from light. In experiments, 1mM 

stock solution was diluted to final working concentration in growth medium.  

 

2.3.2.3 DAPI 

 

DAPI is a commonly used dye that specifically stains nucleic acid, particularly dsDNA 

and emits blue fluorescence. To prepare 5mg/ml stock solution, 10 mg of DAPI was 

reconstituted in 2 ml of deionized water. For long term storage, stock solution was 

aliquoted and kept at -20
0
C. DAPI stock solution was diluted in PBS to achieve final 

working concentration in experiment. 

 

2.3.3 Compound transfer 

 

We set out to screen and profile the biological activities of synthesized pure compounds 

based on several common scaffolds. These compound stocks at 5mM were submitted 

and stored in Compounds Australia (Eskitis Institute, Griffith University). For 
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biological assays, Compounds Australia processed and plated compounds at 300, 100, 

30 and 10nL per well with all wells being backfilled to 300nL/well with DMSO, into 

CellCarrier
TM

 384 well plates (#6007550, PerkinElmer, Waltham, MA). Each plate 

contained each compound at four different concentrations 30µM, 10µM, 3µM, and 

1µM.  

 

Each plate also contained negative and positive controls. DMSO (0.6%) was utilized as 

negative control. Rotenone (20 µM, 0.6% DMSO), Chloroquine (10 µM, 0.6% DMSO) 

and Nocodazole (10 µM, 0.6% DMSO) were used as positive controls to ensure that 

employed stains and antibodies work correctly. Rotenone is botanical pesticide which is 

known as inhibitor of mitochondrial complex I (Tanner et al., 2011) (Figure 2.4 A). 

Nocodazole interferes with polymerization and function of microtubules (Baudoin et al., 

2008) (Figure 2.4 B). Chloroquine inhibits the fusion of endosome and lysosome and 

subsequently disrupts cellular trafficking (Bodenstine et al., 2014) (Figure 2.4 C). 

 

Assay layout will be discussed later in chapters 3 and 5. 
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Figure 2.4 Examples of positive controls and negative control wells. Panel (A), (B), (C) 

Cells treated for 24h with Rotenone (20 µM, 0.6% DMSO), Nocodazole (10 µM, 0.6%), 

Chloroquine (10 µM, 0.6%) and negative control (DMSO, 0.6%), respectively.  Cells 

were then stained with DAPI (blue), Mitotracker (yellow), anti Ŭ-tubulin (red), and anti-

EEA1 (green). 
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2.3.4 Cell based assay 

 

PD patient derived hONS cells were plated into 25 cm
2 

flasks and cultured in 

DMEM/Ham F12 supplemented with 10% FBS. When they reached 90% confluence, 

the cells were harvested using 1 ml TrypLE
TM

 Express and resuspended in 4ml of 

growth medium. Cell counts were performed using a haemocytometer (Blaubrand
®
). 

Cells were seeded at a density of 1350 cells per well in 50µl of Dulbeccoôs Modified 

Eagle Medium/ Ham F-12 (DMEM/F12) (Gibbco, Life Technology), containing 10% 

Fetal Bovine Serum (Bovogen) to achieve final compound concentrations of 1, 3, 10, 

and 30 µM, 0.6% DMSO. The cells were allowed to attach at 37
0
C, 5% CO2 for 24 

hours.  

 

Each compound was subjected to two different sets of stains which are described in 

details as follows: 

 

2.3.4.1 Mitochondrial marker, Ŭ-tubulin and LC3b markers (autophagy markers) (stain 

set 1) 

 

Following 24 hours incubation, treatments were aspirated and the cells were stained 

with the Mitochondrial marker (Mitotracker
®
 Orange CMTMRos) diluted in growth 

medium to 400nM (25µl) for 30 minutes at 37
0
C, 5% CO2. Aspiration of Mitotracker 

was followed by 5 minutes incubation of fixation PFA 4% at room temperature (RT). 

Two washings in PBS (25µl), 5 minutes for each washing, were carried out and non-

specific binding was blocked with blocking solution (25µl) containing 0.2% Triton- 

X100, 3% Goat serum in PBS for 45 minutes at RT covered by aluminium foil. The 

next step was to incubate primary antibodies (25µl) (mouse anti- Ŭ-tubulin 1:4000, 
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rabbit anti-LC3b 1:335, 3% goat serum in PBS) for 1 hour at RT covered by aluminium 

foil. The cells were then washed twice as described above and secondary antibodies 

(25µl) (Alexa Fluor® 647 Goat anti-mouse IgG, 1:500, Alexa Fluor® 488 Goat anti-

rabbit IgG, 1:500; 3% goat serum in PBS) were subsequently dispensed into each well. 

Following a further 30 minutes light-protected incubation at RT, two washings were 

conducted. Thereafter, the cells were further stained by addition of 25µl of nucleus 

marker solution (DAPI 1:5000). After 10 minutes incubation at RT, the cells were 

washed twice in PBS and ultimately left in 25µl of PBS. The plate was carefully 

covered by aluminium foil and kept at 4
0
C until imaging. Representative images of stain 

set 1 are shown in Figure 2.5.  

 

 

Figure 2.5 Images of stain set 1. Stain set 1 consists of cell nuclei marker (4ô, 6-

diamidino-2-phenylindole; DAPI), tubulin stain (anti-Ŭ tubulin antibody), mitochondria 

stain (Mitotracker) and LC3b stain (anti LC3b antibody) which is related to autophagy. 

Scale bar is 50 µm. 
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2.3.4.2 Lysosome marker, early endosome (EEA1) marker (stain set 2) 

 

Treatments were removed after 24 hours incubation. Lysosome marker (Lysotracker® 

Red DND-99) diluted in growth medium to 100nM was transferred into each well 

(25µl). After 1 hour incubation at 37
0
C, 5% CO2, the cells were fixed by 

paraformaldehyde 4% for 5 minutes at room temperature. Two washings were 

performed as described above, then 25µl of blocking solution (0.2% Triton X100, 3% 

Goat serum in PBS) was added to each well and the plate was incubated at RT for 45 

minutes, light-protected. A volume of 25µl of primary antibody (mouse anti- EEA1, 

1:200 in PBS) was added and maintained for 1 hour at RT, aluminium covered, 

followed by two PBS washes. Afterwards, 30 minutes incubation of secondary antibody 

(Alexa Fluor® 488 Goat anti-mouse IgG, 1:500; 3% goat serum diluted in PBS) was 

conducted at RT, light-protected. Cells were washed twice with PBS before they stained 

with nucleus and cytoplasm markers (DAPI and Cell Mask, each 1:5000 in PBS) for 10 

minutes followed by two additional PBS washes and subsequently coated in 25µl of 

PBS. The plate was carefully covered by aluminium foil and kept at 4
0
C. Representative 

images of stain set 2 are displayed in Figure 2.6 
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Figure 2.6 Images of stain set 2. Stain set 2 contains DAPI, Lysotracker, anti-EEA1 

antibody, and cell mask for cell nuclei, lysosomes, early endosomes and plasma 

membrane, respectively. Scale bar is 50 µm. 

 

For more information about cell based assay reagent, refer to Table 2.2. 
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Table 2.2 Reagents for cell based assay 

 Reagents (Supplier) Final concentration 

Fixation Paraformaldehyde (ProSciTech) 4% 

Washing Phosphate buffer saline tablet (Sigma) 1X 

Permeabilization Triton X100 (Sigma) 0.2 %       

and Blocking Goat serum (Sigma) 3% 

Staining 

Mitotracker® Orange CMTMRos (Invitrogen) 400nM 

Lysotracker® Red DND-99 (Invitrogen) 100nM 

Dapi (Invitrogen) 1:5000 

Cell MaskÊ Deep Red (Invitrogen) 1:5000 

Primary antibodies 

Monoclonal mouse anti Ŭ-Tubulin (Sigma) 1:4000 

Monoclonal rabbit anti LC3b (Sigma) 1:335 

Monoclonal mouse anti EEA1 (Sigma) 1:200 

Secondary Antibodies 

Alexa Fluor® 647 Goat anti mouse IgG (Life Technology) 1:500 

Alexa Fluor® 488 Goat anti rabbit IgG (Life Technology) 1:500 

Alexa Fluor® 488 Goat anti mouse IgG (Life Technology) 1:500 
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2.3.5 Descriptions of cytological features 

 

In this study, different cellular compartments were investigated using specific 

fluorescent probes. Given biological information extracted from segmentation of images 

obtained from two stain sets, 38 cytological parameters were generated as described in 

Table 2.3. DAPI was used to measure size and morphology of nuclei including seven 

parameters as follow: nucleus area, nucleus width, nucleus length, nucleus ratio width to 

length, nucleus roundness, nucleus texture and nucleus intensity. The cell area 

parameter was generated from two markers: anti Ŭ-tubulin antibody in stain set 1 and 

CellMask in stain set 2. Other four parameters describing cellular morphology 

containing cell roundness, cell width, cell length, and cell ratio width to length were 

also obtained from anti Ŭ-tubulin antibody. In addition, this marker was also used to 

identify other five parameters, i.e. tubulin marker texture, tubulin marker intensity, 

tubulin marker intensity in cytoplasm, tubulin marker intensity in outer region of 

cytoplasm and tubulin marker intensity in inner region of cytoplasm. Mitotracker® 

Orange CMTMRos was applied to characterize mitochondria properties comprising four 

parameters: mitochondria marker texture, mitochondria marker intensity, mitochondria 

marker intensity in outer region of cytoplasm, mitochondria in inner region of 

cytoplasm. From anti-LC3b antibody, four parameters was identified, namely LC3b 

marker texture, LC3b marker intensity, LC3b marker intensity in outer region of 

cytoplasm, LC3b in inner region of cytoplasm. Lysotracker® Red DND-99 was utilized 

to characterize four lysosome properties including lysosome marker texture, lysosome 

marker intensity, lysosome marker intensity in outer region of cytoplasm, lysosome in 

inner region of cytoplasm. The anti-EEA1 antibody generated ten parameters 

encompassing EEA1 marker texture, EEA1 spot signal in cytoplasm, EEA1 spot signal 

in outer region of cytoplasm, EEA1 spot signal in inner region of cytoplasm, number of 
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EEA1 spots in cytoplasm, number of EEA1 spots in outer region of cytoplasm, number 

of EEA1 spots in inner region of cytoplasm, number of EEA1 spots per area of 

cytoplasm, number of EEA1 spots per area of outer region, number of EEA1 spots per 

area of inner region.  
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Table 2.3 List of investigated cytological features 

 

# 
Stains/Antibodies Cytological features 

1 

DAPI 

Nucleus texture 

2 Nucleus intensity 

3 Nucleus area (µm
2
) 

4 Nucleus morphology roundness 

5 Nucleus morphology width (µm) 

6 Nucleus morphology length (µm) 

7 Nucleus morphology ratio width to length 

8 

Anti-Ŭtubulin antibody 

Cell area (µm
2
) 

9 Cell morphology roundness 

10 Cell morphology width 

11 Cell morphology length 

12 Cell morphology ratio width to length 

13 Tubulin texture 

14 Tubulin intensity in cytoplasm region 

15 Tubulin intensity in outer region 

16 Tubulin intensity in inner region 

17 

Mitotracker
®
  Orange 

CMTMRos 

Mitochondria texture 

18 Mitochondria intensity in cytoplasm region 

19 Mitochondria intensity in outer region 

20 Mitochondria intensity in inner region 

21 

Anti-LC3b antibody 

LC3b texture 

22 LC3b intensity in cytoplasm region 

23 LC3b intensity in outer region 

24 LC3b intensity in inner region 

25 

Anti-EEA1 antibody 

EEA1 texture 

26 EEA1 Marker Intensity in cytoplasm region 

27 EEA1 Marker Intensity in outer region 

28 EEA1 Marker Intensity in inner region 

29 Number of EEA1 spots in cytoplasm region 

30 Number of EEA1 spots per area of cytoplasm 

31 Number of EEA1 spots in outer region 

32 Number of EEA1 spots per area of outer region 

33 Number of EEA1 spots in inner region 

34 Number of EEA1 spots per area of inner region 

35 

Lysotracker
®
 Red DND-99 

Lysosome texture 

36 Lysosome intensity in cytoplasm 

37 Lysosome intensity in outer region 

38 Lysosome intensity in inner region 
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